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Abstract

Narrowband surveys are a well-establishedtool for nding star-forming galaxies
at dierent epochs. This thesis preseits the Wide Field Imager Lyman Alpha
Seart (WFILAS), a surwey originally designedto nd Lyman- (Ly ) emission-
line galaxiesat redshift z 5.7, and subsequetty utilised to nd Hydrogen-
(H ) emitting galaxiesat redshift z  0:24. The survey coversthree 0.25sq. deg.
elds ead obsened in three narrowband lters, an intermediate band Iter (en-
compassingall narrowband Iters), and two broadband Iters.

A sampleof sexenluminousLy -emitting galaxieswasidentied (L 1.8
10* ergs),complemeting existing surveysby further constrainingthe bright endof
the Ly luminosity function. Three candidatesidenti ed in oneof the three elds,
the well-studied Chandra Deep Field South, were grouped together, supporting
claims of an overdensiy at this redshift by other groups.

Two of the seven candidateLy emitting galaxieshave beencon rmed through
spectroscopy, one of which is the most luminous at this redshift to date. The
spectra of both objects displayed the asymmetric line proles commonin Ly
at theseredshifts. Furthermore, tentative evidenceof a secondLy componert,
redward of the Ly line was found. Additional high-resolution imaging shoved
that both objects were unresoled.

Spectroscopicfollow-up was used to determine the fraction of H -emitting
galaxiesin two of the elds from a total sampleof 707 candidate emissionline
galaxies. This yielded two independert H luminosity functions and star forma-
tion densitiesat z  0:24 following correctionsfor extinction, imaging and spec-
troscopic incompleteness. These values were found to agreewith those of other
recernt surveys within the limits of uncertainty. A detailed error analysis found
that both cosmicvariance and di erences in selectioncriteria remain the domi-
nant sourcesof uncertainty betweenvarious H luminosity functionsat z . 0:4.
While the star formation rates were consistem with the typical eld galaxy densi-
ties probed by the elds, atentativ e increasen star formation rate per galaxy with
increasingdensity of star forming galaxieswas found. This obsenation supports
galaxy formation scenariosn which galaxy-galaxyinteractions aretriggers for star
formation.
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1. INTRODUCTION

1.1 Star Formation History of the Universe

The past decadehas witnessedsigni cant changesin what is known about the
universe. Measuremets of distant supernovae have shovn that Hubble expansion
is accelerating (Riess et al. 1998; Sdhmidt et al. 1998; PerImutter et al. 1999),
implying the existenceof a \dark energy" as the driving force. The Wilkinson
Microwave Anisotropy Probe (WMAP; Bennett et al. 2003) hasrevealedthe best
view yet of unfolding primordial structures whenthe universewasa mere400,000
yearsold, through temperature uctuations in the cosmicmicrowave badkground.
Locally, large scalesurveyssud asthe SloanDigital Sky Survey (SDSS;York et al.
2000)and Two degreeField Galaxy Redshift Survey (2dFGRS; Collesset al. 2001)
have mapped the nearlby universein unprecedeted detail. Together, WMAP,
2dFGRS and SDSShave put tight constrairts on the key parametersquartifying
the -Cold Dark Matter model (Spergelet al. 2006). In the sameperiod, the limit
of the obsened universehas increasedfrom redshift 4 to 7 (Fan et al. 2003;lye
et al. 2006). At these redshifts, measuremets of the rest-frame UV spectra of
guasarsaround redshift 6 and beyond have shavn the neutral hydrogen fraction
of the intergalactic medium increasingwith redshift (Fan et al. 2002), the rst
measuremen of the Gunn-Petersone ect (Gunn & Peterson1965). Theseresults
have started to constrain the end of the epoch of reionisation at this redshift,
wherely reionising radiation from the rst sourceswas su cient to render the
intergalactic medium translucert to electromagneticradiation.

Likewise,computer models sudh asthe Millennium Simulation (Springel et al.
2005), have greatly improved over the past ten yearsto provide descriptions of
galaxy ewlution on both large and small scaleswith unprecedeted detail. The
enormousincreasesin size and resolution seenin recern times allow these sim-
ulations to cover su cient volume to cortain represetative populations of rare
objects sudh as galaxy clustersand quasars(Baugh 2006).

Following this period of success,the focus of obsenational cosmologyhas
shifted from constraining fundamenal cosmologicalparametersto understanding
the details of galaxy formation and massasserbly. Certral to both theseprocesses
is the rate of stellar production within individual galaxies,quarti ed in terms of
their star formation rate (in solar masseger year). On global scales,the cosmic
star formation history (the production rate of stellar massper unit volume, as a
function of look-badk time) provides important constrairts on models of galaxy
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Fig. 1.1: Star formation density as a function of look-badk time, after the com-
pilation from Hopkins & Beacom (2006). A wide variety of selectionmethods,
star formation indicators and survey volumes are spannedby the data shown.
The vertical dotted line indicates the currert estimate of the age of the universe
(13.7Gyr).

formation and ewlution (Pei et al. 1999; Somervilleet al. 2001). A plot of star
formation density againsteither the redshift or the look-bad time is sometimege-
ferredto asthe Lilly-Madau (or Madau) diagram, after the seminalpapersof Lilly
et al. (1996) and Madau et al. (1996). A recert compilation of the star formation
history is showvn in Fig. 1.1 (after Hopkins & Beacom2006). It shownsthat the star
formation density pealed around 10Gyr ago(z 1 2) and hasrapidly declined
subsequetty. Obsene that the redshift rangeof z = 0 to 1 covers more than half
the ageof the universe. The earlier third coversthe peakin star-forming activity
all the way badk to the epoch of reionisation (z & 7). Accurately knowing the
rate at which star formation hasdeclinedover the past8 10Gyr hasimportant
links to both the local stellar massand metal fraction, aswell asfor constraining
models of galaxy ewlution.

There are seeral issuesthat needto be borne in mind when viewing these
trends in ewlution of the star formation densiy: (i) the useof di erent star for-
mation indicators at various redshifts, (ii) the in uence of extinction and attenu-
ation by dust, (iii) dierencesin selectioncriteria and samplesbetween surveys,
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and (iv) limited volume samplingin somecasesand the related impact of cosmic
variance.

A variety of star formation indicators exist acrossthe electromagneticspectrum
that either probethe UV ux of newborn starsdirectly or infer it through indirect
means. The useof di erent star formation indicators is di cult to avoid, because
di erent galaxy rest-frame wavelengthsare accessibleat di erent redshifts. The
problem is compoundedby the comparatively narrow range of wavelengthseasily
obsenable from the ground. As a consequencedli erent indicators are neededto
comparethe star formation rate at di erent epochs.

In the absenceof dust, the most direct way to infer the star formation rate
of a galaxy is by meansof its ultra-violet (UV) cortinuum. This spectral region
probes wavelengths where newly formed OB-stars dominate the spectral energy
distribution of a galaxy. Alternativ ely, the hydrogenemissionlines, in particular
H at low redshift (Kennicutt 1998;Kewley et al. 2004),or Ly at high redshift
(Partridge & Peebles1967) can be used. The hydrogen lines probe the amourt
of UV cortinuum due to the absorption of photons shortward of the Lyman limit
and subsequen emissionupon reconbination.

Emissionlinesare a typical featurein the spectra of star-forming galaxies. The
most distinctive onesin the optical, from bluestto reddest,are[Oii] 3726,3728,
H  4863,[0iii] 4959,5007and H 6564. At redshifts beyond 0.4, the H
line is lost in the night-sky badkground of the near-infrared. Then other optical
emissionlinesat shorterwavelengthscanthen be usedasindicators, but their useis
limited by variousfactors (Kennicutt 1992). The mostimportant of theseemission
linesis [Oii]. While [Oii] line ux isafair indicator of star formation rate, it is also
in uenced by the electrontemperature and metallicity of the gasfrom which the
starsareformed (Kewley et al. 2004). In the caseof H , although the line uxes of
H andH have a straightforward ratio in the Balmer decremen (e.g. Osterbrock
1989), extinction, stellar absorption and the fact that H is weaker than H (and
therefore harder to obsere) make it dicult to useH asan indicator?. [Qiii]
generally shows too large a scatter to be particularly useful as a star formation
calibrator (Kennicutt 1992).

Both the star formation rates derived from UV and Ly are heavily in uenced
by the e ects of extinction due to their short wavelengths. The H line beingin
the red su ers to a far lesserdegreeand has been extensiwely usedto measure
star formation in the nearby universe(e.g. Gallegoet al. 1995; Tresse& Maddox
1998). Commonly employed extinction laws sud asthoseof Cardelli et al. (1989)
or Calzetti et al. (1994) are largely empirical, although Fischeraet al. (2003)argue

! There are many more, such as [Oi] 6302, [Nii] 6550,6585and [Sii] 6733,6718,but
theseare usually either too faint to be obsened at large distancesor there doesnot exist a very
good calibration of the line ux to the star formation rate.

2 Howewer, the xed ux ratio betweenthe H and H lines makesH a very useful line for
determining the extinction.
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that the latter canbe explainedby a turbulent interstellar medium. Typical values
for extinction in star-forming galaxiesare Ay = 0:5 1:8mag (Kennicutt 1998;
Tresse& Maddox 1998;Fujita et al. 2003;Ly et al. 2007). This hasled somegroups
to usestar formation calibrators una ected by extinction sud asthose basedon
far-infrared or radio cortinua (e.g. Floreset al. 1999;Cram et al. 1998). Howe\er,
these are necessarilymore indirect as estimators of the total instantaneous star
formation rate in a galaxy.

Di erencesin surwey selectionalsoplay a crucial role in shapingthe samplesof
galaxiesusedto determine global star formation rates. For example,broadband-
selectedredshift surveys selectan ertire galaxy population biased towards the
particular passbandused,which may be lessor more sensitive to the underlying
star-forming population than other selectiontechniques. In another example,only

50% of the widely used Lyman break galaxies (e.g. Steidel et al. 1995) at
redshifts 2 and beyond shawv the emissionline signaturesof star formation (Steidel
et al. 2000;Shapleyet al. 2003; Starway et al. 2004; Dow-Hygelund et al. 2007).
Furthermore, it has beenshown that Ly emitters at redshifts 3 6 have bluer
colours than their Lyman break selectedcourterparts (Shapley et al. 2003; Lai
et al. 2007). In the caseof emissionline selectedsurveys,di erent techniquessud
as the use of objective prisms, narrowband lIters or Fabry-Perot interferometers
all have di ering sensitivities and equivalert width limits. In addition to these
peculiarities, there are more obvious survey di erences sud as depth, sensitivity,
image quality, and soforth.

Finally, the di erent surveysrepreseted in Fig. 1.1 have widely di erent ge-
ometriesand volumes,and so they di er in the degreeto which cosmicvariance
plays arole. In the caseof smaller survey volumes,natural variations exist due to
the inhomogeneoudlistribution of galaxiesdue to large scalestructure. To over-
comethis statistical variance(often referredto ascosmicvariance)largeindividual
surveys,or a large number of surveysat similar redshifts needto be doneto ensure
truly represenmative samples.

1.2 Surveysfor Star-Forming Galaxies

The earliestattempts to determineglobal star formation rates usingemissionlines
in the local universewere undertaken using objective-prism surveys on Sdmidt
telescoms (e.g. Smith 1975;Gallegoet al. 1995). Howewer, H -emitting galaxies
could only be found to redshifts lessthan 0.04 due to the sensitivity drop-o at
6850A of photographic plates (Zamorano et al. 1994, 1996). Furthermore, the
plates had a very low detection sensitivity, further limiting obsenations to bright
galaxiesin the local universe. Despite the small aperture, the useof a Scimidt
telesco givesthe necessarysky coverage,and hencethe volume, to yield useful
sample sizesof star-forming galaxiesfrom the local universe. Around the same
time, various blind narrowband surveys were being undertaken with CCDs on
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largertelescoms. While thesea orded much greatersensitivitiesand greaterchoice
of wavelength, they were limited by coveragedue to the relative small sizesof the
CCDsin useat the time.

Narrowband surveys are a powerful tool to nd emissionline galaxiesat any
redshift. Thompson et al. (1995) showv in a quartitativ e manner how emission
line galaxiescan appear up to seeral magnitudesbrighter through the useof a
suitable narrowband Iter. This is clearly demonstratedin Fig. 1.2. Here,images
of v e emissionline galaxiesat widely di erent redshift are shavn in six di erent
Iters: an intermediate band lIter, three narrowband lters, and two broadband
Iters. In ead case,the object is signi cantly brighter in the narrowband lter
usedto capture the emissionline. In Fig. 1.3 the results of spectroscopy for the
samegalaxiesis shovn. In all casest is possibleto identify the emissionline and
thus the redshift of the galaxy. The spectral region covered by the intermediate
and narrowband Iters are shavn in Fig. 1.3.

The night-sky becomesthe dominart source of badkground at wavelengths
longerthan  6800A. As can be seenin the night-sky spectrum of Fig. 1.4, there
are groupsof night-sky emissionlinesdue to vibrational and rotational transitions
of atmospherichydroxyls (OH) and molecular oxygen. Howeer, there are three
dark windows betweentheseOH-bandsat 7070A, 8150A and 9090A, in which the
night-sky is relatively low. Careful placemen of intermediate and/or narrowband
Iters betweentheselines greatly reducesthe badground. Much of the power of
narrowband imaging comesfrom this ability to separatefaint galaxy light from
contaminating sky badkground.

Forty yearsago Partridge & Peebles(1967) proposedthe use of narrowband
Iters to nd young,primordial galaxies. They suggestedhat thesegalaxiesshould
have, in addition to a sharp break at the Lyman limit (912A), a strong Ly -
line (1216A), due to the corversion of ionising photons produced by the hot,
young stars to Lyman photons. Various attempts to seart for these galaxies
usedboth xed narrowband lters aswell astunable Fabry-Perot interferometers
(e.g. Pritchet & Hartwick 1987;Thompsonet al. 1995;Thommeset al. 1998). All
were unsuccessfulhowewer, due to insu cient depth and limited volume. The
increasing availability of wide- eld CCD-mosaic camerasduring the late 1990s
boostedimaging areasby factorsof 20 or so,with correspnding growth in their
capacity to nd distant galaxies(e.g. Rhoadset al. 2000;Wolf et al. 2001,2003;Hu
et al. 2004;0uchi et al. 2005). Furthermore, the introduction of narrowband Iters
physically large enoughto cover the unprecedeted beam sizesof these cameras
has provided larger samplesof line-emitting galaxiesat redshifts both low (Fujita
et al. 2003; Ajiki et al. 2006;Ly et al. 2007) and high (Hu et al. 1999; Rhoads
& Malhotra 2001; Ajiki et al. 2003; Kodaira et al. 2003; Ouchi et al. 2005; lye
et al. 2006). At the sametime, the advent of large telescopes (8{10 m apertures)
with high-throughput spectrographshasenabledthe spectroscopiccon rmation of
distant star-forming galaxiesbeyond the read of smaller apertures. At preser,
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Fig. 1.2: Postagestampimages(19°%n a side)of emission-linegalaxiesat di erent
redshifts as seenthrough a narrowband survey. From left to right, framesshawv
intermediate band (8150A/220,A), three narrowband (FWHM = 70A at 8100,
8170and 8240A), and broadbandB and R images. Obsene how the galaxy is the
brightest in the narrowband Iter wherethe emissionline falls. This is the Ng;7
Iter in all casesgexceptfor the z = 1:17 galaxy, whereit is Ng;9. The redshifts of
thesegalaxieshave beencon rmed using spectroscop.
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hydroxyls and molecular oxygen.
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the redshift probed by narrowband seartes for Ly -emitting galaxiesis being
pushedto redshiftsz 7 9 (e.g. Willis & Courbin 2005;lye et al. 2006; Cuby
et al. 2007). Furthermore, broadband-selected.yman break galaxiesat z & 8 have
beenidenti ed (Pello et al. 2004;Henry et al. 2007), pushing the boundary of the
\visible" universeewen further.

1.3 A New Wide-Field Narrowband Survey for Star-Forming
Galaxies

In 2001 a narrowband surwey for Ly -emitting galaxiesat z  5:7 commenced
calledthe Wide Field Imager Lyman Alpha Seart (WFILAS). It wasundertaken
as a joint project betweena group at the European Southern Obsenatory (San-
tiago, Chile) and menbers of the COMBO-17 team at the Max-Pland-Institut
fur Astronomie (Heidelberg, Germary). The primary sciencedriversof the survey
were to de ne the L turn-over in the Ly luminosity function and to ascertain
whether these sourcescould be responsible for reionising the universeat z 6.
The luminousL > L galaxies,that would be neededto accomplishthis are rare
objects, requiring a large volumeto be probed. Large narrowband survey volumes
can be adhieved by having: (i) alargeimaging areaon the sky, and/or (ii) a wide
redshift rangethrough the useof multiple Iters leadingto an extendedwavelength
coverage.

WEFILAS adievesthe largeimaging areaby employing the Wide Field Imager
(WFI; Baadeet al. 1999)on the ESO/MPIA 2.2m telesco. With a eld-of-view
of 0.5 0.5 this instrumert is one of the largest CCD-mosaicimagersavailable.
Giventhe moderate aperture of the telescoge, the survey is not asdeepasthoseon
8 10m telescopes,but su ciently deepto nd the mostluminousLy -emitting
galaxies. Three separate elds were targeted around the sky.

The largeredshift rangecoveragewasadieved by usinga special set of custom-
madeintermediate and narrowband lters placedin the low-badkground window at
8150A. The narrowband lters ead have a full-width at half-maximum (FWHM)
of 70A, while the intermediate band lter (FWHM of 220A) encompasseshe
three narrowband lters. The bandpassesof these lters relative to the dark
night-sky window they occupy areindicated in Fig. 1.3 (top panel). The combined
wavelength coverage(and henceredshift range) of the narrowband lters exceeds
that of the intermediate band Iters commonly used for this kind of work by
previoussurveys( 120A; e.g.Ajiki et al. 2003;Hu et al. 2004). Furthermore, the
useof additional imagingwith the intermediate Iter a ords a signi cant reduction
in the number of spuriousdetectionsin the narrowband images(noise peaksand
the like) given the repeated wavelength sampling built into the imaging strategy.
The combined large imaging area and broad redshift coverage conmbined give a
Ly seart volume that hasonly recerly beensurpassedoy Ouchi et al. (2005)
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and Murayama et al. (2007) using SuprimeCamon the 8 m Subaru telescope.
Supporting imagestakenin broadbandB and R make it possibleto distinguish
between emissionline galaxiesdetectedin Ly at z  5:7 and foreground [Oii]
andH galaxiesat z 1.2andz 0:24,respectively. This feature was exploited
to furnish a sampleof H emissionline galaxiesto measurethe star formation
density of the nearby universe. The enhancedvolume and widely separated elds
of WFILAS give the opportunity to remove the cortribution of survey systematics
over distinct cosmicvolumes. Furthermore, the spreadof volume helpsto mitigate
the e ects of cosmicvarianceon star formation density and related quartities..

1.4 ThesisLayout

This thesis descritesthe Wide Field Imager Lyman Alpha Seart (WFILAS), a
surveyfor Ly -emitting galaxiesatz 5:7. It alsodetailsasurveyfor H -emitting
galaxiesat z  0:24 found through the samenarrowband imaging.

In Chapter 2 the discorery and analysis of the rst Ly -emitting galaxy at
z = 57 from WFILAS is presetted. The spectrum of this galaxy shoved the
type of asymmetric line prole commonly seenin Ly at theseredshifts. It also
showed a tentative secondcomponert redwards of Ly , indicating an expanding
shell of neutral hydrogen surrounding the certral Ly source. Sud a feature has
only beendetectedin a handful of Ly emitters sofar. A detailed description of
WEFILAS in generalis deferredto Chapter 3 to presene publishing chronology of
the work. In addition to survey design,Chapter 3 details the analysisof the en-
tire sampleof candidateLy emitters resulting from WFILAS. Ultimately, sewen
luminous candidate Ly -emitting galaxiesat z  5:7 were found, complemen-
ing other deeper but lessvoluminous surveys. Spectroscopiccon rmation of the
brightest Ly -emitting galaxy? in the sampleis presened and the componerts of
its asymmetricline pro le are t and analysed.

Chapter 4 preserts the selection,spectroscopicfollow-up and analysisof a large
sampleof H -emitting galaxiesat z  0:24 selectedfrom the sameimaging. The
H luminosity function and star formation density at this redshift are determined
and comparedto other H surveysat similar redshifts. Furthermore, the in uence
of the local density on the star formation rate wasinvestigatedwith respectto both
the general galaxy population and star-forming galaxies. While star formation
rates were consistet with those expected for the typical eld galaxy densities
probed, a small increasewas detectedin denserregionsof the star-forming galaxy
population.

Concluding remarks and somediscussionof future prospects from this work
are madein Chapter 5.

3 To date, not only is this galaxy the most luminous compactLy sourceat redshift 5.7, but
also at any redshift. (This comparison excludesso-calledLy -blobs, which are very luminous,
very extendedregionsof Ly emissionat high redshift, e.g. Steidel et al. 2000).
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Chapters 2 and 3 of this thesis were published in Astronomy & Astrophysics
(Westra et al. 2005, 2006, respectively). Chapter 4 has been submitted to the
Monthly Notices of the Royal Astronomical Scciety. In accordancewith journal
style, ead chapter cortains an Abstract, Introduction, Conclusionand Bibliogra-
phy of its own.
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2. THE WIDE FIELD IMAGER LYMAN-ALPHA SEARCH
(WFILAS) FOR GALAXIES AT REDSHIFT 5.7:
l. A SPATIALL Y COMPACT Ly EMITTING GALAXY AT
REDSHIFT 5.72¢

E. Westra, D. H. Jones,C. E. Lidman, R. M. Athreya, K. Meisenheimer,C. Wolf,
T. Szeifert,E. Pompei and L. Vanzi, 2005A&A 430,L21{L24

Abstract

We report the spectroscopiccon rmation of a compactLy emitting galaxy at
z = 5721. A FORS2 spectrum of the sourceshowns a strong asymmetric line
with a ux of 5 10 7 ergs *cm 2, making it one of the brightest Ly emitting
galaxiesat this redshift, and a line-of-siglt velocity dispersion of 400kms . We
alsohave a tentativ e detection of a second,narrower componert that is redshifted
by 400kms ! with respect to the main peak. A FORS2 image shaws that the
sourceis compact, with a FWHM of 05, which corresppnds to 3.2 kpc at this
redshift?. This sourceis a brighter exampleof J1236.8+6215Dawsonet al. 2002,
ApJ, 570,92), anotherLy emitting galaxyat z 5:2.

2.1 Introduction

Wide- eld imaging surveys with specially selectednarrow-band lters are an ef-
fective meansof discovering high redshift (z & 5) Ly emitting galaxies(seeHu
et al. 2004, and referencegherein). Spectra of these galaxiesare dominated by
a single, asymmetric emissionline. One of the strongestargumerts for assaiat-
ing this line with Lyman- (Ly ) is the asymmetry in the line pro le (e.g. Stern
et al. 2000), which can only be detectedif the spectral resolution is high enough
(R & 2000).

The prole of the Ly line is the end result of emissionfrom Hii regions
and resonan scattering by Hi. The bulk of the Ly emissioncomesfrom the
reconbination of hydrogen that has beenionised by UV ux of massie stars.
Part of the ionisation may be due to shacks (Bland-Hawthorn & Nulsen2004) or

1 Based on obsenations taken at the Cerro La Silla (ESO programs 67.A-0063, 68.A-0363,
69.A-0314and MPG time) and Cerro Paranal Obsenatories (ESO program 272.A-5029).

2 Throughout this Letter, a cosmologywith Hop = 70kms *Mpc !, y = 0.3and = 0.7
is assumed.Magnitudes are on the AB-system.
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from an AGN, although in a study of Ly emitting galaxiesat z 4.5, Wang
et al. (2004) found no evidenceof AGN activity. The shape of the line prole is
sensitive to the geometry density and kinematics of both the Hii gas,wherethe
line is produced, and the Hi gas,whereit is scattered (Ahn et al. 2003; Sartos
et al. 2004). Dust canalsoplay arole. Hence,the Ly emissionline canbe viewed
as a tool, albeit a rather blunt one, that might be usedto constrain the spatial
and kinematic distribution of the hydrogengasin thesedistant galaxies.
In this letter, we preset the 0'5 resolutionseeing-limitedimagingandR 3600

spectroscoly of aLy emitting galaxy that was selectedfrom Ly emitting can-
didatesin the WFILAS catalog (seeChap. 3).

2.2 WFILAS and Candidate Selection

WFILAS is a surwey for bright Ly emitting galaxiesat z  5:7. The selection
strategy is similar to the successfuktrategiesemployed in other Ly surveys at
these redshifts (Ajiki et al. 2003;Rhoadset al. 2003;Hu et al. 2004). WFILAS
coversalargervolume( 1.2 1P Mpcd), alargerarea( 1 ) and hasa brighter
detection limit (2 limit magnitude 24.0{24.5)than these surveys. Hencethe
candidate Ly emitting galaxiesin the WFILAS cataloguewill, on average,be
brighter than the Ly emitting galaxiesin theseother catalogs.

The survey usedthe Wide Field Imager (WFI) on the ESO/MPI 2.2m tele-
scofe at the Cerro La Silla Obsenatory and targeted three elds. The WFI
consistsof a mosaic of eight (4 x 2) 2k x 4k CCDs arrangedto give a eld of
view of 34 x 3@ with a pixel scaleof 07238 pixel 1. Imageswere taken with the
standard broad-bandB and R lters, and four narrower Iters - an intermediate-
band ( = 22A) Iter at 815nm (Mg;5) and three custom-madenarrow-band
( =T7A) lters with certral wavelengthsat 810nm (Ng;0), 817nm (Ng;7) and
824nm (Ngp4). They lie in a spectral regionwherethe emissivity of the night-sky
is relatively low, which improvesthe sensitivity to Ly emission.

CandidateLy galaxiesarethosethat appearin oneof the narrow band lters,
but are undetectedin the broad band lters. Given the relatively low signal-to-
noiseratios of the candidates,we alsorequire a detectionin the intermediate band
Iter. This limits the number of spurious candidates. We refer the interested
readerto Chap. 3 for a description of the obsenations, reduction and candidate
selection.

2.3 Conrmed Ly Emitter at z= 5:721

In a pilot study to test the e ectivenessf the selectionstrategy oneof the brighter
candidates(J114334.98-014433.%ereafter S1113368)was obsened with FORS2
on Yepun (UT4) at the Cerro Paranal Obsenatory (Fig. 2.1).

A pre-imagewith an intermediate-band lter (13nm) certered at 815nm was



2.3 Conrmed Ly Emitter at z= 5721 17

Fig. 2.1: From left to right, thumbnails of the con rmed Ly emitter S1113368
at redshift 5.721. Each thumbnail coversa 24°° 24°°regionwith a pixel scaleof
0°238pix 1. The emitter is only detectedin the Mg;5 and Ng;7 images.

takenwith FORS2on 2004February 16th in which S1113368clearly wasdetected.
Figure 2.2 shows a 30°region around S11.13368.The FWHM of starsin this eld
are 0'5 and S1113368is unresohed.

Three 1200s exposureswere taken on 2004 March 18th with FORS2 using
the 1028zgrism and a 1°°slit. Frames were bias-subtractedand at elded and
were then conbined with suitable pixel rejection to remove cosmicrays. The
2D-spectrum (without subtracting the sky lines) and the extracted sky-subtracted
spectrum are shavn in Figs. 2.3a,b,whereonecan clearly seea singleemissionline
with a broad red wing. No cortinuum is detected,implying a 2 upper-limit for
the cortinuum of 7 10 ?°ergs *cm 2A ! over the rest frame wavelength range
1220to 1230A.

Stern et al. (2000) have reviewed the di erent ways in which high redshift
Ly can be veried and suggestthat line asymmetry is the surest way. Our
spectral resolution(R ~ 3600)is high enoughto securelycon rm this asymmetry
This resolving power is also more than adequateto rule out [Oii] 3726,372&at
z = 1:19, sincewe do not resole the line into the closedoublet. The separation
of this doublet at z = 1:19is 6.1A and therefore easily resohable. Similarly, we
canrule out the possibility that the line is [Oiii] 4959,5007at z = 0:63, dueto
the absenceof the accomparying line in that doublet. We can alsorule out H
at z = 0:25. If the line wasH , then we should have either detected[N ii] and/or
some ux in the R-band due to the cortributions of H , [Oiii] 4959,5007and
the cortinuum (e.g. Kniazev et al. 2004). In Fig. 2.1, one can seethat there is
no detection in the R-band image. Given the absenceof all of these potertial
neighbouring features,and also the clear asymmetry of the line, we idertify it as
Ly emissionat z = 5:721.

The integrated line ux of the line derived from the spectrum is
5 10 " ergs 'cm 2, making it oneof the brightest Ly emitting sourcesat this
redshift (cf. Ajiki et al. 2003;Rhoadset al. 2003;Maier et al. 2003). The 2 lower
limit onthe restframe equivalert width is 100A. At z = 5:721,this translatesto
alLy luminosity of 1.8 10* ergs ! suggestingan apparert star-formation rate
of 16 M yr 1, usingthe cornversionrate from Ajiki et al. (2003).

Following earlier works (Dawsonet al. 2002;Hu et al. 2004),we t both two-
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Fig. 2.2: A 30°°x 30™region around the conrmed Ly galaxy S1113368at
z = 5721 from the pre-imagetaken with FORS2. The image has a pixel scale
of 0°252pix ®. The object is unresoled in this image. The seeingat the time of
theseobsenationswas 0'5. The exposuretime was 3600s.

and single-commnernt modelsto the Ly line. The two-compnert t consists
of a truncated Gaussianwith complete absorption bluewards of Ly line certer
and a redshifted Gaussianthat is not truncated (e.g. Hu et al. 2004). The one-
componert t consistssolely of a truncated Gaussian(Figs. 2.3b and c¢). Since
the seeingwas narrower than the width of the slit, we convolve the model with a
Gaussianthat hasa FWHM of 2.3A. At 8175A this correspndsto a resolution
of R 3600. We usethe Leverberg-Marquardt nonlinear least-squareslgorithm
to nd the best t.

Two di erent two-componert models t the data with a similar reduced 2
valuesof 1.3. We refer to these two models as the \broad" model and the
\spiky" model. In the \broad" model, the redshifted componert is broader and
wealer and the certral componert is narrower and strongerin comparisonto the



2.3 Conrmed Ly Emitter at z= 5721 19

Fig. 2.3: A t of both one-and two-compnert modelsto the pro le of the Ly
line. a) The two dimensionalspectrum certeredonthe Ly line. In this unrecti ed
spectrum, the night sky emissionlines are not removed. The pixel scalefor this
imageis 0"252pix ! in the spatial direction and 0.86A pix ! in the dispersion di-
rection. b) ObsenedLy line (histograms with the three best- tting models. For
clarity, the models are o set by 3 ergs *cm 2A 1. The two-commnert models
consistof a two componerts: a broad, truncated Gaussianand a narrower red-
shifted Gaussian. The one-commnert model consistsof only a broad, truncated
Gaussian. SeeTable 2.1 for the parametersof the "broad' (solid), "spiky' (dotted)
and ‘singlecomponent' (dashe&) models. ¢c) Samemodel line pro les asin b) but
beforecorvolution with the instrumert pro le. d) Obsened data minus model t
(as plotted in b)) residuals,demonstrating a random scatter about the zero ux
line. Also shown (histogramg) is the 1 -error spectrum from the obsened data,
which includes both sky- and Poissonnoise. Note that the red peakis not N v.
At this redshift it would appear around 8334A.
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Table2.1. Model t parametersasdescribed in Section2.3 and indicated in

Figure 2.3.
Componert c f peak FWHM Y,
1 2 3 4 5 6 7
"Broad' model

Main peak 8173.1 7.0 11.1 408 ...
Redpeak 81842 19 22 81 +11.1 406
“Spiky' model
Main peak 8173.1 6.9 114 419 ...
Redpeak 8184.1 43 06 24 +11.0 405
“Singlecomponert’ model

Main peak 8172.2 6.8 14.0 514

1Componert of the t

2Certral wavelength of the tted componert in A

3Peak ux density in 10 *® ergs 1cm 2A 1

4#SEWHM of full Gaussianof the pro le in A and kms !, respectively

&7Line-of-sigh out o w velocity in A and kms !, respectively.

\spiky" model. After corvolving with the instrumental pro le both ts havesimilar
residuals. Both modelshave a certral peakat a wavelength correspndingto Ly
at z = 5:721. The redshifted componert is clearly detectedin both models and
lies +400 kms ! away from the certral peak. Given the similar reduced 2, we
cannot favour one model over the other.

The single-commnert model has a broader main peak, which is slightly bluer.
This model doesnot t the pro le aswell asthe two-componert casesparticularly
in the region of the red peak ( 2 = 2.2).

Table 2.1 summariseshe di erent model componerts.

The integrated line uxes for the two-componert models are very similar. If
onewereto include the ux that was missingfrom the blue side of the truncated
Gaussian,the total a line ux is 8.3 10 " ergs *cm 2. This correspndsto a
star-formation rate of 27 M yr 1, using the conversion rate from Ajiki et al.
(2003). The width on the blueward side of the pro le is solelydueto instrumertal
broadening.
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Fig. 2.4: Sizeof the star-forming regionversusthe star-formation rate. The SFR
of two galaxiesfrom Hedman et al. (1990)is indicated by a bar, asthere are two
measuremets of the SFR. The arrowsrepreseh lower-limits to the SFR and upper-
limits to the size of the major axis, (due to seeinglimited obsenations). Error-
barsarenot included. The plus signsrepresen three well-known local starbursting
galaxies(Hedkman et al. 1990).
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2.4 Discussion

We have presened a medium resolution spectrum of a bright Ly emitting galaxy
at z = 5:721. The spectrum consistsof a single emissionline and no cortinuum.
The line shaws a distinct asymmetry which undoubtedly conrms it asLy . We
model the line with two componerts: a one-sidedGaussianand a narrower, red-
shifted componert. The pro le of the blue side of the line is ertirely de ned by
the instrumert pro le.

Generally the secondcomponert is lessfrequerly obsened, although it is
possiblethat it has been missedin the spectra of other Ly emitting galaxies.
Most of thesespectra weretaken at lower resolution and are considerablynoisier.
A secondpeakin the Ly line is a clear signature of an expandingshell of neutral
hydrogen (Dawson et al. 2002; Ahn et al. 2003). The strength and shape of the
secondarypeak dependson the kinematics and the quartity of neutral hydrogen
in the expanding shell and the amourt and distribution of dust throughout the
galaxy (Ahn 2004).

S1113368appearsto be a brighter and more distant exampleof J1235.8+6215
at z = 5:190(Dawsonet al. 2002). The line pro le is strongly asymmetricin both
objects, and both suggesta secondredshifted componert. Both objects are also
very compact. Howeer, there are somenoteworthy di erences. The Ly line in
S1113368is considerablybroader,and the redshiftedcomponert is a lot narrower,
even in our \broad" model.

The intrinsic Ly prole is heavily modi ed by the surrounding gasand the
fraction of the line that is nally obsened is very model dependern (Sartos 2004;
Ahn 2004). In general,it is only a fraction of the intrinsic ux. Hence, star
formation rates that are estimated from the obsened Ly ux directly, asthey
are done in this paper, could drastically underestimatethe true star formation
rate. Similarly, the certroid of the obsened pro le is alsomodel dependen. This
directly leadsto an uncertairty in the redshift of about 0.01,if no other lines are
visible, which is usually the casefor sud high redshift galaxies.

S1113368,like J1235.8+6215,is very compact. With a projected size of
3kpc or less, it is comparableto the size of the star forming regionsin local
starbursting galaxies; howewer, the star formation rate is much higher. Not all
Ly emitting galaxiesat z  5:7 are as compact. In Fig. 2.4, we plot apparen
sizeof the star forming regionversusthe inferred star formation rate for a sampleof
local starbursts and distant galaxies. The emissionline regionin LAE J1044-0130
occursover a regionthat is an order of magnitude larger than emissionline regions
in S1113368and J1235.8+6215ewen though the inferred star formation rate is
signi cantly less. Given that the projected star formation rate per unit areain
S1113368far exceed®.1M yr ‘kpc ?, it islikely that a hot, enriched starburst-
driven gasis out o wing into the halo of S1113368, facilitating the enrichmert
of the halo and the esca of Lyman cortinuum photons (Hedman et al. 2000;
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Tenorio-Tagle et al. 1999).
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3. THE WIDE FIELD IMAGER LYMAN-ALPHA SEARCH
(WFILAS) FOR GALAXIES AT REDSHIFT 5.7:
|l. SURVEY DESIGN AND SAMPLE ANALYSIS!

E. Westra, D. Heath Jones, C. E. Lidman, K. Meisenheimer,R. M. Athreya,
C. Wolf, T. Szeifert,E. Pompei and L. Vanzi, 2006 A&A

Abstract

Context: Wide- eld narrowband surweys are an e cient way of searting large
volumesof high-redshift spacefor distant galaxies.

Aims: We descrilke the Wide Field Imager Lyman-Alpha Seartn (WFILAS) over
0.74sq. degreefor bright emission-linegalaxiesat z  5:7.

Methads: WFILAS usesdeepimagestaken with the Wide Field Imager (WFI)
on the ESO/MPI 2.2m telescope in three narrowband (70A), one encompassing
intermediate band (220A) and two broadband lters, B and R. We usethe novel
technique of an encompassingntermediate band lter to excludefalsedetections.
Imagestaken with broadband B and R Iters are usedto remove low redshift
galaxiesfrom our sample.

Results: We presen a sample of seven Ly emitting galaxy candidates,two of
which are spectroscopicallycon rmed. Comparedto other surveysall our candi-
datesare bright, the results of this survey complemets other narrowband surveys
at this redshift. Most of our candidatesare in the regime of bright luminosities,
beyond the read of lessvoluminous surveys. Adding our candidatesto those of
another survey increasesthe derived luminosity density by 30%. We also nd
potertial clustering in the Chandra Deep Field South, supporting overdensities
discovered by other surveys. Basedon a FORS2/VLT spectrum we additionally
presen the analysisof the secondcon rmed Ly emitting galaxy in our sample.
We nd that it isthe brightest Ly emitting galaxy(1 10 ergs ‘cm 2) at this
redshift to date and the secondcon rmed candidate of our survey. Both objects
exhibit the presenceof a possiblesecondLy componen redward of the line.

! Basedon obsenations madewith ESO Telescogesat the La Silla Obsenatory (Programmes
67.A-0063,68.A-0363and 69.A-0314).
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3.1 Introduction

Detections of both galaxiesand QSOsat z 6 (Fan et al. 2002; Beder et al.
2001;Djorgovski et al. 2001) indicate that the Universewas largely reionisedat
that epoch. The recen three-year WMAP results combined with other cosmo-
logical surveys suggestan epoch of reionisation around z 10 (Spergel et al.
2006),consisten with both QSO results (Fan et al. 2002)and the epoch predicted
by structure formation models (Gnedin & Ostriker 1997;Haiman & Loeb 1998).
While the UV cortributions of QSOsand AGN are almost certainly not responsi-
ble for reionisation (Barger et al. 2003), faint star forming galaxiesneedto exist
in extraordinary numbers if they are to be the cause(Yan & Windhorst 2004).
Howewer, analysesof the Hubble Ultra DeepField failedto nd su cient numbers
of faint galaxiesto support this idea (Bunker et al. 2004; Bouwens et al. 2005).
Therefore, it is crucial to investigatewhat the cortribution to the ionising UV ux
is from young stellar populations of star forming galaxies.

Broadly speaking, two classesof star-forming galaxy dominate high redshift
surveys: Lyman Break Galaxies (LBGs) and Lyman- Emitters (LAEs). LBG
surveys, which now number in the thousandsof objectsat z= 3to 5, nd clumpy
source distributions and a two-point angular correlation function indicative of
strong clustering (Giavalisco & Dickinson 2001; Foucaudet al. 2003; Adelberger
et al. 2003;Ouchi et al. 2004; Hildebrandt et al. 2005;Allen et al. 2005). LAEs
alsoshow evidencefor clustering although many of the LAE surwveystarget elds
surrounding known sourcessud as proto-clusters, radio galaxiesand QSOs(e.g.
Steidel et al. 2000;M ller & Fynbo 2001; Stiavelli et al. 2001;Venemanset al.
2002;0uchi et al. 2005). On average,LAEs number 1.5 10*deg 2 per unit red-
shift downto 1.5 10 *’ergs 'cm ? at z = 3:4 and 4.5 (Hu et al. 1998). Also,
their consistetly small size (. 0.6h 'kpc) suggeststhey are subgalactic clumps
residing in the wind-driven out o ws of larger unseenhosts (e.g. Bland-Hawthorn
& Nulsen2004). Sud medanismsprovide a straightforward meansof UV photon
esca from the host galaxy, e ciently reionisingthe surrounding IGM in a way
than ordinary LBGs can not.

The most e cient way to nd LAEs is through imaging surveysusing a com-
bination of broad- and narrowband lters. The advert of wide eld camerashas
allowed systematicimaging seartiesthat have beencarriedout to build up samples
of candidate LAEs at high redshifts (e.g. Rhoadset al. 2003;Ajiki et al. 2003;Hu
et al. 2004;Wang et al. 2005). The availability of high throughput spectrographs
on 8 to 10m-classtelescopes has enabledthe spectroscopiccon rmation of these
galaxies. Sudh direct imaging seartestypically cover 107 { 10° times the volume of
blind long-slit spectroscopicsearties(e.g. Table4 in Sartos et al. 2004). Further-
more, candidatesfrom narrowband surveys always have an iderti able emission
feature that is well separatedfrom sky lines courtesy of the Iter design. This is
in cortrast to other methods, including the widely-used\drop out" technique (e.g.
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Steidel et al. 1999).

The narrowband Iter designleadsto a higher candidate LAE selection ef-
ciency than other techniques. The only way to securethe identi cation of the
emissionline is spectroscopidollow-up. The most commonlow redshift interlopers
are the emissionline doubletsof [Oii] 3726,372&nd [Oiii] 4959,5007.These
canbeidenti ed by obtaining spectra with a resolution R & 1500to separatethe
line pair. Other emissionlines, sudr asH and H , can be identied by neigh-
bouring lines. The narrowband technique has beensuccessfullyapplied by many
authors in order to discover galaxiesat redshift 5 6 (e.g. Ajiki et al. 2003;Maier
et al. 2003;Rhoadset al. 2003;Dawsonet al. 2004;Hu et al. 2004) and to locate
galaxiesat redshift 6 7 (Cuby et al. 2003; Kodaira et al. 2003; Stanway et al.
2004). Likewise,we employ the narrowband technique in the Wide Field Imager
Lyman-Alpha Seart (WFILAS) to nd galaxiesat z  5:7. In Paper | in this
series(seeChap. 2), we descriked a compactLAE at z = 5:721 discorered by our
survey.

In this Paper, we descrike the survey designand sampleanalysisof WFILAS. In
Sect.3.2 we descrile the scope of the survey and the observingstrategy. The data
reduction is descriked in Sect. 3.3. Section 3.4 outlines the candidate selection
and Sect. 3.5 outlines sample properties and comparisonto other surveys. We
discussthe spectroscopicfollow-up of two candidatesin Sect. 3.6. Throughout
this paper we assumea at Universewith ( ,; ) = (0:3;0:7) and a Hubble
constart Hy = 70kms *Mpc . All quoted magnitudesare in the AB system
(Oke & Gunn 1983Y.

3.2 WFILAS Survey Designand Obsenations

The sky area surveyed by the WFILAS is 0.74sq. degree. We obsened three
elds in broadbandsB, R and in an intermediate width Iter cerired at 815nm
encompassinghree narrowband Iters (Fig. 3.1). The adoption of an additional
intermediate width Iter encompassinghe multiple narrowband width lters is
a novel approat comparedto previous narrowband surveys. The application
of the intermediate band Iter enablesus to drastically reduce the number of
spuriousdetectionsin the narrowband lters. The narrow width of the narrowband
Iters (FWHM = 7nm) gives a prominert appearanceto emissionline objects.
Furthermore, the three chosen elds are spread acrossthe sky to enable us to
averageout variations in cosmicvariance. Our seart hascoveredoneof the largest
co-mowving volumescomparedto other surveys. Table 3.1 comparesWFILAS with
other published surveys.

The obsenations were taken with the Wide Field Imager (WFI; Baadeet al.
1999)on the ESO/MPI 2.2m telescom at the Cerro La Silla Obsenatory, Chile.

2mpag = 25logf + 48590, wherempg isthe AB magnitude and f is the ux density in
ergss tcm 2Hz !



Table 3.1. Narrowband survweysfor Ly at z= 5.7

Survey Fields Total Area  Narrowband Filter Co-moving Narrowband Detection

(sq. degree) Filters Width (A)  Volume (Mpc33) Limit ( Jy)

LALA (Rhoads& Malhotra 1 0.19 2 75 0.2 1¢° 0.41

2001)

CADIS (Maier et al. 2003) 4 0.11 8 9 20 0.04 10° 3.33

SDF (Ajiki et al. 2003) 1 0.26 1 120 0.2 1¢° 0.14

SSA22(Hu et al. 2004) 1 0.19 1 120 0.2 1¢° 0.30

WFILAS (this paper) 3 0.74 3 70 1.0 1¢° 1.06{1.74

aCADIS is basedon imaging with a tunable Fabry-Perot interferometerscanningat equally spacedwavelength steps(Hipp elein

et al. 2003).

bAn additional encompassingnediurrband Iter was usedhere.
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Fig. 3.1: Filter set usedfor the WFILAS Surwey. a) The broadband BR and
intermediate Mg;5 (815/22nm) passbands.b) The Mg;s intermediate passband
(solid line) and three purpose-built narrowbands Ngio (810/7), Ngy7 (817/7) and
Ng24 (824/7), shonvn over the wavelength regiontargeted for Ly line detections.
The transmissioncurvesof the narrowband lters arefor illustrativ e purposesonly.
The OH night sky line badkground is also shawvn.

The data were taken over 65 separatenights from 2001 January 19 to 2003 De-
cenber 1. The WFI is a mosaicof eight (4 2) 2k 4k CCDs arrangedto give a
eld of view of 3% 32 The pixels are 0°2380n a side.

As WFILAS wasplannedasjoint project of ESO Sartiago and the COMBO-17
team at MPIA Heidelberg, three elds wereselectedto overlap with the COMBO-
17 surwey, i.e. their extended Chandra Deep Field South (CDFS), SGP (South
Galactic Pole) and S11 elds. The coordinatesofthe eld certres and the exposure
timesin eat of the lters for ead eld aregivenin Table3.2. All three elds areat
high Galactic latitude (jg > 54 ) and have extinctions lessthan E(B V) = 0.022
mag (Sdclegelet al. 1998).

We employ standard broadband B and R Iters. The intermediate band
(FWHM = 22nm) obsenatory lter is certred at 815nm. The three custommade
narrowband (FWHM = 7nm) lters are certred at 810nm, 817nm and 824nm.
The transmission pro les of the lIters are shavn in Fig. 3.1. The intermediate
and narrowband lIters are designedto t in the atmospheric815nm OH-airglow



Table3.2. WFILAS elds, lter setexposuretimes and detection limits.

Filter Passband/ CDFS eld S11 eld SGP eld
FWHM 03" 32" 25134 11" 42" 53933 00" 45" 55024
(nm) 27 484975 01 4204644 29 345505
(a) (b) (c) () (b) (c) (a) (b) (c)

Narrowband Ngg 810/7 48.0 0.57 0.79 44.4 0.55 0.80 31.5 0.87 1.03
Narrowband Ng7 817/7 41.1 055 0.79 79.9 0.53 0.92 0.0 - -
Narrowband Ngo4 824/7 41.0 0.72 0.80 43,5 0.81 0.87 42.8 0.62 0.89
Mediumband Mg;s2  815/20 52.7 0.29 0.85 33.3 0.38 0.88 18.9 0.41 0.90
BroadbandB? 458/97 50 0.07 1.09 94 0.07 0.98 10.0 0.14 1.22
Broadband R? 648/160 15.1 0.05 0.75 21.2 0.07 0.75 21.5 0.07 0.76

(@ Total exposuretime (ks)

(OFlux for a2 detection on 6 pixel diameter aperture ( Jy)

©Final seeing(%, in eath lter

aBroadband B and R and part of the intermediate band M g;5 taken from the COMBO-17 survey (Wolf et al. 2004)
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Table 3.3. The median, rst and last decile of badkground and seeingfor the
WFILAS narrowband imaging for all three elds conbined.

Filter =~ No. of Background ( Jy/ % Seeing(%
Frames 10% 50% 90% 10% 50% 90%
Nsg1o 92 17 27 36 0.65 0.79 1.12
Ng17 75 19 30 41 0.64 0.84 1.16
Ngoa 77 17 27 36 0.63 0.80 1.10
Magis 80 17 22 33 0.65 0.83 1.09

One pixel correspndsto 0°238.

window, wherethe brightnessof the sky badkground is low and hencefavourable
to detect Ly emissionat redshift 5.7. The data taken with the intermediate
band Iter conrm detectionsofthe Ly line in oneof the narrowband lters. The
broadband B and R data, which were taken from the COMBO-17 survey (Wolf
et al. 2004), are usedto con rm the absenceof cortinuum blueward of the Ly
line and to avoid sample cortamination by lower redshift emissionline galaxies
(e.g.H atz 0:24,or[Oii]jatz 1.2).

To establishthe photometric zero-point of the intermediate and narrowband I-
ters two spectrophotometric standard stars (LTT3218 and LTT7987; Bessell1999)
were obsened.

Between 10{50 exposureswere taken for ead intermediate and narrowband
Iter for eadh eld. The exposuretimes varied between 1000 and 1800secper
frame, with atypical exposuretime of around 1600sec. All framesare badkground-
limited despite the low night sky emissionin this spectral region. The median,

rst and last decile of both seeingand badkground are given in Table 3.3.

3.3 Data Reduction

The data were processedwith standard IRAF ® routines (MSCRED TASK) and
our own specially designedscripts. The initial stepsin the reduction process
consist of removing the zero level o set with bias frames, normalising pixel-to-
pixel sensitivity di erences with twilight ateld framesand removal of fringes
with fringe frames. During these steps,the 8 CCDs that make up a single WFI

image are treated independerly. Theseprocesseare descriled in detail below.

3 IRAF is distributed by the National Optical Astronomy Obsenatories, which are operated
by the Asscciation of Universities for Researt in Astronomy, Inc., under cooperative agreemen
with the National ScienceFoundation.
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Normally, the overscanregion of the scienceframescan be usedto remove the
zerolevel o set. Howe\er, it wasnoticedthat the biasframescortained signi cant
intermediate scalestructure (10-30pixels). To remove this, biasframesweretaken
on ewery day of our obsenations and averagedinto a bias frame for that day. In
order to minimise the noiseaddedto the data by subtracting the bias, the bias
frameswere smoothed by 5 pixelsand 30 pixelsin horizortal and vertical direction
of the CCDs, respectively, and subsequetty medianed. The structures are stable
over periods of seeral months. Therefore,it was possibleto usebias framesfrom
di erent nights without degradingthe quality of the data.

Typically, v etwilight ateld framesweretakenin onenight for oneor more
Iters. The frameswere medianedand the sciencedata was divided by the me-
dian. Hencepixel-to-pixel sensitivity di erences were removed. The structure in
the individual ateld frameswas stable over a period of seweral weeks. Frames
taken on di erent nights could thus be reused. Any di erences between at eld
frames were due to the appearanceor disappearanceof dust features, or large
scaleillumination di erences. The di erencesrarely amourted to morethan a few
perceri.

The raw data in the intermediate and narrowband Iters shaw fringe patterns
with amplitudes of up to 10% which was only partially removed after the data
had been at elded. To ertirely remove the fringe pattern, we subtracted a fringe
frame created from 10{30 scienceframes. The fringing is very stable over time,
so we were able to use data spanning seweral months. Certain scienceframes
still show fringe patterns becausethey are cortaminated by either moonlight or
twilight. Residualdi erencesin the level of the badkground betweenthe di erent
CCDs wereremoved by subtracting the median badkground level from eat CCD.

To producethe nal deepimageswe only usedimageswith a seeingof lessthan
5 pixels (= 1?02) and without signi cant residual fringing. To make the conbining
of the imagespossible,we had to apply an astrometric correction basedon stars
from the USNO CCD Astrograph Catalogue2 (UCAC2; Zadharias et al. 2004)in
the three obsened elds. The frameshave a set pixel scaleof 07238 pixel 1 with
North up and East left. The imageswere weighted accordingto their exposure
time and combined using the IRAF \mscstadk” routine rejecting deviart pixels.
Table 3.2 summarisesthe depth, image quality and total exposuretime, for eath
coaddedframe.

3.4 SampleSelectionand Completeness

3.4.1 Photometry and Noise Characteristics

Initial sourcecatalogueswere createdfor ead of the 8 narrowband images. Each
catalogue cortains the photometry for the sourcesin all 6 lters. We usedthe
SExtractor sourcedetection software (version 2.3.2, double image mode; Bertin
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& Arnouts 1996). Sourceswere selectedwhen at least 5 pixels were 0.8 above
the noiselevel in the narrowband image usedfor detection. The photometry was
measuredin two apertures, 6 and 10 pixels in diameter (= 14 and 2*4, respec-
tively). The 6 pixel aperture was usedto maximisethe signal-to-noiseof the ux
of the objects, while the larger 10 pixel aperture was usedfor the more accurate
determination of the total ux and hencethe star formation rate.

Someauthors have found that SExtractor underestimates ux uncertairties
(Feldmeieret al. 2002;Labbe et al. 2003). SExtractor estimatesthe uncertainties
usingvariousassumptionsthat are often not valid (e.g. perfect at elding, perfect
sky subtraction). The pixel-to-pixel noisein our data is slightly correlatedbecause
the scatter in the courts summedin 6 pixel aperturesis about 10% higher than
what onewould derive from the measuredpixel-to-pixel RMS.

We deviseda method to correct the uncertairties given by SExtractor to their
true valuesas follows. First, sourceswith ux in all Iters and their Mg;5 magni-
tude between 16 and 23 were selected. Sourcesbrighter than Mg;s= 16 are typi-
cally saturated, while thosefainter than Mg;5= 23 areincomplete (seeSect.3.4.3
for a further discussionof incompleteness).The Mg;5{N colour (whereN is any of
narrowband Iters Ngio, Ngi7, Or Ngoy) is the samefor any at cortinuum source.
Therefore,the spreadin the Mg;s{ N colour will be the sameasthe true ux un-
certainty from the two cortributing Iters. Next, the sourceswere binned into
200-sourcebins basedon their Mg;5 magnitude. In Fig. 3.2 we plot the Mg;5{N
colourversusthe M g;s magnitude of oneof our S11catalogues.Meanvaluesfor the
Mgis{ N colour, Mg;5, N magnitude and the mean of the SExtractor uncertainty
were calculatedfor eat bin. The uncertainty in the colour for ead object wasde-
termined by addingthe uncertainty of Mg;s andN in quadrature( 2, = 2+ 3).
The interval in which 68.3%of the objects were closestto this mean colour was
usedto infer the actual 1 colouruncertainty. We assumedhat the ratio between
the old uncertainties  and pj wasthe samefor the new uncertairties ,?A and

Q. Werelated betweenthe newand olcbuncertainty in the intermediate and nar-
rowband ux usingthe function ?ter = a2+ (b e )%, whereais the zero-o set
for the uncertainty in the ux of bright sourcesand bis the ratio betweenthe new
and old uncertainty for the ux of the faintest sources. The parametersa and b
correspnd to imperfectionsin the photometry and wrongly assumedbadkground
by SExtractor, respectively.

Typically, the correction factors are moderate (between 30 50%) for the
faint sourcesin the catalogues.Even though the correction factors are moderate,
we assumethat the correctionsfor the uncertainties in the broadband B and R
are irrelevant, sincethey are usedin a di erent way than the intermediate and
narrowband images(seeSect. 3.4.2).
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Fig. 3.2: Mgis{N colour as seenin the S11 eld with the Ngio Iter as the
detection image. The meancolour term is 0.05. The heary bold lines indicate
the 68.3%interval of objects coloursclosestto the meancolour in ead bin. Each
bin cortains 200data points. The new uncertairty is inferred from this interval.

3.4.2 Selectioncriteria

The following four criteria were applied to selectour candidate LAEs from the
eight initial sourcecatalogues:

1. the narrowband image usedasthe detection image must have the most ux
of all the narrowband imagesand the sourcemust have a 4 detection or
better;

2. the narrowband image with the least ux needsto be a non-detection,i.e.
lessthan 2 ;

3. there must be at leasta 2 detectionin the intermediate band image;

4. none of the broadbandimages,i.e. neither B nor R, must have a detection
above 2 .

Table 3.2 cortains the valuesof the 2 detection thresholdsof the imagesusedfor
the 6 pixel aperture. In total 33 candidateswere selectedusing the above criteria.
Visual inspection shaved that 26 sourcesarosefrom artefacts of which the vast
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majorit y were out-of-focusghostrings from bright stars. The nal samplecortains
seen candidate LAEs.

We note here the importance of the usageof the intermediate band lter. If
we were to reapply all the criteria exceptfor criterion 3, i.e. we do not usethe
intermediate band images,we would obtain 284 candidatesinstead of the 33 for
visual inspection.

The AB-magnitudes, derived line uxes and luminosities for the candidates
are shovn in Table 3.4. To corvert between AB-magnitudes and line ux in
ergs *cm 2 we usethe following relation:

Fine = 3 101810 %4(Mas +48:590) — (3.1)
Cc
where and . arethe FWHM and the certral wavelength of the narrowband
Iter in A, respectively, and mag the AB-magnitude of the object. In Fig. 3.3the
thumbnails of the seen candidate LAEs at z  5:7 are shovn. We defera more
detailed discussionabout the samplepropertiesto Sect.3.5.

3.4.3 Completenessorrections

From the Hubble Deep Field (HDF) galaxy number-court data for the F814WV
Iter (Williams et al. 1996) we computed completenes<orrectionsfor our eight
source catalogues. The HDF courts are determined over the magnitude range
lg14=22 29, and agreewell with our galaxy courts over all narrowband lters

in the rangeN = 22 24. Figure 3.4 shaws the courts for the F814W lter in the
HDF and for the Ng;7 Iter in the S11 eld. Figure 3.4 also shows the linear t

usedasthe basisfor the calculation of the detection completenessThe t is done
to the combined number court data over two intervals: Ng;7=[20,22.5], where
the WFILAS courts are complete,and | g4 = [22.5,25], wherethe HDF courts are
linear.

Detection completenesss de ned asthe ratio of WFILAS sourcedo the num-
ber expectedfrom the number-count relation. Figure 3.5 shows the derived detec-
tion completenesdor eat lter- eld combination usedfor WFILAS. The di er-
encesare mainly due to unequal exposuretimes, although Iter throughput and
image quality alsoplay a role. Thesecould explain the overall lower sensitivity of
the Ngp4 lter, ascan be inferred from Fig. 3.5. Additionally, we correct for de-
tection completenessrising due to the intermediate band selectioncriterion. We
constructeda noiseimage by stadking the intermediate band imageswithout reg-
istering. The completenesss de ned asthe rate of recovery of arti cially inserted
objects.

Giventhe di erent sensitivitiesof ead Iter- eld conbination, we de ne a ho-
mogeneoussubsampleof our initial candidate sample,using the candidatesfrom
our four most sensitive eld- Iter combinations. We call this our \complete" sam-
ple (4 of the 7 LAEs; marked in Table 3.4), becauseonce de ned, we use the



Table 3.4. The candidatelist of the WFILAS surwey after the selectionas descrited in Sect. 3.4.

SExtractor ID Object ID B R M g15 Nsg10 Ng17 N g24 Line ux Luminosit y
(10 Yergs ecm 2) (10®ergs 1)

CDFS_1864* J033215.14-280013.9 >26.25 > 26.56 2472 046 23.14 0.26 > 24.27 >23.93 65 15 23 05
CDFS 4928 J033145.97-275316.4 >26.25 > 26.56 2459 041 2338 032 2411 047 2361 041 52 16 1.8 05
CDFS 5388 J033202.37-275211.3 >26.25 > 26.56 2470 045 2332 031 > 24.27 >23.93 55 15 19 05
S115236* P J114334.98-014433.7 > 26.63 >26.59 2431 042 >24.13 23.05 0.18 >23.74 70 1.2 25 04
S118921° J114218.90-013544.6 >26.63 26.38 045 23.88 0.28 2398 047 2341 0.26 >23.75 50 1.2 18 04
S1110595 J114312.46-013049.6 > 26.63 > 26.60 2444 047 >24.13 23.52 0.28 >23.75 45 1.2 16 04
SGP_8884% J004525.38-292402.8 > 26.07 >26.41 2333 020 2273 0.16 >24.06 95 14 33 05

From left to right are the object name, the B, R, Mgi5, Ng1o, Ng17 and Ng24 AB-magnitudes, line ux calculated from the narrowband magnitude in which the object was
detected and line luminosit y. For all measuremerts lessthan 2 the 2 upper limit has been given.

aGalaxy is in the complete sample
bConrmed LAE at z = 5.721. Seetext and Chap. 2 for details.
CSignal-to-noise in the range 2 3 for R band in the 10 pixel aperture, but < 2 in the 6 pixel aperture

dConrmed LAE at z = 5.652. Seetext for details.
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J033215.14-280013.9 1864

J033145.97-275316.4 4928

J033202.37-275211.3 5388

J114334.98-014433.7 5236

J114218.90-013544.6 8921

J114312.46-013049.6 10595

J004525.38-292402.8 8884

Mgis Nsg1o0 Nsg17 Ng24 B R

Fig. 3.3: Thumbnails of eat regionin which the candidate LAEs appears. The
thumbnails cover a 19°° 19%region with a pixel scaleof 0°238pixel * and North
is up and East to the left. From left to right arethe Iters Mg;s, Ngio, Ng17, Ngoa,
B and R.
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Fig. 3.4: Galaxy courts asa function of AB-magnitude for the Ng;7 lter in the
S11 eld. Plotted are the Ng;7 sourcecourts of the S11 eld (crosse$ together
with the lg14 galaxy courts of the Hubble Deep Field (squaes. The solid line
indicatesthe tted linear relation betweenthe magnitude and galaxy court.

curvesin Fig. 3.5to correct the detected candidate numbers for incompleteness,
in cortrast to our initial \incomplete" sample(all 7 LAES). The purposeof the
subsampleis that it lies within a uniform ux limit. Figure 3.5 shows that our
four best lter- eld conbinations consistof the Ngig and Ngi7 Iters in both the
CDFS and S11 elds. Thesefour eld- lter combinations reat at least 50% com-
pletenessat Mg = 23.38,0r 5.1 10 "ergs ‘cm 2. Wetakethis asthe ux limit
of our completesample. As sud, the number density derived from the complete
sampleis a moreaccuratemeasureof the density of sourcedown to the nominated
ux limit than the number density of the incomplete sample. Figure 3.6 shavs
the luminosity distribution of the completesamplealongsideour initial candidate
list, which we call the \incomplete" sample. It shows that in using completeness
correctionsour detectedsourcedensity is up by 50%.

3.5 z 57 Candidate LAE Catalogue

In the previous Sect. we introducedtwo setsof candidate LAEs: the full (but in-
complete) sampleof seen candidate LAEs and a subsamplethereof, completeto
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Fig. 3.5: Detection of completenessas function of magnitude derived from the
galaxy density-magnitude relation as descrited in Sect. 3.4. From top to bottom
the CDFS, S11and SGP elds are shovn. No Ng;7 data are available for the SGP
eld.
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— Uncorrected sample
— — — — Completeness corrected sample

Number density (107 Mpc™ 0.1 dex™') -

\
|
0 L L L L

42.8 43.0 43.2 435.4 43.6
Log(Line luminosity (erg s™)) -

Fig. 3.6: Line luminosity distribution of the candidate LAES. Two samplesare
indicated: all the candidates,but not correctedfor completenesqsolid) and the
candidatesin the completesample,i.e. candidatesof the four deepest narrowband
imageswith a magnitude cut-o at 50% completenessof the worst of thesefour
images(dashel).

Fiim = 5.1 10 Yergs *cm 2 (the completesample). The ux limit of the incom-
plete sample is almost twice the Ilimit of the complete sample
(3.4 10 Yergs tcm 2).

To examinethe luminosity distribution of our sample we use the Sthediter
function (Schediter 1976), as it is a good represetation of the data at bright
luminosities. From this, the luminosity density L of a distribution with a limiting
luminosity L, is given by

LL Lim)= L ( +2ZLim=L); (3.2)

where and represen the slope of the faint end of the Sthedter function and
the normalisation constart of the galaxy density, respectively.  is the incomplete
gamma-function. Currently, the luminosity function for LAEs at z  5:7 is poorly
de ned and authors commonly adopt either one or two of the three parameters
from low redshift surveysto calculate the third.

We examinethe in uence of non-detectionsof bright (L & L ) LAEs for the
total Ly luminosity density by employing the samemethod asAjiki et al. (2003),
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Fig. 3.7: a) Line luminosity distribution of the complete sample of candidate
LAEs (solid histogramg together with the candidatesfrom Ajiki et al. (2003)
(dashe histograms). Both samplesare correctedfor completeness.The errorbars
are derived using Poissonstatistics. Furthermore, two Schedter function ts are
indicated: oneto the combined WFILAS and Ajiki sample(dotted) and oneto Ajiki

sampleonly (long dashel). b) The 68.3%,95.4%and 99.7%con dence limits for
the tting parametersL and . Seetext for details.
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Table 3.5. Number density of LAEs per luminosity bin asindicated in Fig. 3.7a.

Log(L (ergs 1)) Log( (Mpc 2 0.1dex 1))

42.7 -4.839 21
42.8 -4.659/18
42.9 -4.350°13
43.0 -4.4301
43.1 -4.659/18
43.2 -5.130:27
43.3 -5.21+9/19
43.4 -5.32%2

another narrowband imaging survey aimed at nding LAEs at z 5.7. In the
interest of comparison,we follow Ajiki et al. exactly and adopt the Fujita et al.

(2003) valuesfor  (-1.53 and (10 %%?Mpc 2). Their approad wasto sole
Eq. (3.2) for L , instead of tting a Sdedter function. Fixing and allowing
L and to vary imposesa strong prior on the nal t, it allows usto compare
directly to the results of Ajiki et al. by preservingtheir method. The luminosity

density L was calculated by summingthe luminosity of all candidates(corrected
for completenessand divided by the correspnding survey volume. With the given
surwey limits the equation can be solved for L . Equation (3.2) yields the total

luminosity density when L;i,, = 0. We have done this for three cases:for the
candidatesof Ajiki et al. (caseA), the complete sampleof our candidates(case
B) and a conmbined sampleof thesetwo surveys(caseC). For our completesample
we derive a higher L (+0.12 dex; caseB) than Ajiki et al. (2003, caseA) which

implies an increaseof the luminosity density L of 30%. If we scalethe luminosity

cortribution of the candidatesfrom Ajiki et al. to our volume and combine the

two samples,L is higher (logL = 4266; caseC). Table 3.6 summarisesthe
results. Detecting LAEs of sud bright luminosity at this redshift demonstrates
the necessiy of wide eld surweys,sud asWFILAS, to provide a sampleof LAEs

at the bright end.

As a secondapproad), we tried tting a Sdedter function to the conmbined
WFILAS and Ajiki et al. (2003) dataset, using a minimised 2 t (Fig. 3.7). We
did not usethe two lowest luminosity bins of Ajiki et al. (2003) to constrain the
t becauseheseforcethe function to declineat the faint end. Instead, we set the
faint endslopeto = 1:53, similar to the H luminosity function at z  0:24
from Fujita et al. (2003),on which Ajiki et al. basedtheir work. Figure 3.7bshavs
a strong correlation betweenL and  dueto the slow turn-over at the bright end.

From the tting there are three resultsto conclude. Firstly, incorporating the
four completeness-correcteW’FILAS galaxiesinto the Ajiki et al. (2003) galaxies



Table 3.6. Calculation of the Schecter function parameterL and luminosity density L accordingto Ajiki et al. (2003) for their
sample,our completesampleand the conbination of the two.

log 2 logL ® logLjm ¢ logVd loglL® Comment
Case A { { 42.85 5.26 39.04 Sum of the candidates from Ajiki et al. (2003)
-1.53 262 4261 42.85 526  39.04 Integrated luminosit y function down to Ajiki et al. (2003) survey limit (7.0 10*? ergs 1)
-1.53 -2.62 42.61 { { 40.27 Integration of the entire luminosit y function
Case B { { { 43.26 5.71 38.36 Sum of the candidates from completeness corrected WFILAS sample
-1.53 -2.62 42.74 43.26 5.71 38.36 Integrated luminosit y function down to the limit of the completeness corrected sample (1.8 1043 ergs 1)
-1.53 -2.62 42.74 { { 40.39 Integration of the entire luminosit y function
CaseC { { { 42.85 5.84 39.19 Sum of the combined WFILAS and Ajiki et al. (2003) samples low luminosit y corrections
-1.53 -2.62 42.66 42.85 5.84  39.19 Integrated luminosit y function down to Ajiki et al. (2003) survey limit (7.0 10%2 ergs 1)
-1.53 -2.62 42.66 { { 40.32  Integration of the entire luminosit y function

For each sample the luminosit y density has been derived from the sum of the candidate luminosities divided by the corresponding survey volume. Then Eq. (3.2) was solved for

L , with given
aMpC 3
bergs 1
Cergs !

dec3

eergs 1 Mpc 3

and

from Ajiki et al. (2003). Finally , the entire luminosit y function was integrated to give the nal luminosit y density.
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better constrainsthe bright end of the luminosity function. Furthermore, it seems
that the current generationof surveysis only just reading the volume coverage
necessaryto discover LAEs with L > L . The histogram in Fig. 3.7 shavs a
decreasingnumber of sourcesat the faint end. At face value, this could suggest
that the ionising ux of the lessluminous sourcesmay be insu cient to escae
the slowly expandingervelope of neutral hydrogenthat surroundsthe Hii region
in the LAE. Consequetly, the sourcesare undetectedand the faint end of the
luminosity distribution decreasesHowe\er, it is di cult to detectfaint LAEs and
sothe possibility of detection incompletenessannot be ruled out.

Figure 3.8 shows the sky distribution of our candidatesin ead eld. All candi-
datesbut onearein the CDFS and S11 elds. The only candidatein the SGP eld
is brighter than the candidatesin the other elds (line ux 10 fergs cm 2).
The reasonfor this is that the Mg;s Iter for the SGP eld hasa shorter exposure
time and lower signal-to-noisethan the other elds.

In the CDFS eld we note that our three candidatesappear to be spatially
clustered. Additionally, we note that the conrmed z = 5:78 i-drop galaxy of
Bunker et al. (2003) is at the sameredshift as the WFILAS candidatesin this
eld, just like four candidate LAEs from a narrowband survey by Ajiki et al.
(2005). We did not detect these four candidatessincethey are fainter than the
detection limits of WFILAS in this eld. Wang et al. (2005) have also done a
narrowband survey of the CDFS eld. They also nd evidencefor an overdensiy
ofz 5.7 sourcedn this eld. Similarly, Malhotra et al. (2005) nd an overdensiy
at redshift 5.9 0.2in the HUDF.

3.6 Conrmed LAEs*

In Westra et al. (2005) we reported the spectroscopicfollow-up of one of the can-
didates, J114334.98 014433.7(S11.13368in that paper, hereafter S115236). It

was con rmed to be a LAE at z = 5:721. Here we presen the spectral con rma-

tion of anewcandidate,J004525.38 292402.8 hereafter SGP_-8884),at z = 5:652.
We alsoshaw its pre-imagingand compareits Ly prole to S115236.SGP_8884
and S115236are the only two out of the sewen candidatespreserted in this paper
for which we have obtained spectra.

3.6.1 Spectral data reduction

A pre-imagewith anintermediateband Iter (FWHM = 13nm) certred at 815nm
was taken with VLT/F ORS2 on 2005August 9. The 0°252pix ! plate scaleun-
dersampleghe . 0.5°%tellar point spreadfunction of the frameswhich weretaken

4 Basedon obsenations made with ESO Telescosat the Paranal Obsenatories under pro-
grammesID 076.A-0553and 272.A-5029.

5> The object namesare derived from SExtractor IDs. Re nements to our detection procedures
since Chap. 2 causeda changein the ID and, therefore, in the object name
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Fig. 3.8: Sky distribution of candidate line emitters per eld with North up and
East to the left for the a) CDFS, b) S1landc) SGP elds. The\1", \2" and\3"
labelscorrespnd to the Ng;o, Ng17 and Ngy4 lters, respectively. The gridlinesare
separatedby 75. In the CDFS eld the Hubble Ultra Deep Field (dashel) and
GOODS-S(solid) have beenindicated. The con rmed i-drop galaxy at z = 5:78
of Bunker et al. (2003, cross) LAEs of Ajiki et al. (2005, plus) and Stanway
et al. (2004, triangle) are alsoindicated. In the CDFS eld there seemsto be a
overdensiy of candidatestowards the southern part of the eld, similar to Wang
et al. (2005).
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during excellen seeing.SGP_8884is unresohed, implying that the FWHM of the
emitting regionis 2.2kpc. A 38 38°region around the object is shawvn in
Fig. 3.9.

The spectroscoy consistsof four exposuresof 900s, taken on 2005 October
3 with FORS2 using the 1028zgrism and a 1%slit. The frames were overscan
subtracted and atelded. They were combined by summing individual frames,
thereby removing cosmicrays in the process.

The spectrum was ux calibrated using a standard star (HD 49798)taken with
a 5%slit and corrected for slit-loss. This was calculated assuminga Gaussian
sourceprole with a FWHM of 072 as measuredfrom the spatial direction of
the spectrum. The ux lost due to the 1%°slit was calculated and addedto the
spectrum of the object.

3.6.2 Line tting

Figure 3.10 shows the reduced spectrum of SGP_8884 alongsideits best model
t. The spectrum has an asymmetric line pro le, similar to our previously con-
rmed candidate LAE (Westra et al. 2005). It unlikely originates from a red-
shifted [Oii] line at z 1:2 becausethe resolution of our spectrum is high
enough to resohe the [Oii]  3726,3728. Figure 3.11 shows the spectrum of
one sudh [Oii] emitter at z = 1:18 which was included in the sameobsenations
as SGP_8884. Furthermore, we do not nd any other spectral featuresin our
spectrum, such asH or [N ii], which could classify the emissioncoming from a
lower redshift galaxy. Hence,we idertify the line asLy at z = 5:652. With
a total spectral line ux of (1.0 0.1) 10 *®ergs *cm 2 (slit-loss corrected),
SGP_8884is the brightest LAE at redshift 5.7 to date. The line ux derived
from the spectrum is consistem with the ux derivedfrom narrowband photometry
(9.5 1.4) 10 Yergs ‘cm 2, which is givenin Table 3.4. The spectral line ux
correspndsto a line luminosity of L, = 3.5 10 ergs ! and a star formation
rate of 32M yr 1, usingthe star formation conversionrate of Ajiki et al. (2003).
If we adopt 16pixels (= 32kpc?) as an upper limit to the size of the emitting
region, we derive a star formation rate surfacedensity of & 1M yr lkpc 2.
Following earlier works (e.g. Dawsonet al. 2002;Hu et al. 2004;Westra et al.
2005)we tted a singlecomponert model to the Ly line SGP_8884. The model
consistsof a truncated Gaussianwith complete absorption blueward of the Ly
line certre. We nd an excesof ux in the obsened data comparedto the model
around 8110A. This suggeststhe presenceof a secondline componert redward
of the main peak. To test this, we measuredthe mean cortinuum levels, both
red- and blueward of the line, as well as acrossthe red- anking region of the
line. The cortinuum is calculated as the weighted mean of the ux density over
this region. This yields for cortinuum in the red- anking regiona ux density of
(3.2 0.8) 10 ¥ergs cm 2A 1. Red-andblueward ofthe Ly line the cortin-
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Fig. 3.9: A 38° 38°region around the con rmed LAE in the SGP eld. The
image is created from the pre-imagetaken with VLT/F ORS2. The image has a
pixel scaleof 0°252pix *. North is up and East is to the left.



48 WFILAS: |l. Survey Design and Sample Analysis

185x10-1V7 T T T T T A L [

1.0x10-17

5.0x10718

\\\\‘\\\\‘\\\\
=

—5.0x10"18

Flux density ( erg s™ cm™ A™") -

o
=
[

i

[
Ij[

[

¥

| =
’7’7
1

A

EE

5

|

il

u

1

[ | R [ ‘ | [ ‘ [ |

5x10719
0
—5x10-19

8060 8080 8100 8120 8140
Wavelength (A) -

Fig. 3.10: (Top) Flux calibrated spectrum of the conrmed candidate LAE
SGP_8884,the brightest candidate in our sample. The histogram shaws the ob-
sened spectrum. Indicated in greyis the best- tting singlecomponert model after
convolution with the instrumental pro le. The heary bold linesindicate three re-
gionsfor which we have calculated a mean cortinuum. (Bottom) Residualsfrom
the obsened data minusmodel t. The histogramsindicate the 1 -error spectrum
from the obsened data, which includesboth sky- and Poissonnoise. The feature
at 8125A is dueto a remnart cosmicray from one of the spectral frames.
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Fig. 3.11: (Left) Two dimensionalspectrum of an [Oii] emitting galaxy at z =
1:18in the SGP eld. (Right) The extracted one dimensionalspectrum. We are
able to easily resole the [Oii] 3726,3728lines with the available resolution.
Both spectra are badkground subtracted.
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uumis(-1.0 0.8) 10 fergs 'cm 2A 'and(0.9 0.6) 10 ®ergs 'cm 2A 1
respectively. These cortinuum levels are indicated by the heavy bold lines in
Fig. 3.10. The lower limit for the rest frame equivalert width derived from the
cortinuum of the red ank is 46A. The rest frame equivalert width derived from
the 2 upper limit of the cortinuum redward of the line is 125A.

To seeif the excessof ux in the red ank of the Ly line can be explained
by anout ow, we t a secondGaussiancomponert to the spectrum of SGP_8884,
aswe did to the spectrum of S115236in Westra et al. (2005). This yields an ex-
tremely faint and broad secondcomponert (fpeax 5 10 ¥ergs *cm 2A ! and
FWHM 1700kms 1). The preciseparametersfor the red componert aredi cult
to constrain given its faint and broad prole. The parametersfrom the single
componert model for SGP_8884and the singleand double componert models for
S115236are givenin Table 3.7.

3.6.3 Discussion/Comparison

The Ly emissionwe seeis due to intense star formation rates synorymous
with local starburst galaxies. Star formation rates per unit areain excessof
0.1M yr 'kpc? areproneto producelargescaleout o wsof neutral hydrogenfrom
a galaxy, poweredby the supernovae and stellar winds of massie stars (Hedkman
2002). The moste cient way for Ly to escag from the compactstar forming re-
gionsis dueto scattering of the photons by the entrained neutral hydrogen(Chen
& Neufeld1994). The kinematicsand orientation of the out o wing neutral hydro-
gencanalter the Ly prole by absorbingphotonsbluer if alongthe line of sigh,
or backscatteringredderthan Ly if behind and receding(e.g.Dawsonet al. 2002).
Ly emissioncan alsoarisewhen large scaleshocks from starburst winds impinge
on clumps ( 100pc) of condensedyasaccreting onto the halo (Bland-Hawthorn
& Nulsen2004).

Most examplesof asymmetricLy emissionat z 6 shov an extendedtail
implying badkscattering over a fairly wide range of velocities beyond the certral
Ly emission(e.g. Fig. 9 of Hu et al. 2004). The limiting physical sizeof SGP_8884
(FWHM < 2.2kpc) is consisten with the scale of emitting regionsin the local
starburst galaxy M82 which span 0.5 to 1kpc (Courvoisier et al. 1990; Blecha
et al. 1990). This, and the scaleof its out o w, make it fairly typical of both the
starbursting sourcesseenat z 6 and their local courterparts.

The tentativ e discovery of a secondcomponert in S115236(Chap. 2 could be
explained by either an expandingshell of neutral hydrogen (Dawson et al. 2002;
Ahn et al. 2003), or by infall of the IGM onto the LAE (Dijkstra et al. 2005).
The ux of the intrinsic Ly line dependsheavily on the model. It is suggested
that the total intrinsic Ly ux emergingfrom thesesourcess underestimatedby
an order of magnitude (e.g. Dijkstra et al.). Therefore,the star formation rates
derived from the obsened Ly lines could be heavily underestimated.
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Table 3.7. Parametersfor the singlecomponert model to SGP_8884before
corvolution with the instrumental pro le.

Componert c f peak FWHM Y,

1 2 3 4 5 6 7
SGP_8884single componert
Singlepeak 8086.2 1.2 10 ! 15.7 580
S115236single componert

Singlepeak 8172.2 8.3 10 ® 135 495
S115236double componert, \broad"

Main peak 8173.1 8.0 10 ¥ 11.3 413

Redpeak 8184.1 1.9 101 23 85 +11.1 +406
S115236double componert, \narrow"

Main peak 8173.1 8.1 10 *® 11.2 413

Redpeak 8184.1 48 10 05 18 +11.0 +403

We also include the parametersfor the single componert and the two double
componert models of the previously con rmed LAE S115236(Chap. 2). These
parametersdi er slightly from Chap. 2, sincewe have subsequetty correctedthe
spectrum of S115236for slit-losses.

1Componen of the t

2Certral wavelengthof the tted componert in A

3pPeak ux density in 10 ® ergs tcm 2A 1

4#SFWHM of full Gaussianof the pro le in A and kms !, respectively

87Velocity shift of the secondcomponert in A and kms 1.

Figure 3.12 shonvs a comparison between the line pro les of the two LAEs
discovered with WFILAS. S115236diers from SGP-8884in that a clear peak,
20 90kms ! wide, is seen 400kms ! redward of Ly (Westra et al. 2005).
The red componert is narrower ( 15%) and relatively stronger than SGP_8884.
The di erence in the width of the red componert is even more pronounced( 30%)
when we comparethe main peak of the two-componernt ts to the spectrum of
S115236to the singlepeakof the one-commnert ts to the spectrum of SGP_8884.
This can clearly be seenin panelsa and e of Fig. 3.12.

Ultimately, sud out o ws arethought to be responsiblefor the chemicalenrich-
mert ofthe IGM by z 6 (Aguirre et al. 2001). Out o ws are a procesdacilitating
the escae of UV photons, which are the origin for the UV badkground (Madau
et al. 1999).
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Fig. 3.12: Comparison of the Ly line proles of the two WFILAS sources,
SGP_8884and S115236.a) Two dimensionalbadkground-subtractedspectrum of
SGP_8884.b) ObsenedLy line (histograms) with the best- tting onecomponert
model (grey solid line). c) Samemodel line pro le asin b) but beforeconvolution
with the instrument prole. d) Obsened data minus model t (as plotted in
b)). Also shavn (histogramsg) is the 1 -error spectrum from the obsened data,
which includesboth sky- and Poissonnoise. Panelse) through h) show the same
for S115236. The horizontal axesshowv both the wavelength (in A; bottom) and
velocity o set from the certre of the full Gaussianof the Ly line (in kms 1; top)
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3.7 Summary

In this paper we have presened the Wide Field ImagerLyman-Alpha Seart (WFI-
LAS), which usesa conmbination of narrow-, intermediate and broadband Iters on
the ESO/MPI 2.2m telescope to seard for LAEs at redshiftz  5:7. This seart
hasresultedin sewen bright (L 1.1 10%ergs ) candidate galaxiesacrossthree
elds spanningalmost 0.8 sq. degree.

Most of our candidatesare in the regimesof bright luminosities, beyond the
readh of lessvoluminous surveys. Adding our candidatesto those of earlier suc
surveysresultsin an integrated luminosity density L~ 30% higher than found by
sud surveysalone. We also nd potertial clusteringin our CDFS eld, supporting
overdensitiesdiscoreredby other surveys. Spectroscopidollow-up for con rmation
in this areawill be crucial.

Two candidates have been con rmed to be LAEs at z 5:7 by means of
spectroscopy. One of these galaxiesis the brightest LAEs at this redshift. The
broad, asymmetric pro les of the Ly line of both objects are consistet with
neutral hydrogenbadscattering of a ceriral starbursting source.
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4. STAR FORMATION DENSITY AND H LUMINOSITY
FUNCTION OF AN EMISSION LINE SELECTED GALAXY
SAMPLE AT Z 0:241

Eduard Westraand D. H. Jones,MNRAS, submitted

Abstract

We use narrowband imaging (FWHM = 70A) to selecta sampleof emissionline
galaxiesbetween(0:20. z. 1:22in two elds covering 0.5 sq. deg. We usespec-
troscopic follow-up to selecta sub-sampleof H emitting galaxiesat z  0:24
and determinethe H luminosity function and star formation density at z  0:24
for both of our elds. Correctionsare madefor imaging and spectroscopicincom-
pletenessgxtinction and interloper contamination on the basisof the spectroscopic
data. When comparedto eat other, we nd the eld samplesdi er by =02
in faint end slope and log[L (ergs )] = 0:2 in luminosity. In the cortext of
other recen surweys, our sample has comparablefaint end slope, but a fainter
L turn-over. We concludethat systematicuncertainties and di erencesin selec
tion criteria remain the dominant sourcesof uncertainty betweenH luminosity
functions at this redshift.

We also investigate average star formation rates as a function of local envi-
ronmert and nd typical valuesconsistemn with the eld densitiesthat we probe,
in agreemen with previous results. Howewer, we nd tentative evidencefor an
increasein star formation rate with respect to the local density of star forming
galaxies,consistem with the scenariothat galaxy-galaxyinteractions are triggers
for bursts of star formation.

4.1 Introduction

It is now widely acceptedthat the amourt of star formation in Universeasa whole
has increasedsince the formation of the rst galaxies, peaking around redshifts
z 2 3andsubsequetly declining by a factor of ten (e.g. Hopkins 2004, and
referencegherein). Cosmicstar formation history provides strong constrairts on
models of galaxy formation and ewlution (Pei et al. 1999;Somervilleet al. 2001),

! Basedon obsenations madewith ESO Telescogesat the La Silla Obsenatory (Programmes
67.A-0063,68.A-0363and 69.A-0314) and the A nglo- Australian Telescope.
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becauseit directly traces the accunulation of stellar mass and metal fraction
(Pei & Fall 1995; Madau et al. 1996) to their presei-day values (Cole et al.
2001;Panter et al. 2003). Its rapid decline over the past 8 Gyr is consisten with
\downsizing" scenariogn which galaxiesproducefewer stars per unit massasthey
ewlve (Heavenset al. 2004;Juneauet al. 2005;Thomaset al. 2005;Fardal et al.
2006). The star formation history of the universehasalsobeenusedto constrain
allowable stellar initial massfunctions (Baldry & Glazebrak 2003; Hopkins &
Beacom2006)and cosmicsupernova rates (Gal-Yam & Maoz 2004;Daigne et al.
2006).

Star forming galaxiesexhibit a strong UV cortinuum courtesyof newly formed
OB stars in sites of star formation. This newborn population can be inferred
from the UV directly (e.g. Treyer et al. 1998; Lilly et al. 1996) or through a
host of indirect calibrators spread acrossthe electromagneticspectrum (Rosa-
Gonzalezet al. 2002;Condon1992;Sthaerer2000). At low redshiftsthe mostdirect
calibrator { and the leasta ected by internal extinction { isthe H reconbination
line, which emits whenstimulated by ionising UV radiation (e.g. Kennicutt 1998).

Narrowband surveys at optical wavelengths have long been recognisedas a
powerful way of yielding large samplesof emissionline galaxies,including those
selectedby H at redshiftsz . 0:4 (Ly et al. 2007; Pascual et al. 2007; Jones
& Bland-Hawthorn 2001). They are advantageousin that they select galaxies
in exactly the samequartity that they seekto measure,and are optimised for
the detection of the faint emissionline signaturesindicative of star formation.
Narrowband surveys also have the advantage of a simpli ed selectionfunction,
with lters that probe only a very narrow redshift slice,thereby yielding a volume
limited sampleat a common distance. Many recen emissionline surveys have
targetedLy at high redshift (Ajiki et al. 2003;Hu et al. 2004;Rhoadset al. 2004;
Gawiseret al. 2006),aswell asH , H , [Oiii] and [Oii] at lower redshifts (Fujita
et al. 2003;Hippeleinet al. 2003;Ly et al. 2007).

Herewe descrile a survey for H emissionline galaxiesat z  0:24, found asa
by-product of the Wide Field Lyman Alpha Searth (WFILAS; Westraet al. 2005,
2006). The resulting sample has been utilised to determine the H luminosity
function at z  0:24 and its asswiated co-moving star formation density. In
Section4.2 we descrike the selectionof candidatesusing narrow- and broadband
imaging. In Section4.3we detail follow-up spectroscoly usedto idertify the nature
of the emissionand test completenesof the sample. In Section4.4 we derive the
H luminosity function for galaxiesat z  0:24 and exploreits variation with the
local environment in Section4.5. A summary and concluding remarks are made
in Section4.6.

Throughout this paper we assumea at Universewith ( ,; ) = (0:3;0:7)
and a Hubble constart Ho = 70kms *Mpc !. All quoted magnitudesare in the
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AB system(Oke & Gunn 1983¥.

4.2 Candidate Selection

4.2.1 Narrowband Imaging

The obsenations were donewith the Wide Field Imager (WFI) on the ESO/MPI
2.2m telescope at the CerroLa Silla Obsenatory, Chile. The WFI consistsof a four
by two array of 2k 4k CCDsgiving atotal eld sizeof 34°° 33%ith pixel scaleof
0?0238per pixel. Imaging data weretakenfrom the Wide Field Lyman Alpha Seart
(WFILAS; Westraet al. 2005,2006),a wide- eld narrowband survey designedto
nd Lyman- Emitters (LAEs) at z 5:7. We refer the readerto Westra et al.
(2006, hereafter Paper 1) for a more detailed description, but give the important
featuresof the survey below.

Three elds spacedaround the sky were obsened in three narrowband Iters
(FWHM = 7nm) certred at 810, 817 and 824nm, an intermediate width lter
(FWHM = 22nm) certred at 815nm and broadbandsB and R. For one of the
elds with missing817nm data it was not possibleto apply the selectioncriteria
uniformly and so it was excludedfrom this analysis. The two elds usedwere
the well-studied Chandra Deep Field South (CDFS; e.g. Rosati et al. 2002; Rix
et al. 2004) and the COMBO-17 S11 eld (Wolf et al. 2003). The width of our
narrowband lters is essetally half that of other surveys(e.g.Fujita et al. 2003;Ly
et al. 2007)with a correspnding reduction in badkground and enhancemenin the
cortrast of obsenations of emissionline galaxies. Table4.1 givesan overview of the
emissionlines redshifted into these narrowband lters, the assaiated luminosity
distancesand co-moving volumes.

The data were processedusing a combination of standard IRAF? routines
(mscred and somecustomdesignedor our data. Imageframeswerebias-subtracted,
at- elded and badkground-subtracted. A fringe pattern presein in the interme-
diate band and narrowband images, which remained after the at- elding, was
removed using a fringe frame created from 10{30 scienceframes. Finally, an as-
trometric correction was applied using the USNO CCD Astrograph Catalogue 2
(UCAC2; Zadharias et al. 2004).

To ensurethe quality of the nal deepimageswe only included frameswith a
seeingof lessthan 5 pixels (=1%2) and without signi cant fringing. The images
were weighted accordingto their exposuretime and combined using the IRAF
mscstack routine rejecting deviart pixels.

2mag = 2:5logf 48590, where mag is the AB magnitude and f is the ux density in
ergss tcm 2Hz 1

3 IRAF is distributed by the National Optical Astronomy Obsenatories, which are operated
by the Asscciation of Universities for Researt in Astronomy, Inc., under cooperative agreemen
with the National ScienceFoundation.



Table4.1. Redshift coverage,luminosity distanceD, and co-maing volume for ead emissionline in eat of our narrowband
lters Ngi0, Ngi7 and Ngo4

Emissionline
H H [Oiii] [Oii] [Sii]

Redshift rangein Ngip 0.229{ 0.239 0.659{ 0.673 0.610{ 0.624 1.163{ 1.182 0.199{ 0.210
Redshift rangein Ngi; 0.239{ 0.250 0.673{ 0.687 0.624{ 0.638 1.182{ 1.201 0.210{ 0.220
Redshift rangein Ng,, 0.250{ 0.261 0.687{ 0.702 0.638{ 0.652 1.201{ 1.219 0.220{ 0.230

D, (Mpc) 1203.1 4081.9 3726.3 8158.4 1045.1
Veors (10°Mpc®) 9.4 60.6 53.6 137.2 7.3
Vi1 (10° Mpc3) 8.3 53.2 47.1 120.6 6.4

The CDFS and S11 elds spandi ering volumes(Vcprs and Vsyi, respectively). For [Oiii] we usedthe
wavelength of the [Oiii] 5007line and for [Oii] and [Sii] the averagewavelength of the individual
lines of ead doublet.
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4.2.2 Photometry and CompletenessCorrections

We usedSExtractor (version2.3.2; Bertin & Arnouts 1996)in doubleimagemode
to do create the initial sourcecatalogues. Eadch resulting cataloguecortains the
photometry for the sourcesin all 6 Iters. Sourceswere selectedwhen at least 5
pixelswere0.8 above the noiselevel in the narrowband imageusedfor detection.
All photometry wasmeasuredn apertureswith a 10 pixel diameter (= 2*4). Paper
| describesthe procedurein detail.

Detection completenessvas determined using galaxy number-courts in ead
of the narrowband imagesas a function of AB-magnitude and that of the Hubble
Deep Field (HDF) in the F814WN Iter (Williams et al. 1996). Completenesss
de ned in this instanceasthe ratio of the number of detectedgalaxiesto that of
expected, and the completenessorrectionis its reciprocal. The expected number
courts were t by a simple linear function over the magnitude range [20, 25]. For
all the objectsthat are selectedasour candidatesthis correctionis lessthan 0.1%.

4.2.3 SelectionCriteria and Star/Galaxy Disambiguation

The following four criteria wereappliedto selectour candidateemission-linegalax-
iesfrom the initial sourcecatalogues:

1. the narrowband image usedasthe detection image must have the most ux
of all the narrowband imagesand the sourcemust have a 4 detection or
better in the detectednarrowband;

2. there must be at leasta 2 detectionin the intermediate band image;
3. the broadbandimageR needsto have a2 detection or better;

4. the emissionline ux calculated from the narrowband imagesshould be
Fine 10 ®ergs cm 2.

The emissionline uxes that we usein this paper were measuredrom the nar-
rowband photometry. The badkground (or underlying cortinuum) wasdetermined
by averagingthe ux measuredin the two narrowband imagesthat were not used
for the detection of the source. This was subtracted from the ux measuredn the
narrowband detectionimage, which is emissionline and cortinuum ux combined.
An aperture correction was calculated accordingto:

A 10 10
C = max(0:2; erf % erf b ) 4.1)
and applied to the line uxes. Here, C is the fraction of light of the object con-
tained within the 10 pixel aperture, a and b are the pro le width alongthe major
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and minor axes,respectively (assumingthat the galaxy pro le is adequatelyrepre-
serted by a two-dimensionalGaussian)and erf(x) is the error function*. To ensure
that the uxes of certain large objects were not over-corrected,we limited C to at
least 0.2. Dividing the calculated emission ux by C givesthe emissionline ux
Fine usedin criterion 4.

The emissionline ux limit of 10 ¥ ergs *cm 2 is a factor of two higher than
the detectionlimit of our earlierseart for high redshiftLy emitting galaxiesusing
the sameimagingdata (Fiimy =5 10 ergs *cm 2; Paperl). This is becauseve
are no longer limited by the night-sky badground, but rather by the brightness
of the object cortinua. This limit was chosenin part to ensurethat emission
line candidateswere within the sensitivity limits of our follow-up con rmation
spectroscop.

Starsrepresen a signi cant fraction of contaminants. We found that standard
star/galaxy classi cation from SExtractor works satisfactorily for objects brighter
than R = 21. Howewer, it breaksdown for the large number of faint (R > 21)
objects. Therefore, additional criteria were applied. We examinedthe size of the
objects (major and minor axes), in conbination with their shape (the ratio of
the major and minor axes) as additional star/galaxy discriminarnts. Since this
size/shape information could potertially lead to the unwanted removal of unre-
solwed line emitting galaxies,we usedan additional cut in (B R) colour as a
safeguardto prevent this. The colour cut was chosento separateunresohed star
forming galaxiesat z  0:24 from the vast majority of early type galaxies (at
all redshifts), which are not likely to have signi cant star formation. We decided
to restrict the size/shape discrimination to sourceswith (B R) 1.4 usingthe
(B R) colour distribution of H emitters at z  0:24 and [Sii] emitters at
z 0:21(con rmed subsequetty through follow-up spectroscopy) asa guide. We
nalised our stellar selectioncriteria as follows:

1. the SExtractor class _star parameteris 0.95and R<21. At R> 21,
sourcesaretoo faint for SExtractor to reliably distinguish betweenstars and
galaxies;

2. the SExtractor a_image and b_image parameters(the pro le in pixelsalong
the major and minor axes, respectively) are 4pixels, the ratio of these
parametersis %gg 1.06and the object hasa (B R) colour 1.4.This
is redderthan almost all star forming galaxiesat z  0:24;

3. the object showved obvious imaging artefacts, sud as di raction spikes or
ghostimages,in any of its thumbnails.

Figure 4.1 shows the distribution of spectroscopicallyobsened objects that satisfy
thesecriteria as a function of obsened (B R) colour for the CDFS eld. The

R
4 The error function is de ned aserf(x) = s~ e  dt

0
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Fig. 4.1: Distribution of obsened (B R) colour for narrowband candidates
satisfying various criteria for stellarity: (a) SExtractor class _star 0.95and
R < 21 (forward cross-hatching, (b) SExtractor 22729 1 06and (B R) 14

2
(backwad cross-hatching and (c) bright stars sho;\r}qi;gs di raction spikesor ghost

re ections (horizontal cross-hatching. The thick histogram shaws the combined
distribution of H and [Sii] galaxies(z 0:24andz 0:21, respectively) from
our full emissionline sample subsequetly through follow-up spectroscoy (Sec-
tion 4.3.1), scaledby 0.2.

forward cross-hatbed histogramsrepresem objects satisfying criterion 1, the bad-
ward cross-hattied thosefor criterion 2, and the horizortal cross-hatbed thosefor
criterion 3. The histogram outlined by the thick solid line represets the obsened
(B R) colourdistribution of securelycon rmed H and[Sii] emitters (z 0:24
and z  0:21, respectively), by way of comparison. All objects selectedin this
way were deemedto be stellar and removed from the candidate list. Finally, all
candidateswere inspected to remove sourcesthat were cortaminated by image
artefacts.

From initial candidate numbers of 786 and 848 for the CDFS and S11 elds
respectively, 414 and 513 candidateswere removed becausethey met one or more
of the stellar criteria. Our nal sampleyielded 372candidateemission-linegalaxies
for the CDFS eld and 335for the S11 eld.
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4.3 SpectroscopicFollow-up

4.3.1 Obsenations and Reduction

The emission-lineselectioncriteria establishedin Section4.2.3are sensitive to al-
most any galaxy with emissionlinesthat have beenredshiftedinto the wavelength
rangeof our narrowband Iters, and are bright enoughto be detected. The oneex-
ceptionis Ly , which doesnot yield detectable ux blueward of the Lyman limit
and hencein our broadband images. The main emissionlines to expect in our
narrowband lters are (from bluestto reddest),[Oii] 3726,3728H 4342(al-
though usually too faint, or too much underlying absorption), H 4863,
[Oiii] 4959,5007H 6564and[Sii] 6733,6718.Sincethe goal of this paper
is to establishthe star formation density at z  0:24, we conceitrated only on
those galaxiesdetectedas H . Alternativ e approadesby other groups (e.g. Ly
et al. 2007) have separatedobjects basedon their broadband colours. Unfortu-
nately, in the caseof [Sii] galaxies(z  0:21) the colours are indistinguishable
from thosewith H (z  0:24) due to their similar redshifts. Figure 4.2 shavs
how the H and [Sii] galaxiesoccupy the samerange of colour (B R) & 0:5]
given their near-idertical redshifts. Basedon this, we classifyall of the single-line
emitters outside this range[(B R) 0:5] aslikely [Oii] line-emittersat z  1:2.
It is worth pointing out that when the [Sii] doublet falls inside our narrowband
Iter set, an extra volume of about 50% of the volume probed by H can be ex-
plored. Unfortunately, the uxes of [Sii] and H are not su ciently correlated
to permit star formation density determinations from the [Sii] line (e.g. Kewley
et al. 2001),and soit wasnot used.

Our approat wasto target aslarge a sampleas possibleof our candidatesto
test how successfubur candidate selectionwas. An additional aim wasto measure
the fraction of the obsened candidateswith H in our narrowband lters. To do
this, we ensuredthat the spectroscopicsamplewas represetativ e of the narrow-
band sampleasawhole. A two-sidedKolmogorov-Smirnov test yielded probability
levels of 99.8% and 49.3% for the CDFS and S11 elds, respectively. Once mea-
sured, we applied the determined fraction to our ertire sample of candidatesin
ead eld.

The spectroscopicdata were taken with AAOmega (Sharp et al. 2006), an
optical multi-ob ject spectrograph. It is bre-fed from the prime focusof the Anglo-
Australian Telescope (AAT) by the 2dF facility (Lewis et al. 2002b)to a dual-beam
spectrograph, which in our casewas usedwith spectral ranges3800{5700A and
5700{8700QA. The resolvingpower was = 3:5A in the bluearmand = 53A
in the red arm. It has 392 bres available to obsene spectra of objects within a
2 degree eld of view. The bres have a minimum placemen separation of 30°
although the actual limiting separationdependson the orientation of bre buttons
whenplacedonthe eld plates. For elds with a high density of targets, suc asour
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Fig. 4.2: Obsened (B R) colour distribution for various setsof emission-line
galaxieswithin our sample:(a) H atz 0:24 (forward cross-hatching, (b) [Sii]
atz 0:21(backwad cross-hatching and (c) single-lineemitters of indeterminate
origin (horizontal cross-hatching.

0.5 0.5 elds, only 250 bres couldbeallocatedper con guration, dueto sut
placemen limitations. In general,the number of bres allocated dependsupon
the target distribution in the eld and the choice of algorithm in the configure °
software. We found that usingthe Simulated Annealing algorithm (Miszalski et al.
2006)allowed a larger fraction of bres to beallocatedto candidatesthan the older
Oxford algorithm.

The data were taken during four separateruns. The rst obsenations were
donein classicalmode during 2 nights, 2006March 23 and 24. During this run the
S11 eld was obsened. The other three occasionswere donein servicemode on
20060ctober 10, 2006 Novenber 10, and 2007March 26. During theseruns both
elds were targeted. We usedthe 580V and the 385R volume phaseholographic
(VPH) gratings for the blue and red arm, respectively. Table 4.2 summarisesthe
obsenations.

Basic spectral reductions, including bias-subtraction, at- elding and wave-
length calibration were done using the 2dF reduction pipeline drcontrol °. The
nal one-dimensionakpectrum for eat object was obtained by averagingthe re-

5 configure and drcontrol  are software packagesproduced and maintained by the AAO.
These padkagescan be obtained from ftp://ftp.aao.go v. au/ pub/ 2df
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Table 4.2. Details of the spectroscopicfollow-up obsenations

observing eld number of tot. exp.
dates obsened con gurations time (sec) seeing(®)

2006/03/23 S11 2 11,700 0.9{1.5
2006/03/24 S11 3 14,400 1.3{1.8
2006/10/10 CDFS 1 9,900 1.8{2.2
2006/11/10 CDFS 1 11,700 1.2{1.5
2007/03/26 S11 1 6,300 2.5

ducedspectra of the object in the di erent obsenations usingour own IDL scripts.
The spectra of seeral standard stars (LTT 7379,LTT 7987and CD-32 9927;
Bessell1999) were taken during the nal night of the 2006 March run and were
reducedin the samefashionasthe sciencedata. Systemthroughput asa function
of wavelengthwasderived using ead standard star and its sensitivity curve. These
curveswere scaledto a commonlevel and averagedto give the overall sensitivity.
This was applied to all the sciencespectra to ux calibrate ead relative to one
another. Unfortunately, absolute ux calibrations are very di cult to do reliably
with bre-based spectrographs,dueto the changingcon gurations of the bres and
the e ect this hason their throughput. For this reason,we usedthe line uxes
measuredfrom our narrowband photometry rather than the bre spectroscop.

4.3.2 SpectroscopicCompleteness

We useda Monte-Carlo simulation that combined the badkground of real spectra of
our securelycon rmed H emitting galaxieswith transplanted and scaledemission
lines to assesour spectroscopiccompletenessas a function of line ux. We took
the spectrum of each H emitter and tted the H and [N ii] lines together with
the cortinuum. Ead line was tted by a Gaussianand the galaxy cortinuum (or
badkground sky) was approximated by a rst order polynomial. The line certres
were parameterisedby redshift. The widths of the [N ii] lines were set equal and
the ux ratio betweenthe red and blue [N ii] lines was xed to 2.96 (Mendoza
1983). The remaining t parameterswere left unconstrained. The model of the
H -[N ii] complexwassubtractedfrom our data, leaving only the underlying noise.
Tothe noise,we addeda randomly scaledversionof our model with arandomo set
in wavelength. We then attempted to re-idertify any emissionline. We did this
multiple times for eat secureH emitting galaxy.

This exercisedemonstratedthat it was possibleto idertify at least90% of the
galaxiesat aline ux oflogFj, = 16.0 (Fjne in ergs 1cm 2) for all spectroscopic
runs. In Figure 4.3 the recovered fraction as a function of line ux is shown for
the CDFS and S11 elds. The uncertairties indicated in Figure 4.3 were derived
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using the following relation:

p
_ Niot(Nget + 2)(Niot  Nget + 1) .

frac = Niot (Nt + 3) ’

(4.2)

where ¢, IS the calculated uncertainty, Ny, the total number of objects in that
bin and Ny is the number of objects which have a detection of the emissionline
(after Eqg. 4 from Joneset al. 2006). The spectroscopiccompletion rate is well t
by a function of the form

(

Fy= OF F FTF<F

1 F F. '’ (4.3)

where represets the speedat which the function dropso and F. is the ux at
which the function reades1:0.

4.3.3 H EmissionLine Fraction

In almostall caseghe spectra of con rmed emission-linegalaxiesshouldshav addi-
tional emissionlineselsewhereexceptcasefLy atz 5:7 (which are ltered out
through their absenceof B and R ux) or [Oii] at z 1:2. This is demonstrated
by Figure 4.4, where we show the stadked spectrum of all our conrmed H and
[Sii] galaxiesin the CDFS. H is usually accompaniedby the [Nii] 6550,6585
and [Sii] 6733,671&oublets, whereasH and the [Oiii] 4959,5007doublet
are almost always seentogether. Our spectral resolution (R 1500at 8150A)
is not enoughto fully resole the [Oii] doublet, but high enoughto show it as
broaderthan a single emissionline. The signal-to-noiseratio of the spectra is not
always high enoughto clearly determineif a line is broad (in this sense)or not.
Alternativ ely, thesegalaxiescouldbe H emitting galaxieswith all other emission
linestoo faint to be detected.

There areafewgalaxieswhich shav only oneemissionline. Although we expect
many of them to be [Oii] emittersat z  1:2, we cannot rule out the possibility of
single-lineH galaxiesat z  0:24 in without the use of additional information.
In Figure 4.2 we shav the obsened (B R) colour distribution of galaxiesin the
CDFS where the emissionline in the narrowband Iters has beenconrmed as
H or [Sii] through the presenceof additional lines. We also indicate the colour
distribution of galaxiesfor which we have only one emissionline feature. Someof
the single-linedetectionsare bluer than the conbined H /[ Sii] distribution. We
thereforeidertify all single-linegalaxieswith (B R) 0.5to be[Oii] emitters at
z l1.2andthosewith (B R)>0.5to beH emittersatz 0:24.

Of the candidatesfor which we have spectroscopicallycon rmed an emission
line (189and 117in total for the CDFS and S11 elds, respectively), just under a
halfareH atz 0:24,aquarterare[Sii]Jatz 0:21,roughly a sixth areH or
[Oiiijatz 0:6 0:7 andthe remainderare[Oii]atz 1:2.
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Fig. 4.3: Spectroscopiccompletenesssa function of line ux for the CDFS (top)
and S11 (bottom) elds as derived from a Monte-Carlo simulation of arti cially
generatedemissionlines. Seetext for details.
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Fig. 4.4: Mean spectrum of emission-linegalaxiesfrom the CDFS eld. Spectra
from 114 galaxiesbetweenz = 0:19 and 0.27 were de-redshiftedbefore staking.
The most prominent featureshave beenlabelled. The apparert absorptionfeature
just bluewards of the [Oi] 6302line is the remnart of the telluric A-band of the
individual spectra being de-redshiftedand stadked. This spectrum was usedto
t the emissionlinesto derive the meanextinction as described in Section4.3.4.
Only red arm data from AAOmega(obsened wavelength 5700 8700A) are
shown.

Figure 4.5 shavsthe fraction of con rmed H emitters in our full spectroscopic
sampleas a function of narrowband ux. It peaksaround logFi,e 15:3 (with
Fine in ergs tcm 2), below which increasingnumbers of [Oii] galaxiesat z  1:2
begin to dominate the courts. Eacd point in Figure 4.5 has a minimum of 10
galaxiesper bin and a minimum binwidth of 0.1dex. The uncertairties in the H
fraction per bin have beencalculatedusing Eq. 4.2, whereNge: Now represets the
number of galaxieswith conrmed H . We t a Gaussianof the form

(F)=a exp M +b; (4.4)
whereF. is the ux certral to the peak, and a areits width and heigh, and b
is a zero-int o set. The resulting ts are shown in Figure 4.5.

We decidedto t both the CDFS and S11 elds individually, given the likely
di erences betweenthe eld samplesdue to cosmicvariance. Given the relatively
narrow range of volume probed through ead emissionline, we expect over- and
underdensitiesat the di erent redshift intervals to changethe relative numbers of
galaxiesasa function of ux (Jones& Bland-Hawthorn 2001;Pascualet al. 2001).

4.3.4 Extinction Corrections

Star forming regionsare someof the dustiest galaxy environmens, making correc-
tion for internal obscurationnecessaryMany emissionline surveysapply a general
extinction correctionof Ay 1 (e.g. Tresse& Maddox 1998;Fujita et al. 2003).
Howeer, it hasbeenshown that there are large variations in extinction between
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Fig. 4.5: The H fraction of our candidatesfor the CDFS (top) and S11(bottom)
elds. The data have beenbinned to have a minimum of 10 galaxiesper bin and
a minimum width of 0.1dex. The dotted line is the four-parameter t to the data
points. The horizontal error-barsrepresen the width of the bins and the vertical
bars the uncertainty in the fraction calculatedusing Eq. (4.2).
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excesausing the samestellar absorption correction as Hopkins et al. (2003) with
EW(H )=1.3and EW(H )= 1.6. The dotted and dashedline are the linear ts
to the respective points.

galaxies(e.g.Jansenet al. 2001). Furthermore, Massarotti et al. (2001) state that
applying an averageextinction correction always underestimatesthe true extinc-
tion correction. Since our spectra cover a large wavelength range (3800{5700A
in the blue and 5700{870QA in the red) we are able to obserne H and H si-
multaneously We therefore calculate the extinction individually for ead galaxy
through H and H when both lines are detectable. The signal-to-noiseratio is
not always high enoughto shov H clearly in emission. Therefore, we grouped
available spectra accordingto the B -magnitude of the source,obtained an average
spectrum, and measuredthe Balmer decremeh value from these.
The colour exces€E (B V) can be calculated using

2:5logR _
kH ) kH )’
whereR is the ratio of the obsened value of the Balmer decremen to its theo-

retical value,and k(H ) k(H ) is the dierential extinction betweenthe wave-
lengthsof H and H . The theoretical value for the Balmer decremen is 2.87 (for

E(B V)=

(4.5)
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T = 10°K and caseB reconbination; Table 2 of Calzetti 2001)and the value for
the di erential extinction is 1.163. This assumesk (V)= 3.1 and k(H )= 2.468.
We adopt thesevaluesthroughout the rest of this paper.

In Figure 4.6 we plot the resulting valuesfor E(B V) as a function of the
B -magnitude for two cases: without and with correction for absorption due to
the underlying stellar population. The AAOmega spectra have a resolution of

5.3A throughout the red arm meaningthat we are unable to resolhe the H

absorption line directly. If we assumeno stellar absorption, the colour excesshas
valuesup to E(B V) 1, correspnding to Ay = 2.5mag (or Ay = 3.2mag)
usingA = k() E(B V). This is far higher than the averageextinction of
Ay 1 as assumedelsewhere(e.g. Tresse& Maddox 1998; Fujita et al. 2003).
If we instead adopt the median equivalert widths for stellar absorption in H
and H as measuredby Hopkins et al. (2003), 1.3 and 1.6A respectively, then
the averageextinction asshawvn in Figure 4.6is roughly Ay 0.85. We note that
thereis atrend of a decreasingextinction with increasingapparert magnitude (see
Figure 4.6). Obsene that our sample has a restricted range in redshift, making
apparert magnitude B a proxy for absolute magnitude Mg. Similar trends of
changein E(B V) have beenfound by Jansenet al. (2001). We attribute this
trend to the fact that either fainter (and therefore smaller) galaxiespotentially
cortain lessdust, or the H ux might be overestimatedin meanspectrum of the
faintest galaxiesasa result of a low signal-to-noiseratio of the H line. We derive
an extinction of Ay = 0:96 from the Balmer ratio in the mean spectrum of all
emission-linegalaxiesas shown in Figure 4.4. Sincethe trend might be due to
a low signal-to-noiseratio of the H line, we usea constart value throughout to
correct for extinction.

4.4 Luminosity Function and Star Formation Density

4.4.1 Derivation and Fit

With the nal emissionline cataloguein hand, and the various selectionand com-
pletenesse ects accoured for, our approad to calculating the H luminosity
function is as follows. We take our measureddistribution of line emitters (all
emissionlines from all redshifts) from the narrowband candidate sampleand ap-
ply the spectroscopicallymeasuredfraction of H emitters as a function of ux
(Section4.3.3). We correctfor incompletenessn both the spectroscopidderti ca-
tions (Section4.3.2) aswell asthe original narrowband imaging. The corrections
for the latter arelessthan 0.1% (Section4.2.2). Finally, we correctour line uxes
for the e ects of extinction (Section4.3.4).

Figure 4.7 showvs separateluminosity functions for both the CDFS and S11
elds. We t a Sdediter function (Schediter 1976)to the data points using a
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minimised 2 t. The Sdedter function is given by

(L)dL = r exp — d — (4.6)
where represeis the normalisation constart of the galaxy density, the faint
end slope, and L the characteristic luminosity where the Sdedter function
rapidly declinesat bright luminosities. We useda Leverberg-Marquardt method
for nding the minimum 2, courtesyof the IDL routine mpfitfun from the Mark-
wardt® library. Sincethe three parameters , L and are highly correlated, we
usedthe correlation matrix and the partial derivatives of the Scedter function
to calculate the formal uncertainty in the integrated luminosity density L,

¥ aa
L, Gi@ o

‘= Vi (4.7)
13
Here, X1, X, and x3 correspnd to the Sthediter parameters , logL and log
(Cowan 1998). V; is the covariancematrix, which relatesto the correlation matrix
i asVyj = i i j. i isthe formal uncertainty in the i parameter. We list the
resulting valuesof the parametersand the formal uncertairties, together with the
correlation matricesin Table 4.3.
The luminosity density over luminositiesL L, can be calculated by inte-
grating Eq. 4.6, yielding

L= L ( +2;L|_'ﬂ): (4.8)

In the casewherelimiting luminosity L, = 0, the luminosity density reducesto
L= L ( + 2). Usingthe Shedter parametersand uncertainties given in
Table 4.3 with logL, = 406 (L, in ergs !, correspnding to our survey ux

limit) giveslogL = 3917'%% and 3886'%1; in ergs ! for the CDFS and S11
elds, respectively. The uncertairties are calculatedusing the correlation matrices
in Table4.3. If weinsteadusethe H luminosities of the galaxiesdirectly and sum
over all, we obtain 39:22%:55 and 38:86"%,03 for CDFS and S11,respectively. The
uncertainties in this casearethe square-rat of the sumin quadrature of individual

galaxy luminosity uncertainties and doesnot take into accourt H emissionline
fraction uncertainties and, as sud, are lower limits.

4.4.2 Comparisonto Previous Surveys

In Figure 4.8 we compareour Scediter ts to the results of other surveys using
H asa measurefor star formation. The survey parametersare summarisedin
Table 4.4. We restricted the comparisonto H surveyswith z . 0:40in order to
limit the systematicuncertainties which play into the comparisonwhen di erent

6 Maintained by C. Markwardt at http://co w.physics.wisc.edu/ craigm/idl/idl.h tml.



Table 4.3. Sdedter parametersfor the H luminosity functions and the correlation matrices

CDFS S11
logL log logL log
133 0.34 4143 022 223 ,0.32 1l 0.51 4124 025 228 ,0.33
1:00000 0:91020 0:96458 1:00000 0:90948 0:95099
@ 0:.91020 1:00000 0:97268A @ 0:90948 1:00000 0:96826A
0:96458 0:97268 1:00000 0:95099 0:96826 1:00000

Sdtediter parameters for the H luminosity functions for ead eld determined using a
Leverberg-Marquardt 2 minimisation. The correlation matrices j for eah are shavn be-
low.
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Fig. 4.8: Comparisonof the Schedter functions derived for our two elds (thick
solid lines) and those of other surveys. The other surveysare Gallegoet al. (1995,
dot), Tresse& Maddox (1998, dash), Sullivan et al. (2000, dashdot), Fujita et al.
(2003, long dash), Hippelein et al. (2003, thick short dash), Perez-Gonalezet al.
(2003, thick dashdot) and Ly et al. (2007,z = 0:07; 0:09 thick dashdot dot dot;
z = 0:24 solid; z = 0:40 thick long dash). The individual Sctedter parameters
are givenin Table 4.4.

star formation indicators are involved. It can be seenthat there is a large range
in ead of the Sthedter parametersbetweensurveys. rangesfrom 1.1 to

1.6, logL from 413 to 422 andlog from 37to 2:2. Someof these
surveys cover di erent redshifts to those in our survwey. The wide span of the
parameterscould be attributed by ewlution of the luminosity function, as has
beensuggestedy Hopkins (2004)and Ly et al. (2007), who comparesurveysover
a wider redshift rangeusing di erent indicators. However, a number of systematic
uncertainties exist betweensurveysthat could alsoattribute to the scatter between
the luminosity functions. We now exploreead in turn.

The details of galaxy selection inevitably vary from surwey to survey. For
example, Tresse& Maddox (1998) have selectedtheir galaxiesfrom an I -band
selectedsample,while Sullivan et al. (2000) usedUV imagingto selecttheirs. It is
well known that galaxy selectionbasedon di erent passbandgesultsin a di erent
faint end slope of the galaxy luminosity distribution (Madgwick et al. 2002;Jones
et al. 2004). Passbandsthat favour bluer and/or star forming galaxiesgenerally
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Table 4.4. Valuesfor the parametersof all Schediter functions shown in Figure 4.8

Reference/ eld Redshift logL log
Gallegoet al. (1995) 0.022 0.022 1.30 0.20 41.87 0.08 2.79 0.20
Tresse& Maddox (1998) 0.200 0.100 1.35 0.06 41.92 0.13 256 0.09
Sullivan et al. (2000) 0.150 0.150 1.62 0.10 42.42 0.14 355 0.20
Fujita et al. (2003) 0.242 0.009 153 0.15 4195 025 262 0.34
Hippelein et al. (2003) 0.245 0.022 1.35 41.45 2.32
Perez-Gonalezet al. (2003) 0.025 0.025 1.20 0.20 4243 0.17 3.00 0.20
Ly et al. (2007) 0.0735 0.0075,0.0855 0.0055 1.59 0.02 42.05 0.07 3.14 0.09
Ly et al. (2007) 0.242 0.009 1.71 0.08 4220 124 3.70 1.06
Ly et al. (2007) 0.401 0.010 1.34 0.06 4193 0.19 275 0.16
This paper, CDFS 0.245 0.016 1.33 0.34 4143 0.22 223 0.32
This paper, S11 0.245 0.016 1.11 051 4124 025 228 0.33

L isinergs 'and in Mpc 3. After Table5in Ly et al. (2007).
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yield higher faint end courts and thus steeger slopes. This undoubtedly has a
similar in uence on the faint end slope of the H luminosity function.

It is alsoimportant to note that any survey usingan equivalert width selection
(or equivalertly, a narrowband broadband colour, e.g. Fujita et al. 2003and Ly
et al. 2007) will tend to be biased against galaxieswith low equivalert widths.
This will a ect mostly the selectionof galaxieswith a high star formation rate per
unit cortinuum, sud asearly type spirals (Kennicutt 1992)and galaxieswith low
H ux in general. The H luminosity function, of course,only characterisesthe
line ux onits own.

In Section4.3.4we discussedhe amourt of extinction correctionfor our survey
and concludedthat it agreeswith valuesfound by other surveys. Howeer, there
is still a large spreadin the extinction values. A rangeof Ay = 05 18is
typical of those found (Ly et al. 2007; Kennicutt 1998, and referencesherein),
which translates directly into an uncertainty of 0.3 in logL . The exceptionis
when all galaxieshave individually beencorrectedfor extinction, which imposes
large obsenational overheads. None of the surveys indicated in Figure 4.8 have
beenable to do so.

Somesurveyshave only alimited spectroscopidollow up ontheir candidates,or
noneat all (Fujita et al. 2003;Ly et al. 2007). Both of thesesurveysuseadditional
colour criteria to distinct betweenH and other line emitting galaxiesat other
redshifts. Ly et al. (2007) estimate that there is about 50% corntamination of
[Oiii] galaxiesinto the H sampleof Fujita et al. (2003) basedon empirical colour
selectionusingspectrafrom the Hawaii Hubble DeepField-North. Spectroscopy on
seeral sourcesn Ly et al. (2007)shavsthat slight cortamination of higherredshift
emissionline galaxiesoccursin their H sample.In our own sample,aswe noted
in Section4.3.1,there is a large sampleof galaxiesthat hasbeenselectedon their
[Sii] lines, which would have otherwisebeenmistaken for low redshift H had we
relied on colour selectionon its own. Furthermore, the fraction of cortamination
by other emissionline galaxiesvaries signi cantly with obsened line ux (Jones
& Bland-Hawthorn 2001;Pascualet al. 2001). Hence,spectroscopicobsenations
of all or a large represemative sampleof the candidatesis vital in understanding
the amourt of cortamination by galaxiesat di erent redshifts.

Most of the surveys correct for the presenceof the [N ii] lines, which straddle
H with an obsened separationof 44A at z 0:24. Many surweys targeting
H are often unable to separateH and [N ii] if they have insu cien t spectral
resolution and/or narrowband lters that aretoo wide. Kewley et al. (2006) shov
that the majority of star forming galaxieshavelog([N ii]J=H )= O05(H =[Nii] =
3:2), although this could easily be 1:0 or lower in more extreme cases. Most
surveysattempt to correctH uxes for [N ii] on an individual basisby meansof
spectroscopy (Gallegoet al. 1995;Sullivan et al. 2000;Perez-Gonalezet al. 2003),
the use of Fabry-Perot scans(Hippelein et al. 2003) or an empirical dependence
of [Nii]/H ratio andH +[Nii] equivalert width (Tresse& Maddox 1998). The
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narrowband surveysof Fujita et al. (2003)and Ly et al. (2007) assumea constart
ux ratio of H /[N ii] of 2.3 and 4.66, respectively. Given the spreadin ratios of
Kewley et al. (2006), they could underestimatethe H ux by up to 30% and
15% correspndingto  0:1in logL . In our case,it is possiblefor the H -[N ii]
complexto t ertirely within oneof our narrowband lters, although this is rare.
More likely is that one of the [N ii] lines (and maybe part of the H line) falls
partly into the neighbouring Iter or even beyond. Hence,we chosenot to correct
for the presenceof [N ii], and this introducesa small (up to 30%) uncertainty in
the line ux, correspndingto 0.1in logL .

Cosmicvariancehaswidely beencited asa major cortributor to the di erences
between various surweys (e.g. Ly et al. 2007). We are well-placed to test the
impact of this given that we have obsened two distinct elds that have been
subjected to idertical selectionand analysis. We have estimatedthe cortribution
of cosmicvarianceto the meanobject densitiesgiven by the luminosity functionsin
Figure 4.8. Following the prescription of Somervilleet al. (2004)we determinedthe
relative cosmicvariance 2 for several H surweys. The estimateof  is an upper
limit asour survey hasthe shape of an elongatedprism, while the derivation is for
a sphericalvolume (Somerville et al. 2004). The cosmicvarianceis calculated by

v = b pw, wherebis the bias parameter(de ned asthe ratio of the root variance
of the halosand the dark matter) and 3,, the varianceof the dark matter. Using
a number density of 0.05Mpc 2 (Ly et al. 2007) yields a biasof b 0:7 for all
surveysat z . 0:40. The correspnding variance over our survey volumes (of
94 10°and 83 10°Mpcd)is pw 0:7 and thus , = 0:49. This translates
to an uncertainty in log (L) of +0:2= 0:3, which is ample to accourt for the
di erence betweenthe luminosity functions of the two elds.

Many of the narrowband surveys exhibit similar uncertainties which are su -
ciertly large to accoun for the di erences betweenead other. Table 4.5 showvs
resulting uncertainty in the number density dueto the cosmicvariancefor a sample
of narrowband surveyswith well-de ned survey volumes. Despitethe low redshift,
Gallego et al. (1995) span a large enoughvolume that their uncertainty due to
cosmicvarianceis somewhatlower than the surveysat higherredshift. Comparing
the uncertainties log (L) to the spreadof luminosity functionsin Figure 4.8, we
obsene that cosmicvarianceis oneof the dominating factorsin the determination
of an averageH luminosity function at theseredshifts.

Finally, we make the obsenation that there is a high degreeof correlation
between the three Schedter parameters. This is clearly demonstrated by the
con dence limit cortours in the bottom panelsof Figure 4.7 and the correlation
matricesin Table 4.3.



Table4.5. The survey geometriesfor a sampleof narrowband surveyswith well-de ned survey volumesalongsidetheir root
cosmicvarianceand the asseiated uncertainty in the number density.

Reference Redshiftrange  Sky area Co-moving volume log (L)
(sg. deg.) (10°Mpc 3) ( (L) in Mpc 3)

Gallegoet al. (1995) z 0:045 471 33 107 0.21 +0:1= 01
Fujita et al. (2003) 0:233 z 0251 0.255 3.9 0.56 +0:2= 04
Hippeleinet al. (2003) 0:238 z 0:252 0.086 1.4 0.70 +0:2= 05
Ly et al. (2007) 0:233 z 0251 0.255 4.7 0.63 +0:2= 04
This paper, CDFS eld 0:229 z 0261 0.262 9.4 0.49 +0:2= 0:3
This paper, S11 eld 0229 z 0261 0.230 8.3 0.49 +0:2= 0:3

Root cosmic variance was calculated using the prescription of Somerville et al. (2004) assumingbias
b= 0:7 and a number density of line emitters of 0.05Mpc 3, following Ly et al. (2007).
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4.4.3 Star Formation Density

The amourt of extinction-correctedH luminosity from an Hii regionis directly
proportional to the quartity of UV ionising ux producedby newborn stars. As
sud, it can be usedto estimate the number of new stars and hencethe star
formation rate. We can thus derive global star formation densitiesfrom the H
luminosity densitiesof Section4.4.1. We usethe star formation rate calibration of
Kennicutt (1998),

M yr H=79 10 *L(H ) (ergss ‘cm ?) ; (4.9)

which assumes Salpeter initial-mass function, caseB reconbination and an elec-
tron temperature of 10* K.

In the caseof somesurveys (Gallego et al. 2002;Hippelein et al. 2003; Perez-
Gonzalezet al. 2003;this paper), the faint-end slope of the H luminosity function
is poorly constrained,thus having important consequencefor the integrated lu-
minosity density. To overcomethese, and in order to make a fair comparison,
we calculate the star formation density of other H emissionline surveys at the
sameredshift by assuminga common xed limit rather than integrating from zero
luminosity. We choose |, = 0:33M yr 1, which correspndsto the limit of our
survey (logFin = 16,0 with Fj,, in ergs *cm 2, or logL;, = 406 with Ljn
in ergs 1), and avoids faint-end extrapolations or assumedfaint-end ts of some
other surveys.

Our two elds are indicated in Figure 4.9. The other results included in this
Figure are derived in the sameway as descriled with Eq. (4.8) in Section4.4.1.
We included only star formation densitiesfrom surveys basedon emissionlines
and transformed onto the same cosmology The majority of these points were
calculated using the compilation of Ly et al. (2007). We also included the least-
squarest to the z < 1 points of Hopkins (2004) asa point of reference.Note that
this t assumed i, = 0.

Obsene that the star formation density in both our elds agreegquite well with
other H emissionline surveys at the sameredshift. Newertheless,there is a dif-
ferenceof almost 1 dex betweenthe highestand lowest value for the star formation
density. The highestvalue comesfrom Fujita et al. (2003), which (accordingto Ly
et al. 2007) su ers from cortamination of higher redshift emissionline galaxies,
pushing their value upwards accordingly Obsene in Figure 4.9 that we have also
plotted the star formation density ts of Hopkins (2004) which, unlike the points,
make useof star formation density valuesintegrated down to zeroluminosity. This
senesto illustrate the extert to which extrapolation of the faint end t a ects the
nal determination of star formation density: typically up to . 50% for 1:3
(larger for steeger values). As discussecearlier, the luminosity functions of seeral
surveys have ill-constrained faint end values.

Obviously the samesystematicuncertainties discussedn Section4.4.2will also
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Fig. 4.9: Star formation density asa function of look-bad time derived from emis-
sion line surveys, wherethe Scdediter function has beenintegrated from the star
formation rate correspnding to the ux limit of our survey, 1 10 ®ergs tcm 2

(0.33M yr 1). The solid synmbols represen the star formation density derived
from the H line, the open symbols from either the [Oii] or [Oiii] line. The solid
circlesare the star formation density from the CDFS and S11 elds of this paper
(top and bottom symbol, respectively). Other data are Fujita et al. (2003, open
and solid diamonds), Sullivan et al. (2000, open and solid upward-pointing trian-

gle), Tresseet al. (2002, solid downward-pointing triangle), the Ly et al. (2007,
open and solid squares),Hippelein et al. (2003, open and solid right-p ointing tri-

angles), Gallego et al. (1995, solid left-pointing triangle), Gallego et al. (2002,
open left-pointing triangle), Tresse& Maddox (1998, solid upward-pointing star)

and Perez-Gonalez et al. (2003, solid downward-pointing star). The dotted and
dashedline are the least-squarest from Figures 1 and 2 of (Hopkins 2004), re-
spectively. They are not corrected for the fact that Hopkins (2004) integrated
the Schedtter function down to L = Oergs ! and are indicated for comparison
purposesonly. The parametersusedto make this Figure are givenin Table 4.4.
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play a role here. Furthermore, sincewe comparethe star formation density over a
larger redshift range, other emissionline star formation indicators have beenused
(most notably [Oii]), thereby introducing their own sourcesof systematic uncer-
tainty In the caseof [Qii], extinction correctionsare larger and its star formation
rate calibrator dependson the abundanceof the ionisedgas(Kewley et al. 2004).
Corrections for both can be made with spectra covering H , H and [Qiii], as
well as[Oii]. Howewer, at redshifts z & 0:5 theselines are progressiely lost from
the optical, giving rise to uncertairties of up to 0.4 in log(SFR), when applying
the Kennicutt (1992) calibrations (Kewley et al. 2004). Beyond this, emissionline
analysesare pushedinto the near-infrared (Glazebrook et al. 1999;Doherty et al.
2006),wherebrighter night-sky badkground and instrument thermal cortributions
increasethe di cult y of making obsenations.

4.5 Environmental Properties

The suppressionof star formation rates at the certres of clusters has beenwell
establishedboth through direct obsenation (Lewis et al. 2002a;Baloghet al. 1997,
1998; Kodama et al. 2001, 2004; Gomezet al. 2003), as well as a changing mix
of morphologicaltypes (Dressler 1980). Sud high density environments provide
a range of dynamical medanisms wherely galaxy encourters rapidly strip gas
from any potential star forming galaxies(e.g. Coudh et al. 2001, and references
therein). Recen obsenations have suggesteda cortinuation of this trend across
structures at larger scalesand lower density enhancemets than clusters(Gomez
et al. 2003;Gray et al. 2004). Accordingly we examineour two elds for evidence
of star formation rates that are driven by either the generalgalaxy ervironmern,
or alternatively, the local distribution of star forming galaxies.
Usually, the amourt of galaxy clusteringis expressedsa function of projected
density N
T (4.10)
rn

wherer, (in Mpc) is the distanceto the nth (usually n = 10) nearestneighbouring
galaxy with Mg < 19. In cluster ervironmerts the star formation rate hasbeen
obsened seemsto be quentied at galaxy densitiesbelov 1Mpc ? (Lewis et al.
2002a;Gomezet al. 2003).

In Figure 4.10(a) we show the fraction of galaxieswith a star formation rate
exceedinglM yr 1, aswell as median and mean star formation rate per galaxy
asa function of the projected density of the generalgalaxy population. This uses
data for all of the spectroscopicallycon rmed star forming galaxiesat z  0:24
for both of our elds combined. The indicated errorbars in the two top panels
were determined using the jackknife estimator’, while in the bottom panel they

" The jackknife estimator is calculated as follows. Let iy = A(X1;:::;X; 1;8i+13111Xn) be
the value of the statistic with one elemert x; removed, and de ne Ay = (1=n) [, ;. Then
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Fig. 4.10: (a) The meanand median star formation rate per galaxy (in M yr %)
and the fraction of galaxieswith a star formation rate > 1M yr ! asa function of
the projecteddensity 1o of ordinary galaxies(takenfrom the COMBO-17 survey).
The errorbars in the two top panelsare the jackknife estimatesof the standard
error, while in the bottom panel they are standard deviations. The small crosses
indicate the valuesfor ead individual star forming galaxy. The thick linesin the
middle panelindicate the 25th and 75th percerile for ead bin. The numbersin
the bottom panelindicate the number of galaxiesincludedin ead point. (b) Same
as(a), but asa function of star forming galaxy density .
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are the standard deviation. We also shav the 25th and 75th percernile values
for ead bin in the middle panel. We determinedthe projected density by using
the usual r;p measureof the tenth-nearest star forming galaxy to eat ordinary
galaxy. Ordinary galaxieswere taken from the photometric redshift catalogues
of the COMBO-17 surwey (Wolf et al. 2003, K. Meisenheimer,priv. comm.) as
galaxieswith Bag < 22 (corresppndingto Mg = 19) between0:21 z  0:29.
As the thicknessof the redshift slice in uences the value of projected density, we
scaleit usingthe di erence in the thicknessof the redshift slice of our survey and
the averagethicknessof the 3 cluster volumes(where is the velocity dispersion
of the cluster) usedin Lewis et al. (2002a).

Sincewe did not target any known clusterswith our elds, we expectthat there
will be little or no evidencefor star formation suppressionn our elds. Typically,
the projected density for galaxieswithin the virial radius of a clusteris 4Mpc ?
and at the certre of somerich clusters can be as high as 10Mpc ? (Lewis et al.
2002a). Indeed, as Figure 4.10(a) shows, there is negligible changein the star
formation rate per unit density for the galaxiesin both our elds (noting that
the highestdensity point is a ected by poor number statistics). Furthermore, we
con rm levelsof star formation that aretypical for the rangeof typical eld galaxy
densitiesprobed by our data asfound by previoussurveys(e.g. Lewiset al. 2002a;
Gomezet al. 2003). Generally the distribution of star formation ratesin a given
density bin is rather asymmetric, making the mediana morereliable measurethan
the mean.

In Figure 4.10(b) we shav the same measuresas for (a), but as a function
of projected density of the spectroscopicallycon rmed star forming galaxiesat
0:23 z 0:26. There are roughly one-third as many star forming galaxiesas
not, and so we rede ne the projected density in terms of distanceto the third-
nearestgalaxy, ;. As aconsequence, ; and 3o spana similar range of density
values. We obsene in Figure 4.10(b) that star formation per galaxy increases
with increasingdensity. Noting again that the highest density bin is a ected by
poor number statistics. Although not conclusiw, this is consistet with galaxy
ewlution scenariosthat seegalaxy-galaxy interactions as triggers for bursts of
star formation (Alonso et al. 2004;Perezet al. 2006).

To examinethe apparern relationship between star formation rate and pro-
jected density of star forming galaxies,in Figure 4.11 we plot the spatial distri-
bution of our spectrally con rmed H galaxies. The size of the points indicates
their star formation rate and their shadeof grey the redshift. Probable (but un-
conrmed) H candidatesare also shavn. These were selectedon the basis of
colour (0:;5 (B R) 1:3; seeFigure 4.2) and having either indeterminate or
non-existert spectra.

A2 = (n 1):nr i”:l "oy " ))2 is the squareof the jackknife estimate of standard error (Efron
& Gong 1983).
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Fig. 4.11: Spatial distribution of the spectrally conrmed H galaxiesin both
our elds (solid circleg. The sizeof the circlesindicates the star formation rate
of the galaxy derived from the narrowband ux and the grey-scalethe redshift.
The bladk dots are galaxiesthat have not been spectroscopicallycon rmed yet
and have acolour0:5 (B R) 1:3, which correspndsto the colour interval
of our con rmed H galaxies(Figure 4.2).
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The distribution of star forming galaxiesin the CDFS eld (Figure 4.10b)
suggestsa tendencyfor grouping of the star forming galaxies. Howeer, the eye is
remarkably good at making out patterns in noisy distributions and thus we should
be cautiousin theseinterpretations (e.g. p35of Peebles1993). On the other hand,
the distribution of star forming galaxiesat z  0:24in the S11 eld (Figure 4.11)
is apparertly lessstructured than the CDFS. Becauseof this, we infer that the
trend of increasingstar formation with rising density of star forming galaxiesis
largely attributable to the data from the CDFS eld. This cortrast betweenthe
elds can also be seenin di erencesin the H space-densitiegiven by the two
luminosity functions in Figure 4.7. As a consequencethe star formation density
of the S11 eld is lower than that of the CDFS (Figure 4.8). This is due to the
lower H fraction in the S11 eld comparedto the CDFS eld (Figure 4.5), to the
extend that can be seengiven the more limited spectroscoly on the former.

A morerobust approad would bethe derivation of two-point correlation statis-
tics of the star forming galaxies,which could directly test for clusteringtendencies
in the CDFS eld comparedto S11. Sud analysesare beyond the scope of this
paper, but will be addressedn a future work.

4.6 Summaryand Conclusions

In this paper we report the resultsof a survey for H emitting galaxiesat z  0:24.
Weusedtwo elds from the Wide Field ImagerLyman Alpha Seard (WFILAS). It
consistsof imaging in three narrowband lters (FWHM = 70A), an encompassing
intermediate band Iter (FWHM = 220A), supplemented with broadbandB and
R. The narrowband lters cover a redshift range of 0:23 . z . 0:26 for H
galaxies. These galaxieswere selectedby having an excessux in one of the
narrowband over to the other two, while alsobeingdetectedin the intermediateand
broadbandR lters. This yielded a total of 707 candidate emissionline galaxies
(after the removal of stellar cortaminants) for both elds.

We have conrmed that around half of these galaxiesare H at z  0:24
through spectroscopidollow-up of 206candidates. A signi cant number of galaxies
werealsofoundat z  0:21 by meansof their [Sii] emission.Other galaxiesfound
were [Oii] and H /[Qiii] emittersat z 1.2andz 06 0:7, respectively.
Through use of the spectroscopy, we re ned our colour selectionto accourn for
galaxieswith a single emissionline, leading to a measureof the fraction of H
galaxiesas a function of narrowband ux in both of theseregionsof the sky. We
also usedthe spectroscoly to determine a genericextinction correction using the
Balmer decremen

We have determinedthe H luminosity function at z  0:24 separately for
both of our elds after correcting for imaging and spectroscopicincompleteness,
extinction and cortamination from interlopers. We nd small di erencesin their
slope and turn-over luminosity while their normalisations were the same. When
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comparedto recert H surweys,there is remarkable agreemenh betweenthe lumi-
nosity function of our CDFS eld with that onethe Fabry-Perot imaging survey of
Hippelein et al. (2003). Di erences betweenour elds were of the order expected
by cosmicvariancebut lessthan the scatter betweenthe H luminosity functions
of recen surveys. We surmisethat while cosmicvarianceis a major cortributor to
this scatter, it is di erences in methodology between surveys (mainly di erences
in selectioncriteria) that discrepanciesbetweenH luminosity functions and its
related obsenablesat z  0:24. A surwey that covers10 20 the volume of one
of our elds is requiredto getthe uncertainty dueto cosmicvarianceto the levels
of Gallegoet al. (1995).
We estimated the star formation density for both our elds to be log =
1:939%and 2:24%1 (_in M yr ) for the CDFSand S11 elds, respectively,
down to our surwvey limit of logFjne = 160 (Fjine in ergs *cm 2) or logLjne =
40:6 (Ljine in ergs 1). Thesevaluesare comparableto other surveysat this redshift
when calculatedto the same ux limit.

We exploredthe amourt of star formation with respectto the local ervironmernt
and found that the star formation rates were typical for the eld galaxy densities
probed, in agreemenh with the results of previous work. Howeer, we also found
tentativ e evidenceof an increasein star formation rate per galaxy with increasing
density of the star forming galaxies. This supports scenariosvhere mergereerts
are triggers for enhancedstar formation, provided it can be demonstratedto be
occurring on the smallestscales.We exploredthis trend by examiningthe spatial
distribution of our elds individually and found that it was largely attributable
to one eld. A formal study of the clustering statistics of this eld is requiredto
con rm this and will be the subject of a future study.
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5. SUMMARY AND FUTURE WORK

In this thesis seven Ly -emitting galaxy candidatesat z  5:7 were identi ed
by the Wide Field Imager Lyman Alpha Seart (WFILAS). Three elds were
obsened with customisedintermediate and narrowband lIters togetherwith stan-
dard broadband Iters B and R, using the Wide Field Imager on the ESO/MPI
2.2m telescom. This sampleof luminous (L y 1:8 10*ergs !) candidates
complemers those of other recen surveys by constraining the bright end of the
Ly luminosity function at theseredshifts. Combining the sourceswith those of
Ajiki et al. (2003) increasedthe luminosity density at z  5:7 by  30%. One of
the three obsened elds wasthe well-studied Chandra DeepField South (CDFS).
The three WFILAS candidatesiderti ed in this eld werelocated nearby onean-
other, supporting evidencefor an overdensiy of z  5:7 galaxiesdetectedby other
groups.

Two candidateshave beenconrmed asLy emission-linegalaxiesthrough
spectroscopy using FORS2 on the VLT. One of theseis the most luminous Ly
emitter at this redshift to date. Imaging taken under excelleth seeingconditions
with an intermediate band Iter at 8150A showved both galaxiesto be unresohed
(FWHM < 0'B). Spectroscopy revealedan asymmetric emissionpro le for both
objects, thus con rming its identi cation ashigh redshift Ly . Furthermore, both
objects exhibited the presenceof a tentative secondLy componert redward of
the line, suggestingan expandingshell of neutral hydrogensurroundingthe certral
source.

Although numerousLy -emitting galaxieshave now beenfound at z 5.7
and beyond, relatively little is known of their nature. At z 3 they appear to
be very young objects of low stellar mass,moderate star formation and little dust
(Kudritzki et al. 2000;Gawiser et al. 2006). For galaxiesat z  5:7, similar anal-
ysesusing spectral energydistribution tting have thus far beenunable to break
the degeneracybetweenthe age of the stellar population and type of star forma-
tion history (Lai et al. 2007). Future obsenations in the near- and far-infrared
will measure(or place upper limits on) the spectral energydistributions of these
sourcesin the rest-frame optical (e.g. Eyles et al. 2007), thereby di erentiating
betweenpopulations of di erent ages.

The two conrmed Ly emission-linegalaxiesfrom this thesisare ideal objects
for further detailed study giventheir bright line luminosities for this redshift. The
metallicities of both objects have already beenconstrainedto lessthan 0:1Z using
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near-infrared spectroscoly from SINFONI on the VLT (C. Lidman, priv. comm.).
The absenceof any metal lines redward of Ly given the strength known of the
latter placestighter constrairts on metallicity than would be possiblewith fainter
sources. Ongoing follow-up obsenations of these two objects will give a better
indication of the typesof stellar populations presen in galaxiesat this redshift.

Neither of the two spectroscopically con rmed Ly -emitting galaxies from
WFILAS have a securedetection of the rest-frame UV cortinuum redwards of
the Ly line. This givesa lower limit of 250A for their equivalert widths, based
onal wupperlimit for their continuum. Future deepoptical spectroscopy could
potentially further constrain the strength of the cortinuum. High Ly equivalert
widths are potertially indicative of a top-heavy initial massfunction dueto Pop-
ulation 111 stars (Malhotra & Rhoads2002; Gawiser et al. 2006), although sud
measuremets are di cult to make.

Finally, deeper spectroscoly of the Ly line than what is available at presen
would permit better modelling of the emissionpro le. This could yield further in-
sight into the local ervironment of the Ly source,in light of recent modelswhich
suggestthe possibility of gasinfall in Ly emitters (Dijkstra et al. 2006). Further-
more, deep spectroscoly could potertially detectthe Nv  1239,1243doublet,
thereby allowing an independent determination of redshift, una ected by inter-
vening absorptionin the sameway asthe blue sideof Ly . Prior knowledgeof the
true certral wavelengthof Ly in the obsened frame provides a vital constrairt
for modelling the line pro le.

In the secondpart of this thesis, the WFILAS survey data were also usedto
identify emissionline galaxiesat lower redshifts, in particular H at z  0:24.
Spectroscopicfollow-up (using AAOmegaon the AAT) wasusedto determinethe
fraction of H emitters and derive the averageextinction correctionssubsequetty
appliedto all candidates. The H luminosity function was constructedseparately
for eath eld and tted with Sdediter functions. It was found that systematic
uncertainties { most notably, cosmicvariance and di erences in survey selection
criteria { remain the dominant sourcesof uncertainty betweendi erent H lumi-
nosity functionsat z. 0:4. The in uence of the ervironment on galaxy star for-
mation rate wasalsoinvestigated. Giventhe typical eld galaxy densitiessampled
by our two elds, the global rates of star formation were consistem with previous
results. Howewer, when comparedto the projected density of the star-forming
population alone, a tentativ e increasein star formation rate was found with in-
creasingdensity. This supports scenarioswhich involve galaxy-galaxyinteractions
astriggers for star formation, provided it can be demonstratedto occur on small
enoughscales. This will be a focus of future work on thesedata, speci cally, by
deriving two-point correlation statistics for both elds.
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