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Zusammenfassung

Lya-Emissionslinien-Galaxien im FORS Deep Field

VLT /FORS-Spektren mit einer Auflésung von A ~ 2000 von 18 Galaxien mit
einer Rotverschiebung von z = 2.7 bis 5 werden prasentiert. Die Sternentste-
hungsraten der 18 Galaxien reichen von UVspr = 2 bis 60 Muyr—! und ihre
effektiven Radien von r <0.2 bis 1.8 kpc. Der Vergleich mit synthetischen Spek-
tren ergibt, dass die Galaxien jung sind und ungefdhr SMC/LMC-Metallizitét
haben. Die breiten, blauverschobenen, niedrig-angeregten interstellaren Absorp-
tionslinien weisen darauf hin, dass die Galaxien Superwinde besitzen. Die Stéarke
dieser Absorptionslinien ist bestimmt durch die Geschwindigkeitsdispersion des
ausstromenden Mediums und nicht durch dessen Abdeckungsgrad. Alle Spektren
enthalten die Lya-Linie, welche von reiner Absorption bis zu starker Emission
(Emissions-EW = -20 bis 270 A) reicht. Die meisten Emissionslinien sind asym-
metrisch, drei Galaxien besitzen ein Lya-Profil mit zwei Emissionskomponenten.
Die asymmetrischen als auch die komplexeren Profile konnen mit einem kom-
pakten Starburst erklért werden, der von einer neutralen Schale umgeben ist.
Die Stéarke der Lya-Emissionslinie wird durch die Entweichwahrscheinlichkeit der
Lya-Photonen bestimmt, welche wiederum durch die mittlere Geschwindigkeit, die
Geschwindigkeitsdispersion und den Ionisationsgrad des austrémenden Mediums
bestimmt wird. Die mogliche Existenz einer zusétzlichen Galaxien-Population mit
ausserordentlich starker Lya-Emissionsline wird diskutiert.

Abstract

Lya emission galaxies in the FORS Deep Field

VLT /FORS spectra with a resolution of R ~ 2000 of 18 galaxies in the redshift
range of z = 2.7 to b are presented. The star-formation rates of the 18 galaxies
range from UVgpr = 1.2 to 63.2 Moyr~—! and their half-light radii from » < 0.2 to
1.8 kpc. A comparison of the rest-frame UV spectra with synthetic spectra show
that the objects are young starburst galaxies with approximately SMC/LMC met-
alicity. The broad, blue-shifted, low-ionisation interstellar absorption lines indicate
a galaxy-scale outflow. The strengths of these lines are found to be determined by
the velocity dispersion and not by the covering fraction of the outflowing medium.
Each spectrum includes the Ly« line, which ranges from pure absorption to strong
emission (emission EW = -20 to 270 A). Most of the lines show an asymmetric
profile, three galaxies show a double-peak profile. The asymmetric and the double-
peak profiles are explained by an expanding shell around a compact starburst
region. The emission strength of the Ly« line is determined by the escape prob-
ability of the Lya photons, which in turn depends on outflow velocity, velocity
dispersion and the degree of ionisation of the outflowing material. The possibility
of a distinct population, showing exceptionally strong Ly« emission, is discussed.
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Chapter 1

Introduction

1.1 The formation and evolution of galaxies in the
young universe

The Big Bang marks the beginning of the universe, which thereafter expanded and
evolved into the universe we observe today. The cosmic microwave background
displays the universe approximately 370 000 years after the Big Bang (Spergel
et al. 2003). At this time the universe was very homogenous with only tiny density
fluctuations, while 13.7 Gyr later the density fluctuations have evolved into the
objects we know today: galaxies, stars, and planets. This process of formation and
evolution of galaxies in the young universe is a widely discussed and analysed topic
in modern astrophysics.

The structural growth is dominated by an unknown form of matter, which is
called Cold Dark Matter. The Cold Dark Matter interacts only gravitationally.
Under the influence of dark matter the structure collapse and form halos, which
grows by infall of dark matter. The smaller halos will form first, since they are
denser. The sequence of structural growth is called the hierarchical model, since
the larger structures will form due to merging of smaller structures. The clustering
and mass spectrum of dark halos can be calculated from a given cosmological
model (Giavalisco 2002). Galaxies form within the potential well of dark halos
when the cooled and condensed gas is converted into stars (White & Rees 1978).
The supernovae and stellar winds of the newly formed stars have an impact on the
surrounding medium, resulting in a feedback. The feedback is poorly understood,
since it depends on the physics of star formation, which is up today not well
understood.

Because the universe is expanding, the light of the galaxies is redshifted. The
redshift z of a distant object is defined as

z= )\observed/)\lab -1 (11)

and is measured by the identification features in the spectra of galaxies. It is
the one of the most important quantities for investigations of the high-redshift
universe. Because the cosmological parameters have been measured by WMAP!

1Wilkinson Microwave Anisotropie Probe
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and other observations very precisely (Spergel et al. 2003), the redshift can be
accurately converted into physical parameters like the distance of the object or
its age, when the light was emitted. Since light travels with a finite speed, the
signal of high-redshift galaxies we observe today was emitted when the universe
was much younger. The higher the redshift of an object, the larger is it distance
and the younger it was, when its light was emitted. Hence when we observe galaxies
at different redshifts, we see galaxies at different epochs of the universe. This fact
enables us to witness the evolution of young galaxies into the galaxies we see today.
On the other hand, looking at different redshifts, means that we not observe the
same galaxies. To solve this problem we need to know how the galaxies of the local
universe have looked like in the past to derive the evolution of galaxies correctly.

1.2 High-redshift galaxies

In the past ten years great improvements in the study of the young universe have
been made. The 8-10 meter class telescopes have made it feasible to investigate
details of the galaxies in the young universe. Moreover, the Hubble Space Tele-
scope (HST) obtains deep images, allowing to see galaxies at high redshifts in
great detail. Since these telescopes are optical and near infrared telescopes, the
redshifted galaxies are observed mainly in the UV rest-frame. Hence physics and
interpretation of UV spectra of high-redshift galaxies play an important role in
understanding the galaxy evolution.

The observed continua in rest-frame UV spectra originate from young, massive
O and B stars, which are up to few tens of millions years old. Thus the UV-bright
galaxies are showing strong star formation and their spectra resembles those of
local starburst galaxies. The UV-flux distribution are dominated by various types
of absorption lines:

e The stellar photospheric lines are generated in the photospheres of stars

e Interstellar lines are caused by resonance transitions of species in the inter-
stellar medium

e Stellar wind lines are generated in the radiatively driven wind of O and B
stars

Moreover some nebular emission lines are sometimes visible, e.g. the Lya emission
line. The young stars ionise HII regions, resulting in recombination emission lines.
The ratio of the emission lines can be used to determine the physical properties
of the emitting HII region (Osterbrock 1989). The stellar photospheric lines are
weak compared to the strongest interstellar absorption lines, which are in most
cases saturated. In many high-redshift galaxies the interstellar absorption lines
are blue-shifted with respect to nebular emission lines, which was firstly noted by
Franx et al. (1997). Although the rest-frame UV spectra of high-redshift galaxies
provide a wealth of spectral diagnostics, the weakness of the photospheric lines
hamper the ability to derive the stellar content.

The majority of the identified high-redshift galaxies were detected on the ba-
sis of their UV colours. High-redshift galaxies show a significant decrease of flux
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shortward of 912 A and of 1216 A. Photons with a wavelength lower than 912 A
can ionise neutral hydrogen and hence are easily absorbed by neutral hydrogen in
the galaxy itself or not fully ionised regions of the intergalactic medium (IGM).
Photons with a wavelength below 1216 A are absorbed by Ly« in the intervening
IGM. The so-called Lyman-break galaxies are selected by this continuum steps
describes above, using three filters (for a review see Giavalisco 2002). The Lyman-
break criterion only identifies candidates in a certain redshift range, while the more
sophisticated technique of photometric redshift (Gabasch et al. 2004a) uses more
filters to derive a redshift and a type, based on the spectral properties of the galaxy.
Since selection by the Lyman-break proved as very efficient in terms of telescope
time, a large sample of high-redshift galaxies was derived. Shapley et al. (2003)
presented the spectra of 798 galaxies at a redshift of ~ 3. Some high-redshift galax-
ies have been found on basis of their sub-millimeter and radio emission (Chapman
et al. 2004). Moreover many galaxies especially in the high-redshift universe have
been found by means of a strong Ly« line (e.g., Hu et al. 2004). All these galaxies
are only a part of the complete galaxy population at high-redshift. To compare
the physical properties of galaxies at different redshift is necessary to understand
the different selection criteria.

1.3 Ly« emission galaxies (LAESs)

Partridge & Peebles (1967) pointed out that young primordial galaxies may have a
strong Lya line and hence could be detected in narrow-band searches out to high
redshifts. Subsequently many workers tried to detect the Ly« emission of high-
redshift galaxies. For many years the searches were not successful (e.g. Thompson
& Djorgovski 1995 or Pritchet 1994). Hu & McMahon (1996) and Djorgovski et al.
(1996) discovered the first galaxies with strong Ly« emission not powered by an
active galactic nuclei (AGN). Since these discoveries many high-redshift galaxies
with a strong Ly« line have been found, the so-called Ly emission galaxies (LAEs)
(for a review see Taniguchi et al. 2003). LAEs are now widely detected in narrow-
band searches (e.g., Hu et al. 2004). There are various physical properties of the
young universe that can be derived from LAEs like the star-formation rate density
(Ajiki et al. 2003) or the epoch of reionisation (Rhoads et al. 2004). Moreover,
their luminosity function can be compared to theoretical models (Thommes &
Meisenheimer 2005).

Despite the fact that LAEs are widely used to, e.g., derive the star formation
rate, the cause of the strong Lya emission is still debated. It is assumed that the
Lya photons are produced by recombination in HII region ionised by young stars,
although the role of shocks by supernovae is unsolved. Charlot & Fall (1993) finds
a negligible contribution of supernova shells to the Ly« flux, while Bithell (1991)
finds the opposite. Active Galactic Nuclei (AGN) seem not to play an important
role, since X-rays surveys did not detect a strong contribution of AGNs (Wang
et al. 2004). While the production of Ly« photons is rather well understood, the
fraction of Ly« photons, which can escape the star-forming regions, is difficult to
calculate. Since Ly« is a resonance line, neutral hydrogen absorbs and re-emits
Lya photons in random directions. Hence the Lya photons have a longer optical
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path compared to UV-photons with a slightly higher or lower wavelength. With
each scattering event the frequency of the Ly« photons is shifted. The photons will
diffuse in physical and frequency space. Photons with a strongly shifted frequency
are far less likely to be absorbed by neutral hydrogen and hence have higher escape
probability. Many theoretical efforts have been made to treat the radiation transfer
of resonance lines, both numerically (Auer 1968; Adams 1972; Ahn et al. 2001) and
analytically (e.g., Osterbrock 1962 and Neufeld 1990).

The interstellar medium in galaxies consists of several components, including
dust. The amount of the dust extinction (scattering and absorption) is decreasing
with increasing wavelength and is strongest in the UV. The light of galaxies is
absorbed in the UV and re-emitted by the heated dust particles in the far-infrared.
Any dust distributed uniformly in a neutral medium would affect the Ly« photons
more strongly as UV-continuum photons, since the Ly« photons have an increased
optical path. Large amounts of neutral hydrogen and dust can even affect the
stellar continuum (Chen & Neufeld 1994), leading to a strong absorption of Ly«
in high-redshift galaxy spectra as observed by, e.g., Shapley et al. (2003). For a
long time the high probability of absorption of Lya photons was an explanation
for the non-detection of strong Lya emitters in the young universe (Pritchet 1994)
and the weak Lya emission compared to the continuum in local starburst galaxies.
The strong Lya emitters found in the young universe have been explained in this
model to be dust-free galaxies (Kudritzki et al. 2000).

But soon it was realized that this simple picture may not be valid. Giavalisco
et al. (1996) found no strong relation between the attenuation of the galaxy and
the Ly« equivalent width. In addition extreme metal-deficient galaxies, and thus
galaxies with a very small amount of dust, can show no Ly« emission at all (Kunth
et al. 1998). These results are in contradiction to the expectation that the amount
of dust is the most important factor determining the detectability of Ly« emission.
The spatial distribution of the dust relative to the neutral hydrogen, as demon-
strated by Neufeld (1991), plays also an important role. He showed that in a
two-phase interstellar medium, Lya can even be less affected by dust than the
continuum radiation.

In the local universe Kunth et al. (1998) found strong indications that a large-
scale outflow is responsible for the detection of Lya photons. Blue-shifted neutral
hydrogen will not absorb Lya photons generated at the system velocity of the
galaxy. Dawson et al. (2002) have presented evidence that for high-redshift galaxies
the superwind is an important factor for the escape of Lya photons.

Recent studies of Shapley et al. (2003) and Noll et al. (2004) show a variety
of the Ly« line properties in the spectra of UV-bright high-redshift galaxies. The
Ly« is observed in absorption, or in emission plus absorption, or emission alone.
This variety of the Ly« line and the physical reasons for the strength of this line
are not well understood.

1.4 The aim of this thesis

Observations of galaxies with strong Lya emission are an important test of current
scenarios of galaxy formation and evolution, but these galaxies are not well under-
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stood. Various suggestions have been made to explain the origin of the strong Ly«
line. The theoretical situation is sufficiently complex and requires observational
tests. Thus the aim of this thesis is to analyse a meaningful sample of high-redshift
galaxies showing Ly« in emission and to derive the origin of this Lya emission,
the evolutionary state and the physical properties of this galaxies. The galaxies are
analysed by obtaining medium-resolution spectra of the UV rest-frame, including
the Ly« line. Analysing the Ly« line profiles will help to determine the state of the
interstellar medium in these galaxies and to constrain the production mechanism
of the Lya photons. The rest-frame UV spectral features produced by young stars
are used to analyse the evolutionary state and the starburst properties. Also the
kinematics of the interstellar medium are investigated. The detailed analysis of the
rest-frame UV spectra of the galaxies shall allow us to determine the production
mechanisms of the Lya photons and the parameters which influence their escape
probability.






Chapter 2

Observations and data
reduction

One objective of this work is to analyse Lya profiles of high-redshift galaxies.
Comparison with low-redshift objects (Kunth et al. 1998) and existing studies
of high-redshift galaxies (e.g. Dawson et al. 2002) demonstrate that a resolution
element of dv ~ 100 km/s (which converts to a medium spectral resolution of
R = ﬁ ~ 3000) should be achieved to investigate the kinematics of the LAEs.
Instruments capable of obtaining many medium-resolution spectra with one expo-
sure cannot provide medium-resolution spectra with a wide spectral range. Echelle
spectrographs can provide spectra of high-resolution with large spectral range, but
they lack (up today) the capability of obtaining many spectra with one exposure.
A limited spectral range has the disadvantage that only a few spectral features are
observed. The object cannot be classified and hence no redshift or any other in-
formation can be derived from medium-resolution spectra. Therefore they are not
well suited for classifying objects, which are not or little constrained by further
observations. The small spectral range also limits the possibility to derive further
information on the galaxies. To save observing time and to derive as much informa-
tion as possible on the objects, an existing photometric and spectroscopic survey
was used to select and analyse the objects. For this study the FORS Deep Field
was chosen and in the following the advantages of the FORS Deep Field survey
are presented. Moreover, the selection criteria for the follow up medium-resolution
spectroscopy and the reduction of the this spectra are described.

2.1 The FORS Deep Field

The FORS Deep Field (FDF) is a deep photometric and spectroscopic survey
(Appenzeller et al. 2000) carried out with the FORS instrument at the Very Large
Telescope (VLT). The aim of the FDF is to study the formation and evolution
of galaxies, especially in the young universe. The FORS Deep Field has an area
of 77 x 7" and is four times larger than the two Hubble Deep Fields combined.
The FORS Deep Field is located near the south galactic pole, resulting in a low
Galactic extinction. The basic strategy of the FORS Deep Field was to obtain deep
broadband photometry, which formed the basis for photometric redshifts. This
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Figure 2.1: BRI composite image of the FORS Deep Field (by Jochen Heidt). North is
up, east is left. Most of the objects seen are distant galaxies.

allowed, e.g., the selection of galaxies at high-redshift for a spectroscopic survey.
High signal-to-noise spectra with a low resolution of R ~ 200 of a well defined
sample of high-redshift galaxies were obtained in this FDF spectroscopic survey
(Noll et al. 2004). Several studies based on the FDF improved our understanding
of the galaxies in the young universe, e.g. the chemical evolution of high-redshift
galaxies (Mehlert et al. 2002), the metal absorption systems in the continuum flux
of the QSO! Q0103-260 using R ~ 40000 spectra (Frank et al. 2003), the evolution
of the luminosity function and the star formation rate in the FDF (Gabasch et al.
2004a,b).

The deep photometry and the well defined sample of the FDF spectroscopic
survey formed the basis for the studies of this work.

! Quasi-Stellar Objects
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Table 2.1: Characteristics of the FDF (Heidt et al. 2003)

Field centre 1h6™3s -25°45’46” (2000)
mean E(B-V) 0.018 mag

HI column density 1.92 x 10%° cm—2
Radio sources none with flux > 2.5 mJy
Bright stars (<5 mag) none within 5°

Table 2.2: Overview of the broadband observations (Heidt et al. 2003). The seeing given
is by the width, FW H M (full width half maximum), of the point spread function. The 50
% completeness limit is the magnitude, to which the FDF is 50 % complete for a point
source.

Filter | Exposure time [s] | FWHM]/’] | 50 % completeness limit [mag]
U 44400 0.97 25.64
B 22650 0.60 27.69
g 22145 0.87 26.86
R 26400 0.75 26.68
1 24900 0.53 26.37
J 4800 1.20 22.85
Ks 4800 1.24 20.73

2.1.1 Characteristics and photometry of the FDF
Characteristics of the FDF

The field selection and characteristics of the FDF are described in Heidt et al.
(2003). The important ones are summarised in Table 2.1.

To obtain photometry of faint extragalactic objects, the FDF was chosen to have
a low galactic extinction. Moreover no bright stars are within the FDF avoiding
saturation of the CCD. Very bright stars in the surrounding of the FDF are absent
to avoid stray light. The FDF was also selected because the bright radio-quiet QSO
Q0103-260 is located at a redshift of z = 3.36 in the field. The richly structured Ly«
forest observed in the spectrum of the QSO allows the study of the intergalactic
medium along the line-of-sight of the QSO. Since a representative study of the
distant universe is intended, a field with apparently no galaxy cluster was selected.
However the photometric redshifts showed that a galaxy cluster at a redshift of
z = 0.33 is located in the south west part of the FDF.

Photometric observations and catalog

The FDF survey consists of deep optical U, B, g, R, I observations obtained with
FORS at the VLT and near-infrared J and Ks observations obtained with SoFT at
the ESO-NTT (Heidt et al. 2003). Table 2.2 provides an overview of the broadband
observations. The magnitudes in Heidt et al. (2003) and in this work are in the
Vega magnitude system. Based on these observations a B and I selected catalog
was generated (Heidt et al. 2003), which contains 8753 objects.

Additional narrow-band images centred at 4850, 5300, 8100, 8150, 8230 and 8340
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A have been obtained. The reduction and analysis will be described in forthcoming
paper. Additionally the FDF was observed with the Very Large Arey (VLA) at
1.6 GHz and 5 GHz. A preliminary catalog of radio sources has been obtained
(Wagner, private communication).

The FORS Deep Field was observed with the Advanced Camera for Survey
(ACS) on board of the Hubble Space Telescope (HST) using the I-band filter
F814W in autumn 2002. The FDF was covered in four pointings, resulting in an
area nearly as large as the field covered by FORS. Each pointing was observed for a
total of 40 min. Pannella (private communications) subtracted the bias, corrected
the flatfield and obtained a photometric calibration using the CALACS software.
The final combined image, which has a pixel scale of 0.05” /pixel, was obtained
by the multi-drizzle task (Pannella, private communications). The cosmics were
not removed in an optimal way in the final image and hence masking during the
analysis of the image is necessary. The variations of the point-spread-function on
position within an ACS frame is small (5%, Pannella, private communications).

2.1.2 FDF spectroscopic survey

The FDF spectroscopic survey has been carried out as part of the FORS Deep
Field survey (Noll et al. 2004). It aimed to obtaining high signal-to-noise ratio
(=10), low-resolution spectra (Ra200) of a well defined sample of high-redshift
galaxies. The high signal-to-noise ratio allows investigations of the galaxies in
detail. The low-resolution results in a large wavelength range, guaranteeing many
observable spectral features. Since this survey forms the basis of this work and
the low-resolution spectra are used to derive physical information on the selected
galaxies, the main properties of the survey are described.

Selection of galaxies

The galaxies were selected on basis of the deep photometric observations, which
allowed to derive photometric redshifts (Bender et al. 2001; Gabasch et al. 2004a).
The photometric redshifts were improved during the course of the survey since
additional photometric observations were obtained. In addition the existing pho-
tometric observations were reduced with higher quality and the first spectroscopic
results helped to calibrate the photometric redshifts. The fraction of misidentifica-
tion at the end of the FDF spectroscopic survey amounts to few percent and the
rms error of Zppot — Zspec 18 A 0.13 (Noll et al. 2004). The majority of the objects
were selected as intrinsically bright galaxies with a redshift between 1 and 5. The
selection criterion for galaxies between zpho; = 2.0 and 4.0 are my < 24.5 mag.
About half of the galaxies with m; < 24.0 mag and zphet = 2.0 to 4.0 were ob-
served in the FDF spectroscopic survey. About one third of the galaxies with my <
25.0 mag and zppo; > 4.0 were observed. Three additional objects were selected on
basis of narrow-band photometry in the vicinity of the QSO Q 0130-260 and four
galaxies were selected on the basis of a g-Band excess.

The deep broadband photometry and the excellent photometric redshifts allowed
to search for LAE candidates on basis of broadband filters. Galaxies with strong
Lya emissions should have an accurate photometric redshift, but have an excess
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Figure 2.2: Colour-colour diagram of galaxies in the FDF with zpnot = 2.7 to 3.4 and mg <
26 mag (dots). Red crosses indicates galaxies with a strong Ly« line, yellow crosses indi-
cates quasars, green crosses indicates high-redshift galaxies with no or weak Ly« emission.
Blue crosses indicates the galaxies which have been selected for follow-up spectroscopic.

in the filter covering the Ly« emission. The Gunn g filter was chosen to search
for an excess, because it is relatively narrow and not contaminated by strong sky
emission. A colour-colour diagram was created with galaxies having a photometric
redshift of zpnet = 2.7 to 3.4 (see Fig. 2.2). Galaxies already identified as Lya
emission galaxies (red crosses) or galaxies with Ly« in absorption (green crosses)
are displayed in the colour-colour diagram. A region around the known galaxies
with strong Lya emission was selected as a likely region and four galaxies were
chosen as LAE candidates (blue crosses in Fig. 2.2). They were observed in the
course of the FDF low-resolution spectroscopic survey. Three (FDF-7644, FDF-
7452, and FDF-8215) of the four galaxies show a strong Ly« emission (Noll et al.
2004).

Also a number of galaxies was observed serendipitously as they were caught by
the slits.

Observations and data reduction

The spectroscopic observations were carried out with FORS1 and FORS2 at the
ESO VLT at Paranal, Chile. The spectroscopic observations were obtained in the
modes MOS and MXU, allowing the simultaneous observations up to 40 objects.
The grism? 1501 and a slit width of 1”7 were used. The spectra cover a wavelength

2QGrism is combination of a transmission GRating and a prISM
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range of 3400 A to 10000 A and have a resolution of R ~ 200. To achieve a
high signal-to-noise an integration time up to 10 h per object was scheduled. The
observations were carried out in several runs, reaching a total integration time of
63.7 h.

The spectra were reduced using MIDAS (Munich Image Data Analysis System).
The co-added one-dimensional spectra were corrected for Galactic extinction, slit
losses and the atmospheric B and A absorption bands were removed. For further
details of the data reduction we refer to Noll (2002) and Noll et al. (2004).

Spectroscopic catalog

604 one-dimensional spectra were reduced. Noll et al. (2004) derived the redshift
and a type based on the spectrum of the object. The catalog of Noll et al. (2004)
lists 341 objects with secure or probable redshifts. The object number (ID) is taken
from Heidt et al. (2003). For objects which are not included in the photometric
catalog numbers starting with 9001 have been assigned. The spectroscopic cat-
alog gives the redshift, spectral type, SNR, quality of the spectrum and further
information.

Some galaxies in the FDF spectroscopic catalog show only one conspicuous fea-
ture, a strong emission line. The classification based on one spectral feature is not
very reliable. However the deep spectroscopic observations usually allow to detect
a second feature, a continuum break at the wavelength of the emission line. This
continuum break and the absence of other emission features over a broad spectral
range allows the identification of the single emission as Lya.

2.2 The medium-resolution spectra

2.2.1 Target selection for the medium-resolution spectroscopy

Two different selection criteria were applied to select candidates for medium-
resolution spectroscopy. First, galaxies with strong Lya emission were selected.
Secondly, UV-bright continuum galaxies were selected. The rest-frame UV spectra
show in the range of 1200 to 1800 A several absorption features, allowing to derive
the physical properties of starburst galaxies. The spectra of the FDF spectroscopic
survey have low-resolution, which do not allow to detect photospheric lines and to
distinguish between stellar and interstellar absorption lines.

FORS2 has the capability to obtain spectra of many objects with a medium-
resolution in one exposure and thus was selected for observing the high-redshift
galaxies. Comparing the redshift distribution and the wavelength range of the
grisms, two grisms are suitable at FORS2: 1400V (central wavelength A = 5200
A) and 1200R (central wavelength A\ = 6500 A). The galaxies were selected in a
way that the spectral feature(s) fall into the wavelength range of the grisms and
that the signal-to-noise ratio is sufficiently high. For the 1400V (1200R) grism UV-
bright continuum galaxies with z = 2.3 — 3.5 (2 = 3.0 — 3.5) and m, < 24.5 mag
(mg < 24.5 mag) were selected. Moreover galaxies with a Lya emission strength
of Fiya > 30 (20) x 1072'Wm™2 at z = 3.0 — 3.5 (2 = 4.5 — 5) were selected.
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2.2.2 Observation

All medium-resolution spectra were obtained with the Very Large Telescope (VLT)
and FORS2. The VLT, located at Paranal, Chile, consists of four 8.2 meter ground-
based telescopes. It is run by the European Southern Observatory (ESO). The four
telescopes can be operated in single mode or can be combined for interferometry.
FORS 2, and its twin instrument FORS1, were build by a German consortium
run by the Landessternwarte Heidelberg (Appenzeller et al. 1998). FORS (FO-
cal Reducer Spectrograph) is an imager/spectrograph for the optical wavelength
range.

The observations were obtained with FORS2 at VLT-UT4 using the holographic
grisms 1400V (Prop. ID: 69.A-0105) and 1200R (Prop. ID: 71.A-0307). Both setups
(1200R and 1400V grism) were observed in service mode using one MXU mask
each, allowing a flexible selection of targets. The FORS2 detector consists of two
2k x 4k MIT CCD* chips, which were used in the 100kHz readout mode with
high gain (see FORS Manual for details). A 2x2 binning was performed during
the readout.

The observations with the 1400V grism were carried out during August 2002
(see Table A.1 for details). The 1400V grism has a wavelength range from 4560 A
to 5860 A and a resolution of R = 2100 (Pixel scale = 0.62 A / rebinned pixel).
Eight single exposures with 47 min integration time resulted in a total integration
time of 6.25 h. The average seeing was 0.81 7.

The observations with the 1200R, grism were carried out during July - Septem-
ber 2003 (see Table A.2 for details). The 1200R grism has a wavelength range of
5750 A to 7310 A and a resolution of R = 2140 (Pixel scale = 0.76 A / rebinned
pixel). 14 single exposures with a total integration time of 10.05 h were obtained.
One exposure was excluded from the reduction process, because of moonlight con-
tamination, decreasing the total effective integration time to 9.45 h. The average
seeing was (0.92”.

2.2.3 Data reduction

MIDAS 5 with the programme package MOS allows the reduction of Multi-Object
Spectrocopy. Special routines were added to MOS by W. Fiirtig, S. Mohler, O.
Stahl, E. Sutorius and T. Szeifert to extract FORS spectra. S. Noll used this pro-
gramme package in his PhD-Thesis to reduce the low-resolution spectra of the FDF
spectroscopic survey (Noll 2002; Noll et al. 2004). The reduction of the medium-
resolution spectra of this work were done using this MIDAS-MOS programme
packages, too.

The reduction of spectra of faint objects is hampered by the fact that the surface
brightness of the sky is much brighter the objects. The medium-resolution spectra
have also the disadvantage that the flux per pixel is very low, which makes the
object detection difficult. The reduction has to achieve an optimal reduction of
the weak signal and to prevent systematic errors. The overall strategy is to cali-

3The so-called MXU masks are cutted by laser, allowing a high degree of freedom
“Charged coupled device
5Munich Image Data Analysis System, devoloped and maintained by ESO
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brate each two-dimensional spectrum and to extract the one-dimensional spectra
with an signal-to-noise optimising algorithm. The one-dimensional spectra are then
co-added signal-to-noise weighted. Also a noise function is generated during the
extraction of the one-dimensional spectra, and is used to derive the noise function
of the co-added spectra.

The reduction consists of the following steps:

e Bias subtraction

e Distortion correction

e Flatfield correction

o Wavelength calibration

e Sky subtraction

e Extraction of the one-dimensional spectra using the Horne-algorithm
e Absolute wavelength corrections

e Co-addition of the spectra

e Response function correction

Bias subtraction

To each image a constant value (bias) is added during the readout. This offset
has to be determined and subtracted. A master bias image is generated from bias
images provided by ESO. Each raw image is corrected by subtracting the master
bias.

Distortion correction

The spectra obtained with FORS2 show a distortion, depending on the position in
x and y. The distortion is increasing towards the outer parts of the CCD chip. To
extract very faint objects is necessary to correct for this effect. The two-dimensional
spectra are rectified by rebinning. The spatial upper and lower boundaries of the
spectra are determined as a function of dispersion. The boundaries is described by
a polynomial, which is used to rebin the spectra. Since this process is increasing
the noise and hampering the detection of cosmics, only the most distorted spectra
were rebinned.

Flatfield correction

Pixel defects and different pixel sensitivity are corrected by division with a flat
field. Internal screen flats are obtained during the daytime with a calibration unit
by observing a homogeneous light source. The flatfields are obtained with the same
setup as the spectroscopic science images. A master flatfield is then generated by
co-adding the screen flats. Since only pixel to pixel variations have to be corrected,
the master flatfield is normalised using a median filter. The science images are
corrected by dividing by this normalised master flatfield.
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Wavelength calibration

The wavelength calibration converts the units of the dispersion axis from a pixel
scale to a physical scale. The wavelength calibration is achieved in two steps. First
a dispersion relation is generated, secondly the spectra are rebinned. The disper-
sion relation is derived from wavelength calibration images, which are obtained by
observing gas discharge lamps, producing well defined lines. The procedure calcu-
lates a first dispersion relation using grism parameters, searches for lamp emission
lines, determines the position using a Gauss-fit, and identifies the lines on the basis
of the first dispersion relation. The dispersion relation is obtained by fitting the
wavelengths and the x-positions by a polynomial of usually fourth order. To min-
imise errors due to statistical fluctuations the positions are fitted by a polynomial
of second order in spatial direction when obtaining the dispersion relation. The
two-dimensional spectra are rebinned using the dispersion relation. The rebinned
pixel scale is 0.5 A per pixel. The relative accuracy of the wavelength calibration
is usually 1/10 of a pixel.

Sky subtraction

Since the surface brightness of the sky is much brighter than that of the objects,
the sky subtraction is a crucial step in the reduction. Before subtracting the sky,
the object position on the two-dimensional spectra has to be defined. For this
purpose the pixels are added up along the dispersion direction and the spatial
profile of the slit is plotted. The reference regions of the object and of the sky are
defined interactively. For very faint objects the two-dimensional spectra are co-
added and the spatial profile is derived for the co-added two-dimensional spectra.
After the reference area of the object and of the sky is defined, the sky along the
slit is approximated on basis of the sky in the sky reference area. There are two
ways in extrapolating the sky, a polynomial fit and a median filter. The sky in the
sky reference area is interpolated by polynomial fits of first, second or (only in a
very few cases) higher order. Alternatively the sky is smoothed by a median filter
using a width of 7 to 15 pixel. After smoothing the sky in the reference area of the
sky, the sky in the reference area of the object is derived by a linear interpolation
between the smoothed sky values at pixels below and above the reference area of
the object.

Extraction of the one-dimensional spectra

The extraction of the one-dimensional spectra is done with the algorithm of Horne
(1986). The advantages of the Horne algorithm are a signal-to-noise optimised
extraction, rejection of cosmics® and providing an error function based on the noise
statistic. The extraction of the one-dimensional spectra consists of the following
steps:

e Extraction of a standard spectrum

e Construction of a spatial profile

8Cosmics are traces caused by cosmic rays and natural radio activity
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e Masking cosmics

e Extraction of the optimal spectrum

Extraction of a standard spectrum: The algorithm needs start values for the
derivation of the optimal spectrum. A standard spectrum is computed by summing
up pixels along the spatial direction for each bin along the direction of dispersion.
The noise function is derived from the noise statistics and the readout noise.

Construction of a spatial profile: The algorithm of Horne sums over the
pixels with a weight optimising the signal-to-noise ratio. To calculate the signal-
to-noise the spatial profile is derived. The algorithm only assumes that the spatial
profile is a smooth function of wavelength. For non-resolved high-redshift galaxies
this assumption is justified. A polynomial of a high order is fitted along the dis-
persion direction for each spatial bin. The spatial profile is determined for each
dispersion bin by evaluating the values of the polynomial fits along the dispersion
direction.

Masking cosmics: With the given spatial profile, any outliers, like cosmics, can
be identified. The advantage of this approach is that strong emission lines are not
rejected, but cosmics are identified as outliers and are masked.

Extraction of the optimal spectrum: The pixels along the spatial direction
are summed up. The weight is derived from the spatial profile, giving pixels with an
expected lower signal-to-noise less weight. Pixels affected by cosmics are omitted.
Also a noise function based on the statistics and the readout noise is derived. The
noise function is mainly given by the Poisson error of the detected electrons. Since
removing cosmics changes the spatial profile an iteration of the last three steps is
necessary, until the optimal spectrum is becoming stable.

Relative flux calibration

For flux calibration standard stars are observed during the observing nights with
the same instrument configuration as the science exposures. A response function
is generated from these observations to correct for the wavelength-dependent ef-
ficiency of the instrumental setup. The one-dimensional spectra are corrected for
atmospheric extinction.

Absolute wavelength calibration

The relative wavelength calibration is achieved by calibrating the science frames
with wavelength calibration images. The daytime calibration images are obtained
in zenith position and thus the science frames are usually obtained at a different
telescope position. This can cause a small shift in the dispersion direction. This
effect is determined and if necessary corrected, using sky lines, namely [OI] 5577.3
A and [O]] 6300.31 A. Both lines are strong and stable in wavelength. Finally the
spectrum is rebinned linearly. During the rebinning the spectra are shifted into the
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heliocentric reference frame and are transformed from air to vacuum wavelengths.
The last two steps are incorporated into the absolute wavelength calibration to
decrease the amount of smoothing by multiple rebinning.

Co-addition of the spectra

The spectra are signal-to-noise weighted and co-added, removing persistent cosmics
with a sigma-clipping. The pixels are signal-to-noise weighted and according to:

F(N) =1/ (1/E(N?) x Y _(MF(N)/E(\)?) (2.1)

co-added. Fj is the ¢ spectrum and Ej the corresponding error function. M;(\) is
a mask and can have the values 0,1. The mask is generated by firstly deriving
the median function Fpeq)(A) of the spectra. Using this median, values of Fi(A)
are excluded by setting M;(\) = 0 if Fi(\) < Fimea)(A) — 10 x Ej(A) or Fi(\) >
F(med) ()‘) + 10 x E1(>‘)

Since the noise function produced by the Horne-algorithm does not include noise
contribution introduced by the sky subtraction and flatfield correction, a mean
error is also calculated according to:

oi = /1/nx (3 (RO — F(V)?), (2.2)

where n is the number of the spectra.

Absolute flux calibration

The absolute flux calibration has to correct for the slit-losses, the galactic extinc-
tion and for a varying response function. The holographic grisms used in this work
have the disadvantage of a varying response function, which depends strongly on
the incident angle of the light. The response function shifts towards redder or bluer
wavelengths dependent of the position of the object in the telescope focal plane.
Since the response function is generated by observing standard stars with a certain
position, the response function is only valid for this position. The low-resolution
spectra of Noll et al. (2004) are obtained with a normal grism, which show a much
smaller variation of the response function. They are also corrected for slit-losses
and the Galactic extinction. Hence for all medium-resolution spectra of objects
with existing low-resolution spectra, the spectra of Noll et al. (2004) were used
to correct for this effect. The corresponding low- and medium resolution spectra
were divided and the resulting function was fitted by a low-order polynomial fit.
The medium-resolution spectra are corrected with this polynomial fit. Some ob-
jects were only observed with medium-resolution spectra. The varying response
function was corrected by means the sky background. The sky was extracted from
all slits and was divided by the sky in those slits, which had almost the same
position as the corresponding slits used in the standard star calibration exposures.
The divided sky shows the correction of the response function and was fitted by a
low-order polynome. The spectra were corrected with this function. This procedure
has been verified with spectra which have been corrected with low-resolution data.
The aperture photometry of Heidt et al. (2003) has been used to determine and
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Figure 2.3: The average continuum signal-to-noise ratio as a function of the magnitude.
Black crosses correspond to the spectra of the 1400V setup and red crosses correspond to
the 1200R setup.

correct for slit-losses. After the correction of the slit-losses the Galactic extinction
(see Noll et al. 2004 for details) has been corrected.

2.2.4 Results of the medium-resolution spectroscopy

Tables A.3 and A.4 list objects with reduced spectra. The wavelength range and the
average continuum signal-to-noise ratio per resolution element of each spectrum are
also in the tables included. 22 spectra in the 1400V setup, have been reduced and 27
spectra in the 1200R setup. 43 objects have been observed, 6 objects are included
in both setups. The wavelength range for each setup is narrow (= 1300 A for the
1400V setup and 1500 A for the 1200R setup in the observed wavelength range).
In Fig. 2.3 the average signal-to-noise ratio measured in the complete wavelength
range of the grisms is plotted against the magnitude mg. The magnitudes of most
of the targets are between mpr = 23 and 25 mag and the signal-to-noise ratio is
low, thus the signal-to-noise ratio for most of the galaxies is < 5 (see Tables A.3
and A.4).
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Observational results

3.1 Basic spectral properties of the medium-resolution
sample

3.1.1 The redshift distribution

The majority of the 43 observed objects are galaxies. Only one object is classi-
fied as a quasar (QSO Q0103-260 or FDF-4683), and one as a star (FDF-0511).
Since the low-resolution spectra have a much broader wavelength range and con-
sequently more spectral features, the redshift for all objects with low-resolution
spectra available was taken from Noll et al. (2004).

However eleven objects observed with medium-resolution spectra have no corre-
sponding low-resolution spectra in the final FDF spectroscopic catalog (five objects
in the 1400V setup and six objects in the 1200R setup). One object (FDF-0511)
can be identified as a star, three galaxies (FDF-1267, FDF-8304 and FDF-9015)
show a strong emission line and are identified as (likely) Ly« emitters. The other
seven objects (FDF-672, FDF-1331, FDF-1383, FDF-1474, FDF-1502, FDF-4186
and FDF-7341) lack strong spectral features in the observed wavelength range and
thus the objects could not be classified and their redshift could not determined.

In Table A.5 the 30 high-redshift galaxies are listed with the covered rest-frame
wavelength range. The following analysis and discussion is restricted to the 18
galaxies, where the medium-resolution spectrum contains the Ly« line. In Table
3.1 the redshift and the apparent magnitude mpg are listed. These 18 galaxies are
the so-called medium-resolution sample.

In Fig. 3.1 the distribution of redshifts of all objects observed in both medium-
resolution grisms is displayed. Indicated in red are the galaxies of Table 3.1. The
redshift ranges from z = 2.77 to z = 4.995. There is a strong peak at a redshift of
z =~ 3.3. This strong peak in the redshift distribution of Fig. 3.1 is the combined
effect of selection effects and a clustering of galaxies in the FDF at this redshift
range. Galaxies selected for observing the Lya line with the 1400V setup and
selected for observing the UV-continuum with the 1200R setup have redshifts of
z &~ 3. The distribution of the redshifts in the FDF low-resolution spectroscopic
survey (Noll et al. 2004) showed several peaks, including a peak at the redshift of
the QSO Q0103-260 at a redshift of z = 3.375.
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Table 3.1: The so-called medium-resolution sample of galaxies. The medium-resolution
spectrum of these 18 galaxies contains the Ly« emission line. The redshift z and the
apparent magnitude mpof the galaxies are shown.

ID

Z

MR

1267
1337
2384
3389
4454
4691
5215
9550
5744
5812
5903
6063
6557
7539
7683
8304

2.7876 £+ 0.0005
3.4025 £ 0.0035
3.3143 £ 0.0043
4.5825 £ 0.0056
3.0854 £ 0.0041
3.3036 £ 0.0043
3.1480 £ 0.0041
3.3829 £ 0.0035
3.4011 £ 0.0031
4.9947 £ 0.0060
2.7743 £ 0.0030
3.3967 + 0.0035
4.6822 £ 0.0057
3.2874 £+ 0.0034
3.7812 £ 0.0038
4.2050 £+ 0.0030

27.08 £ 0.07
24.15 £ 0.01
24.60 £ 0.01
25.56 £+ 0.02
26.10 = 0.03
24.79 £ 0.01
24.53 £ 0.01
23.95 £ 0.01
24.81 £ 0.01
27.55 £ 0.11
23.13 £ 0.01
23.37 £ 0.01
25.94 £+ 0.02
24.10 £ 0.01
24.92 £ 0.01
24.98 £ 0.01

9002
9015

3.3747 £+ 0.0044
3.9593 £ 0.0026

3.1.2 UV continuum
UV flux and star-formation rate

The UV continuum of starburst galaxies is the result of the integrated light of
thousands of O and B stars. O stars have a typical lifetime of 10 Myr, hence
these stars are less than 10 Myrs old. Assuming a constant star-formation rate
and using stellar synthesis models, the star-formation rate can be derived from the
UV luminosity.

The UV spectral flux for the medium-resolution sample has been derived at a
rest-frame wavelength of 1500 A with a window of 40 A (see Table A.6). For the
flux derivation the low-resolution spectra have been used. In the absence of the
low-resolution spectra, the medium-resolution spectra were taken. For FDF-5812,
FDF-9015 and FDF-6557 the UV-spectral flux has been measured at A = 1340
A 1355 A | 1400 A respectively, because the continuum was heavily affected by
OH-bands at a rest-frame wavelength of 1500 A. The error given is based on the
photon statistics. Any systematic errors due to inaccurate absolute flux calibration
are not included. The UV spectral flux has been converted into an absolute UV
spectral luminosity assuming a flat, A-dominated universe (25 = 0.7, Qp = 0.3
and Hg = 70 kms~! Mpc~!). A spherically symmetric emission characteristic is
assumed. The UV luminosities range from Lyy = 1.3 x 103 WA~ to 6 x 103
WA, with a mean value of Lyy = 2.1 x 103 WA~!. L, is about 1.34 x 103
WA~! for galaxies at z = 3 (Inoue et al. 2005). Also the UV fluxes and spectral
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Figure 3.1: Distribution of the redshifts of all objects observed in both medium-resolution
grisms (black hashed histogramm). Red indicated are the 18 galaxies of Table 3.1, which
include the Ly« line in the wavelength range of the medium-resolutions spectra. The strong
peak at z =~ 3.3 is the combined effect of selection effects and a clustering of galaxies in
the FDF at this redshift range (see text).

luminosities of the 91 high-redshift galaxies of the FDF spectroscopic survey have
been derived. The mean value is Lyy = 1.52 x 103* WA—1 , which is somewhat
lower than the mean value of this sample. This is a selection effect, since brighter
galaxies were selected for medium-resolution spectroscopy (see Sec. 2.2.1).

Using synthesis population models, Kennicutt (1998) give the following calibra-
tion!

SFR(Muyr—!) = 1.046 x 10733 Lyy(WA ™) (3.1)

A Salpeter initial mass function in the mass range of 0.1 to 100 Mg, solar met-
alicity, and 100 Myr old starburst with continuous star-formation, are assumed for
this conversion. Application of different assumptions about the starburst changes
the conversion factor. The star-formation rate for a 10 Myr old starburst is 46 %
higher for the same luminosity and 7 % lower for a 300 Myr old starburst.

The star-formation rates range between 1.16 Moyr—tand 60 Moyr—!, with a
mean of 22 Myr~!. This is in the range of other high-redshift galaxies, selected
on the basis of the UV flux (Kennicutt 1998). This star-formation rates are without
any correction for dust. The total star-formation rate of galaxies in the local uni-
verse ranges from zero in gas-poor elliptical galaxies to 20 Mg yr~! in gas rich spiral

Kennicutt (1998) give the calibration for L, which was converted into Ly for a wavelength of
1500 A .
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galaxies, while Ultra Luminous Infrared Galaxies (ULIRGs) show much stronger
star-formation rates (=~ 1000 Mgyr~!) (Kennicutt 1998).

Slope of the UV continuum

The slope of the rest-frame UV-continuum depends on the metalicity, population
(defined by Initial Mass Function (IMF) and the star-formation history), the age
of the OB stars and the attenuation by dust. Studies by, e.g., Calzetti et al. (1994)
and Heckman et al. (1998) showed that the UV-restframe continuum between 1216
A and 3000 A of starburst galaxies can be approximated by

F(\) ~ M\ (3.2)

If hot stars dominate the galaxy spectrum, the continuum slope should has 8 =
—2.5, varying only between § = -2.7 and -2.2 for a wide range of starburst param-
eters (Leitherer et al. 1999, Fig. 72b and Fig.74b), if a continuous star-formation
is assumed. However, the observed continuum slope show a much broader range of
values, from § = -2.7 to 2. Calzetti et al. (1994) gave evidence that attenuation of
the UV continuum by dust is changing the continuum slope. In the following the
term extinction is used to describe the absorption and scattering of light by dust
of a point source, while attenuation describes the absorption and scattering of an
extended light source. The attenuation is not only defined by the properties of the
dust particles itself, but also by the spatial distribution of the dust relative to the
stars. Since the intrinsic UV slope is a relatively robust quantity, the measured (3
can be used to derive the attenuation (Heckman et al. 1998). For starburst galaxies
a gray attenuation law has been found (Calzetti et al. 2000).

The slope 3 of the galaxies in the FDF spectroscopic survey was measured
and described in Noll et al. (2004). The slope of the UV-continuum was measured
between 1200 A and 1800 A. The slope 3 could be measured up to a redshift of z =
4 . For more highly redshifted galaxies the OH-band prevents the determination of
the continuum. The galaxies in the FDF have 3 between 1 and -3. The continuum
slope 0 shows a dependence of the redshift, in the sense that galaxies are getting
bluer for higher redshifts (Noll et al. 2004). The slope /3 derived for the galaxies of
the medium-resolution sample are shown in Table A.6. They range from g = -0.55
to B = -2.46 with a mean value of § = -1.68.

3.2 Properties of the Lya lines

3.2.1 Flux and star-formation rate

The Lya flux Fiy, is measured for most galaxies in the low-resolution spectra,
but some Lya fluxes are measured in the medium-resolution spectra, because of
absence of low-resolution spectra or the emission line were only detected in the
medium-resolution spectrum. The distribution of the fluxes is shown in Fig. 3.2(a).
While most of the galaxies of the FDF-spectroscopic survey have fluxes around zero
(mean value = 8.66 x 1072'Wm~2 ), the medium-resolution sample, indicated in
red in Fig. 3.2(a) has higher fluxes (mean value = 37.87 x 1072'Wm~2 ). This
is caused by the target selection of galaxies with strong Ly« line. The flux of the
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Figure 3.2: (a) Histogram of the Ly« fluxes of the FDF spectroscopic sample (black
hashing). In addition the histogram of the Ly« fluxes of the medium resolution sample have
been included (red filled histogramm). (b) The Ly« fluxes of the FDF spectroscopic sample
(black boxes) as a function of the redshift. Red boxes indicates the medium-resolution
sample. The strong peak at z = 3.2 is the combined effect of selection effects and a
clustering of galaxies in the FDF at this redshift range.

Lya line of the medium-resolution sample (see Table A.7) and of all galaxies in
the FDF spectroscopic sample with z > 2.0 is plotted in Fig. 3.2(b) as function of
redshift. The medium-resolution sample is indicated in red. The Ly« fluxes range
up to 200 x 1072'Wm™2. The peak at a redshift of z = 3.3 arises from the large
scale clustering in the FDF and of the target selection of the medium-resolution
spectroscopy (see Sec. 3.1.1). While not all galaxies with a strong Ly« at a redshift
of z = 3 are included in the medium-resolution sample, all galaxies with strong
Lya emission at a redshift of z = 4.5 to 5 are included.

Several surveys at high redshift have detected LAEs. The narrow-band imaging
survey of Kudritzki et al. (2000) yielded nine LAEs with fluxes between 20 and 170
x 1072'Wm™2 at a redshift of z = 3.1. Assuming a flux limit of 20 x 10~2'Wm—2
, 50 % of the medium-resolution sample in the lower redshift regime (z< 4) would
have been observed in the survey of Kudritzki et al. (2000). The deep survey of
Fynbo et al. (2003) detected 41 LAEs galaxies up to a flux limit of 8 x 10 2!Wm 2
in the redshift range from z = 1.98 to z = 3.47. 2/3 of the medium-resolution
sample in the lower redshift regime (z < 4) would have been observed. The wide
narrow-band survey of CADIS (Maier et al. 2003), searching for LAEs at the
redshifts of z = 4.8, 5.7 and 6.7 has a flux limit of Fipy= 30 x 1072!Wm~2. 3
galaxies of the medium-resolution sample with 4 < z match this flux limit criterion.

(From the flux of the Ly« line we computed the star-formation rates (SFR).
The line luminosities are derived by assuming a standard cosmology model (see
Sec. 3.1.2) and an isotropic emission. Synthetic models predict the rate of ionising
photons Q(H?) of a stellar population. The ionising photons rate Q(H) can be
converted into Lya photons assuming Case B recombination. In Case B recombi-
nation all ionising photons are absorbed in the HII-region and transformed into
emission line photons. The medium is assumed to be optically thick for all Lyman
continuum and Lyman line photons, thus each recombination generates a Ly« pho-
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Figure 3.3: (a) The star-formation rate SF Ryyq of the FDF spectroscopic sample (black
squares) as a function of the redshift. Red squares indicate the medium-resolution sample.
(b) The star-formation rate SF Ry, as a function of the star-formation rate SFRyy
for the FDF spectroscopic sample (black dots). Red dots indicate the medium-resolution
sample. The green line indicates where SF Ry, = SFRyv. For (b) only galaxies with 2
< z < 4 have been plotted.

ton (22P — 128) or two-photon emission (22S — 128). The ratio of Lya photon /
two-photon emission is a low varying function of temperature and approximately
2/3 of all recombinations go through 22P and lead to Lya emission (Osterbrock
1989).

To derive the star-formation rate the calibration of Kennicutt (1998) (See Sec.
3.1.2) is used:

SFR(Mgy,-1) = 1.08 x 1072Q(H)(s71) = 9.1 x 1070 Ly o (W) (3.3)

In Fig. 3.3(a) the distribution of SFRyy, is shown (see Table A.7). The SFR
ranges between 0 and 20 Moyr—!. The distribution is comparable to the distribu-
tion of the line fluxes. The Ly« emitters in the redshift range from z = 4 to 5 have
star-formation rates comparable to the Lya emitters in the redshift range from
z = 3 to 4, while the observed line fluxes of the Ly« emitters in the redshift range
from z = 4 to 5 were lower as the line fluxes of the Lya emitters in the redshift
range from z = 3 to 4 . This is simple because the higher redshift results in an
higher distance modul.

The star-formation rate derived from the Ly« line is lower on average than the
star-formation rate derived from the UV continuum (see Table 3.5 for SF Ryyqo/
SFRyy or Fig. 3.3 (b)). For the medium-resolution sample a ratio of SF Ry, /
SFRyy = 0.52 is derived. The conversion of luminosities to star-formation rates
are influenced by systematic uncertainties, but for most galaxies it can be con-
cluded, that the Ly« emission is too low compared to that expected from the
star-formation rate derived by the UV continuum. This behaviour has been ob-
served in the local universe and the high-redshift universe. E.g., Ajiki et al. (2003)
found a ratio of SF'Ryy, / SFRuyy = 0.47 for high-redshift LAEs.
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3.2.2 Ly« equivalent width

The emission equivalent width EW is defined as

_ [ (5W)
EW = N (W_ )d)\, (3.4)

where S(A) is the total flux at the wavelength A and C(\) is the flux of the
continuum. A; and A9 give the lower and upper limit of the wavelength range of
the line. For LAEs this is a important quantity, since LAEs are defined by a large
Lya equivalent width. The measurement of the equivalent width needs a good
definition of the continuum. Due to the absorption by the IGM blue-ward of the
Lya line the measurement of the equivalent widths of Ly« is complex. Several
methods were used, including the measurements using defined windows for line
and continuum, applying an approximated continuum based on the UV-slope and
a manual measurement. Note that all equivalent widths are quoted in the rest frame
of the object. Besides the systematic errors, also the statistical error is large, since
the continuum is in the nominator. LAEs with weak continuum have thus very
uncertain equivalent widths.

In Fig. 2.1 the distribution of EWyy, measured manually is shown. The black
histogram shows 91 galaxies of the FDF spectroscopic survey, where the red his-
togram shows the 18 galaxies of the medium-resolution sample (see also Table A.7).
The 91 galaxies of the FDF spectroscopic survey show that the Ly« line ranges
from absorption (EWiye~ -25 A) to strong emission (EWiye ~ 270 A), while
most galaxies have a EWrpy,0f ~ 0 A (see Fig. 2.1). The mean equivalent width is
15 A. The 18 galaxies of the medium-resolution sample have a higher mean Ly«
equivalent width (EWpy, = 53 A). 10 of the 18 galaxies of the medium-resolution
samples have a Lya equivalent width of EWry, > 20 A.

The intrinsic Wy, can be derived with synthesis population models when it
is assumed that the Lya photons are produced by recombination in HII region
ionised by young stars. Also stars have Ly« in absorption and emission, which has
to be included when computed Ly« equivalent widths of galaxies (Charlot & Fall
1993). The role of shocks by supernovae is unsolved. Charlot & Fall (1993) finds
a negligible contribution of supernova shells to the Lya flux, while Bithell (1991)
finds the opposite.

In dust-free galaxies, the more important parameters are the slope and the up-
per mass limit of the initial mass function (IMF), the metalicity and the star-
formation history which determines the strength of the Ly« line. For a constant
star-formation the most important parameter is the age of the starburst. The Ly«
equivalent width is then decreasing with time. Malhotra & Rhoads (2002) find
that the Lya equivalent width is decreasing from 300 A at 1 Myrs to 100 A at 100
Myrs (for a Salpeter IMF and 1/20 solar metallicity). For very young (=~ 2 Myr)
and very low metalicity (< 4 x10~* Zg), the Lya equivalent width can reach up
to 1500 A (Schaerer 2003). Synthesis models show that star-forming galaxies, with
moderate age (>10 Myr) and metalicity and IMF in the range of values observed
in the local universe, have an EWpy, in the range from 50 to 200 A (Charlot & Fall
1993). The Ly« equivalent width can be interpreted as a comparison of SFRyyq
with SFRyv, since EWryqeand SFRyy/ SFRyy both give the ratio of Lya flux
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to UV-continuum flux. Most of the galaxies in the FDF have much weaker Ly«
emissions compared to the continuum as expected. It has been proposed that dust
decreases the EWpy, (Charlot & Fall 1993). Since an dust screen in front of the
galaxy would affect both Lya and UV-continuum, the EW7, would not change.
A different mechanism is needed to explain the relatively stronger attenuation of
the Lya photons compared to the UV photons. One possible explanation is the
resonance scatterings of Lya photons in neutral hydrogen, enriched with dust. The
Lya photons are resonance scattered and hence have a larger optical path. More
Lya photons are absorbed by dust than UV-continuum photons (Charlot & Fall
1993). The observed lower ratio of SF Ry / SF Ryy can be explained also by this
mechanism. Chen & Neufeld (1994) explained the broad and strong absorption at
the wavelength of Lya seen in many high-redshift galaxies by this mechanism. If
the column density is sufficiently high, not only the Ly« emission, but also the
underlying stellar continuum is affected and a broad absorption is seen.

The target selection of the FDF spectroscopic survey based on photometric red-
shifts, which is more sophisticated as the selection of galaxies by the Lyman-Break
technique. While LBG galaxies and the galaxies in the FDF spectroscopic survey
are selected by conceptually similar but different techniques, the galaxies do not
strongly differ. Noll et al. (2004) showed that galaxies of the FDF spectroscopic
catalog and galaxies of the sample of Shapley et al. (2003) have similar average
spectra, if galaxies in the same redshift range are compared. For comparison the
EWhyq distribution derived by Shapley et al. (2003) has also been included in Fig.
3.4. With respect to the Lya equivalent width both the FDF spectroscopic survey
and the sample of Shapley et al. (2003) essentially observe the same high-redshift
galaxy population.

There exits the possibility that the above described samples of UV-selected
galaxies consist of two different galaxy populations or galaxies in different evo-
lutionary stages. One population show a strong Ly« emission line, one population
show a weaker Lya emission line. To test the plausibility of this hypothesis, the
Lya equivalent width distribution of Shapley et al. (2003) and Noll et al. (2004)
were modelled with two Gaussian components. In Table 3.2 the fit parameters
are given. The difference between the two distribution may arise due to cosmic
variance and the different redshift range.

Table 3.2: Parameters of the Gaussian components, which fit the Lya equivalent distri-
bution of Noll et al. (2004) and Shapley et al. (2003). Center gives the central position, o
is the standard deviation and flux the relative fluxes of the two components.

Parameter | Noll et al. (2004) | Shapley et al. (2003)
Center(1) [A] 0 -7
o(1) [A] 17 11
Flux(1) 87 % 64 %
Center(2) [A] 60 20
a(2) [A] 102 85
Flux(2) 13 % 36 %
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Figure 3.4: Distribution of the Lya equivalent width of the FDF spectroscopic sam-
ple (hashed black histogram). The red histogram show the 18 galaxies of the medium-
resolution sample. The green line is the distribution of Ly« equivalent widths of the sample
described in Shapley et al. (2003).

3.2.3 The observed Lya line profiles

In Fig. 3.5 four example profiles of the medium-resolution sample are presented.
All spectra are converted to the rest-frame system. The Lya profile show a large
variety of properties, from absorption (see FDF-5903, Fig. 3.5 a), to absorption
with emission, to strong emission. Complex profiles are observed in some cases (see
FDF-5215, Fig. 3.5 d).

Distribution of the line widths

The Full Width Half Maximum (FWHM) of the Ly« emission have been measured
for all lines, which shows an emission component (16 galaxies). The FWHM was
converted into velocity widths after subtracting quadratically the effective instru-
mental profile. The distribution is shown in Fig. 3.6(a). It ranges from 200 kms !
up to 1500 kms~!. Most lines have line widths below FWHM ~ 600 kms ™!, but
FDF-4691, FDF-9015, and FDF-7539 have higher line widths. Note that FDF-
4691 and FDF-7539 have a double peak profile and here line widths are given
for the complete profile. Rhoads et al. (2003), Dawson et al. (2004) and Vene-
mans et al. (2004) analysed LAEs at a redshift of z > 5 and found line widths of
FWHM < 500 kms~!.
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Figure 3.5: Four examples of Ly« profiles in the FDF. a) FDF-5903, b) FDF-5550, c)
FDF-4454, d) FDF-5215. The green line indicates the noise level.

Distribution of asymmetry

Emission lines of candidates of high-redshift LAEs are often observed with a low
signal-to-noise ratio and relatively low-resolution. The asymmetry of the emission
line is an important tool to identify the line as Lya. In order to quantify the
asymmetry of the Lya line Rhoads et al. (2003) introduced the parameters agyy
and Gwave- Gwave gives the wavelength ratio and agyy the flux ratio of the blue and
red part of the Ly« profile.

A ea.
)\1rg),bk FA)dA
Afiyx — S YR (35)
10,r f()\)dA

)\peak

and
()\10,1“ - )‘peak)

(wave = ()\peak - )\10,b)
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Figure 3.6: (a) Distribution of the line widths (FWHM) of the Lya emission line of
the medium-resolution sample. (b) The asymmetry parameter ag,x as a function of the
asymmetry parameter awave -

Apeak 1s defined as the wavelength of the peak of the emission. \ig1, is the wave-
length where the flux reaches 10 % of his peak flux level on the blue side and Ajqr
on the red side respectively.

In Table A.8 the values of aguy and awayve including error are listed. In Fig. 3.6
afux is plotted as a function of awayve. Most of the profiles have aywave and agux
> 1 and thus are extended to the red, which is in good agreement with results
from Dawson et al. (2004). They analysed mainly galaxies with z > 4 . Moreover
Dawson et al. (2004) found for 28 galaxies at z ~ 1 asymmetry parameters of the
[OII] AA3726.2, 3728.9 line of ayaye and agux = 1.

The drawback of these parameters is the uncertainty in determining Apear and
A10,b, Which are highly affected by noise. Dawson et al. (2004) raised and lowered
the threshold but found no benefit of using other values than 10%. Lowering the
threshold increases the contamination from continuum noise, while raising dimin-
ishes the contribution of the red wing.

3.3 Analyses of the rest-frame UV spectral features

3.3.1 UV-spectral features
Equivalent widths and line fluxes

The line fluxes and equivalent widths of absorption and emission lines in addition
to the Ly« line have been measured in the low- and medium-resolution spectra of
the medium-resolution sample. The measurements were mostly consistent in the
spectra, but the measurements in the medium-resolution spectra were preferred,
because of the higher accuracy. In Table A.9 the equivalent widths of the interstel-
lar absorption lines Sill A 1261, OI/SiII A 1303 and CII\ 1335 are given. OI/Sill
A 1303 is a blend of the lines OI A 1302.17, SilT A 1304.4 and could be resolved in
some galaxies of the medium-resolution sample. Following Shapley et al. (2003) the
average absorption equivalent width EFWTpg of the strongest low-ionisation inter-
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Table 3.3: Velocity offset between the Lya line and the prominent low-ionisation inter-
stellar absorption lines. The widths of the interstellar absorption lines are also included.

ID | ov [kms™!] | FWHMys [kms™'] | EWrpis[A]
1337 | -607 + 45 350 + 35 -1.78 + 0.21
5550 | -620 + 85 540 + 40 -2.54 + 0.31
5744 | -560 + 120 460 =+ 100 2.6 + 0.64
5903 | -760 + 80 770 £ 50 -3.08 + 0.12
6063 645 + 75 -2.64 + 0.38
7539 | -80 4 30 380 + 100 -1.23 4+ 0.14
8304 | -860 + 140 550 + 140 -2.05 + 0.22

stellar absorption lines (see Table 3.3) is derived. Since only the three prominent
interstellar absorption lines of Table A.9 have been frequently derived, the average
equivalent width FWp g is derived from these three lines only. In Table A.10 the
equivalent widths of the interstellar absorption lines Sill A1526, Fell A1608, AIIT
A1671 and AT AA1856,1863 are given. Table A.11 lists the equivalent widths of
the stellar wind lines SiIV AA1394,1403 and CIV AA1548, 1551. Table A.12 gives
the equivalent widths of Ly3 and the photospheric line SV* A1501.76. The equiv-
alent widths and fluxes of Hell A1640 and of CIII] A1909 are listed in Table A.13.

The Tables A.9 to A.13 show that most lines are detected with a low signal-
to-noise ratio only. The low signal-to-noise ratio is the reason for constructed and
analysing composite spectra of high-redshift galaxies, as shown by Shapley et al.
(2003) and Noll et al. (2004). No strong high-ionisation emission lines were detected
in the low-resolution or the medium-resolution spectra. Only weak Hell A1640 and
CIII] A1909 are seen in some spectra. Hell A1640 can be explained by WR stars.
CIII] A1909 is seen in nearby starburst galaxies in emission (Heckman et al. 1998).
There is trend for stronger CIII] A\1909 in nearby starburst galaxies with decreasing
metalicity, which is explained by a decrease of the electron temperature in higher
metalicity gas (Heckman et al. 1998). The absence of high-ionisation emission
lines indicates that strong AGN activity it rather unlikely. The properties of the
absorption lines can only be measured for galaxies showing a sufficient spectral UV
flux. Thus the equivalent widths of absorption lines is measured only in galaxies
with a low Ly« equivalent. The measured equivalent widths of the interstellar
absorption lines and the stellar wind lines are in the range of the galaxies presented
by Shapley et al. (2003). Based on at the line ratios of interstellar absorption lines
Shapley et al. (2003) concluded that the most prominent interstellar absorption
lines are saturated.

Kinematics of the interstellar absorption lines

The centers and line widths of the interstellar absorption lines could be measured
for seven galaxies of the medium-resolution sample. Using the redshift of the Lya
emission component as a reference, the velocity offsets between the Ly« emission
and the interstellar absorption lines were derived. Six galaxies show a velocity offset
between the Lya emission line and the interstellar absorption lines. This can be
explained by either a Ly« emission redshifted with respect to the system redshift
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or blue-shifted interstellar absorption lines, or both. This kind of velocity offset
has been observed in many high-redshift galaxies (Franx et al. 1997; Shapley et al.
2003). Adelberger et al. (2003) analysed 14 near-infrared spectra of high-redshift
galaxies and found that the Lyc is redshifted with a mean of vgeta = 310 kms™!
with respect to optical nebular emission lines (e.g. [OIII] A\4959, 5007). The low-
ionisation interstellar absorption of the 14 high-redshift galaxies are blue-shifted
with a mean of vgeta = -150 kms™1.

The broad interstellar absorption lines have often been detected in UV-restframe
spectra of Lyman-break galaxies (e.g., Steidel et al. 1996). Shapley et al. (2003)
found for their sample of about 800 spectra of high-redshift galaxies an average ve-
locity dispersion for the low-ionisation interstellar absorption lines of F'W H Mt g
= 560 4+ 150 kms~!. An explanation for this large widths of the interstellar ab-
sorption lines are interstellar shocks and supernova winds rather than gravitational
virial dynamics (Shapley 2003).

3.3.2 Modelling the UV-spectra with STARBURST99

We modelled the medium-resolution sample with the synthetic medium-resolution
spectra of STARBURST99 (Leitherer et al. 1999) and assuming a Calzetti atten-
uation law (Calzetti et al. 2000). The slope of the continuum and the strength
and shape of the stellar wind lines allows to derive parameters of the starburst.
As discussed in Sec. 3.1.2 the slope of the UV-continuum is mostly determined
by the attenuation, while the age and the metalicity of the starburst have only
little influence on the slope. The age and the metalicity of the starburst is derived
by modelling the stellar wind lines, namely NV AA1239,1243 and CIV AA1548,
1551, with STARBURST99. While Mehlert et al. (2002) argued that CIV AA1548,
1551 is a good metalicity indicator because it is present in O stars of all lumi-
nosity classes, SiIV AA1394, 1403 is less useful to derive the metalicity, because
its strength increases from dwarfs to supergiant stars (Walborn & Panek 1984a)
and SilV has a maximum in early B stars. Hence SilV AA1394, 1403 is not only
dependent on metalicity, but also on the population composition. Since the stellar
wind feature only becomes apparent in supergiant stars, in the composite spectra
of galaxies the SilV AA1394, 1403 is dominated by interstellar absorption lines
(Shapley 2003). Moreover the medium-resolution spectra of FDF-5903 show that
SiIV AA1394, 1403 is dominated by interstellar absorption lines (see Sec. 3.4).
Leitherer et al. (1999, 2001) developed STARBURST99, a procedure, allowing
to calculate a wide range of properties of star-forming galaxies, including synthetic
medium-resolution (R~ 1500) rest-frame UV spectra. Since only stars in the Milky
Way and stars in the Small and Large Magellanic Cloud (SMC, LMC) can be
observed with sufficient resolution, STARBURST99 provides only two metalicities
for synthetic medium-resolution spectra, namely solar or SMC/LMC metalicity.
The number of observed stars was too small to generate a set of synthetic spectra
for SMC and LMC metalicity each. Two star formation histories are provided:
continuous and instantaneous. Other parameters like the initial mass function or
the stellar mass ranges can be altered less stringent. The initial mass function yields
the distribution of the masses of the recently new-formed stars and is approximated

by a power-law (®(m) = Ccll