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Zusammenfassung

In dieser Arbeit werden metallarme Galaxien bei 0:4 < z < 0:7 und Ly-� Galaxien bei

z > 4:7 anhand eines Samples von 600 s
hwa
hen Emissionsliniengalaxien von dem Calar

Alto Deep Imaging Survey (CADIS) gesu
ht und untersu
ht. CADIS weist Emissionsli-

niengalaxien mit Hilfe eines Fabry-Perot-Interferometers in drei Wellenl�angenintervallen

na
h, die in Fenster minimaler Na
hthimmelsemission bei 700 nm, 820 nm, und 920 nm

platziert sind. Metallarme Galaxien bei 0:4 < z < 0:7 werden anhand ihrer hohen

Flussverh�altnisse [O III℄� 5007/[O II℄� 3727 selektiert. Ihre Sauersto�h�au�gkeiten, die

dur
h spekroskopis
he Na
hbeoba
htungen bestimmt wurden, zeigen, dass die Metal-

lizit�at-Leu
htkraft Beziehung, die im lokalen Universum bekannt ist, au
h bei z = 0:6

G�ultigkeit besitzt. Ly-� Galaxien-Kandidaten werden aus dem Emissionsliniensample

selektiert, das mehr als 97% Vordergrundgalaxien bei z < 1:2 enth�alt. Die Selektion

erfolgt anhand des vers
hwindenen Flusses unterhalb der Lyman-Kante (kein B Fluss)

und dem Ni
htvorhandensein einer zweiten Emissionslinie in bestimmten S
hmalband�l-

tern. Bei zwei Ly-� Kandidaten konnte die Emissionslinie, die im Fabry-Perot gefunden

wurde, spektroskopis
h best�atigt werden. Der Verglei
h der kumulativen Di
hten der Ly-�

Galaxien von CADIS mit denen von anderen Surveys bei z > 3 sowie mit Modellvorher-

sagen deutet an, dass helle Ly-� Galaxien so selten bei z > 5 sind, dass eine si
h ni
ht

entwi
kelnde Population ausges
hlossen werden kann.

Abstra
t

In this thesis, metal poor galaxies at 0:4 < z < 0:7 and Ly-� galaxies at z > 4:7 have

been sear
hed for and investigated in a sample of 600 faint emission line galaxies from four

�elds of the Calar Alto Deep Imaging Survey (CADIS). Employing an imaging Fabry-Perot

interferometer, CADIS dete
ts emission lines in three waveband windows, free of night-sky

emission lines, at 700 nm, 820 nm, and 920 nm. Metal poor galaxies at 0:4 < z < 0:7 have

been sele
ted by their high [O III℄� 5007/[O II℄� 3727 ratios. Their oxygen abundan
es,

determined by follow-up spe
tros
opy, indi
ate that the metalli
ity-luminosity relation

whi
h applies to galaxies in the lo
al universe also holds at z = 0:6. Ly-� galaxy 
andidates

from the emission line sample, whi
h 
ontains more than 97% of obje
ts at z < 1:2, are

sele
ted by the absen
e of 
ux below the Lyman limit (B-band \dropouts"), and the non-

dete
tion of se
ondary emission lines in narrow band �lters. For two Ly-� 
andidates,

the emission line dete
ted in the Fabry-Perot has been veri�ed spe
tros
opi
ally. The


omparison of number 
ounts of Ly-� galaxies from CADIS with those of other Ly-�

surveys at z > 3, and with model predi
tions, indi
ates that bright Ly-� galaxies are so

rare beyond z = 5 that a non-evolving population 
an be ex
luded.
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Introdu
tion

The existen
e and distribution of 
hemi
al elements and their isotopes is a 
onsequen
e

of nu
lear pro
esses that have taken pla
e during the Big Bang and subsequently in stars

and in the interstellar medium (ISM) where they are still ongoing.

During the �rst 20 minutes after the Big Bang universal 
osmologi
al nu
leosynthesis at

a temperature of the order of 10

9

K 
reated all the hydrogen and deuterium, some

3

He,

the major part of

4

He and some

7

Li, leading to primordial mass fra
tions X ' 0:76 for

hydrogen, Y ' 0:24 for helium and Z ' 0:00 for all heavier elements (referred to by

astronomers as metals). The existen
e of the latter in our present-day world is the result

of nu
lear rea
tions in stars followed by more or less violent expulsion of the produ
ts

when the stars die.

The �rst 20 minutes are followed by a period of about 10

5

years during whi
h the universe

was radiation-dominated and the baryoni
 gas, 
onsisting almost entirely of hydrogen and

helium, was ionized and 
onsequently opaque to radiation. But the expansion of the uni-

verse was a

ompanied by 
ooling, and when the temperature was down to a few thousand

K (at z ' 1500), matter began to dominate and �rst helium and then hydrogen be
ame

neutral by re
ombination. The universe be
ame transparent, ba
kground radiation was

s
attered for the last time, and is now re
eived as bla
k-body radiation with a tempera-

ture of 2.7 K. Eventually gas began to settle in the interiors of the pre-existing dark-matter

halos, resulting in the formation of galaxies, stars and 
lusters of galaxies.

After the re
ombination epo
h at z ' 1500 the universe remained mostly neutral until the

�rst generation of stars and quasars re-ionized the intergala
ti
 medium (IGM) and ended

the 
osmi
 dark ages. Thus, the �rst \primeval" galaxies and quasars be
ame visible. In

the past few years su
h galaxies have been dete
ted (by their Ly-� emission) to redshifts

up to � 6, when the universe was only a few % of its present age.

Galaxies have a mixture of gas, and di�use ISM, whi
h 
onsists of gas and dust. Stars

inje
t energy, re
y
led gas and nu
lear rea
tion produ
ts enri
hing the ISM from whi
h

other generations of stars form later. On the other hand, nu
lear produ
ts may be lost

from the ISM by gala
ti
 winds or diluted by infall of relatively unpro
essed material. The

e�e
ts of di�erent sorts of stars on the ISM depend on their (initial) mass and whether

they are single stars or intera
ting binaries. Some of the latter are believed to be the

progenitors of Type Ia supernovae (SN Ia) whi
h are important 
ontributors to iron-group

elements in the galaxies. Massive stars, with initial mass above about 10M

�

are short

5



CHAPTER 0. INTRODUCTION

lived and 
omplete their evolution in less than 5� 10

7

yrs. They may eventually explode

as Type Ib, I
 or II supernovae, eje
ting elements up to the iron group and leading to

a neutron star remnant. Some of the most massive stars may 
ollapse into bla
k holes,

without an asso
iated SN explosion. Massive stars 
onstitute the main sour
e of oxygen

and other �-elements, whi
h are eje
ted on short times
ales. Also signi�
ant amounts of


arbon and nitrogen are produ
ed in massive stars. Intermediate mass stars, between 1

and 10M

�

, undergo 
ompli
ated mixing pro
esses and mass loss in advan
ed stages of

evolution, 
ulminating in the eje
tion of a planetary nebula while the 
ores be
omes a

white dwarf. Su
h stars are important sour
es of 
arbon, nitrogen and heavy elements.

Finally, low mass stars (M<1M

�

) have lifetimes longer than or 
omparable to the age of

the universe. They 
ontribute little to 
hemi
al enri
hment or gas re
y
ling, and merely

serve to lo
k up an in
reasing fra
tion of material. On the other hand, they 
ontribute to

light and have imprinted in their 
hemi
al 
omposition the 
onditions of the ISM at the

time and pla
e they have formed. The result of all these pro
esses is that the Sun was

born � 4:7Gyrs ago (at z � 0:4) with mass fra
tions X ' 0:70, Y ' 0:28, Z ' 0:02.

The main goal of the Calar Alto Deep Imaging Survey (CADIS) is to �nd primeval

galaxies at & 4:7 by their Ly-� emission; from the Lyman-� lines of these galaxies one


an infer star formation rates. CADIS �nds also emission line galaxies at medium redshift

(0:2 < z < 1:2); from their emission line ratios, metal abundan
es 
an be 
al
ulated. Sin
e

star formation and metal produ
tion are dire
tly 
orrelated, the study of emission line

galaxies from the CADIS survey 
an o�er 
lues about the history of 
hemi
al enri
hment

in the universe, both at high and medium redshift.

6
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The Emission Line Survey of CADIS

1.1. Introdu
tion

The Calar Alto Deep Imaging Survey (CADIS, see Meisenheimer et al. 1998) has been

established in 1996 as the extragala
ti
 key proje
t of the Max-Plan
k Institut f�ur As-

tronomie in Heidelberg. It 
ombines a moderately deep multi-band survey (10 � limit,

R

lim

= 24) with an emission line survey employing an imaging Fabry-Perot-Interferometer

(F

lim

= 3 � 10

�20

Wm

�2

). The multi-band survey (see Wolf et al. 2001), with four broad-

band �lters B, R, J and K

0

plus 12 medium-band �lters from 400 nm to 1000 nm, pra
ti-


ally resembles low-resolution imaging spe
tros
opy (see Fig. 1.1, left).

This thesis will fo
us on the emission line survey of CADIS. Therefore, this 
hapter will

address in detail the observational, data redu
tion and analysis aspe
ts relevant to the

study of emission line galaxies.

Figure 1.1 The CADIS �lter set

Left panel: The 
omplete opti
al and near-infrared CADIS �lter set

Right panel: Opti
al broad and medium band �lters: blue = pre-�lter FP-A + veto-�lter; green =

pre-�lter FP-B + veto-�lter; magenta = pre-�lters FP-C + veto-�lter

1.2. CADIS Fields

The observations were performed on a number of �elds at high gala
ti
 latitude (jbj > 40

Æ

).

All CADIS �elds are pla
ed in zero-reddening areas, i.e. lo
al minima of the IRAS 100 �m

maps with undete
ted 
uxes, whi
h should limit the (gala
ti
) extin
tion to A

V

< 0:1.

Ea
h �eld position was also sele
ted so that the 
entral square of the �eld of 12 � 122

0


ontains no bright (R . 15) star or galaxy. We also ex
luded the position of known galaxy


lusters. At present four (out of six) of the CADIS emission line survey �elds are 
omplete

9



CHAPTER 1. THE EMISSION LINE SURVEY OF CADIS

observed and (almost) fully analysed. Coordinates and 
hara
teristi
s of these �elds are

given in Tab. 1.1. A seventh �eld, on the North E
lipti
al Pole (NEP), is only used for

the multi 
olour survey.

Table 1.1 CADIS �elds. The observed and analysed FP-windows are indi
ated in bold.

Field FP-Window Center 
oordinates Area

name observed �(2000) Æ(2000) 2

0

(hms) (

Æ 0 00

)

01h A, B, C 01 47 33.3 02 19 55 105

09h A, B, C 09 13 47.5 46 14 20 98

10h B 10 52 05.1 57 25 24 100

13h A, C 13 47 42.3 05 37 34 100

16h A, B, C 16 24 32.3 55 44 32 107

23h A, B, C 23 15 46.9 11 27 00 103

1.3. Observations

In order to dete
t emission line obje
ts, narrow band observations were done in three

wavelength windows, whi
h are relatively free from OH night-sky emission. In ea
h of these

windows, observations have been performed with a s
anning Fabry-Perot-Interferometer

(FPI) at 8 or 9 equally spa
ed wavelength steps, thus providing a spe
tral line s
an over

an interval of 12� 15 nm (hen
eforth 
alled FP s
an). The three wavelength windows are

spe
i�ed by A, B, and C, and are lo
ated at:

window FP-A : � = 702� 6 nm,

window FP-B : � = 820

+4:5

�6

nm,

window FP-C : � = 918

+10

�8

nm.

For sele
ting the 
orre
t interferen
e order of the FPI, pre-�lters with FWHMs of � 20 nm

are used (see Fig. 1.1, right). FP-A and FP-C have been �ne-tuned in su
h a way that for

an H� line falling in one of the wavelength settings of C, the 
orresponding [O III℄� 5007

line should show up exa
tly in the 
orresponding setting of interval A for a galaxy at

z � 0:4. This is very helpful for identifying emission line galaxies at this redshift (see for

example obje
t 09h-5068 in Fig. 1.2).

The FP observations in the B window were 
arried out with the CAFOS fo
al redu
er

at the 2.2-m teles
ope on Calar Alto, Spain; those in the A and C windows were 
arried

out with the MOSCA fo
al redu
er installed at the 3.5-m teles
ope at Calar Alto

1

. For a

test 
on
erning the sear
h for Ly-� galaxies (see 
hapter 3), FP observations in window

B in the 01h �eld were 
arried out as well with CAFOS as with MOSCA. Both fo
al

redu
ers are equipped with Fabry-Perot (Queensgate) etalons in the parallel beam, with

free apertures of 50 and 70mm, and with air gaps of �8�m. By 
hoosing the appropriate

interferen
e order, the spe
tral resolving power for both etalons was set, to �750 km s

�1

.

The a
tual spe
tral resolutions used were 1.8, 2.0, and 2.4 nm. Four pre�lters with 
entral

1

For details 
on
erning CAFOS and MOSCA see http://www.
aha.es/CAHA/Instruments/index.html
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1.3. OBSERVATIONS

wavelengths of 702 nm, 815 nm, 909 nm, and 916 nm were used for the three windows A,

B, and C. Exposures were also done with the pre-�lters alone in order to measure the


ontinuum level surrounding emission lines found in the FP s
ans. At the 2.2-m teles
ope

a 
ux limit of F

lim

= 3� 10

�20

Wm

�2


an be a
hieved after 3 hours of integration under

typi
al 
onditions (seeing of�1

00

.4), suÆ
ient to dete
t the Lyman-� emission of a primeval

galaxy with a star-forming rate (SFR) of � 10M

�

y

�1

at high redshift.

In order to de
ide whi
h emission line was dete
ted in the FP s
an, we pla
ed for ea
h FPI

band a set of medium band �lters at wavelengths where se
ondary prominent lines would

appear. Sin
e these �lters 
an ex
lude 
ertain line 
lassi�
ations - e.g., the presen
e of a

line in any of these �lters ex
ludes that the line dete
ted in the FP s
an is [O II℄� 3727

or Ly� - they are named \veto" �lters. For example, for the galaxy 16h-4908 in Fig. 1.2,

an emission line is dete
ted in FP-B. This line 
annot be Ly-� or [O II℄� 3727, sin
e

the [O II℄� 3727, H�, and [O III℄� 5007 lines show up in the veto �lters V465, V611 and

V628, and therefore the line seen in FP-B 
an be identi�ed as H� at z = 0:25. The veto

�lters (shown in Fig. 1.1, right) are part of the set of 16 medium and broad band �lters,

ranging from 400 to 2200 nm in wavelength, whi
h provide additional information about

the spe
tral energy distribution (SED) of the line emitter and its spe
tral type. One of the

veto �lters for C, V522, is the same as for FP-A, and another veto �lter for C is provided

by FP-A itself. Table 1.2 lists the redshift bins for emission lines dete
ted in FP-A or

FP-B, and the �lters where the se
ondary lines are expe
ted.

Table 1.2 Emission lines dete
ted by CADIS in FP-A or FP-B, and 
orresponding (veto) �lters for

measuring their 
uxes. Filter spe
i�
ations are noted in term of 
entral wavelength / full width at half

maximum, both given in nm. [S II℄ denotes [S II℄�6721, [OIII℄ the [O III℄� 5007, and [OII℄ the [O II℄� 3727

line. As an example, if H� is dete
ted in FP-B, at about 820 nm, the [O III℄� 5007, H�, and [O II℄� 3727

lines show up in the veto �lters V628, V611, and V465, spe
i�ed as 628/17, 611/16, and 465/9.

redshift FP FP Filter used to observe

bin line Window H� [OIII℄ H� [OII℄ Ly�

0.210-0.226 [S II℄ 820 nm - 611/16 - - -

0.240-0.257 H� 820 nm FP-B 628/17 611/16 465/9 -

0.392-0.415 [O III℄ 702 nm 909/30 FP-A - 522/16 -

+ FP-C -

0.430-0.458 H� 702 nm FP-A 535/14 -

0.625-0.648 [O III℄ 820 nm - FP-B - 611/16 -

0.674-0.697 H� 820 nm - - FP-B 628/17 -

0.870-0.901 [O II℄ 702 nm - - - FP-A -

1.183-1.214 [O II℄ 820 nm - - - FP-B -

4.732-4.826 Ly� 702 nm - - - - FP-A

5.690-5.785 Ly� 820 nm - - - - FP-B
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CHAPTER 1. THE EMISSION LINE SURVEY OF CADIS

Figure 1.2 Examples of spe
tra of CADIS emission line galaxies. Photometry in all 14 opti
al CADIS

�lters �tted by a 
ontinuum-model is showed in the left panels, and the Fabry-Perot measurements with

emission line �ts to the observed 
ux data in the right panels, for galaxies from redshift 0.250 (top left) to

redshift 5.732 (bottom right). For ea
h line identi�
ation the �t to the 
ontinuum spe
trum also provides

a new 
ontinuum level at the wavelength of the FP window, whi
h is marked in ea
h of the line plots as

a dotted horizontal line; the dashed lines mark the level of the 
ontinuum after the emission line 
ux has

been subtra
ted from the pre-�lter (see details in se
tion 1.7). The numbers in the lower right edges of

the right panels spe
ify the signal-to-noise ratios, F

line

=�

line

; F

line

and �

line

are derived by �tting the

Fabry-Perot instrument pro�le to the observed 
ux data points.

12



1.4. CADIS DATA REDUCTION AND PHOTOMETRY

1.4. CADIS Data Redu
tion and Photometry

The CADIS data analysis is des
ribed in detail in Meisenheimer et al. (2002). Therefore

I address here in detail only aspe
ts relevant to emission line galaxies.

Spe
ial 
are has to be taken with the 
at �eld 
orre
tion of Fabry-Perot data. The

insertion of the Fabry-Perot Etalon into the parallel beam of the fo
al redu
ers CAFOS

and MOSCA introdu
es internal re
e
tions, whi
h may be distributed unevenly a
ross the

�eld; in fa
t, in CAFOS re
e
tions at the etalon produ
e a bump of 20% in the 
entral part

of the �eld. On the other hand, the transmission 
hara
teristi
 through the 
ombination

Etalon + pre-�lter is also radially dependent due to the 
hange in transmitted wavelength

with distan
e from the opti
al axis. Therefore, a dire
t measure of the transmission

pattern is required. To this end, we introdu
e a mask with about 1000 holes into the

fo
al plane in front of the fo
al redu
er. Flat �eld exposures through this mask with


onstant illumination pattern both with the pre-�lter alone and pre-�lter + Etalon (tuned

to the wavelength of the s
ien
e exposure) allow then a point-wise des
ription of relative

transmission introdu
ed by the Etalon, as ratio of the intensity 
ontained in the images of

ea
h hole. The interpolation between the points results in the transmission pattern, R(�).

However, also the �ne stru
ture of the 
at �elds through the narrow-band Fabry-Perot

di�ers from that of the pre-�lter due to interferen
e fringes arising at the surfa
e of the

CCD dete
tor. This �ne stru
ture is taken into a

ount by dividing a dome 
at�eld taken

through the Etalon, D(�), by a median �ltered version of itself, smooth D(�).

Altogether, the 
at �eld for ea
h wavelength setting of the Fabry-Perot Etalon, FF (�

i

),

is 
onstru
ted as follows:

FF (�

i

) = smooth TWI

pf

D(�

i

)

smooth D(�

i

)

R(�

i

); (1.1)

where smooth TWI

pf

is a median-�ltered version of a twilight 
at �eld through the pre-

�lter alone. The frame FF (�

i

) is treated as a standard 
at �eld for all s
ien
e frames

taken at the wavelength setting �

i

.

In summary, the data redu
tion in
ludes bias subtra
tion, 
at�elding, and removal of


osmi
 ray events and dete
tor defe
ts by overlaying dithered images, and by repla
ing

the bad pixels by the kappa-sigma-
lipped mean of pixel values in the other images.

After overlaying all images to the same world 
oordinate system, the images for ea
h

wavelength setting and �lter are then summed. For ea
h of these sta
ked sum frames

the obje
t sear
h engine SExtra
tor (Bertin & Arnouts 1996) is applied, with thresholds

adjusted to their seeing and exposure depth. The obje
t positions are 
orre
ted for the

distortion of the 
amera opti
s, and the lists from single-band dete
tions are merged into

one 
ommon \masterlist" with averaged positions. For merging, all obje
ts are 
onsidered

to be identi
al whi
h fall into a 
ommon error 
ir
le of 1

00

radius.

The morphology parameters of an obje
t are determined on the sum frame, where the

obje
t shows the highest signal-to-noise ratio, using the photometry pa
kage MPIAPHOT

(Meisenheimer & R�oser 1993). The photometry is performed on ea
h individual frame,

and we get an optimum signal-to-noise ratio by integrating the photons at the 
entroid

obje
t positions, with a Gaussian weight distribution, the width of whi
h is determined

su
h that the 
onvolution of the seeing PSF with the weight fun
tion results in a 
ommon

PSF for all frames. The obtained 
ux is then 
alibrated by tertiary spe
tros
opi
 standard

13
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stars established in ea
h CADIS �eld. For these standard stars we know the physi
al 
uxes

in every CADIS �lter, and therefore the 
alibration of ea
h image is independent of the

photometri
 
onditions during the exposure. Finally, the single frame 
ux values are S/N-

weight averaged with errors derived from the 
ounting statisti
s and from the s
atter of

the individual 
uxes between the single images. Sin
e the photometry weight fun
tion is

normalized to give 
orre
t 
uxes for stellar obje
ts, the total 
uxes of extended obje
ts are

underestimated, and need a 
orre
tion fa
tor a

ording to their morphologi
al parameters.

The photometry in the narrow FP-bands is 
he
ked on diagrams in whi
h the 
ux ratio

�

F (�

FP

)=

�

F (prefilter) is plotted as a fun
tion of magnitude for stellar obje
ts (see example

in Fig. 1.3). Obviously, the narrow (bright) end of the trumpet-shape distribution should

fall 
lose to the

�

F (�

FP

)=

�

F (prefilter) = 1 line as the wavelength range 
overed by the FP

s
an is very small, and stellar spe
tra are rather 
at around � = 700, 815 and 920 nm. Sin
e

the analysis of the emission line obje
ts depends on the assumption that a pure 
ontinuum

obje
t shows

�

F (�

FP

) =

�

F (prefilter), we 
arry out an a posteriori re-
alibration of the

FP bands by adjusting the FP 
uxes, at most by 5%.

Figure 1.3

�

F (I699)=

�

F (B700) as a fun
tion of magnitude for stellar obje
ts in 09h-�eld.

The CADIS data redu
tion and photometry ends in a photometri
ally 
alibrated 
atalogue,

in whi
h { for ea
h survey �eld { the measured 
uxes of all dete
ted obje
ts are 
ombined.

This �nal \
ux table" serves as input for the s
ienti�
 data analysis in whi
h every obje
t

is 
lassi�ed either on the basis of its multi-
olour information or from the dete
tion of an

emission line in one of the FP s
ans.

1.5. Sele
tion of Emission Line Galaxies

The sele
tion of emission line galaxy 
andidates is based on the 
uxes in the FP images

and in the pre-�lter image. Candidates have to ful�ll three 
riteria:

(S1) For at least one FP wavelength, the signal has to be larger than the upper limit

F

lim

=� of the noise distribution, typi
ally lo
ated near 5� (see Tab. 1.3),

14



1.5. SELECTION OF EMISSION LINE GALAXIES

(S2) The signal-to-noise ratio of the line feature in the FP s
ans above the pre�lter 
ux

is higher than � 2:5, equivalent to about 2� 10

�20

Wm

�2

, and

(S3) Obje
ts have F

line

=�

line

> K

line

, where F

line

is the emission line 
ux.

This pro
edure, whi
h is des
ribed in detail in the following, yields a few hundred emission

line galaxy 
andidates per �eld (see Tab. 1.3).

(S1) First a 
areful analysis of the blank sky noise in the FPI data is done in order to

pla
e a reasonable dete
tion limit to ea
h �eld and Fabry-Perot interval. The dete
tion of

an emission line in one of the FP-bands �

i

requires that the obje
t exhibits a signi�
ant


ux:

�

F (�

i

) � �

f

� �̂(�

i

); (1.2)

where

�

F (�

i

) denotes the highest 
ux measured in all FP-bands of the respe
tive window

(A, B or C), and �̂(�

i

) is its true overall error whi
h takes into a

ount both the 
ali-

bration error and the s
atter of the 
ux between the individual images. The appropriate

signi�
an
e level �

f

is determined from the noise distribution as measured on \blank"

positions on the sky. Obje
ts with a pre-�lter 
ux less than 1� are sele
ted, ex
luding

obje
ts identi�ed as stars or re
e
tions. For ea
h su
h obje
t and Fabry-Perot interval the

histogram of

�

F (�

i

)=�̂(�

i

) (denoted as F

FPI

=�

F

in Fig. 1.4) is �tted by a Gaussian. The

limiting value of �

f

= F

lim

=� is the value above whi
h only 1 obje
t/[�(F

FPI

=�

F

) = 0:1℄

is dete
ted as blank sky noise. �

f

is determined for ea
h �eld and FP window separately,

and its values are given in Tab. 1.3.

Sin
e the FP s
ans are sparsely sampled (distan
e between two adja
ent wavelength set-

tings Æ�

ij

' 0:8��, where �� is the FWHM of the transmission), the requirement ex-

pressed by equation 1.2 misses those obje
ts where the emission lines fall in between two

adja
ent settings �

i

; �

j

: In order to re
over them, we also sele
t obje
ts whi
h exhibit

signi�
ant 
ux when averaging over ea
h two adja
ent settings �

i

; �

j

:

�

F (�

i

; �

j

) � �

f

� ��(�

i

; �

j

); (1.3)

with

�

F (�

i

; �

j

) =

1

2

(

�

F (�

i

) +

�

F (�

j

)), and

��(�

i

; �

j

) =

1

2

q

(�̂

2

(�

i

) + �̂

2

(�

j

)).

(S2) An emission line obje
t must also show a signi�
ant line 
ux above the 
ontinuum

level:

S

line

(�

i

) �

��

1���=��(prefilter)

[

�

F (�

i

)�

�

F (prefilter)℄ (1.4)

(measured in photon m

�2

s

�1

), where the pre�lter 
ux

�

F (prefilter) serves as 
ontin-

uum measure, and �� is the width of the FP transmission. The fa
tor

1

1���=��(prefilter)

a

ounts for the fa
t that the emission line is 
ontained in the pre�lter, and has to be

subtra
ted in order to get the true 
ontinuum level. Sin
e ��(prefilter) > 10���, the

expression

�

line

(�

i

) � ��

q

�̂

2

(�

i

) + �̂

2

(prefilter)
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CHAPTER 1. THE EMISSION LINE SURVEY OF CADIS

Figure 1.4 Distribution of Fabry-Perot 
ux signi�
an
e in apertures measuring blank

sky for 01h-�eld FP-B (F

lim

=� = 5:3), 09h-�eld FP-A (F

lim

=� = 4:5), 09h-�eld FP-B

(F

lim

=� = 5:5), 16h-�eld FP-B (F

lim

=� = 5:1), 23h-�eld FP-A (F

lim

=� = 4:6) and 23h-

�eld FP-B (F

lim

=� = 5:0).

provides a suÆ
iently a

urate estimate of the (statisti
al) error of S

line

(�

i

). A signi�
ant

line dete
tion 
an therefore be se
ured by demanding

S

line

(�

i

) � �

line

� �

line

(�

i

): (1.5)
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1.6. REJECTION OF REFLECTIONS AND M STARS

We 
hoose a relatively low signi�
an
e level 2:5 � �

line

� 3:0 in order not to miss any

faint emission line obje
ts before a proper analysis of the emission line 
ux, whi
h is based

on a line �t (see se
tion 1.7). In order to illustrate �

f

and �

line


onsider the faint galaxy

01h-00979 in Fig. 1.2 for whi
h �

line

= 5:7 and F (821:5nm)=�̂(821:5nm) = 9:1, whi
h is

larger than �

f

= 5:3.

(S3) For the �nal sele
tion of emission line galaxies, we 
hoose obje
ts with F

line

=�

line

>

K

line

. F

line

and �

line

are derived by �tting the Fabry-Perot instrument pro�le to the

observed 
ux points (see se
tion 1.7; for example the obje
t 01h-00979 in Fig. 1.2 has

F

line

=�

line

= 5:7). Follow-up spe
tros
opy of CADIS emission line 
andidates (se
tion

1.10.1) showed that K

line

= 3.8 yields a (very) save 
hoi
e of emission line obje
ts.

Table 1.3 Number of CADIS found emission line galaxies (N

Elgal

) in ea
h �eld and FP-interval with the


riteria des
ribed in the text (K

line

= 3.8).

Field FPI �
 (2

0

) F

lim

(Wm

�2

) F

lim

=� N

Elgal

01h B 104.9 3.0 �10

�20

5.3 105

09h A 98.3 3.0�10

�20

4.5 90

09h B 98.3 3.5�10

�20

5.5 92

16h B 106.5 3.2�10

�20

5.1 108

23h A 102.8 3.5�10

�20

4.6 67

23h B 102.8 3.5�10

�20

5.0 152

1.6. Reje
tion of Re
e
tions and M Stars

Due to re
e
tions within the CAFOS Fabry-Perot etalons employed in CADIS, bright

obje
ts, mostly stars, are a

ompanied by features about 6 magnitudes fainter than the

bright obje
t, and appear at a �xed o�set position (41

00

) away from it. Sin
e in the pre-

�lter images no obje
t should be seen at the same positions, these ghosts 
an be easily

sorted out and reje
ted from the 
andidates list. Another type of ghost on the single

FP frames is produ
ed by re
e
tions of bright obje
ts between the FP etalon and the

pre-�lter. These ghosts appear symmetri
ally with respe
t to the opti
al axes and, due

to dithering, the ghosts appear at di�erent positions in every frame. Thus the ghosts are

easily identi�able and already strongly suppressed by the 
orre
tion for 
osmi
 rays in the

standard data redu
tion.

The strong absorption bands in the spe
tra of M stars 
an mimi
 emission lines. Par-

ti
ularly, VO and Na absorption lines in the wavelength range 800 to 850 nm 
an a�e
t

measurements in FP window B. M stars show rising spe
tra to longer wavelengths. There-

fore, in order to sele
t emission line obje
ts whi
h 
an possibly be M stars, obje
ts showing

a line in FP-B and a higher 
ux in the pre-�lter B909 than in R �lter are sele
ted; respe
-

tively, obje
ts with a line dete
ted in FP-A and a higher 
ux in the pre-�lter B815 than

in R �lter are sele
ted, too. From this group of obje
ts, those 
lassi�ed as \star" by the

multi-
olour 
lassi�
ation are reje
ted. Also obje
ts where none of the FP-measurements

in FP-B (FP-A) show a higher 
ux than the 
ux in B909 (B815) are identi�ed as M stars,
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CHAPTER 1. THE EMISSION LINE SURVEY OF CADIS

sin
e in this 
ase the emission line in FP-B (FP-A) is simulated by strong absorption

bands.

1.7. Line Fits

The pre-sele
tion of emission line galaxies (steps (S1) and (S2)) takes into a

ount only a

�rst guess of the 
ontinuum level from the pre-�lter 
ux. For a proper assessment of the

line 
ux above a best-guess 
ontinuum level, one needs to perform proper line �ts and to

determine the 
ontinuum level more reliably by taking not only the pre�lter 
ux but also

the overall SED, determined by the multi-�lter observations, into a

ount. This has to be


arried out in an iterative way 
onsisting of the following three steps:

(LF1) Line �t on the basis of the �rst guess 
ontinuum derived from the pre�lter 
ux;

(LF2) Use �t (LF1) to subtra
t the line 
ontribution from the pre�lter 
ux and perform a

se
ond line �t 
onstrained by this improved 
ontinuum;

(LF3) Take both the 
ontinuum level from the pre�lter and the global SED in the vi
inity

of the emission line into a

ount when performing a �nal line �t. Use the parameters

of this �t (and their errors) to establish a �nal \signi�
an
e level" for the emission

line and sele
t reliable emission line galaxies on that basis.

Details of the three steps are as follows.

(LF1) First the measured 
ux densities

�

F (�

i

) in an FP-s
an are 
onverted to an ex
ess

value above the 
ontinuum from the pre-�lter image. Then the analysis of the FP data is

done by line �tting. The width of the line pro�les are �xed to the width of the instrumental

pro�le (1.8, 2.0, and 2.4 nm for the windows A, B, and C, respe
tively) for the parti
ular

wavelength window.

Line 
uxes are derived from the areas under the �tted line 
urves. For the �t of single

or unresolved lines (e.g. Ly-�, [OII℄��3726; 3729, [SII℄��6716; 6731) a modi�ed Gaussian

fun
tion is 
hosen of the form

f(�) = f

0

� expf � 1:96j(� � �

0

)=��j

1:5

g (1.6)

where �� is the instrumental resolution (FWHM). This fun
tion has a more pronoun
ed

peak and broader wings than a normal Gaussian pro�le, and provides a very good approx-

imation of the 
ore of the Airy fun
tion whi
h des
ribes the FP transmission. The area

under this line pro�le is A = 1:12f

0

���. A

ounting for the fa
t that the wings of the

real FP pro�le are somewhat broader than in the above fun
tion, we use A = 1:25f

0

���.

This fa
tor was veri�ed by two tests. First, a 
omparison of the 
uxes of the [O III℄ lines

from z � 0:4 galaxies as determined in the FP s
ans (window A) with those determined

from the ex
ess 
ux in the medium band �lter lo
ated at � � 700 nm above the 
ontin-

uum (Fig. 1.5, left panel) shows a good agreement. Se
ond the 
uxes derived by follow

up spe
tros
opy agree quite well with the 
uxes measured in the Fabry-Perot (Fig. 1.5,

right panel), also if there are some ex
eptions. The higher 
ux measured by follow-up

spe
tros
opy for two galaxies 
an be explained, sin
e the line of these two galaxies was

measured at the edge of the FP s
an, resulting in a lower FP 
ux (see details in se
tion

1.10.5). There are also some 
ases where the 
ux from spe
tros
opi
 follow up is lower
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1.7. LINE FITS

than the FP 
ux. In these 
ases the slit probably missed part of the line emitted region

(see se
tion 1.10.2 for details).

Figure 1.5 Left panel: Flux values derived from FP-A vs. line 
ux from the ex
ess 
ux in pre�lter for

galaxies at z � 0:4 in 09h- and 23h-�eld. Right panel: Flux values from the spe
tros
opi
 follow-up vs.

the 
ux derived from FP.

We also perform a double-line �t des
ribing the [O III℄ doublet at ��4959; 5007 and, in

order to a

ount for the (marginally resolved) [N II℄�� 6548; 6584 doublet 
lose to the H�

line, also a three-line �t.

(LF2) The line 
ux found in step (LF1) is subtra
ted from the pre-�lter 
ux allowing for

the �lter transmission at the spe
i�
 wavelength of the line (or lines, if it is a multiplet).

Then, in an iterative way, the line 
orre
ted pre-�lter 
ux - and its error - is introdu
ed

into the line �t as an additional data point outside of the s
an interval. Examples for �ts

to di�erent lines are depi
ted in the panels showing the FP-measurements in Fig. 1.2. Here

the observed pre-�lter 
uxes are marked as solid bars with their errors, and the 
orre
ted

pre-�lter 
uxes as dashed lines. Both values are also marked in the SED plots in the left

panels.

(LF3) In the third step, for ea
h of the eight redshifts determined above, template spe
tra

published by Kinney et al. (1996) are �tted to the SED derived from the multi-�lter

photometry. This is done by means of 
olours, similar to the multi-
olor 
lassi�
ation

pro
edure des
ribed in Wolf et al. (2001), yielding a most probable template spe
trum.

An extra reddening 
orre
tion of the template spe
tra up to E(B � V ) = 0:3 is allowed.

Sin
e we want to determine the 
uxes in the emission lines from the signal ex
esses in the

veto �lters above the 
ontinuum (see se
tion 1.8), line free template spe
tra are needed.

Thus, the Kinney-Calzetti template spe
tra were altered by 
utting out the prominent

emission lines. As a 
onsequen
e, those �lter data where se
ondary emission lines are

expe
ted are not usable for the �t. Thus, the SED �t is purely based on the 
ontinuum

part of the spe
tra. For the template spe
trum whi
h �ts best to the observed SED, a

redu
ed �

2

is derived.
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Sin
e the dete
ted line 
an be any emission line o

urring in the observed wavelength

window at the appropriate redshift (e.g., H� at z = 0:25, [O III℄ at z = 0:64, et
., for

the B window at 820 nm), the 
lassi�
ation routine has to investigate the solutions for all

bright emission lines. Thus, we 
onsider a total of eight possible line identi�
ations in our

�tting pro
edure: H�, [O III℄� 5007, [O III℄� 4959, H�, [O II℄� 3727, [S II℄ 6721, H
 and

Ly-�. A
tually, a few galaxies were found to be seen by their [O I℄�6300 line, but their

number is too insigni�
ant to justify in
luding this line to the list above.

For ea
h of the eight possible line identi�
ations the �t to the 
ontinuum spe
trum also

provides a new 
ontinuum level at the wavelength of the FP window, whi
h is marked in

either of the line plots in Fig. 1.2 as a dotted horizontal line. The error bar is estimated from

the quality of the 
ontinuum �t, and is 
omparable to that of the pre-�lter 
ux. Ideally,

this 
ontinuum 
ux level should agree with the 
orre
ted pre�lter 
ux (step (LF2)). A

high dis
repan
y between the two values indi
ates that either the SED �t is bad (due

to in
orre
t line 
lassi�
ation), or the line feature seen in the FP s
an is awkward. This

information is used to produ
e another �

2


ontributor, 
al
ulated from the dis
repan
y

and the intrinsi
 errors of the two 
ux levels.

In
luding the 
ontinuum level derived above, a new, better 
onstrained, line �t is per-

formed in the same way as in step (LF2). In this se
ond iteration, however, bad line


lassi�
ations be
ome visible by large o�sets between the 
ontinuum level given by the

SED �t and the 
orre
ted pre-�lter baseline, leading to a lower signal-to-noise ratio for

the 
orresponding line �t. This also happens when the line feature in the FP data is in

reality a false dete
tion due to a statisti
al 
u
tuation of the FP signals.

The new signal-to-noise value is later used as 
riti
al indi
ator for the reality of the line

feature seen in the FP s
an, and whether the obje
t will be a

epted as an emission line

galaxy.

1.8. Classi�
ation of Emission Line Galaxies

For the 
lassi�
ation of emission line galaxies, three 
riteria are used:

(E1) the shape of the emission line observed with the FPI,

(E2) the emission line spe
trum, derived from medium band veto �lters pla
ed at wave-

lengths where prominent se
ondary lines are expe
ted, and

(E3) the 
ontinuum SED.

The 
ontinuum �t found in step (LF3) serves as a baseline to determine the 
uxes of the

other (se
ondary) emission lines. For ea
h of the eight possible line identi�
ations, the


uxes for the se
ondary lines were derived from the di�eren
e between the 
ux measured

in the `veto �lters', the �lters where other emission lines would be expe
ted, and the


ontinuum level predi
ted from the template �t. For the 
al
ulation of the line strength,

the ex
ess 
ux was normalized by the transmission of the �lter at the wavelength given by

the redshift derived from the FP observation. In 
ases where the veto �lter in
luded more

than one emission line whi
h generally happens for the [O III℄�� 4959; 5007 doublet, the

line 
ux ratio was �xed to the 
anoni
al values. The left panel of Fig. 1.2 shows su
h �ts

for obje
ts in whose spe
tra a number of `se
ondary' lines 
an be seen.
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Line identi�
ations are made in the following manner. The measured line 
ux ratios are


ompared with a 
atalog of observed line ratios for (about) 500 nearby galaxies based on

data from the literature, ranging from Seyfert galaxies to 
ompa
t dwarfs, most notably

from Fren
h (1980), M
Call et al. (1985), Popes
u & Hopp (2000), Veilleux & Osterbro
k

(1987), and Vogel et al. (1993).

A �

2

is estimated in the following way: In the multidimensional spa
e 
omposed of all line

ratio 
ombinations possible for the respe
tive 
lassi�
ation of the line observed in the FPI

window, the mean distan
e of the 
onsidered galaxy to the three 
losest tabulated ratios

has been normalized by the error ellipse of the observed ratios. This method prevents a

bias towards the most 
ommon line ratios, but also permits the identi�
ation of galaxies

with extreme line ratios, as long as there are some obje
ts with similar ratios tabulated.

Again, a �

2

for the line ratios is estimated for ea
h of the eight line 
ases.

To de
ide between the possible line identi�
ations an overall redu
ed ��

2

is derived whi
h

is the mean of the four �

2

values: the SED �t, the line �t, the dis
repan
y of the baselines,

and the line ratios. This mean redu
ed ��

2

is then 
onverted into an overall probability,

P , for the line 
lassi�
ation, a

ording to the formula P = exp(���

2

=2). The 
ase with

highest probability is then sele
ted as the most probable 
lassi�
ation.

1.9. The A

ura
y of z-Determination

1.9.1. z-Calibration Un
ertainty

The wavelengths 
an be set with the FP etalon to within an a

ura
y of �0:2 nm. Wave-

length 
alibration was 
he
ked several times ea
h night using the 
alibration lamp lines

Rb 794.5 nm and Ne 692.95 nm, and was stable to within 0:15 nm during the observations.

This is roughly one order of magnitude less than the width of the instrumental pro�le of

� 2:0 nm, whi
h was adjusted by sele
ting the appropriate interferen
e order of the FPI.

Towards the edges of the �elds, the transmitted wavelengths de
lined by 0.5 nm, due to

the in
reasing angle of in
iden
e in the FP etalon. In 
ombination with the dithering used

for the observations, this leads to an additional wavelength un
ertainty of �0:1 nm at the

edges of the frames. By �tting a line pro�le to the data obtained in the FP s
an as shown

in se
tion 1.7, one gets a typi
al error of the line 
entre of �

�

� 0:3 nm. In
luding this

error of the line �t, the total un
ertainty for a medium strong line thus rises to about

�0:4 nm in �, or about �0:0008 in redshift. In the following se
tion we test if this is a

realisti
 measure for the error in z or if the a
tual un
ertainty in z is larger.

1.9.2. Comparison between z from FP s
an and Spe
tros
opy

Spe
tros
opi
 follow-up of some galaxies at z � 0:4, where the [O III℄� 5007 line is dete
ted

in FP-A, was done at Teles
opio Nazionale Galileo. For some galaxies at z � 0:63, where

the [O III℄� 5007 line is dete
ted in FP-B, spe
tros
opi
 follow-up with the VLT allowed

us to measure redshifts. The 
omparison between spe
tros
opi
 and FP-redshifts shown in

Fig. 1.6 indi
ates that the z-un
ertainty for the value obtained from the FP 
an be larger

than 0.0008, the value estimated in se
tion 1.9.1. A value of 0.001 seems to des
ribe the

un
ertainty in z more reliably.

In Fig. 1.7 we 
ompare the z-values from line �ts in FP-A with z-values from FP-C, where

the H� line of galaxies at z � 0:4 is dete
ted. There is a small shift betwen measurements
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of z from FP-A and FP-C, whi
h 
omes partly from lines dete
ted at the edge of the

FP-A window (see se
tion 1.10.5), and partly from the H� line �t in window C, whi
h

in
ludes the [N II℄�� 6548; 6584 doublet; o

asionally the �t for [N II℄�� 6548; 6584 
an

be overestimated.

Figure 1.6 Left panel: z values from spe
tros
opi
 follow-up vs. z values from FP-A for galaxies

at z � 0:4. Right panel: z values from spe
tros
opi
 follow-up vs. z values from FP-B for galaxies at

z � 0:63.

Figure 1.7 Comparison between z values from FP-C, spe
tros
opi
 follow-up and FP-A. Left panel: z

values from spe
tros
opi
 follow-up vs. z values from FP-C for galaxies at z � 0:4. Right panel: z values

from FP-A vs. z values from FP-C for galaxies at z � 0:4.

1.9.3. Comparison of z from MC-
lassi�
ation with z from FP s
an

The multi-
olour (MC) 
lassi�
ation (see Wolf et al. 2001) provides a redshift determina-

tion, z

MC

, for every obje
t using the 17 �lters of CADIS. Comparing z

MC

with z

FP

, the

redshift derived from the line seen in FP, we 
an estimate the reliability of z

MC

.
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Figure 1.8 Comparison of z from MC-
lassi�
ation with z from FP s
an, z

FP

. z from the MC-


lassi�
ation is plotted vs. R magnitude for galaxies with z

FP

� 0:25, 0.40, 0.63 and 0.88. Solid horizontal

lines indi
ate the redshift range found for the most probable identi�
ation of the emission lines seen in

the FP, dotted horizontal lines indi
ate the possible redshift range for another possible (but less probable)

identi�
ation of the emission lines. Cir
les show galaxies with an un
ertainty �

MC

< 0:03 for the redshift

obtained from the MC-
lassi�
ation.

Fig. 1.8 shows z

MC

vs. R magnitude for di�erent z

FP

bins, 
orresponding to di�erent

identi�
ations of the emission lines seen in FP, H� at z � 0:25, [O III℄� 5007 at z � 0:4,

[O III℄� 5007 at z � 0:63, and [O II℄� 3727 at z � 0:88. Cir
les show galaxies with an

un
ertainty �

MC

< 0:03 for z

MC

, i.e., galaxies with presumably reliable MC-
lassi�
ations.

One might expe
t that the MC-
lassi�
ation for these galaxies with �

MC

< 0:03 would

deliver the 
orre
t interpretation of the emission line seen in the FP. But the diagrams

in Fig. 1.8 show that even these galaxies (
ir
les) do not always agree in the redshift

interpretation with z

FP

.

In the diagram for the FP redshift bin z � 0:25, z

MC

suggests that another line iden-

ti�
ation for the line seen in FP, namely [O III℄� 5007 at z � 0:63, 
ould apply to two

galaxies with �

MC

< 0:03 (
ir
les between the dotted lines). The emission line of one of

these obje
ts, 01h-3750, was indeed veri�ed with the VLT to be [O III℄� 5007 at z � 0:63
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(see 
hapter 2). Sin
e the rotation seen in the appearan
e of the [O III℄� 5007 line (see

Fig. 1.13) leads to a broadening of the integrated line, this line is, however, mistakenly


lassi�ed as H�/[N II℄� 6584 by the FP 
lassiÆ
ation, step (E1). The emission line of

the other galaxy, 23h-24538, has a probability for [O III℄� 5007 of 38.91%, and for H�

of 38.94%, derived from the FP 
lassi�
ation. Therefore, a 
lassi�
ation of the line as

[O III℄� 5007, 
onsistent with the MC 
lassi�
ation, has the same probability as a 
lassi-

�
ation as H�. Thus, the two obje
ts, 01h-3750 and 23h-24538, are two spe
ial 
ases, for

whi
h the MC 
lassi�
ation is better than the FP 
lassi�
ation.

In the diagram for the FP redshift bin z � 0:63, z

MC

suggests that another line identi-

�
ation for the line seen in the FP, namely H� at z � 0:25, 
ould apply to six galaxies

with �

MC

< 0:03 (
ir
les between the dotted lines). Two of these galaxies lie near bright

obje
ts, so the FP line identi�
ation 
ould have been a�e
ted by that. The CADIS mea-

surements of the galaxy 23h-5709 suggest that the line seen in the FP s
an is indeed

[O III℄� 5007 at z � 0:63, as derived from the FP 
lassi�
ation. The line of the remaining

three galaxies, 23h-1937, 23h-5159, and 23h-6512, have been veri�ed as [O III℄� 5007 at

z � 0:63, in agreement with the z derived from the FP. This indi
ates that the redshift

derived from FP s
ans is more reliable than z

MC

.

Fig. 1.9 shows the histogram of the ratio (z

MC

�z

FP

)=�

MC

for obje
ts with an Rmagnitude

brighter than 23.5, whi
h are expe
ted to have a reliable MC-
lassi�
ation. Only obje
ts

with (z

MC

� z

FP

) < 0:1 have been taken into a

ount for this diagram, in order to test

the a

ura
y of z

MC

for obje
ts with similar z

MC

and z

FP

, i.e., galaxies lying between

and near the solid lines in Fig. 1.8. The diagram shows that about 40% of these galaxies

show a large dis
repan
y between z

MC

and z

FP

, whi
h is not taken into a

ount by �

MC

.

Therefore, �

MC

seems to be underestimated for 40% of the galaxies. This also shows

the advantage of the CADIS emission line survey CADIS, whi
h 
an derive more pre
ise

redshifts (from the emission lines dete
ted in the FP s
ans) than the MC 
lassi�
ation.

Figure 1.9 The histogram of the ratio (z

MC

� z

FP

)=�

MC

for obje
ts with an R magnitude brighter than

23.5.
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1.10. DiÆ
ulties Con
erning the Veri�
ation of Lines by Follow-Up Spe
tros
opy

1.10.1. Comparison with Spe
tros
opi
 Observations

The de
ision on whether an emission line galaxy 
andidate is 
onsidered to be real is based

on the signal-to-noise (S/N) ratio of its line �t. To avoid 
ontamination of the galaxy

samples by spurious obje
ts and yet be 
omplete as possible, an optimum signal-to-noise


uto� value K

line

has to be determined (see requirement (S3), se
tion 1.5).

Spe
tros
opi
 follow-up observations were 
arried out for a number of emission line galaxy


andidates with the MOSCA instrument at the 3.5-m Calar Alto teles
ope, with LRIS at

Ke
k, with FORS1 and FORS2 at the VLT, and with DOLORES at TNG. We 
ompared

the results of these observations with the predi
tions from our emission line 
lassi�
ation

in order to �nd the optimum S/N for reliable 
lassi�
ation.

Fig. 1.10 shows that for a S/N= 3:8 
uto�, i.e. K

line

=3.8, and for R < 25 (dotted lines),

the probability for 
orre
t 
lassi�
ation is of the order of 80%. For fainter galaxies the


ontinuum is too weak and the signal too noisy to allow a reliable 
ontinuum �t. For

galaxies with brighter R magnitudes, the S/N down to whi
h we were able to verify the

emission lines is even lower, e.g., down to S=N = 3:4 for R < 23. This indi
ates that we


an reliably use a lower limit S/N for galaxies with brighter 
ontinua.

Nevertheless, the 
ux limit down to whi
h we expe
t to be able to dete
t an emission line

for galaxies with fainter 
ontinua in the FP-observations is lower than the result from the

follow-up spe
tros
opy. Some possible explanations for this behaviour are dis
ussed in the

next se
tions.

Figure 1.10 Corre
t and in
orre
t line identi�
ations for spe
tros
opi
ally observed galaxies in four

CADIS �elds, for varying R 
ux and S/N ratio. 2 stands for 
orre
t identi�
ations, Æ indi
ates that no

line 
ould be veri�ed at the predi
ted wavelength.
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1.10.2. O�sets Between Position FP and Continuum

The 
oordinates of galaxies are used to prepare masks for follow-up spe
tros
opi
 obser-

vations. Therefore, astrometri
 a

ura
y is an important fa
tor whi
h 
an in
uen
e the

veri�
ation of the emission lines of galaxies observed with the masks.

In order to obtain the absolute astrometry of any obje
t dete
ted in a CADIS �eld, a

Digitized Sky Survey (DSS) red image measuring 15

0

� 15

0

at the position of the CADIS

�eld is used to sele
t bright referen
e stars with known astrometry. These stars are then

identi�ed on a distortion-
orre
ted CADIS R image, in order to 
al
ulate the 
oordinate

transformation between the DSS and the CADIS images. With this 
oordinate transfor-

mation, a set of faint se
ondary referen
e stars in the CADIS �eld whi
h 
an be identi�ed

on the DSS image is used to obtain 
oordinates for the other obje
ts in the �eld. In this

manner, we a
hieve an absolute astrometri
 a

ura
y of 0

00

.5, and a relative a

ura
y of

0

00

.1 for 
ontinuum obje
ts, i.e., obje
ts seen in the R images. However, the astrometri


pre
ision 
ould be worse for obje
ts that are only dete
ted in the FP s
an, su
h as faint

emission line galaxies (e.g., Ly-� galaxy 
andidates).

A way to analyse this pre
ision is to 
he
k the positions found by SExtra
tor on FP-

and CADIS �lter images for a set of test obje
ts, with FP-
uxes typi
al for the emission

lines being sear
hed, i.e., � 0:1 phot m

�2

s

�1

nm. To this end, I sele
ted galaxies with a


ontinuum 
ux in the B815 pre-�lter of 0.1 phot m

�2

s

�1

nm

�1

whi
h show no emission

lines in FP-B, in order to analyse how their dete
ted positions on the FP images s
atter

around the astrometry-relevant positions found on medium band �lters. Fig 1.11 shows the

positions found by SExtra
tor for these galaxies in the summed images for medium-band

�lters (dots), for FP wavelengths settings (
ir
les), and the averaged position as given in

the \masterlist" (
ross). The distan
es between the averaged position from the masterlist

and ea
h dete
ted position in di�erent FP wavelength settings are plotted as an histogram

in Fig 1.12; the mean value is approximately 0.4. This indi
ates that a spatial o�set of

about 0

00

.4 is possible between the position of the line emission on the FP images, and the


ontinuum of the obje
t observed in the CADIS �lters. Sin
e the o�set s
ales with 1=

p

N ,

where N is the FP 
ux, we expe
t a larger o�set for a lower FP 
ux, e.g., an o�set of 0

00

.6

for a FP 
ux of � 0:05 phot m

�2

s

�1

nm.

The fa
t that the astrometry is used to prepare the masks for follow-up spe
tros
opi


observations 
ould explain why we did not dete
t some emission line obje
ts seen in the

FP; the astrometry delivers more a

urate 
oordinates for obje
ts with multiple dete
tions

(FP and 
ontinuum) and 
an be o� 0

00

.4 (or even up to 1

00

) for obje
ts dete
ted only in

the FP (faint emission line galaxies). This 
an play a role in the spe
tros
opi
 (non-)

veri�
ation of Lyman-� 
andidates, where only the line is dete
ted: if the slit width is

too small, the galaxy 
an be missed. It 
ould also explain the non-veri�
ation of emission

lines for galaxies with faint 
ontinuum in Fig. 1.10.

1.10.3. Extranu
lear Hii Regions and Obje
t Blending

In a number of 
ases, the spe
tra showed a spatial o�set between line emission and 
on-

tinuum obje
t of up to 1

00

. Fig. 1.13 shows an emission line galaxy spe
trum in whi
h

we observed two extranu
lear Hii regions of the galaxy 01h-3750. As another example,

galaxy 01h-2057 shows two blended obje
ts, with the brighter obje
t (
ontinuum visible)

being a galaxy at z = 1:2, and the fainter obje
t a galaxy with dete
ted [O III℄� 5007 and
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[O III℄� 4959 lines with redshift z = 0:616 (Fig 1.14). Considering that the slit, generally


entered on the 
ontinuum sour
e, is only 1

00

.0 wide, it is possible that in some 
ases where

an emission line dete
ted in the FP s
an 
ould not be veri�ed in the slit spe
tra, the slit

a
tually missed the line emitting region. In those 
ases the photometri
 data derived from

the imaging survey would tend to yield more reliable results than slit spe
tros
opy.

1.10.4. Variability

Variable obje
ts 
an 
ontaminate our sample of faint emission line galaxies, if the obje
t

was bright during the observations in one FP wavelength. In the 
ase of short time

variability, the pre�lter image 
an determine if the emission line is real or not, e.g., when

the 
ux in the pre�lter is too low to be 
onsistent with an observed emission line. With

variability on longer times
ales, both the FP image and the pre�lter 
ould show a higher


ux, and additional observations of the pre�lter at another epo
h are ne
essary, in order

to 
he
k the reliability of the emission line.

In order to 
he
k if we 
an �nd variable obje
ts by repeated �lter observations, broad

R-band images in the 09h �eld were taken several times, at di�erent epo
hs. To dete
t

variable obje
ts, I used observations from four di�erent epo
hs of the 09h-�eld, and mea-

sured the 
uxes of galaxies in the R �lter independently for ea
h epo
h. Diagrams in

whi
h the 
ux di�eren
e between two epo
hs is plotted vs. the R-
ux in one epo
h 
an

be used in order to identify variable obje
ts. The trumpet-shape distribution (similar to

that shown in Fig. 1.3) be
omes wider for fainter obje
ts, su
h that one 
an easily identify

brighter outliers as variable obje
ts 
andidates. After 
he
king these outliers for 
ontam-

ination through bright stars near the obje
t position, I found variability for some obje
ts


lassi�ed as quasars, but also for some other obje
ts (possibly variable stars), and even a

high-redshift supernova 
andidate with no dete
table host galaxy.

Thus, variable obje
ts exist and 
an be found in the CADIS sample. They 
an 
ontaminate

our sample of faint emission line galaxies, if the obje
t was only bright during the epo
h

of observations in one FP wavelength. Nevertheless, repeated observations at di�erent

epo
hs, e.g., of the pre�lter images, are useful for reje
ting su
h variable obje
ts.

1.10.5. Lines Dete
ted at the FP S
an Edge

Spe
tros
opi
 follow-up measurements of galaxies with a line dete
ted at the FP s
an edge,

e.g., for the line [O III℄� 5007 of the galaxy 09h-8327 (Fig. A.13), yield a higher 
ux for

the line than what is measured in the FP window edge. This behaviour is shown also by

some other galaxies with lines dete
ted at the FP s
an edge (Fig. 1.5), for whi
h the 
ux

from the FP s
an is lower than the 
ux obtained from spe
tros
opy or from the pre�lter.

A small redshift o�set between the z derived from spe
tros
opy and the z from FP s
ans is

also observed for su
h obje
ts (see Fig. 1.6 and 1.7). These di�eren
es in 
ux and redshift

between FP s
ans and other measurements (pre�lter or spe
tros
opy) 
an be explained by

the fa
t that the 
enter of the modi�ed Gaussian (equation 1.6) is for
ed to be inside the

FP s
an; see, e.g., the [O III℄� 5007 line of the galaxy 09h-8327 in Fig. A.13. Thus, the

redshift of the line is shifted to a slightly lower value, and the measured 
ux de
reases,

be
ause the part of the line lying outside the FP s
an is underestimated.
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Figure 1.11 X�Y positions of galaxies found by SExtra
tor in the summed images for medium-band

�lters (dots), for FP wavelength settings (
ir
les), and the averaged position as given in the masterlist

(
ross).
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Figure 1.12 Histogram of o�sets between the position of the line emission and 
ontinuum for obje
ts in

01h-�eld (left), and 23h-�eld (right). Details are given in the text.

Figure 1.13 Two extranu
lear Hii regions in the galaxy 01h-3750, at z = 0:634. The spe
trum was

taken with FORS2 at the VLT. Wavelength in
reases to the right.

Figure 1.14 Obje
t blending, in the 
ase of galaxy 01h-2057. The spe
trum was taken with FORS2 at

the VLT.
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CHAPTER 1. THE EMISSION LINE SURVEY OF CADIS

1.11. Sample Statisti
s

1.11.1. Emission Line Galaxies with a line dete
ted in FP-A or FP-B

The emission line galaxy 
andidate samples, sele
ted a

ording to 
riteria des
ribed in

se
tions 1.5, 1.7, and 1.8, are separated into spe
i�
 redshift ranges. Obje
ts identi�ed as

quasars in the multi-
olor 
lassi�
ation s
heme are reje
ted in order to provide a sample

of non-a
tive emission line galaxies. The numbers of obje
ts in the four CADIS �elds,


lassi�ed as H� galaxies, [O III℄� 5007 galaxies, [O II℄� 3727 galaxies, and H� galaxies

(at the appropriate redshifts) are listed in Table 1.4. The number of galaxies dete
ted

by emission lines other than [O III℄� 5007 , [O II℄� 3727, or H� is too small for a useful

statisti
al study. The expe
ted number of galaxies dete
ted by their [O III℄� 4959 line in

the B window, for example, 
an be readily estimated from the statisti
s of the brighter

[O III℄� 5007 line. Sin
e the line intensity ratio of these lines is 3:1, the expe
ted number

is about that of the number of [O III℄� 5007 with a S/N greater than 3� (S=N)

lim

= 11:4,

whi
h is only 7 galaxies. Therefore, in the following, [O III℄ always stands for the brighter

[O III℄� 5007 line.

Table 1.4 Statisti
s for the emission line galaxies observed in several redshift intervals.

Line Window Total z range � z S/N N

gal

area (2

0

) limit

H� A 201 0.062-0.080 0.018 3.8 27

H� B 413 0.240-0.257 0.017 3.8 109

[O III℄ A 201 0.392-0.415 0.023 3.8 36

H� A 201 0.434-0.458 0.022 3.8 9

[O III℄ B 413 0.625-0.648 0.023 3.8 93

H� B 413 0.674-0.697 0.023 3.8 21

[O II℄ A 201 0.870-0.901 0.031 3.8 63

[O II℄ B 413 1.183-1.214 0.031 3.8 168

1.11.2. Comparison between Line Ratios from CADIS and Lo
al Galaxies

For galaxies in the 09h- and 23h-�elds, where FP-A, FP-B, and FP-C data have been

redu
ed and analysed, the [O III℄� 5007, H�, and [O II℄� 3727 lines at z � 0:4 are dete
ted

in FP-A, in FP-C, and in the veto �lter V522. Thus, we 
an 
al
ulate the line ratios

F([O III℄� 5007)/F(H�) vs. F([O II℄ � 3727)/F([O III℄� 5007) for these galaxies at z � 0:4,

and 
ompare them with line ratios for nearby galaxies from the literature (the above

mentioned sample in se
tion 1.8). Three obje
ts at z � 0:4, for whi
h systemati
 errors in

the 
ux 
al
ulation were dete
ted, have been ex
luded from the 
omparison: The obje
t

09h-25275 lies very 
lose to another galaxy (09h-4319) at z � 0:4, so that the measurement

of line 
uxes was a�e
ted by the nearby obje
t. In another 
ase (galaxy 09h-6525) the

line 
ux in FP-C for H� was underestimated be
ause of an ina

urate measurement at

one FP-setting. In the third 
ase the line 
ux measured in the veto �lter V522 for the
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1.11. SAMPLE STATISTICS

[O II℄� 3727 line of the galaxy 23h-10445 was too low, be
ause of the strong 400 nm break

of this galaxy.

For emission line galaxies at z � 0:25 with the H� line dete
ted in FP-B we dete
t

[O III℄� 5007, and [O II℄� 3727 in the veto �lters V628, and V465, respe
tively. Sin
e line


uxes derived from veto �lters have larger error bars than those dete
ted by the Fabry-

Perot, we did not in
lude in our analysis galaxies at z � 0:25 with large error bars in the

[O III℄� 5007 
ux.

Fig. 1.15 shows the 
omparison between line ratios of lo
al galaxies with line ratios of

CADIS galaxies at z � 0:25 and z � 0:4. The galaxies at z � 0:4 in the left panel are

sele
ted by their [O III℄� 5007 line seen in the FP window A; galaxies at z � 0:4 in the

right panel are sele
ted by their H� line dete
ted in the FP window C. The plots show

that CADIS galaxies o

upy a region in the diagnosti
 diagrams similar to that of lo
al

galaxies from the literature sample.

Figure 1.15 Diagnosti
 diagram F([O III℄� 5007)/F(H�) vs. F([O II℄� 3727)/F([O III℄� 5007). Small


ir
les denote line ratios from the literature, ranging from Seyfert galaxies to 
ompa
t dwarfs, most notably

from Fren
h (1980), M
Call et al. (1985), Popes
u & Hopp (2000), Veilleux & Osterbro
k (1987), and

Vogel et al. (1993). The dotted line shows the sele
tion limit of 
andidate metal poor galaxies with

high [O III℄� 5007/[O II℄� 3727 (se
tion 2.2). Left panel: Crosses are CADIS line ratios for galaxies at

z � 0:25. Squares are CADIS line ratios for galaxies at z � 0:4 sele
ted by their [O III℄� 5007 line dete
ted

in FP-A. Right panel: Triangles are CADIS line ratios for galaxies at z � 0:4 sele
ted by their H� line

dete
ted in FP-C.
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CHAPTER 1. THE EMISSION LINE SURVEY OF CADIS

1.12. Luminosity Fun
tions for the Emission Line Galaxies

1.12.1. The Luminosity Fun
tion

The luminosity fun
tion (LF), i.e., the number of galaxies per unit 
omoving volume in the

luminosity interval from L to L+ dL, 
an usually be des
ribed by the S
he
hter fun
tion

(S
he
hter 1976):

�(L)dL = �

�

�

�

L

L

�

�

�

e

�L=L

�

d

�

L

L

�

�

: (1.7)

The parameter �

�

is a number per unit volume, and L

�

is a \
hara
teristi
 luminosity"

(with an equivalent 
hara
teristi
 magnitude, M

�

) at whi
h the luminosity fun
tion ex-

hibits a rapid 
hange in the slope in the (log�, logL)-plane. The dimensionless parameter

� gives the slope of the luminosity fun
tion in the (log�, logL)-plane when L << L

�

.

When the luminosity L is transformed into a logarithmi
 magnitude s
ale using �(L)dL =

�(M)dM and dM = �2:5 log(e) dL=L, then the number of galaxies per unit volume in

the luminosity interval from M to M + dM is:

�(M)dM = 0:4�

�

� �

�+1

e

��

dM (1.8)

with � = 10

�0:4(M�M

�

)

.

1.12.2. Absolute B-Magnitude

The large wavelength 
overage of the CADIS �lters allows us to derive pre
ise absolute


uxes without using any K-
orre
tion fa
tor. The slope of the spe
trum between two

measured data points 
an be 
onsidered as linear and the 
ux value at the restframe

wavelength is 
al
ulated by linear interpolation between the measurements of two adja
ent

�lters. The B-magnitude is given by

M

B

= �2:5 � log

F(�

shift

)

F(Vega)

� 5 � log(D

L

[p
℄) + 5: (1.9)

The Vega 
ux, F (Vega), of the rest frame �lter Johnson B (�

B

= 447:89 nm) is 1.3775

�10

8

photons m

�2

se


�1

nm

�1

. �

shift

= (1 + z) � �

B

is about 627 nm for galaxies at z � 0:4

(CADIS Filter V628), and about 730 nm for galaxies at z � 0:63 (CADIS Filter R and

B752). The luminosity distan
e, D

L

, is given by equation B.10.

1.12.3. M

B

Luminosity Fun
tions for the CADIS Emission Line Galaxies

The M

B

luminosity fun
tions (for the 
osmology 


M

= 0:3, 


�

= 0:7) are shown in

Fig. 1.16 for galaxies with [O III℄� 5007 and [O II℄� 3727 emission lines dete
ted in FP-

A (averaged over the 09h- and 23h-�elds), and in Fig. 1.17 for galaxies with the H�,

[O III℄� 5007, and [O II℄� 3727 emission lines dete
ted in FP-B (averaged over four CADIS

�elds). The data points for the mean density are in agreement with the luminosity fun
tion

obtained for late-type galaxies (later than Sa) in the respe
tive redshift ranges, derived

from the multi
olor survey of CADIS (Fried et al. 2001). The S
he
hter fun
tion overlaid

in the �gures is also adopted from Fried et al., and represents the sum of the two LFs for

starburst galaxies and spirals in their paper.
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1.12. LUMINOSITY FUNCTIONS FOR THE EMISSION LINE GALAXIES

Figure 1.16 M

B

luminosity fun
tions for the emission line galaxies at z � 0:4, and z � 0:88, with a line

dete
ted in FP-A (�lled 
ir
les). For 
omparison open 
ir
les tra
e the luminosity fun
tions for late-type

galaxies a

ording to the CADIS multi
olor survey (Fried et al. 2001), together with the 
orresponding

S
he
hter fun
tions. S
he
hter parameters are given near the high luminosity ends of the 
urves.

This agreement suggests that in prin
iple all late type galaxies at these redshifts are

emission line galaxies with lines bright enough to be dete
ted in the CADIS Fabry-Perot

observations. Moreover, one 
an see that CADIS 
an �nd galaxies fainter than M

B

�

5 log h = �19 at medium redshift by their emission lines. Su
h faint galaxies might be

overlooked in 
ontinuum sele
ted samples from other surveys.
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CHAPTER 1. THE EMISSION LINE SURVEY OF CADIS

Figure 1.17 M

B

luminosity fun
tions for the emission line galaxies at z � 0:25, z � 0:64, and z � 1:2

with a line dete
ted in FP-B (�lled 
ir
les). For 
omparison, open 
ir
les tra
e the luminosity fun
tions

for late-type galaxies a

ording to the CADIS multi
olor survey (Fried et al. 2001), together with the


orresponding S
he
hter fun
tions. S
he
hter parameters are given near the high luminosity ends of the


urves.
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1.12. LUMINOSITY FUNCTIONS FOR THE EMISSION LINE GALAXIES

1.12.4. Luminosity Fun
tions for the Emission Line Fluxes

The determination of luminosity fun
tions for emission line 
uxes is important in order

to 
al
ulate global star formation rates, sin
e, as shown by Kenni
utt (1983), the total

number of ionizing photons from newly produ
ed stars is a good measure of the 
urrent

star formation in a galaxy (see equation B.2). Fig. 1.18 shows luminosity fun
tions for

the emission line 
uxes of galaxies at z � 0:4 and 0.88, and Fig. 1.19 shows the same for

galaxies at z � 0:25, 0.63 and 1.2. The sampling interval for the line luminosity was 
hosen

as 0.4 dex in these diagrams, equivalent to a stepsize of one magnitude, in order to allow

an easy 
omparison with theM

B

luminosity fun
tions. Open 
ir
les are un
orre
ted, �lled


ir
les are extin
tion 
orre
ted values. The extin
tion has been 
al
ulated a

ording to

the relation found by Jansen et al. (2001, �gure 1d): E

B�V

= 0:064 (M

B

+ 14:8) � 0:10,

although we adopted a minimum reddening 
orre
tion of E

B�V

= 0:05mag. The L

[O II℄

plot of Fig. 1.19 shows that the extin
tion 
orre
tion amounts to a fa
tor of about 4 in the

total [O II℄� 3727 line luminosity. In the 
ase of the H� luminosity at z = 0:25 (Fig. 1.19),

the 
orre
tion yields an in
rease of the total line luminosity by a fa
tor of 1.5.

In several studies (Gallego et al. 1995, Tresse & Maddox 1998, and Yan et al. 1999) line

luminosity fun
tions were su

essfully des
ribed by S
he
hter fun
tions, the parameters of

whi
h were derived by the V

max

method. For small data samples, however, this pro
edure

leads to somewhat arbitrary results.

As 
an be seen in the plots, the H� luminosity fun
tion (z � 0:25) 
an, nevertheless, be

des
ribed with a S
he
hter fun
tion of the same shape as the respe
tive blue magnitude

fun
tion. The overplotted 
urves are a
tually �ts to the observed distribution using the

same �xed �

�

and � parameters as in the 
orresponding M

B

luminosity fun
tions. The

reason for this agreement seems to be twofold: on one hand the fainter galaxies are prefer-

entially of type BCD or Irr, leading to a steepening of the line luminosity fun
tion relative

to the blue magnitude fun
tion. On the other hand, the internal extin
tion a
ts prefer-

entially on massive galaxies, and thus its 
orre
tion yields a stret
hing of the luminosity

fun
tion at its bright end, partly 
an
elling the other e�e
t. Consequently, we use the

same shape parameters for the line luminosity S
he
hter fun
tions as those des
ribing the

blue magnitude luminosity fun
tions (Fig. 1.16 and 1.17).

In the L

H�

plot of Fig. 1.19, the extin
tion-un
orre
ted line luminosity data of Tresse &

Maddox (1998) for z < 0:3, and of Cowie et al. (1997), 
onverted to the 
osmologi
al

parameters used for CADIS data (


M

= 0:3, 


�

= 0:7), are also plotted. The Tresse &

Maddox and the Cowie data agree reasonably well with our data.

The M

�

values from Fig. 1.16 and Fig. 1.17 
an be 
ompared with the 
orresponding L

�

values from Fig. 1.18 and 1.19, sin
e the S
he
hter fun
tions for the respe
tive redshift

intervals have identi
al �

�

and � parameters. The 
omparison shows that the ratio between

blue 
ux density and emission line 
ux density (whi
h is a measure of the star formation

rate) in
reases by a fa
tor of � 5 between z = 0:25 and 1.2. Thus, the star formation

rate per blue luminosity unit in
reases drasti
ally when we look ba
k in time. The slower

evolution of the blue luminosity density indi
ates that the ratio of moderately young stars

(age ' 2Gyr) to very young stars (age < 100Myr) evolves with time: at higher redshift

starbursts were more frequent than today.
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CHAPTER 1. THE EMISSION LINE SURVEY OF CADIS

Figure 1.18 Luminosity fun
tions for [O III℄� 5007 line emission at redshift � 0:4 (upper panel), and

for the [O II℄� 3727 line at redshift z � 0:88 (lower panel). Open 
ir
les are un
orre
ted, �lled 
ir
les are

extin
tion 
orre
ted values. The parameters for the overplotted S
he
hter fun
tions have the same �

�

and

� as the M

B

luminosity fun
tions.
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1.12. LUMINOSITY FUNCTIONS FOR THE EMISSION LINE GALAXIES

Figure 1.19 Luminosity fun
tions for the H� line emission at redshift � 0:25 (top), for the [O III℄� 5007

line at redshift z � 0:63 (middle panel), and for the [O II℄� 3727 line at redshift z � 1:2 (bottom).

Open 
ir
les are un
orre
ted, �lled 
ir
les are extin
tion-
orre
ted values. For 
omparison, the observed

(un
orre
ted) line luminosity fun
tions from Cowie et al. (1997) and Tresse & Maddox (1998) are shown.

The parameters for the S
he
hter fun
tions plotted over the data have the same �

�

and � as the M

B

luminosity fun
tions.
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Metal Abundan
es of Faint

Emission Line Galaxies at Medium Red-

shift

2.1. Measuring Metalli
ities of Galaxies at z > 0

Opti
al emission lines from Hii regions have long been the primary means of gas-phase


hemi
al diagnosis in galaxies; see, for example, the review by Shields (1990). The advent

of large teles
opes and sensitive spe
trographs enables dire
t measurement of the 
hemi
al

properties in the ionized gas of 
osmologi
ally{distant galaxies with the same nebular

analysis te
hniques used in lo
al Hii regions.

Distant galaxies subtend small angles on the sky, 
omparable to typi
al slit widths in a

spe
trograph; so galaxy spe
tra tend to be integrated spe
tra. For example, a typi
al

ground-based resolution element of 1

00

.0 
orresponding to a linear size of about 7 kp


1

at

z = 0:5 (see equation B.12) en
ompasses entire galaxies. The legitimate question about

the utility of spatially-integrated emission line spe
tros
opy for studying the 
hemi
al prop-

erties of star-forming galaxies at earlier epo
hs has been investigated by Kobulni
ky et

al. (1999). They 
ompared physi
al 
onditions derived from spe
tros
opy of individual

Hii regions with results from global galaxy spe
tros
opy, and showed that spatially un-

resolved (i.e., global) emission-line spe
tra 
an reliably indi
ate the 
hemi
al properties

of distant star-forming galaxies. Fig. 2.1 illustrates the 
omparison between the empiri
al

abundan
es derived from integrated spe
tra with the a
tual disk abundan
es from Zaritsky

et al. (1994), measured at 0.4 times the 
orre
ted isophotal radius. The diagram shows

how well the weighted-average mean nebular spe
trum 
hara
terizes the overall galaxy

abundan
e.

In the lo
al universe, metalli
ity is well 
orrelated with the absolute luminosity (stellar

mass) of galaxies (Skillman et al. 1989, Zaritsky et al. 1994, Ri
her & M
Call 1995,

Garnett et al. 1997, Hunter & Ho�man 1999, Melbourne & Salzer 2002, among others) in

that more luminous galaxies tend to be more metal ri
h than less luminous galaxies. The

metalli
ity-luminosity relationship is usually attributed to the a
tion of gala
ti
 super-

winds. Massive galaxies rea
h higher metalli
ities be
ause they have deeper gravitational

potentials whi
h are better able to retain their gas against the building thermal pressures

from supernovae, whereas low-mass systems eje
t their gas before high metalli
ities are

attained, be
ause supernovae-driven winds remove large amounts of metal-enri
hed gas

from these low-mass systems (e.g., Ma
Low & Ferrara 1999).

1

Note that H

0

= 62 km s

�1

Mp


�1

, 


0

= 0:3, 


�

= 0:7 is used in this 
hapter
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CHAPTER 2. METAL ABUNDANCES OF FAINT

EMISSION LINE GALAXIES AT MEDIUM REDSHIFT

Figure 2.1 Comparison between spe
tros
opy of individual Hii regions with results from global galaxy

spe
tros
opy. The 
hara
teristi
 O/H ratio at a radius of 0.4 isophotal radii as tabulated by Zaritsky et

al. (1994) is plotted versus the O/H ratio derived from the global nebular spe
trum for ea
h galaxy (from

Kobulni
ky et al. 1999). The global spe
tra produ
e oxygen abundan
es whi
h are in ex
ellent agreement

(0.1 dex) with the value at 0.4 isophotal radii.

At medium redshift, all previous attempts to study the evolution of metalli
ity with 
osmi


time (Kobulni
ky & Zaritzky 1999, Hammer et al. 2001, Carollo & Lilly 2001, Contini et al.

2002) were based on 
ontinuum sele
ted samples, the emission lines of whi
h were identi�ed

by spe
tros
opy. Thus, for instan
e, the CFRS sample used by Carollo & Lilly (2001),

sele
ted using I < 22:2, 
ontains only bright galaxies (M

B

< �20) at redshift z > 0:6, the


ontinuum of whi
h is dominated by an evolved stellar population. Kobulni
ky & Zaritzky

(1999) measured oxygen abundan
es for galaxies with M

B

< �20 at 0:1 < z < 0:5, and

only one galaxy withM

B

= �18:5 at z = 0:4; Hammer et al. (2001) measured abundan
es

of galaxies withM

B

< �20 at 0:4 < z < 0:8; and Contini et al. 2002 measured abundan
es

of galaxies with M

B

< �19:5 at 0:2 < z < 0:4. Altogether, at 0:2 < z < 1, an oxygen

abundan
e for only one galaxy fainter thanM

B

= �19:5 has been measured so far. All the

other galaxies at 0:2 < z < 1, with measured abundan
es, are more luminous (M

B

< �20).

At z � 3, however, oxygen abundan
es have been measured for some luminous galaxies

(M

B

< �22). Fig. 2.2 shows, for lo
al, intermediate, and high-redshift galaxies, the oxygen

abundan
e vs. absolute restframe B magnitude diagram, from Contini et al. 2002 (left

panel), and from Kobulni
ky et al. 2000 (right panel).

The mean least-squares �t to the UV-sele
ted and Hii galaxies (dashed line in the left

panel) shows a slope very 
lose to the one derived for lo
al irregular and spirals galaxies

(solid line). UV-sele
ted and Hii galaxies appear 2{3 mag brighter than lo
al \normal"

galaxies of similar metalli
ity as might be expe
ted if a strong starburst has temporarily

lowered their mass-to-light ratios. High redshift obje
ts (z � 3) from Kobulni
ky et

al. 2000 (right panel), and from Pettini et al. 2001 (left panel), are signi�
antly more

luminous for their metalli
ity than lo
al obje
ts. Under the assumption that Lyman-

break galaxies evolve into modern day ellipti
als and gala
ti
 spheroids, arrows in the

right panel indi
ate the tra
ks of high-redshift galaxies as they fade and be
ome more


hemi
ally enri
hed. The solid arrow shows qualitatively the path of a galaxy whi
h fades
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Figure 2.2 Oxygen abundan
e, 12+log(O/H), vs. the absolute restframe B magnitude M

B

.

Left panel Metalli
ity{luminosity relation for UV-sele
ted galaxies from Contini et al. 2002 (squares),

and for 
omparison samples of lo
al, intermediate, and high redshift galaxies. The lo
al star-forming

galaxy samples are Hii galaxies (triangles), and starburst nu
leus galaxies (
ir
les). The solid line is a

linear least-squares �t to lo
al irregular and spiral galaxies (see Kobulni
ky & Zaritsky 1999). The dashed

line is a mean least-squares �t to the UV-sele
ted and Hii galaxies. Two samples of intermediate-redshift

galaxies (stars) are also shown for 
omparison: emission-line (EL) galaxies at z � 0:1� 0:5 (Kobulni
ky &

Zaritsky 1999), and luminous 
ompa
t EL galaxies at z � 0:5 � 0:7 (Hammer et al. 2001). The lo
ation

of high-redshift (z � 3) Lyman break galaxies (LBGs) is shown as a box en
ompassing the range of O/H

and M

B

derived for these obje
ts (Pettini et al. 2001).

Right panel Lo
al irregular and spiral galaxies 
olle
ted from the literature and Kobulni
ky et al. (1999)

appear as 
rosses and inverted Y's, respe
tively. A representative error bar appears in the upper right.

The sample of intermediate-redshift z � 0:4 emission line galaxies from Kobulni
ky & Zaritsky (1999)

appears as �lled triangles. Filled squares denote lo
al Hii galaxies from the sample of Telles & Terlevi
h

(1997). High-redshift obje
ts from Kobulni
ky & Koo (2000) appear as �lled 
ir
les with error bars. For

futher explanations see text.

as its interstellar medium be
omes more 
hemi
ally ri
h by the 
ontinued 
y
les of star

formation and metal produ
tion. The dashed arrow shows qualitatively the evolution if

metal enri
hment is surpressed by 
ontinued in
ow of metal-poor gas as fading pro
esses.

One interpretation of this result 
ould be that Lyman-break galaxies have mass-to-light

ratios whi
h are signi�
antly lower than those whi
h apply to the normal galaxy popu-

lation at the present epo
h. Another possibility is that the whole metalli
ity-luminosity

relation is displa
ed to lower abundan
es at high redshifts, when the universe was younger,

and the total interval of time available for the a

umulation of the produ
ts of stellar nu-


leosynthesis was shorter. It should be possible to determine the magnitude of this se
ond

e�e
t by measuring the oxygen abundan
e in known samples of galaxies at medium red-

shift. This is also a motivation for the study of metal abundan
es at medium redshift of

emission line galaxies of CADIS with faint absolute luminosities. Oxygen abundan
es of

faint galaxies together with the published abundan
es of luminous galaxies at medium z

should establish the metalli
ity-luminosity relation at 0:2 < z < 1.
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EMISSION LINE GALAXIES AT MEDIUM REDSHIFT

2.2. CADIS Advantages for Sear
hing Metal Poor Galaxies

The CADIS deep emission line survey allows the sele
tion of galaxies by their emission

line 
uxes dete
ted via narrow-band (Fabry-Perot) imaging, irrespe
tive of their 
ontin-

uum brightness. Galaxies with the [O III℄� 5007 line dete
ted in FP-A or FP-B o�er the

best opportunity to sele
t metal-poor obje
ts, sin
e the [O II℄� 3727 line shows up in a

veto �lter of CADIS; be
ause the ionization de
reases with metalli
ity (Stasinska & Lei-

therer 1996), the 
ux ratio F([O III℄� 5007)/F([O II℄ � 3727) is useful to sele
t metal-poor

galaxies.

The advantage of the CADIS survey 
ompared to other surveys, whi
h aim to determine

the metalli
ities at medium redshift, is that the CADIS survey 
an rea
h galaxies with

very low 
ontinuum brightness (and absolute luminosity), and galaxies whi
h have a su
h

faint 
ontinuum that they are only dete
table by their emission lines. Fig. 2.3 illustrates

this for galaxies sele
ted by their [O III℄� 5007 line seen in FP s
an. Thus, the dete
tion

of galaxies with faintM

B

at medium redshift (down to SMC-like obje
ts withM

B

� �17)

makes the emission line survey of CADIS mu
h better suited for a study of the metalli
ity

evolution with redshift than previous studies. Due to its faintness and the reje
tion of

AGN-like SEDs in our multi-
olor analysis, the CADIS emission line galaxy sample is not


ontaminated by AGNs.

Figure 2.3 The diagram shows the line 
uxes versus absolute magnitudeM

B

for the emission line galaxies

in four CADIS �elds with an [O III℄� 5007 line dete
ted in FP-A or FP-B. The dete
tion of an emission

line is possible also for faint absolute magnitudes of galaxies at medium redshift.

In order to determine oxygen abundan
es at medium redshift, one needs the [O III℄� 5007,

[O II℄� 3727, and H� lines (see se
tion 2.6.2.1). For galaxies sele
ted by their [O III℄� 5007

line seen in the FP s
an, [O II℄� 3727 is dete
ted by a veto �lter (see examples below).

However, sin
e the determination of the [O II℄� 3727 
ux relies on a medium band �lter

only, this 
ux is not a

urate enough to determine oxygen abundan
es. Therefore, spe
tro-

s
opi
 follow-up of 
andidates for metal-poor galaxies is ne
essary, in order to measure the

[O II℄� 3727 and H� lines needed to determine oxygen abundan
es using the R

23

relation

(equation 2.16).

Fig. 2.4 and 2.5 show two examples of galaxies dete
ted by their [O III℄� 5007 emission

line dete
ted in the FP s
an. The [O III℄� 5007 line of the galaxy 09h-5068 (Fig. 2.4) is
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dete
ted in the FP window A, and we dete
t the [O II℄� 3727 line in the veto �lter V522.

Moreover, the H� and [N II℄�� 6548; 6584 lines are seen in window C. For the galaxy

01h-979 (Fig. 2.5), the [O III℄� 5007 line is seen by the Fabry-Perot in window B, and we

dete
t the [O II℄� 3727 line in the veto �lter V611. Su
h galaxies sele
ted by [O III℄� 5007

emission in the FP windows A or B have redshifts z = 0:400�0:012, and z = 0:636�0:010,

respe
tively.

+[N II]

Figure 2.4 The galaxy 09h-5068 at z = 0:409: Photometry in all 14 opti
al CADIS �lters �tted by a


ontinuum-model (left panel), the Fabry-Perot measurements in window A with a [OIII℄ doublet pro�le

�tted to the observed 
ux data (
enter), and the Fabry-Perot measurements in window C with a H� +

[N II℄�� 6548; 6584 three-line pro�le �tted to the observed 
ux data (right panel).

Figure 2.5 The galaxy 01h-979 at z = 0:636: Photometry in all 14 opti
al CADIS �lters �tted by a


ontinuum-model (left panel), and the Fabry-Perot measurements in window B with a [OIII℄ doublet pro�le

�tted to the observed 
ux data (right panel).

In four redu
ed �elds we have sele
ted 129 galaxies by the [O III℄� 5007 line in FP-A

or FP-B, of whi
h 77 galaxies have a F([OIII℄)/F([OII℄) line ratio > 2. As an example,

galaxies dete
ted by the [O III℄� 5007 line in FP-A, denoted as squares in the left panel

of Fig. 1.15 (
hapter 1), are primary 
andidates for metal poor galaxies if they lie on the

left side of the dotted line.
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2.3. Spe
tros
opi
 Observations

2.3.1. Observations with the VLT

The primary targets in the equatorial �elds (01h- and 23h- �eld) were observed with the

FO
al Redu
er and low dispersion Spe
trograph (FORS 2) at the Very Large Teles
ope

(VLT) in servi
e mode in summer 2001, and in visitor mode in O
tober 2001. Some

properties of FORS2 are given in Tab. 2.1.

Area CCD 2048 � 2048

Pixel Size 24�m

Pixel S
ale s0

00

.2/pixel

Field of View 6

0

.8 � 6

0

.8

Gain 1.85 e

�

ADU

�1

Read-noise 5.2 e

�

Grism �


ent

Wavelength range Dispersion Resolution Order separation

[nm℄ [nm℄ [nm/pixel℄ (�=��) �lters

300I 860 600�1100 0.259 680 OG590+32

600RI 663 530�800 0.132 1011 GG435+81

600R 627 525�745 0.108 1230 GG435+81

600B 465 345�590 0.120 815 none

Table 2.1 Chara
tersti
s of the CCD (left) and FORS2 grisms (right). The table lists the resolution

a
hieved for 1

00

slit with the standard resolution 
ollimator. The wavelength range 
orresponds to a slit

whi
h is lo
ated in the �eld 
enter.

Field Mask Date N t

total

(s) Grism

01h 1 2001 Jul. 16/17 1�2680 s 300I

1 2001 Sep. 17/18 1�2680 s 300I

1 2001 O
t. 10/11 3�2500 s 12860 300I

01h 2 2001 O
t. 09/10 4�2500 s 600RI

2 2001 O
t. 10/11 1�2500 s 12500 600RI

2 2001 O
t. 09/10 3�1700 s 7500 600R

01h 3 2001 O
t. 10/11 2�2500 s + 1�1085 s 6085 600RI

3 2001 O
t. 10/11 1�1700 s 5100 600RI

23h 1 2001 Jul. 13/14 4�2680 s 300I

1 2001 Jul. 14/15 2�2680 s 16080 300I

23h 2 2001 O
t. 09/10 2�2500 s 600RI

2 2001 O
t. 10/11 1�2500 s+ 1�1500 s 9000 600RI

2 2001 O
t. 09/10 1�1700 s 600B

2 2001 O
t. 10/11 1�1700 s 3400 600B

Table 2.2 Spe
tros
opi
 follow-up observations of 01h- and 23h-�eld using FORS2 at the VLT. Column

t

total

lists the total integration time for ea
h individual mask-grism 
on�guration.

FORS 2 has a Mask eX
hange Unit (MXU) whi
h is a magazine holding up to 10 masks,

laser-
ut by the Mask Manufa
turing Unit of the VIMOS and NIRMOS instruments.

The masks were designed using the FORS Instrument Mask Simulator (FIMS). FIMS is a

graphi
al user interfa
e whi
h shows the FORS sky �eld, and allows the pre
ise positioning

of MXU masks. Be
ause we wanted to observe emission line galaxies with faint 
ontinuum

(R > 26), whi
h are not visible on pre-images, we had to use an input 
atalog 
ontaining

emission line galaxies and referen
e stars in the \frameless mode" of FIMS. \Autoslit"

was used in order to position the slits. The slitmasks 
ontained 1.0

00

wide slits of length

between 10

00

and 20

00

. The position angle of ea
h mask was 
hosen to maximize the
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number of primary targets in the 6.8

0

� 6.8

0

FORS �eld of view while simultaneously

getting the wavelength range required to see the [O III℄�� 4959; 5007 , [O II℄� 3727, and

H� lines. These lines are required in order to use the R

23

relation to determine the

oxygen abundan
e of galaxies (see se
tion 2.6.2.1). Regions of the slitmasks not devoted

to primary targets were used to obtain spe
tra of other emission line galaxies. Table 2.2

shows the exposures time for the di�erent masks and di�erent grisms.

The di�erent grisms and 2048 � 2048 CCD with 0.2

00

in the spatial dire
tion allowed us

to 
over the wavelength range 600�830 nm needed to measure the [O III℄�� 4959; 5007 ,

H�, and [O II℄� 3727 lines of galaxies at z � 0:63. Depending on the distribution of


andidates, we used di�erent grisms. The 300I grism gives a spe
tral resolution of about

1.2 nm, at 800 nm, for slitlets 1

00

wide. It allows more freedom in target positions than the

600RI grism, if one is interested in measuring the [O III℄�� 4959; 5007, [O II℄� 3727, and

H� lines of a galaxy at z � 0:63. The 600RI grism gives a higher spe
tral resolution of

about 0.8 nm at 800 nm, for slitlets 1

00

wide. But it allows less freedom in target positions,

and one 
an measure only the [O III℄�� 4959; 5007 and H� lines of a galaxy at z � 0:63.

In order to get [O II℄� 3727, the 600R grism has to be used additionally to the grism 600RI.

The 600R grism gives a spe
tral resolution of about 0.5 nm FWHM, at 600 nm, for slitlets

1

00

wide. The reason for two grisms instead of one was to get a better resolution for the

H� line. For galaxies at z � 0:63, the H� line lies between OH night sky lines, so a good

resolution is helpful for the purpose of separating H� from neighbouring sky lines.

Absolute magnitudes and line ratios for galaxies at z � 0:63 observed with the VLT are

given in Tab. 2.3, and some spe
tra are showed in Appendix A.

# z

spe


M

B

I

[OIII℄5007

[O III℄� 4959 H� [O II℄� 3727 H
 logR

23

01h- phot m

�2

s

�1

I/I

[OIII℄5007

I/I

[OIII℄

I/I

[OIII℄

I/I

[OIII℄

979 0.6358 �19.5 0.34 0.32 0.25 0.63 0.08 0.89

1017 0.6372 �19.4 0.40 0.35 0.27 0.80 0.11 0.90

3517 0.6353 �18.5 0.12 0.36 0.12 0.02 0.06 1.06

3750 0.6352 �18.9 0.66 0.42 0.27 0.43 0.13 0.84

21585 0.6390 �17.6 0.19 0.33 0.21 0.08 0.06 0.83

5085 0.6221 �18.7 3.51 0.44 0.20 0.35 0.12 0.95

23h-

1937 0.6390 �18.9 0.33 0.28 0.20 0.15 0.08 0.85

3134 0.6275 �21.7 0.50 0.32 1.44 4.60 0.32 0.61

4237 0.6440 �19.5 0.40 0.33 0.30 0.90 0.14 0.87

8843 0.6217 �20.5 0.54 0.29 0.26 1.48 0.08 1.03

21315 0.6390 �17.8 0.27 0.33 0.18 0.10 0.05 0.90

Table 2.3 Emission line galaxies in 01h- and 23h-�eld with the [O III℄� 5007 dete
ted in window B, and

veri�ed by follow-up spe
tros
opy with FORS 2 at VLT (ex
ept 01h-5085 whi
h was observed with DO-

LORES at TNG). The [O II℄� 3727/[O III℄� 5007 line 
uxes of 23h-3134 and 23h-8843 have been 
orre
ted

for reddening (see text)

Two things should be noted about the fa
t that we only dete
ted [O III℄� 5007 lines in

FP-B with the VLT, and no [O III℄� 5007 line in FP-A. First, only half of the FP-A s
an

in 23h-�eld has been analysed by now. Se
ond, there was a problem with the galaxies

on the 23h-�eld mask number 2 observed in O
tober 2001 (see Tab. 2.2), whi
h 
ontained

mainly galaxies with an emission line seen in FP-A. The 600RI together with the 600B

grism (spe
tral resolution of about 0.6 nm FWHM, at 500 nm for slitlets 1

00

wide) was
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used. But unfortunately, none of the 
andidates for galaxies at z = 0:4 
ould be 
on�rmed

be
ause a problem 
on
erning FP-wavelength settings during survey observations of 23h-

�eld, whi
h was dete
ted after the VLT observations. As a result, a line was mistakenly

identi�ed for a number of 23h-�eld obje
ts in window A whi
h were on the mask. Thus,

we 
ould identify only two bright [O II℄� 3727 emitters, and a probable Ly-� galaxy at

z � 4:8 (see 
hapter 3) on mask 2 of 23h-�eld.

2.3.2. Data Redu
tion

2.3.2.1. Bias and Flat�elds

Spe
tra were redu
ed using the pa
kage LONG provided by MIDAS. Images were bias-

subtra
ted �rst. Every mask 
ontained � 20 single spe
tra. Every single spe
tra was

extra
ted, and treated as a long slit spe
tra, also the respe
tive 
at�eld.

The lamps used for the internal s
reen 
at�elds have had uneven spe
tral emissivity.

Combined with the uneven spe
tral sensitivity of the spe
trograph and dete
tor this results

in 
at�elds whi
h have very di�erent intensities in di�erent spe
tral regions. In order

to remove these low spatial frequen
ies along the dispersion axis from the 
at �eld, we

averaged the original image along the slit, �tted the resulting one-dimensional image by

a polynomial of se
ond order, and divided the original 
at �eld by this image to obtain

a normalized 
at�eld. Every spe
tra was than divided through the respe
tive normalized


at�eld. After 
at�elding, the 
osmi
 ray reje
tion was done using a �� 
lipping.

2.3.2.2. Wavelength Calibration

For the wavelength 
alibration night sky lines were used, whi
h have the advantage to be

taken with the teles
ope and spe
trograph in the same orientation as the s
ien
e spe
tra.

Night sky emission lines were sele
ted along the dispersion dire
tion. In order to improve

the signal-to-noise ratio of ea
h row, some adja
ent rows were averaged before sear
hing

the line. The line 
enter was determined by �tting Gaussians to the line pro�les. Then,

in order to 
ompute the dispersion relation, the lines found were 
ross-identi�ed with

a referen
e 
atalog 
ontaining night sky emission lines from the night-sky spe
tral atlas

of Osterbro
k et al. (1996). A two-dimensional polynomial fun
tion (a polynom 4th-

order in X- and 2nd order in the Y-dire
tion) was �tted to wavelength as a fun
tion of

pixel position. This was used to transform the spe
tra to a linear wavelength s
ale. The

a

ura
y of the wavelength 
alibration is � 0:1 nm for the 300I grism and � 0:05 nm for

the 600RI, 600R and 300I grisms.

2.3.2.3. Sky Subtra
tion and Extra
tion of the Spe
trum

The sky was measured in two regions lo
ated below and above the obje
t spe
trum. Then

an independent pro�le was �tted for every 
olumn and the sky was subtra
ted from the

obje
t spe
trum using the algorithm by Horne (1986). The one-dimensional spe
tra of

ea
h obje
t were extra
ted with an aperture of about 10 pixels, i.e., about 2

00

. The rows

of the spe
trum were added with weights whi
h were 
hosen for optimal S/N-ratio of the

resulting spe
trum, while simultaneously preserving its photometri
 a

ura
y. For obje
ts

with faint 
ontinuum an arti�
ial 
ontinuum has been 
onstru
ted, with a Gaussian pro�le

in the slit dire
tion, in order to allow the Horne algorithm to work properly, assigning lower

weights to the noisy pixels far from the 
enter of the spatial pro�le.
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2.3.2.4. Flux Calibration

Fluxes were 
alibrated from digital units (ADUs) to physi
al 
ux units (phot m

�2

s

�1

)

using multiple observations of the spe
trophotometri
 standard stars LTT 7379, EG 274

and LTT 7987 (Hamuy et al. 1992, 1994). Sin
e the spatial pro�le of star spe
tra are

Gaussian, obje
t limits separated by three times the full width at half maximum were


hosen for extra
ting the one-dimensional standard star spe
tra, whi
h en
lose over 99 %

of the starlight. Before 
ux 
alibration, obje
ts and standard stars spe
tra were 
orre
ted

for atmospheri
 extin
tion whi
h is about 0.12 mag/airmass at 520 nm, and about 0.02

mag/airmass at 820 nm. The three 
ux standard stars were measured at widely spa
ed

wavelengths (5 nm), and the sensitivity fun
tion of the instrument was determined by

�tting a spline to the 
ux points. The resulting spe
trophotometri
 
alibration yielded

un
ertainties in the relative 
uxes of order of 4� 5 %.

Resulting 
ux 
alibrated one-dimensional spe
tra for some emission line galaxies (not


orre
ted for reddening) are shown in Appendix A.

2.3.3. Observations with the Teles
opio Nazionale Galileo

Galaxies sele
ted by [O III℄� 5007 emission in the atmospheri
 window A in 09h-�eld

were observed with the Low Resolution Spe
trograph DOLORES at Teles
opio Nazionale

Galileo (TNG) in the night January 13th/14th, 2002. Some properties of DOLORES are

given in Tab. 2.4.

Area CCD 2048 � 2048

Pixel Size 15�m

Pixel S
ale s0

00

.275/pixel

Field of View 9

0

.4 � 6

0

.

Gain 0.97 e

�

ADU

�1

Read-noise 9 e

�

Grism �


ent

Wavelength range Dispersion Res.(nm) Order separation

[nm℄ [nm℄ [nm/pixel℄ (for 1

00

slit) �lters

HR-R 700 620�780 0.08 0.3 none

MR-B 525 350�700 0.17 0.6 none

LR-R 740 447�1037 0.29 1.1 HP5000

Table 2.4 Chara
tersti
s of the CCD (left) and DOLORES grisms (right). The wavelength range 
orre-

sponds to a slit whi
h is lo
ated in the �eld 
enter.

The masks were designed using the \blind mode" whi
h use a 
atalog of obje
ts with

a

urate 
oordinates in order to position the slits. The slitmasks for the 09h-�eld 
ontained

slits of width 1

00

.6 and length �12

00

. Tab. 2.5 shows the exposure times for the di�erent

masks and di�erent grisms.

Field Date N t

total

(s) Grism

09h 2002 Jan. 13/14 4�3000 s + 1�3600 s 15600 HR-R

2002 Jan. 13/14 1�3000 s 3000 MR-B

2002 Jan. 13/14 1�3000 s 3000 LR-R

01h 2002 Jan. 13/14 2�3000 s 6000 LR-R

Table 2.5 Spe
tros
opi
 follow-up observations of 09h- and 01h-�eld using TNG with DOLORES.

The average seeing during the observations was 1.3

00

. The HRR and the MRB grism

allowed us to 
over the wavelength range 650�730 nm, and 490�600 nm, respe
tively,

needed to get the lines required to measure oxygen abundan
es using the R

23

relation

(se
tion 2.6.2.1).
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Two exposures (ea
h 3000 s) were taken with the LRR grism and 1.1

00

slit at the beginning

of the night in order to bridge the time gap until the 09h �eld was observable. This

integration time together with the bad seeing allowed us to get enough signal-to-noise only

for the galaxy 01h-5085 (see Fig. 2.6), whi
h shows a very bright [O III℄� 5007 emission

line in window B. This obje
t is emitting � 10

35

W in its [O III℄�� 4959; 5007 line from

a giant Hii region or nu
lear starburst, being one of those rare obje
ts mentioned by

Balzano (1983).

Data redu
tion of the spe
tra was performed similar to the VLT data redu
tion. For the


ux 
alibration the spe
trophotometri
 standard star HD93521 measured at 1 nm spa
ed

wavelengths (Oke 1990) was used. Properties of galaxies at z � 0:4 observed with TNG

are given in Tab. 2.6, and some 
ux 
alibrated spe
tra (not 
orre
ted for reddening) are

showed in Appendix A.

# z

spe


M

B

I

[OIII℄5007

[O III℄� 4959 H� [O II℄� 3727 log R

23

09h-�eld phot m

�2

s

�1

I/I

[OIII℄5007

I/I

[OIII℄5007

I/I

[OIII℄5007

3847 0.4060 �19.2 0.25 0.36 0.35 0.52 0.73

3869 0.3975 �20.6 0.25 0.36 0.72 1.76 0.64

4207 0.4060 �19.3 0.24 0.33 0.32 0.83 0.83

4319 0.3985 �18.4 1.45 0.42 0.33 0.09 0.77

4766 0.4080 �19.4 0.12 0.35 0.40 1.42 0.84

5068 0.4080 �19.5 1.13 0.38 0.42 0.67 0.69

8327 0.4090 �18.7 1.45 0.31 0.34 1.10 0.85

Table 2.6 Emission line galaxies in 09h-�eld with the [O III℄� 5007 dete
ted in window A, and veri�ed

by follow-up spe
tros
opy with DOLORES at TNG. The [O II℄� 3727/[O III℄� 5007 line 
ux of 09h-3869

has been 
orre
ted for reddening (see text).

Figure 2.6 The galaxy 01h-5085 at z = 0:622 whi
h shows a very bright [O III℄� 5007 emission line.

Photometry in all 14 opti
al CADIS �lters �tted by a 
ontinuum-model (left) and the Fabry-Perot mea-

surements in window B with a [OIII℄ doublet pro�le �tted to the observed 
ux data (right).

2.3.4. Observations with the Ke
k Teles
ope

On November 25th 2000, during a programme for EROS spe
tros
opy in the CADIS 09h-

�eld with the Ke
k II teles
ope (D. Thompson), four 09h-�eld galaxies at z � 0:4 (09h-
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3847, 09h-4207, 09h-4766, and 09h-5068) were put on free slits of one mask observed with

the Low Resolution Imaging Spe
trometer (LRIS). The ba
kside-illuminated Tek 2048

� 2048 CCD dete
tor providing an imaging s
ale of 0.215

00

/pixel, and the 600/1 grating

(0.128 nm/pixel) were used for the observations. 4 exposures of 1200 s ea
h has been taken

using a mask with a slit width of 2

00

. Data redu
tion was done similar to the VLT and

Galileo observations, but no 
ux 
alibration was possible, be
ause no spe
trophotometri


standard stars have been observed.

For three of the four galaxies (ex
ept 09h-4207, where the spe
trum does not extend

suÆ
iently towards the red) we 
ould measure the H�, and the [N II℄� 6584 line, showing

up at about 920 nm. Be
ause these two lines lie 
lose to ea
h other, their line ratio 
ould be

determined without any 
ux 
alibration or extin
tion 
orre
tion, and serve as additional


riterion in order to measure oxygen abundan
es (see below).

2.4. Extin
tion

2.4.1. General Remarks about Extin
tion

The most obvious e�e
t of interstellar dust is its extin
tion. This extin
tion in the ordinary

opti
al region is due largely to s
attering, but it is also partly due to absorption. It

redu
es the amount of light from a sour
e shining through interstellar dust a

ording to

the equation:

I

�

= I

�

0

e

��

�

; (2.1)

where I

�

0

is the intensity that would rea
h the Earth in the absen
e of interstellar ex-

tin
tion along the line of sight, I

�

is the intensity a
tually observed, and �

�

is the opti
al

depth at the wavelength observed.

Measurements over the years for many stars at di�erent wavelengths show that, in the

opti
al region, the form of the wavelength dependen
e of the interstellar extin
tion is

approximately the same for all stars, and only the amount of extin
tion varies, so that:

�(�) = Cf(�); (2.2)

where the 
onstatnt fa
tor C depends on the star, but the fun
tion f(�) is the same for all

stars. This implies physi
ally (to �rst approximation) that the opti
al properties of dust

are similar everywhere in the observed region of interstellar spa
e. Figure 7.1 in Osterbro
k

(1989) shows the standard interstellar extin
tion 
urve as a fun
tion of wavelength.

The e�e
t of reddening 
an be written as

I(�)

F (�)

=

I(H�)

F (H�)

10


(H�)f(�)

(2.3)

where I(�) is the dereddened 
ux at a given wavelength, F (�) is the observed 
ux at ea
h

wavelength, 
(H�) is the logarithmi
 reddening parameter that des
ribes the amount of

reddening relative to H�, and f(�) is the wavelength-dependent reddening fun
tion. f(�)


an be taken from Whitford (1958), and approximated in the whole spe
tral range to an

a

ura
y better than 5% with the expression

f(�) = 3:15854 � 10

�1:02109�

� 1; (2.4)
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where � is in units of �m (from Izotov et al. 1994).

The e�e
t of reddening on the ratio H�/H� 
an be written as

I(H�)

I(H�)

=

F (H�)

F (H�)

10


[f(H�)�f(H�)℄

: (2.5)

The extin
tion at H� in magnitudes is A

�

= 2:5 
 , where 
 = log[I(H� )=F (H� )℄ (Miller

& Mathews 1972).

The theoreti
al Balmer line ratios (Bro
klehurst 1971, Hummer & Storey 1987) are not

strongly dependent on the ele
tron temperature of the nebula, so an initial guess of

10 000K always produ
es reddening estimates not far from the best-�t values.

2.4.2. Extin
tion of Faint Emission Line Galaxies

The CADIS �elds at gala
ti
 latitudes jbj > 40

Æ

are not signi�
antly reddened by inter-

stellar dust absorption in our Galaxy be
ause they are pla
ed in zero-reddening areas, i.e.

lo
al minima of the IRAS 100 �m maps with undete
ted 
uxes (< 2MJy/sterad). This

should limit the extin
tion to A

V

< 0:2, where A

V

= �2:5 log e

��

= 1:08� gives the visual

extin
tion in magnitudes. Thus, one 
an assume in a very good approximation that all of

the extin
tion o

urs within the target galaxy.

For galaxies at z � 0:4 we measure the H� line in FP window C, when [O III℄� 5007 is

dete
ted in FP window A (see for example Fig. 2.4). The TNG follow-up spe
tros
opy of

galaxies at z � 0:4 delivered H�, so F(H�)/F(H�) 
ould be 
al
ulated for these galaxies.

Adopting the 
ase B Balmer re
ombination de
rement, I(H�)/I(H�)= 2:85 for T= 10

4

K

and N

e

= 10

4


m

�3

(Bro
klerhust 1971), we got from equation 2.5 a value for 
, whi
h is

a measure of the extin
tion in the galaxy. It turned out that for all but one galaxy (09h-

3869) the extin
tion 
an be negle
ted. 09h-3869 is the brightest galaxy of the z = 0:4

sample (M

B

� �20:6), and for this galaxy we got 
 = 0:67 � 0:17.

For the line ratio [O III℄�� 4959; 5007/H� the extin
tion is negligible, be
ause these lines

lie 
lose in wavelength to ea
h other. For the [O II℄� 3727/[O III℄� 5007 ratio:

I([O II℄� 3727)

I([O III℄� 5007)

=

F ([O II℄� 3727)

F ([O III℄� 5007)

10


�(f([OIII℄)�f([OII℄)

(2.6)

Thus, the measured line 
ux F([O II℄ � 3727)/F([O III℄� 5007) of 09h-3869 has to be 
or-

re
ted by a fa
tor of � 2 in order to get its unreddened value, whi
h goes into the R

23

relation (equation 2.16).

Sin
e extin
tion is low for the faint galaxies at z � 0:4 with M

B

> �20, we assumed

that this is the 
ase also for faint galaxies (M

B

> �20) at z � 0:63. Moreover, if

F ([O II℄� 3727)=F ([O III℄� 5007) is small, whi
h is the 
ase for most of the galaxies of

the z � 0:63 sample, extin
tion does not have a great e�e
t for 
al
ulating R

23

from equa-

tion 2.16, sin
e all the lines ex
ept the fainter [O II℄� 3727 line lie 
lose in wavelength to

ea
h other. For the two brighter galaxies at z � 0:63 (23h-3341, 23h-8843) we 
orre
ted,

a

ordingly to the result for 09h-3869, the measured [O II℄� 3727 line 
ux by a fa
tor of

2.
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2.5. Measurement Un
ertainties of the Emission Line Fluxes

2.5.1. Measurement Un
ertainties

Emission line 
uxes were measured using the integrate/line routine in MIDAS. The errors

in the measurements were derived from repeated observations of the lines: for [O III℄� 5007,

[O III℄� 4959, and [O II℄� 3727, 5%; for H�, 10 % or more, depending on the position of

H� between the night sky lines. The error of R

23

is normally dominated by the H� line.

2.5.2. H� Absorption

The real value of H� absorption equivalent width is un
ertain,, and dependent on the age

of the star formation burst. An equivalent width of 0.2 nm for the hydrogen absorption

lines is representative of lo
al irregular, HII and spiral galaxies, and has been 
al
ulated

by many authors: e.g., M
Call et al. (1985), Skillman & Kenni
utt (1993), Izotov et al.

(1994). Compared to the large equivalent widths of H� emission of the galaxies of our

sample (> 2 nm), this H� absorption 
an be negle
ted, be
ause its e�e
t is smaller than

the error of H�, whi
h is about 10%.

2.5.3. Comparison between Line Ratios from CADIS and Spe
tros
opy

First important result of the spe
tros
opi
 follow-up with VLT and TNG was that the

spe
tros
opi
 [O III℄� 5007/[O II℄� 3727 line ratios are 
onsistent with those estimated

by CADIS. This is shown in Fig. 2.7, where the line ratio [O III℄� 5007/[O II℄� 3727 from

CADIS is plotted versus VLT and TNG measurements for galaxies at z � 0:64 and z � 0:4,

respe
tively.

Figure 2.7 The line ratio [O III℄� 5007 / [O II℄� 3727 from CADIS vs. VLT (left panel) and TNG mea-

surements (right panel) for galaxies at z � 0:63. The spe
tros
opi
 [O III℄/[O II℄ line ratios are 
onsistent

with those from CADIS. All but two measurements agree within the error with a position on the dotted

line, where the line ratio from CADIS is equal to the spe
tros
opi
 line ratio. The larger error bars for

the CADIS measurements of [O III℄� 5007 / [O II℄� 3727 
ome from the determination of the [O II℄� 3727


ux, whi
h relies on a medium band veto �lter only. The two measurements in the left panel o� the dotted

line 
ome from two very faint [O II℄� 3727 lines whi
h 
annot be measured reliably in the veto �lters of

CADIS.
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2.6. Oxygen Abundan
e

In this se
tion, the pro
edures for deriving the oxygen abundan
es are presented. The

dire
t method of 
omputing oxygen abundan
es (from [O III℄� 4363) is dis
ussed in se
-

tion 2.6.1 and the strong-line method of deriving oxygen abundan
es (in the absen
e of

[O III℄� 4363) is in 2.6.2. Derived oxygen abundan
es for emission line galaxies at z � 0:4

and z � 0:63 are then presented in 2.6.3.

2.6.1. Dire
t Calibration

Methods to determine the metalli
ity from emission lines are well understood, and gen-

erally more reliable than those based on stellar absorption line data, be
ause radiative

transfer problems be
ome less important. From all opti
al lines, oxygen lines are the

most useful for measuring the abundan
e, sin
e all important ionization stages 
an be

observed, and no ionization 
orre
tion fa
tor, to a

ount for ionization states without

observed emission lines, is ne
essary.

The abundan
e of any ion relative to H

+


an be derived from the ratio of the intensity of

an emission line at wavelength � to the intensity of H� (see, e.g., Kobulni
ky & Skillman

1996):

X(A

+i

)

X(H

+

)

=

I(�)

I(H�)

�(H�)

�(�)

(2.7)

Here X is the abundan
e by number of an ion A

+i

, I is the intensity of a given emission

line from that ion 
orre
ted for extin
tion relative to H�, and � is the emissivity of the line.

Hydrogen is assumed to be 
ompletely ionized, so that the abundan
e of an ion relative to

H

+

gives the total abundan
e relative to hydrogen. Total elemental abundan
es, relative

to H, are obtained by summing over all ionization states.

A few ions, e.g., [O III℄ and [N II℄, have energy-level stru
tures that result in emission lines

from two di�erent upper levels with 
onsiderably di�erent ex
itation energies o

urring

in the observable wavelength region. For example, [O III℄� 4363 
omes from the upper

1

S level, while [O III℄� 5007 and [O III℄� 4959 
ome from the intermediate

1

D level (see

Fig. 2.8). The relative rates of ex
itation of the

1

S and

1

D levels depend very strongly on

temperature T

e

, so the relative strength of the lines emitted by these levels may be used

to measure the ele
tron temperature.

A numeri
al approximation for the [O III℄ line ratio is (Osterbro
k 1989):

R

OIII

=

I

�4959

+ I

�5007

I

�4363

=

7:73e

32900=T

e

1 + 4:5 � 10

�4

(N

e

=T

1=2

e

)

: (2.8)

The average ele
tron density N

e

may be measured by observing the e�e
ts of 
ollisional

de-ex
itation. This 
an be done by 
omparing the intensities of two lines of the same ion

emitted by di�erent levels with nearly the same ex
itation energy, so that the relative ex-


itation rates of the two levels depend only on the ratio of 
ollision strengths. For example

[O II℄�3729 and [O II℄�3726 (or [S II℄�6716 and [S II℄�6731) 
an be used to determine den-

sities (see Osterbro
k 1989). The ele
tron densities derived from these lines may be used

to 
orre
t the observations of the temperature-sensitive line [O III℄� 4363 for 
ollisional
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Figure 2.8 Energy-level diagram for O

2+

.

de-ex
itation. Sin
e ele
tron densities for Hii galaxies are of order 100 
m

�3

, and T

e

of

the order 10 000K (Shields 1990), equation 2.8 
an be approximated by:

R

OIII

=

I

�4959

+ I

�5007

I

�4363

= 7:73 e

32900=T

e

(2.9)

When [O III℄� 5007, [O III℄� 4959, and an upper limit for the weak [O III℄� 4363 line has

been measured, an upper limit for T

e


an be 
al
ulated:

T

e

< 32900

�

ln

7:73

R

OIII

�

�1

: (2.10)

Numeri
al models of Hii regions have shown that there are di�eren
es between the tem-

peratures in high- and low-ionization zones. To determine T

e

([O II℄) of the lower ionization

zones, one 
an use the empiri
al �t to photoionization models form Pagel et al. (1992),

and Skillman & Kenni
utt (1993):

T

e

(O

+

) = 2[T

�1

e

(O

+2

) + 8� 10

�5

℄

�1

: (2.11)

The volume emission 
oeÆ
ient for a 
ollisionally-ex
ited line is given by (Garnett 2001):

�


oll

(�) = h�q


oll

(�) =

h


�

8:63 � 10

�6

(
=!

1

)T

�0:5

e

e

��=kT

e

(2.12)

where 
 is the 
ollision strength for the transition observed, !

1

is the statisti
al weight

of the lower level, and � is the ex
itation energy for the upper level. 
 
ontains the

physi
s: it represents the ele
tron-ion 
ollision 
ross-se
tion averaged over a Maxwellian

distribution of ele
tron velo
ities relative to the target ion at the relevant temperature.

The 
ollision strengths must be 
al
ulated quantum-me
hani
ally, and some of the most

important numeri
al values 
an be found, e.g., in Osterbro
k (1989), and Lennon & Burke

(1994).

For re
ombination lines, the emission 
oeÆ
ient is given by
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�

re


(�) = h�q

re


(�) =

h


�

�

e�

(�); (2.13)

where �

e�

(�) is the \e�e
tive" re
ombination 
oeÆ
ient for the re
ombination line �.

�

e�

(�) in
orporates the physi
s, in
luding the 
ross-se
tion for ele
tron-ion re
ombination,

and the probability that a given re
ombination will produ
e the given emission line; �

e�

varies roughly as T

�1

e

.

When T

e

has been determined for both zones, abundan
es for O

+

and O

+2


an be de-

rived using equation (7) and (8) from Pagel et al. (1992). The total oxygen abundan
e

N(O)/N(H) is then obtained from the sum:

N(O)

N(H)

= f �

 

N(O

+

)

N(H

+

)

+

N(O

+2

)

N(H

+

)

!

; (2.14)

where f is a ionization fa
tor to a

ount for unobserved oxygen ions. To 
orre
t for spe
ies

more ionized than O

+2

, and sin
e the ionization potential of the O

+2

ion is similar to the

ionization potential of He

+

, f may be written as

f = 1 +

N(He

+2

)

N(He

+

)

(2.15)

By analogy to ionized hydrogen, the ions He

+

and He

+2

are tra
ed by line emission from

He

0

(He I) and He

+

(He II), respe
tively, whi
h 
omes from the re
ombinations of He

+

and

He

+2

ions. The last term in equation 2.15 is zero, be
ause emission from He II �4686 is

very weak or negligible in typi
al Hii regions. Consequently, the 
ontribution by O

+3

(or

higher ionized spe
ies) to the total oxygen abundan
e is negligible. Thus, the ionization

fa
tor for oxygen is f = 1.

It turns out that most of the 
ommon ions that dominate the nebular 
ooling rate have

ground-state ele
tron 
on�gurations with �ve low-lying levels like [O III℄ (Fig. 2.8). Higher

levels in these ions are not signi�
antly populated through 
ollisions, re
ombinations or

other me
hanisms. For su
h ions, 
ollisional, and radiative transitions 
an o

ur between

any of the levels. Three-level and �ve-level atom approximations 
an be found in the

literature, e.g., De Robertis et al. (1987), M
Call (1984), and Shaw & Dufour (1995).

2.6.2. Empiri
al (Strong-Line) Calibrations

2.6.2.1. R

23

-method

The temperature-sensitive [O III℄� 4363 line is often too weak to be measured even in

the lo
al universe, either be
ause the ele
tron temperature is too low, or be
ause the low

signal-to-noise in the spe
tra of faint obje
ts. Therefore, at higher redshift, empiri
al

abundan
e indi
ators that use the strong forbidden lines must be used.

The ratio

R

23

=

I([O II℄� 3727) + I([O III℄�� 4959; 5007)

I(H�)

(2.16)

has �rst been suggested by Pagel et al. (1979). They noted, based on a sample of ex-

tragala
ti
 H II regions, that the measured T

e

, O/H and R

23

were all 
orrelated. This

works be
ause of the relationship between O/H and nebular 
ooling: For metal-ri
h re-

gions, the 
ooling in the ionized gas is dominated by emission in IR �ne-stru
ture lines
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(primarily the [O III℄ 52 �m and 88 �m lines), so as O/H in
reases, the nebula be
omes


ooler. In response to that, the opti
al forbidden lines, espe
ially the [O III℄ lines, be
omes

weaker as O/H in
reases (ex
itation goes down as T de
reases). At very high abundan
es,

12+ log(O=H) > 8:7, Hii regions are very 
old (T

e

< 6000K) and values of R

23

are small.

For log O/H < �3:8, the relation between R

23

and O/H reverses, su
h that R

23

de
reases

with de
reasing abundan
e. This o

urs be
ause at very low metalli
ities the IR �ne-

stru
ture lines no longer dominate the 
ooling sin
e there are too few heavy elements. As

a result, the forbidden lines more dire
tly re
e
t the abundan
e in the gas.

Thus, the R

23

indi
ator is not a monotoni
 fun
tion of oxygen abundan
e. At a given value

of R

23

, there are two possible 
hoi
es of the oxygen abundan
e. Roughly, the low abun-

dan
e or \lower bran
h" is de�ned by 12 + log(O=H) < 8:2, whereas the high abundan
e

or \upper bran
h" is de�ned by 12 + log(O=H) > 8:5 (see Fig. 2.9). However, within the

\turnaround" region 8:2 < 12 + log(O=H) < 8:5, the oxygen abundan
e 
hanges rapidly

with R

23

. Thus, an additional indi
ator (e.g., the [N II℄ � 6584 line) is needed in order to

resolve the degenera
y in R

23

.

Figure 2.9 The oxygen abundan
e 12+log(O/H) as a fun
tion of the line ratio log R

23

. The 
alibration

between R

23

and O/H (solid lines) using the models from M
Gaugh (1991) shows the e�e
t of varying the

ionization parameter in terms of the observable line ratio [O III℄�� 4959; 5007/[O II℄� 3727 . On the lower,

metal-poor bran
h, the ionization parameter be
omes important. The ratio [O III℄/[O II℄ of 10, 1.0, and

0.1 
orrespond (very roughly) to ionization parameters U of 10

�1

; 10

�2

, and 10

�4

. The two horizontal

dotted lines separate the di�erent regions of oxygen abundan
es. The short horizontal dashed line shows

the solar oxygen abundan
e of 12 + log(O=H) = 8:87 (Grevesse et al. 1996).

M
Gaugh (1991) re�ned the R

23

-method to take into a

ount the ionization fa
tor U. The


alibration between R

23

and oxygen abundan
e was done based on a set of photoionisation

models. Nebular spe
tra have been 
omputed using Hii region models spe
i�ed by three

parameters: the shape of the ionizing spe
trum (T), the geometry of the nebula (U),

and the abundan
e of the 
hemi
al elements in the gas (Z). Analyti
 expressions for the

M
Gaugh (1991) 
alibration are found in Kobulni
ky et al. (1999), both for the metal-poor

(lower) bran
h:
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12 + log(O=H) = 12� 4:944 + 0:767x + 0:602x

2

�y(0:29 + 0:332x � 0:331x

2

); (2.17)

and metal-ri
h (upper) bran
h:

12 + log(O=H) = 12 � 2:939 � 0:2x� 0:237x

2

� 0:305x

3

� 0:0283x

4

�y(0:0047 � 0:0221x � 0:102x

2

� 0:0817x

3

� 0:00717x

4

);(2.18)

where x =logR

23

and y =log(I([O III℄�� 4959; 5007)/I([O II℄ � 3727)). These analyti
 ex-

pression are shown as solid lines in Fig. 2.9.

2.6.3. Oxygen Abundan
es for our Sample

Be
ause the faintness of the temperature-sensitive line [O III℄� 4363 , the oxygen abun-

dan
e has to be determined using the empiri
al 
alibration between oxygen abundan
e

and R

23

. The most signi�
ant un
ertainty of the R

23

relation 
omes from the de
ision, if

an obje
t lies on the upper, metal-ri
h bran
h, or on the lower, metal-poor bran
h of the


urve (see Fig. 2.9). In the following we des
ribe how oxygen abundan
es are derived from

measured R

23

values.

2.6.3.1. The [N II℄ � 6584/H� Ratio

The [N II℄� 6584/H� line ratio 
an be used in order to break the degenera
y of the R

23

re-

lation, if one is able to measure and separate [N II℄ � 6584 from H�. Deni
olo et al. (2002)


alibrated the N2 estimator, N2= log(I([N II℄� 6584)=I(H�)), vs. the oxygen abundan
e

(see solid line in Fig 2.10), using a sample of Hii galaxies having a

urate oxygen abun-

dan
es, plus photoionization models 
overing a wide range of abundan
es.

When the se
ondary produ
tion of nitrogen dominates, at somewhat higher metalli
ity,

the line ratio [N II℄� 6584/H� in
reases with oxygen abundan
e. At very low metalli
ity,

N2 s
ales simply as the nitrogen abundan
e, to �rst order. However, in this metalli
ity

regime, the nitrogen abundan
e shows a large s
atter relative to the oxygen abundan
e,

sin
e the nitrogen abundan
e is mu
h more sensitive to the history of star formation in the

galaxy 
onsidered. As a result, this ratio is probably not very useful to estimate oxygen

abundan
e ex
ept as a means of determining the bran
h for the appli
ation of the R

23

method. The division between the upper and the lower bran
h of the R

23

relation o

urs

around [N II℄� 6584 /H� � 0:1. [N II℄� 6584 /H� line ratios were measured with Ke
k for

three galaxies at z � 0:4 (09h-3847, 09h-4766, and 09h-5068), being > 0:1 for all of them,

and pla
ing these galaxies on the upper bran
h of the R

23

relation (see Fig. 2.10).

2.6.3.2. Extreme [O III℄� 5007/[O II℄� 3727 Flux Ratios

The galaxies 09h-4319, 01h-21585, 23h-1937, and 23h-21315 show a high [O III℄� 5007 to

[O II℄� 3727 
ux ratio (> 5). If we put these galaxies on the upper bran
h, we would get

metalli
ities of 0:5Z

�

< Z < 1Z

�

. There are no galaxies in the lo
al universe in this

high metalli
ity range whi
h show a su
h high [O III℄� 5007/[O II℄� 3727 ratio. Assuming

that the physi
al properties of the interstellar medium are the same in the lo
al universe

and at medium redshift, these galaxies 
annot have a su
h high metalli
ity. Therefore, we

have to put them on the lower bran
h.
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Figure 2.10 The oxygen abundan
e 12+log(O/H) vs. log([N II℄� 6584=H�). The solid line shows the


alibration between 12+log(O/H) and log([N II℄� 6584=H�) from Deni
olo et al. (2002); this relation

a
tually has a larger s
atter. The diagram 
an be used, however, to 
hoose between the lower and upper

bran
h of the R

23

method: the three open squares are three galaxies with the [O III℄� 5007 line seen in

FP-A, and they 
an be put on the upper bran
h of the R

23

relation.

2.6.3.3. Bright Galaxies

Three galaxies (09h-3869, 23h-3341, and 23h-8843) have absolute magnitudesM

B

< �20.

The R

23

ratio of 23h-8843 pla
es this galaxy in the turn-around region. The galaxies 09h-

3869 and 23h-3341 would have a metalli
ity of < 1=10Z

�

if we pla
ed them on the lower

bran
h. But their bright 
ontinuum and the extin
tion derived for 09h-3869 show that

these galaxies already formed generations of stars whi
h 
hemi
ally enri
hed these systems,

and lead to dust formation, so they 
annot have a su
h a low metalli
ity. Therefore we

pla
ed these two galaxies on the upper bran
h.

2.6.3.4. Measured Oxygen Abundan
es

The remaining galaxies lie in (or near) the turn-around region. For every R

23

ratio we get

an upper and a lower value for O/H (verti
al bars in Fig 2.11). Two galaxies,09h-2858

and 09h-5766, for whi
h lines other than [O III℄� 5007 have a low signal-to-noise, 
ould

have any metalli
ity between one-tenth solar and solar, so that we ex
lude them from the

dis
ussion of metalli
ities.

Fig. 2.11 shows that we have found galaxies at medium redshift with metalli
ties down to

about 1=15Z

�

. Several fa
ts 
an explain the fa
t that we have not found any galaxies with

very low metalli
ities (< 1=20Z

�

): �rst, there are only a few of su
h galaxies also in the

lo
al universe. Se
ond, at medium redshift, the gas-to-stellar mass ratio of this type of

galaxies 
an be mu
h lower than in the lo
al universe, resulting in very faint luminosities

for these galaxies. Third, Hii regions live only � 10� 50Myrs (assuming 
ontinuous star

formation), so the time when they are visible is rather short. Moreover, bright Hii regions

are found around short lived massive stars.
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Figure 2.11 The oxygen abundan
e 12+log(O/H) as a fun
tion of the line ratio log R

23

. Open (�lled)

squares show oxygen abundan
es for galaxies observed with VLT (TNG). Verti
al bars show the values

allowed by the measured R

23

, for galaxies whi
h 
ould not be de�nitely pla
ed on the lower or upper

bran
h. Typi
al un
ertainties are 0.1 dex for the R

23

indi
ator, and 0.2 dex for the oxygen abundan
e.

2.6.3.5. Upper Limits for [O III℄� 4363

The temperature-sensitive line [O III℄� 4363 is often too weak to be measured in the lo
al

universe, let alone at z � 0. An upper limit for the ele
tron temperature 
an be derived

from the equations 2.10 and 2.11, when an upper limit for [O III℄� 4363 line has been

measured, e.g., for galaxies with dete
ted H
 line.

A two-sigma upper limit of the [O III℄� 4363 
ux 
an be 
omputed as the produ
t 2:51Aw,

where A is two times the root-mean-square of the underlying 
ontinuum immediately sur-

rounding the [O III℄� 4363 line, w is the full width at half maximum of the line obtained

from a �t of the nearest strong line, and the numeri
al fa
tor is the square root of 2�. Be-


ause of its 
lose proximity, the width of H
 
an be adopted for the width of [O III℄� 4363.

Then equation 2.7 
an be used to 
al
ulate a lower limit for the oxygen abundan
e, whi
h


an possibly pla
e the galaxy on the upper bran
h when using the empiri
al 
alibration.

Unfortunately, the lower limits 
al
ulated for galaxies with dete
ted H
 from our sample

still allow either the upper or lower bran
h, so we 
annot use this 
riterion.

One problem with the measurement of [O III℄� 4363 is that at lower S/N noise spikes

near the position of the line are mistaken as dete
tions. Moreover, the [O III℄� 4363 is

systemati
ally overestimated in the presen
e of signi�
ant noise, sin
e Gaussian �ts to

emission lines with very low S/N ratios are systemati
ally biased towards larger values,

resulting in a trend toward higher T

e

at lower signal-to-noise ratios.

Therefore, we did not use any [O III℄� 4363 upper limits for measuring oxygen abundan
es.
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2.7. Metalli
ity-Luminosity Relation

2.7.1. Metalli
ity-Luminosity Relation from Literature

Skillman et al. (1989) used metalli
ities from 20 nearby galaxies, with absolute magnitude

between M

B

= �19 to �10:5, to study the metalli
ity-luminosity relation. They 
al
u-

lated metalli
ities with the T

e

method, and distan
es from Cepheid variables and group

asso
iations. A mean least-squares �t to the data (i.e., a �t obtained by treating �rst the

abundan
e, and then the absolute magnitude as the independent variable, and averaging

the results) yielded:

12 + log(O=H) = 5:50 � 0:153M

B

; (2.19)

with an RMS deviation of 0.16 dex. Similary, Ri
her andM
Call (1995) report a metalli
ity-

luminosity relation for 18 nearby dwarf irregulars with M

B

= �18 to �10:5 of

12 + log(O=H) = (5:67 � 0:48) � (0:147 � 0:029)M

B

; (2.20)

with a dispersion that in
reases for M

B

> �15.

Pilyugin & Ferrini (2000) 
ombined the Ri
her and M
Call data set with 13 obje
ts from

Garnett (1997), and in
luded 17 obje
ts from their own observations. These data, ranging

in M

B

from �21:5 to �10:5 have a metalli
ity-luminosity relation with a slope of �0.192.

Melbourne & Salzer (2002) 
ombined Zaritsky data for 39 spirals with the Skillman et al.

data �nding a metalli
ity-luminosity relation given by

12 + log(O=H) = 4:53 � 0:210M

B

: (2.21)

Melbourne & Salzer (2002) measured metalli
ities for 519 starburst galaxies, using T

e

abundan
es for 12 galaxies, p-method abundan
es (Pilyugin 2000) for 13 galaxies and R

23

abundan
es for 46 galaxies. Using the metalli
ities of these 71 galaxies [O III℄� 5007/H�

and [N II℄� 6584/H� were related to metalli
ity and used for measurements of abundan
es

for the remaining 448 galaxies. They found a linear relation between metalli
ity and

absolute magnitude given by:

12 + log(O=H) = 3:848 � 0:240M

B

: (2.22)

2.7.2. Metalli
ity-Luminosity Relation using CADIS Data

With the analysed CADIS data we 
an study the metalli
ity-luminosity (mass) relation at

a look-ba
k time of 4.8 Gyr and 6.7 Gyr, for galaxies at z = 0:4 and z = 0:64, respe
tively

(H

0

= 62 km s

�1

Mp


�1

, 


M

= 0:3, 


�

= 0:7). Fig. 2.12 shows the oxygen abundan
e

as a fun
tion of absolute magnitude for the two redshift bins, at z � 0:4, and z � 0:64,

respe
tively. Filled squares are CADIS data, open squares the data points for brighter

galaxies from Carollo & Lilly (2001) and Kobulni
ky & Zaritsky (1999), respe
tively. The

lines show the luminosity-metalli
ity relation from equation 2.19 (Skillman et al.), 2.21

(Zarisky & Skillman) and 2.22 (Melbourne & Salzer) for lo
al irregular, starbursts and

spiral galaxies.
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Figure 2.12 The oxygen abundan
e as a fun
tion of absolute magnitude, for z � 0:4 (upper panel) and

z � 0:64 (lower panel). Filled squares are CADIS data, open squares the data points from literature.

The lines show the luminosity-metalli
ity relation found by some authors for lo
al galaxies; these relations

a
tually show a s
atter (see se
tion 2.7.1 for details).
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The CADIS galaxies at z � 0:4 o

upy the same region in the M

B

� Z diagram as lo
al

galaxies, ex
ept the faint galaxy 09h-4319. Therefore, with the small sample of galaxies

at z � 0:4, a 
lear statement about the metalli
ity - luminosity relation at z � 0:4 is not

possible. Further spe
tros
opi
 observations of su
h galaxies should o�er more 
lues about

the behaviour of the metalli
ity-luminosity relation at z � 0:4.

On the other hand, for CADIS emission line galaxies at z � 0:64 we �nd a metalli
ity-

luminosity relation with a slope very 
lose to the one derived for lo
al galaxies:

12 + log(O=H) = (4:56 � 1:22) � (0:191 � 0:064)M

B

: (2.23)

Thus, the 
orrelation between galaxy metalli
ity and absolute magnitude M

B

, known for

galaxies in the lo
al universe, apply also at redshift z = 0:64, at least for galaxies with

absolute magnitudes fromM

B

= �22 toM

B

= �17:5. It seems that the relation is slightly

displa
ed to lower abundan
es: the most of the CADIS measurements in Fig.2.12, lower

panel, lie under the metalli
ity-luminosity relation for lo
al galaxies.

2.7.3. The Relation between Metalli
ity and Apparent K Magnitude

Figure 2.13 Oxygen abundan
e�m

K

relation for CADIS galaxies at medium redshift.

A similar 
orrelation, whi
h 
an be tested with CADIS data, is the relation between

metalli
ty and mass of galaxies. The determination of the total mass (baryoni
 plus the

dark matter halo) seems out of rea
h for the moment ex
ept for lo
al systems with tra
ers

of the larger halo in whi
h galaxies are thought to reside. Useful tra
ers here in
lude the

dynami
al properties of satellite dwarf galaxies (Zaritsky et al. 1998) and globular 
lusters

(Hu
hra et al. 1998). If one drops the requirement to measure the total mass and is willing

to 
onsider only the stellar mass, the near-infrared luminosity is of parti
ular importan
e.

Kau�mann & Charlot (1998) have demonstrated that the observed K luminosity is a good

measure of its underlying mass regardless of how the mass assembled itself.

Fig. 2.13 shows the oxygen abundan
e versus the observed K-magnitude, m

K

, for CADIS

galaxies with measured metalli
ities at z � 0:4 and z � 0:64. Thus, our observations
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indi
ate a relation between metalli
ity and m

K

, for galaxies at medium redshift, whi
h


an be also understood as a metalli
ity�stellar mass relation.

2.8. Summary and Dis
ussion

We derived oxygen abundan
es of faint CADIS emission line galaxies (M

B

> �19) at

redshifts 0:38 < z < 0:42 and 0:625 < z < 0:645, using multi-obje
t spe
tros
opy with

FORS2 at VLT and with DOLORES at TNG. For galaxies with 0:38 < z < 0:42 CADIS

Fabry-Perot measurements of the H� line (and low signal-to-noise [N II℄� 6584 ) exist.

The extin
tion derived for these faint galaxies does not play a role for 
al
ulating R

23

and

deriving the oxygen abundan
e using the R

23

method. Consequently, we assumed that

the extin
tion is negligible also for faint galaxies in the redshift bin 0:625 < z < 0:645

and derived their oxygen abundan
e. Combining our results with metalli
ities of brighter

galaxies at medium redshift from the literature we have made �rst steps to study the

metalli
ity-luminosity relation at medium redshift. Our observations indi
ate that the

luminosity�metalli
ity and mass�metalli
ity relations apply not only in the lo
al universe,

but also at medium redshift. Therefore, oxygen abundan
es may serve as surrogates for

luminosity and mass indi
ators when the latter are diÆ
ult to measure dire
tly.

The emission line galaxies at z � 0:4 (ex
ept 09h-4319) for whi
h we determined oxy-

gen abundan
es (see upper panel in Fig. 2.12) o

upy a similar lo
us in the metalli
ity-

luminosity 
orrelation as lo
al galaxies. There is no indi
ation of evolution at this look

ba
k time of about 5Gyrs, but the galaxy sample is still to small to allow robust 
on-


lusions. In fa
t, the oxygen abundan
e for only one galaxy at z � 0:4 with M

B

> �19

has been measured. This galaxy, 09h-4319, has the lowest oxygen abundan
e of all ob-

served galaxies at z � 0:4. It appears 3mag brighter than obje
ts of similar metalli
ity in

the lo
al universe, as might be expe
ted if a strong starburst has temporarily lowered its

mass-to-light ratio. Another explanation for the lo
ation of 09h-4319 in the metalli
ity-

luminosity diagram 
ould be the fa
t that this galaxy has eje
ted metal-enri
hed gas

be
ause of gala
ti
 superwinds.

More 
on
lusions 
an be derived from the metalli
ty-luminosity diagram at z � 0:64

(Fig. 2.12, lower panel). This diagram indi
ates that a metalli
ity-luminosity relation,

similar to that found in the lo
al universe, exists also at z � 0:64. The CADIS observations

indi
ate that the metalli
ity-luminosity relation is slightly displa
ed to lower abundan
es.

This 
ould be due to the fa
t that galaxies at this look ba
k time of about 7Gyrs are

not so evolved 
ompared to the lo
al universe, and had less time to produ
e metals. The

metalli
ity-luminosity relation 
ould possibly be displa
ed to even lower abundan
es at

higher redshift, delivering a possible explanation of the lower oxygen abundan
es of bright

galaxies at z � 3, found by Kobulni
ky & Koo (2000), and Pettini et al. (2001).

2.9. Outlook

In order to determine more a

urate abundan
es of a larger sample of CADIS emission line

galaxies, the 
ux of H� and [N II℄� 6584, in addition to [O III℄�� 4959; 5007, [O II℄� 3727,

and H� lines, should be delivered by the next spe
tros
opi
 follow-up. The H� line

(together with H�) is needed to determine the extin
tion, and [N II℄� 6584 (together with

H�) is important to determine the bran
h of the R

23

relation (see Deni
olo et al. 2002).
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For galaxies at z � 0:4, follow-up spe
tros
opy, e.g., with FORS2 at VLT, 
an dete
t and

measure these two lines (H� and [N II℄� 6584) in a wavelength window at bout 920 nm,

whi
h is free of atmospheri
 night sky emission lines. For emission line galaxies at z > 0:42

the H� and [N II℄� 6584 lines move into the wavelength range > 930 nm, su
h that near-

infrared spe
tros
opy will be required in order to measure these lines.

Moreover, when [N II℄� 6584 is dete
ted, nitrogen-to-oxygen abundan
e ratios (N/O) may

be determined using the algorithm proposed by Thurston et al. (1996), whi
h only requires

bright emission lines. The behaviour of N/O with in
reasing metalli
ity 
ould o�er 
lues

about the 
hemi
al evolution history of the galaxies and the stellar populations responsible

for produ
ing oxygen and nitrogen. If oxygen and 
arbon are produ
ed in previous gen-

erations, then nitrogen produ
ed in new stars should be proportional to the initial heavy

element abundan
e (i.e., se
ondary synthesis); N/O should in
rease linearly with O/H. On

the other hand, if oxygen and 
arbon are produ
ed in the same stars prior to the CNO


y
le rather than in previous generations, then nitrogen produ
tion is independent of the

initial heavy element abundan
e (primary synthesis); N/O is then 
onstant with O/H. It

will be thus interesting to study the behaviour of N/O with oxygen abundan
e at medium

redshift and 
ompare the results with lo
al samples of galaxies to obtain additional 
lues

about the origin of nitrogen, whi
h has been a subje
t of debate for some years. The most

metal poor galaxies should give the most stringent 
onstrains about the origin of nitrogen,

sin
e the di�eren
e between the theoreti
al 
al
ulated primary and primary + se
ondary

produ
tion of nitrogen be
omes more obvious for metal poor galaxies (see, e.g., Contini

et al. 2002).
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The CADIS Sear
h

for Lyman-�-Galaxies at z > 4:7

Studies of the mi
rowave ba
kground radiation reveal that the Universe is remarkably

homogeneous at redshift z � 1000. Observations of the lo
al Universe indi
ate that, by

z = 0, mu
h of the luminous matter had 
ondensed into mature, gravitationally-bound

stru
tures. One of the primary 
hallenges to astronomers today is to a
hieve a solid

understanding of this pro
ess of galaxy formation and evolution. Lo
ating and studying

young galaxies at large look-ba
k times is an essential aspe
t of this program.

A dire
t probe of galaxy formation is to determine the number 
ounts and redshift evo-

lution of nas
ent galaxies. The CADIS survey has been designed and exe
uted to dete
t

Ly-� galaxies at z > 4:7 by their strong emission lines whi
h should be visible in the

Fabry-Perot s
an. The sear
h for Ly-� galaxies with CADIS, a 
omparison with model

predi
tions and observed number 
ounts of galaxies at high redshift, and the impli
ations

for the epo
h of galaxy formation are presented in this 
hapter.

3.1. Galaxies at z > 5

In the past 
ouple of years substantial progress has been made in dis
overing galaxies at

redshifts z > 5:

(i) Several galaxies at z > 5 have been dete
ted and veri�ed spe
tros
opi
ally, e.g., Dey

et al. 1998 (a galaxy at z = 5:34); Weyman et al. 1998 (z = 5:6); van Breughel et

al. 1999; Hu et al. 1999 (z = 5:74); Hu et al. 2002 (z = 6:56); Ellis et al. 2001

(z = 5:58); Dawson et al. 2002 (z = 5:19); and Ajiki et al. 2002 (z = 5:69). One of

these (van Breughel et al. 1999) is a radio galaxy at z = 5:19.

(ii) Quasars have been identi�ed out to z = 6:3, e.g., Penteri

i et al. 2002, and Fan et

al. 2001.

These galaxy dete
tions indi
ate that the �rst epo
h of galaxy formation took pla
e beyond

redshifts z � 5. The existen
e of radio galaxies and quasars at z > 5 proves that even

massive bla
k holes had already formed at su
h high redshifts.

3.2. Spe
tral Features of Primeval Galaxies (PGs)

Theoreti
al 
onsiderations of the evolution of stellar populations in galaxies (e.g., Charlot

& Fall 1993), and of the e�e
ts of the intervening intergala
ti
 medium between us and the

high-z galaxies (Madau 1995), permit detailed modeling of the expe
ted spe
tral energy
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distributions (SEDs) of primeval galaxies. A

ording to these models, the most important

features of the observable spe
tral energy distribution of high redshift, young star-forming

galaxies, are:

(i) Strong Ly-� emission

Population synthesis models of Charlot & Fall (1993) predi
t that a young, dust

free, star-forming galaxy (without an AGN) should show strong Ly-� emission with

(intrinsi
) equivalent widths in the range of 5-25 nm. The 
ux in the Ly-� line is

expe
ted to be dire
tly proportional to the a
tual star formation rate (SFR) in the

PG (see equationB.3), and 3 { 6 per 
ent of the bolometri
 luminosity is emitted in

Ly-�.

A primeval galaxy 
an be 
onsidered, strongly simpli�ed, as a giant Hii region. UV

radiation from hot stars, with surfa
e temperatures T

�

� 3 � 10

4

K, photoionizes the

hydrogen. Photons with energy greater than 13.6 eV, the ionization potential of H,

are absorbed in this pro
ess, and the ex
ess energy of ea
h absorbed photon over the

ionization potential appears as kineti
 energy of a newly liberated photoele
tron.

In the re
ombination pro
ess, re
aptures of ele
trons o

ur to ex
ited levels, and the

ex
ited atoms thus formed then de
ay to lower and lower levels by radiative transi-

tions, eventually ending in the ground level. Re
ombination dire
tly in the ground

level, with prin
ipal quantum number n = 1, results in emission of a photon with

energy > 13:6 eV whi
h 
an be absorbed somewhere else in the nebula, photoioniz-

ing a neutral hydrogen atom. Re
ombination to ex
ited levels, n = 2; 3:::, leads to


ontinuum emission: e.g., re
ombination to levels with n = 2 leads to Balmer 
ontin-

uum emission (� < 364:6 nm), to levels with n = 3 to Pas
hen 
ontinuum emission

(� < 820:3 nm) et
. After re
ombination to levels with n = 2, a Ly-� photon with

an energy of 10:15 eV is emitted be
ause of the n = 2 to n = 1 transition. This Ly-�

photon 
an be absorbed and emitted by other hydrogen atoms in the nebula, until

it es
apes after a \random walk". Re
ombination to levels n � 3 results in emission

of Ly-� photons together with photons of the Balmer (H�, H�, H
 ...), Pas
hen

et
. series.

The Case B approximation, whi
h is a good approximation for Hii regions, 
an be

used to 
al
ulate the physi
al 
onditions within a primeval galaxy. Under Case B


onditions, any photon emitted in an n

2

P ! 1

2

S transition is immediately absorbed

in the nebula, thus populating the n

2

P level in another atom. Case B assumes that

every Lyman-line photon is s
attered many times and then 
onverted into lower-

series photons plus either Ly-� or two 
ontinuum photons.

Be
ause Ly-� photons are resonantly s
attered (10

6

to 10

7

times before they leave the

Hii-region), the probability that Ly-� photons are absorbed by dust is mu
h higher

than for 
ontinuum photons or photons of the Balmer lines. In the very �rst phase

of star formation in galaxies, however, dust should not play a signi�
ant role. It has

been demonstrated by Kudritzki et al. (2000) that the high Ly-� equivalent width of

primeval galaxies 
an only arise in regions nearly free of dust. The presen
e of even

small amounts of dust is a signature that one generation of stars has already formed.

Therefore, strong Ly-� emission should be a property of the youngest obje
ts, whi
h
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are just in the stage of forming their �rst generation of stars, and whi
h have not

yet enri
hed their interstellar medium with dust.

It should be also noted that some Ly-� galaxies (e.g., the galaxy at z > 5 found

by Ajiki et al. 2002) show a sharp blue 
uto� of the Ly-� emission line pro�le

and broad red wing emission, features often observed in star-forming systems with

prominent wind out
ows. This line pro�le 
an be explained as follows. Generally

the asymmetri
 Ly-� emission lines observed in high-redshift galaxies are attributed

to the intera
tion of Lyman 
ontinuum photons generated by newborn stars with a

galaxy-s
ale expanding shell of neutral hydrogen. For a suÆ
iently massive starburst,

the hot ionized gas 
reated in the vi
inity of the stars vents into the halo of the galaxy,

where it sweeps up neutral hydrogen into an opti
ally thi
k shell. Re
ombination

in the ionized gas 
onverts Lyman 
ontinuum photons es
aping from the surfa
e of

hot stars into line photons. Then, from the observer point of view, the near side

of the expanding shell absorbs Ly-� photons on the blue side of the Ly-� emission

line, 
ausing a 
ux de
rement on what would otherwhise be the blue wing of Ly-�

emission. The far side of the shell s
atters ba
k Ly-� photons into the observer's

line of sight. As these photons are o�set redward from both the rest frame of the

galaxy and the approa
hing side of neutral shell, they es
ape the galaxy and produ
e

a pronoun
ed red wing on the emission line pro�le. The net e�e
t is the 
reation of

a P Cygni pro�le for the Ly-� line.

(ii) An intrinsi
ally 
at spe
trum (F

�

) for � > 121:6 nm

The se
ond spe
ial spe
tral feature expe
ted for young star forming galaxies at high

redshifts, whi
h is also predi
ted by population syntheses models (Charlot & Fall

1993), is a remarkable 
at spe
tral energy distribution (F

�

� 
onst) between the

Ly-� emission line (� = 121:6 nm) and the Balmer-limit (� = 364:6 nm), due to

UV-radiation from hot, short-lived (< 10

8

yr) massive stars. In the 
ase of a 
onstant

SFR, although these stars have short lifetimes, an equilibrium between newly born

and dying stars develops, so that their number, whi
h is dire
tly proportional to

the SFR, stays 
onstant. Measuring the intrinsi
 UV�
ux of su
h a young star

forming PG, whi
h is redshifted into the opti
al or near-infrared for z > 2, 
ould be

therefore a dire
t measure of the instantaneous SFR within the system. But it is

hard to observe the intrinsi
 UV spe
trum of a primeval galaxy be
ause of absorption

from systems along the line of sight (property (iv)) and reddening, whose amount

is not known. Therefore, the Ly-� emission line is a better tra
er of star formation

from primordial material.

(iii) A pronoun
ed drop of the spe
tral energy distribution at the Lyman limit

The drop 
omes from a 
omplete absen
e of 
ux at wavelength below the Lyman

limit (� < 91:2 nm) be
ause of:

(a) An intrinsi
 drop in the spe
tra of hot O and B stars at the Ly-limit (Charlot

& Fall 1993),
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(b) Absorption by the neutral interstellar medium in the galaxy itself (Leitherer et

al. 1995a, 1995b), and

(
) The Lyman-limit foreground systems 
lose to the primeval galaxy, whi
h pro-

du
e more or less 
omplete absorption below the Lyman limit in their rest

frame.

(iv) A 
ontinuum step a
ross the Ly-� line

The 
ontinuum step is due to photoele
tri
 absorption from neutral hydrogen in the

Ly-� 
louds and Ly-limit systems along the line of sight. Ly-� 
louds reside in the

intergala
ti
 medium, and have hydrogen 
olumn densities 10

16

< N < 10

19

m

�2

.

Lyman limit systems are believed to lie within haloes of dark matter, are opti
ally

thi
k, and have 
olumn densities 10

19

< N < 10

22

m

�2

. Madau (1995) 
omputed

the Hi opa
ity of a 
lumpy universe as a fun
tion of redshift, in
luding s
attering in

resonant lines, su
h as Ly-�, Ly-�, Ly-
, and higher order members, and Lyman-


ontinuum absorption. At wavelengths short-ward of Ly-� in the emitter rest frame

but long-ward of the Ly-limit, the sour
e's 
ontinuum intensity is attenuated by the


ombined blanketing e�e
t of many absorption lines of the Ly-forest (Ly-�, Ly-�, Ly-


, Ly-Æ ... line blanketing). Photons with wavelengths shorter than the Ly-limit in

the emitter rest frame su�er from photoele
tri
 
ontinuum absorption from neutral

hydrogen in the systems along the line of sight. Be
ause the line-of-sight intervening

Hi absorption be
omes more severe at higher redshifts, the e�e
tive break moves

from the 91.2 nm Lyman limit to the Ly-� line at 121.6 nm.

Therefore, in order to �nd Ly-� galaxies at high redshift, CADIS sear
hes for galaxies

with a strong Ly-� emission line (property(i)) whi
h show no 
ux at shorter wavelengths

than the Ly-limit in the restframe of the galaxy (property(iii)). Be
ause of absorption

from neutral hydrogen in the line of sight between the Lyman-limit and Ly-� emission

line (property (iv)), more or less no 
ux is expe
ted also at 91:2 nm < � < 121:6 nm. At

wavelengths between � > 121:6 nm and the Balmer-limit (� = 364:6 nm) we expe
t a 
at

spe
trum, whi
h 
an be des
ribed by a power-law I(�) / �

��

with � = 0 (property(ii)).

3.3. Lyman Break Galaxies

Based on the expe
ted spe
tral property (iii) for high redshift star forming galaxies that

they should show an obvious dis
ontinuity in the far UV-spe
trum at the limit of the Ly

series near 91.2 nm (the so-
alled Lyman break), Steidel & Hamilton (1992, 1993) adopted

a three �lter system spe
i�
ally tailored to dete
t this Lyman break in obje
ts whi
h are

at z � 3 . Fig. 3.1 (left panel) illustrates how the 3 �lters sample the far { UV 
ontinuum

of a galaxy near z � 3. Two of the �lters (U

n

and G) have passbands respe
tively below

and above the Lyman-limit at z � 3, while the third �lter, R, is further to the red. As

Fig. 3.1 (right panel) shows, in deep images of the sky taken through these three �lters,

z � 3 galaxies are 
learly distinguished from the bulk of lower redshift obje
ts by their

red (U

n

�G) and blue (G�R) 
olours.

Using di�erent �lter systems, the original Lyman break sele
tion te
hnique of Steidel et

al. 
an be extended to higher redshifts. Instead of looking for galaxies whi
h exhibit the

\break" in the U -band (\U -dropouts", z � 3) one 
an look for galaxies whi
h show the
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Structure at z � 3 3

Figure 1. An illustration of how the adopted �lter system is \�ne{tuned" for observing the

Lyman continuum break at z � 3. The model galaxy spectrum includes the spectral energy

distribution of the stars, but also includes a reasonable component neutral hydrogen in the

galaxy itself, and the statistical e�ects of intervening neutral hydrogen (the dip in the spectrum

just shortward of Lyman � at 5050

�

A is due primarily to the line blanketing of the intervening

Lyman � forest.

regions of sky, from which Lyman break candidates could be selected and followed

up spectroscopically on the W.M. Keck telescopes. The rationale for undertaking

such a survey was that a large statistically homogeneous sample was bound to

be useful for a general understanding of the nature of the high redshift star

forming galaxy population, and it would almost certainly provide unprecedented

information on the clustering properties of very early galaxies, which one might

expect to provide a very sensitive cosmological test.

2. The Lyman Break Galaxy Survey

The present goal of the LBG Survey is to cover 5-6 �elds, each of size 150{

250 square arc minutes, for a total sky coverage of about 0.3 square degrees.

A typical survey �eld is 9

0

by 18

0

so that the transverse co-moving scale is

� 12h

�1

� 24h

�1

Mpc for 


m

= 0:2 open and 
 = 0:3 
at, and � 8h

�1

� 16h

�1

Mpc for 


m

= 1; the e�ective survey depth is � 400h

�1

Mpc for the low{density

models and � 250h

�1

Mpc for Einstein-de Sitter. Within the full survey area,

there will be approximately 1500 objects satisfying the color criteria illustrated in

Figure 2. The aim is to obtain con�rming spectra for approximately 50% or more

of the photometric sample in the primary survey �elds. The redshift histogram

of spectroscopically{con�rmed objects at the time of this writing (May 1998) is

Phil. Trans. R. Soc. Lond. A (1997)

Figure 1. Colour evolution with redshift of galaxies of di�erent spec-

troscopic type in the U

n

, G, R �lter systems devised by Steidel &

Hamilton (1993). Magnitudes are de�ned in the AB system, so that a

galaxy with a 
at spectrum in f

�

(where f

�

is the 
ux per frequency

unit) has (U

n

� G) = (G�R) = 0.0 . The curves start at z = 0 and

each point along a track corresponds to a redshift increment �z = 0:1 .

Colours were calculated from the model spectral energy distributions

by Bruzual & Charlot (1996) and Madau's (1995) estimate of the opac-

ity due to Ly� forest and Lyman continuum absorption by intervening

gas. The dotted lines indicate the boundary of our photometric selec-

tion criteria for robust candidates. The star symbols show the colours

of Galactic stars of di�erent spectral type.

5

Fig. 2

Figure 3.1 Dete
ting Lyman break galaxies. Left panel: Filter system used by Steidel et al. for

observing the Lyman 
ontinuum break at z � 3, together with the model spe
trum of a young star

forming galaxy taking into a

ount absorption properties of neutral hydrogen in the galaxy itself and the

statisti
al e�e
ts of the intervening neutral hydrogen (reprodu
ed from Steidel et al. 1998) Right panel:

Colour evolution with redshift of galaxies of di�erent spe
tros
opi
 type in the U

n

; G;R �lter systems used

by Steidel et al. to sear
h for Lyman break galaxies (reprodu
ed from Pettini et al. 1997).

Lyman break in the B-band (\B-dropouts"), implying z � 4 (e.g., Steidel et al. 1999).

Moreover, Weymann et al. (1998) were able to spe
tros
opi
ally 
on�rm a redshift of

5.60 for the galaxy HDF 4-473.0, whi
h was sele
ted as an \V -band dropout" in the HDF

using the NICMOS F110W (� J), and F160W (�H) observations of the HDF, together

with the opti
al F606W (V ), and F814W (I) HDF data. Interestingly, the galaxy HDF 4-

473.0 turned out to be a Ly-� emitting galaxy. The multi-
olour sele
tion of high redshift

obje
ts using the Lyman break as a signature 
an thus be extended to very high redshifts,

although spe
tros
opi
 veri�
ation be
omes more diÆ
ult.

The Lyman break galaxies do not show, however, the properties expe
ted for primeval

galaxies. The strong metal absorption lines in their spe
tra indi
ate that they have already

formed at least one generation of stars whi
h has 
hemi
ally enri
hed the systems and lead

to dust formation, making Ly-� emission weak or undete
table. Earlier stages of evolution,

before the formation of dust, may have mu
h stronger Ly-� emission and fainter stellar


ontinuua than the Lyman break galaxies at z � 2:5:::3:5, and may therefore be hard to

pi
k out with the 
olour-break te
hniques.

3.4. A Conne
tion Between Lyman Break Galaxies and Ly� Emitting Primeval

Galaxies?

A question whi
h naturally arises is about the 
onne
tion between Lyman break galaxies

and Ly�-emitting primeval galaxies. Thommes & Meisenheimer (2002) spe
ulate about a


onne
tion between these two populations. They propose that young star forming galaxies
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may go through two phases of Ly� emission:

� First there is the evolutionary phase immediately after the onset of star formation, in

whi
h dust does not play a role and strong out
owing winds have not yet developed.

In this phase most of the Ly� photons are expe
ted to be able to es
ape although

they are resonantly s
attered. Restframe Ly� equivalent widths of 10�20 nm are

expe
ted, based on the population synthesis models of Charlot & Fall (1993). How-

ever, a

ording to the models of Fria�
a and Terlevi
h (1999), the interstellar medium

will be enri
hed with metals very qui
kly after the onset of star formation. Due to

ongoing dust formation, Ly� photons will be in
reasingly absorbed. Thus, this Ly�

bright phase might be 
on�ned to a short period of only several hundred million

years;

� A Ly�-dark phase 
ould follow in whi
h Ly� photons are destroyed by resonant

s
attering in a metal and dust-enri
hed interstellar medium. It is during this Ly�

dark phase that the SFR might rea
h its maximum;

� Later on, strong out
owing winds may develop, initiating a se
ond Ly�-bright phase.

Ly� photons may now be able to es
ape again be
ause they are ba
k-s
attered from

the residing nebula shell and are therefore shifted in frequen
y spa
e, allowing them

to leave the interstellar medium without further resonant s
attering. The Ly� line of

obje
ts in this se
ond Ly�-bright phase should show a P Cygni pro�le, as dis
ussed

in se
tion 3.2.

Thus, the Ly�-dark phase, together with the possible se
ond Ly�-bright phase, might 
or-

respond to the evolutionary phases mainly dete
ted by the Lyman break method. Obje
ts

during the �rst Ly� bright phase should not show strong metal absorption lines and the

Ly� line should not show a P Cygni pro�le. However, the Ly� line is still expe
ted to

be asymmetri
 be
ause parts of the blue side of the line emission will be eaten away by

the Ly�-forest. In prin
iple, high resolution, high signal-to-noise spe
tra of the obje
ts

may permit us the di�erentiation between Ly� emitting obje
ts whi
h are in their �rst or

se
ond Ly�-bright phase.

3.5. CADIS Goal

No galaxy at z > 5 was known 1997, the year of the revised proposal of CADIS. Sin
e

then, several galaxies at z > 5 have been found (see se
tion 3.1), and the initial CADIS

goal, to �nd Ly-� galaxies at high redshift (z � 4:7), 
hanged. The main obje
tive of the

sear
h for Lyman-�-galaxies has be
ome to determine the abundan
e of the �rst bursts

of massive star formation in the young universe, whi
h 
an set 
onstraints to theoreti
al

models of galaxy formation, and to investigate the early phases of the formation of massive

galaxies like the Milky Way.

At z = 4:7, an H

0

= 70 km s

�1

Mp


�1

, 


M

= 0:3, 


M

= 0:7 universe is only 1.2 Gyr old,


orresponding to a look-ba
k time of 90% of the age of the universe. Any obje
t observed

at this or an earlier epo
h should be in its early youth.

CADIS sele
ts galaxies by the extreme equivalent widths of their Lyman-�-emission (W

�

rest

>

10 nm). Unlike similar programmes at 8�10 m teles
opes, CADIS aims to �nd the most
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luminous starbursts, with SFR � 10M

�

/year, whi
h were possibly responsible for the

formation of the gala
ti
 bulge. Even in the age of 10-m teles
opes, only these luminous

starbursts are a

essible for detailed spe
tros
opi
 follow-up. With our dete
tion limits in

the range of 2.5 to 4�10

�20

Wm

�2

we are sensitive to galaxies whi
h are brighter and rarer

than those few obje
ts at z > 5 found in systemati
 opti
al surveys (see below, Fig. 3.10).

This bright, high-z region of the parameter spa
e is absolutely essential for determining

the luminosity fun
tion.

3.6. The CADIS Method

The optimal dete
tion of a weak emission line galaxy superimposed on the bright night

sky is rea
hed when the instrumental resolution Æ� is adapted to the expe
ted line width :

Æ�

�

=

(1+ z)(�v=
)�

0

�

=

0:9 nm for a Lyman-� emission line at z = 6. On the other hand,

the dete
tion probability in
reases with the observed volume �V � �z�
 � ���
,

where �
 denotes the solid angle. Using a Fabry-Perot Etalon with ��

�

=

2nm, whi
h is

tunable in 9 steps and 
overs an interval of 12 � 15 nm, CADIS provides an optimal mix

of both sensitivity and sear
h volume. The three wavelength intervals whi
h are s
anned

by CADIS, FP-A at 700 nm, FP-B at 820 nm, and FP-C at 920 nm, are pla
ed in windows

free of night-sky emission lines and 
orrespond to Lyman-� redshifts of z

�

=

4:8, 5.7, and

6.6. The �eld size is �
 � 100 2

0

. Model predi
tions (Thommes & Meisenheimer 1995)

of the galaxy abundan
e down to a line 
ux limit F

line

� 3:0 � 10

�20

Wm

�2

(whi
h 
an be

rea
hed with the Calar Alto 2.2- and 3.5-m teles
opes in a few hours) made 
lear, before

the proje
t had even started, that at most a few Lyman-� galaxies would be expe
ted per

�eld and wavelength interval in the 
ase of an open universe, whi
h is indi
ated by the

new measurements of 


M

= 0:3, 


�

= 0:7. A

ordingly we are sear
hing Ly-� galaxies

in six �elds.

After six years of observations on Calar Alto, 90% of the planned Fabry-Perot data have

been obtained. The FP wavelength intervals whi
h have been almost 
ompletely analysed

are given in Tab. 1.3 (
hapter 1), and the following results are based on these data. The

analysis of interval C (with the aim of �nding primeval galaxies) has been postponed for

the moment be
ause of te
hni
al problems (strong \fringing" in the CCD images), and

low expe
tations of su

ess on the basis of the present results (see se
tion 3.9.3).

3.7. Sele
tion of Lyman-�-Galaxies

The 
urrent 
lassi�
ation of emission line galaxies shows that >� 97:4% of the emission

line galaxies are foreground galaxies (z < 1:2), in whi
h we mainly dete
t the lines H�,

H�, [O III℄� 5007, and [O II℄� 3727. Therefore, the main 
hallenge is to separate the

foreground obje
ts from the Ly-� 
andidates. We identify Lyman-�-galaxy 
andidates

among the emission line galaxies by the following ex
lusion 
riteria:

(1) The property (iii) for a primeval galaxy (se
tion 3.2) requires that there is no 
ux

below the Lyman limit. For z > 4:7 the Lyman limit lies at � > 520 nm. Therefore,

no 
ux should be dete
ted in the CADIS B �lter (�


ent

= 461 nm, FWHM= 113 nm).

A

ordingly, we require that F

B

< 2 � �̂

B

, where F

B

is the 
ux measured in the B �lter,

and �̂

B

its true overall error whi
h takes into a

ount both the 
alibration error and the

s
atter of the 
ux between the individual images. From 614 emission line galaxies sele
ted
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in four �elds this 
riterion yields N

Noblue

= 85 galaxies, i.e. 13.8% of the 614 emission line

galaxies.

(2) Every single remained Ly-� 
andidate has to be 
arefully 
he
ked on the FP, pre-�lter

and R images be
ause of the possible 
ontamination by nearby bright obje
ts. Candidates

whi
h are 
loser than about 3

00

to a bright obje
t are spurious, and are removed from the

list of 
andidates, sin
e the photometry does not work well near bright obje
ts. After this

step, 5.7% of the emission line galaxies remain.

Table 3.1 Sele
tion of Lyman-�-galaxy 
andidates; the sele
tion steps (1)-(4) are des
ribed in the text.

Sele
tion of obje
ts without B-
ux Obje
ts left after (2)

Field FP �z N

Elgal

N

Noblue

N

Noblue�Contam

N

veto

N

[O II℄

N

Ly�

after (1) after (2)

01h B 0.095 105 13 6 1 2 3

09h A 0.082 90 27 6 3 1 2

09h B 0.070 92 4 1 * 1 *

16h B 0.095 108 8 3 * 1 2

23h A 0.057 67 13 5 * 2 3

23h B 0.082 152 20 14 2 6 6

(3) Foreground galaxies, for whi
h we dete
t one of the prominent emission lines H�, H�,

[O III℄� 5007, or [O II℄� 3727 in the Fabry-Perot, 
an be ex
luded as soon a se
ondary

emission line is dete
ted in one of the veto �lters (for details see se
tion 1.3), leaving 4.7%

of the galaxies.

(4) The distin
tion between a (rare) galaxy with bright [O II℄� 3727 emission but weak

UV 
ontinuum and a Lyman-�-galaxy is ambiguous based on the CADIS veto �lters.

Instead, we use the entire spe
trum for this de
ision. Lyman-� galaxies at high redshift

should distinguish themselves by a 
ontinuum step a
ross the Lyman-� line (property (iv)

from se
tion 3.2). Therefore, the 
andidates whi
h remain after step (3) are 
lassi�ed in

two 
ategories: probable Ly-� (see Tab. 3.2), if they show almost no 
ontinuum on the

blue side of the Ly-� emission line, e.g., no signi�
ant 
ux in the R �lter, and probable

[O II℄� 3727 obje
ts (see Tab. 3.3). However, we need spe
tros
opi
 follow up observations

of 
andidates belonging to both 
ategories, sin
e it 
annot be ex
luded for sure, that there

are Ly-� galaxies among the probable [O II℄� 3727 obje
ts. After this step, 16 Lyman-�-


andidates (
lassi�ed as probable Ly-�) remain, i.e., 2.6% of the emission line galaxies we

found in four CADIS �elds.

The number of galaxies left over after ea
h sele
tion step is shown in Tab. 3.1. We expe
t

that the remaining list of robust Ly-� 
andidates is still 
ontaminated by about 50%,

predi
ted by the noise distributions (see Fig. 1.4). One sour
e for the 
ontamination are

variable obje
ts, e.g., supenovae or other \
aring" obje
ts, whi
h were only bright during

the epo
h of observations of one FPI wavelength (see se
tion 1.10.4).

It should be also noted that the requirement (S1) for the sele
tion of emission line galaxies

(se
tion 1.5) is more important for the sele
tion of Ly-� 
andidates than the requirement

(S3), i.e., F

line

=�

line

> K

line

. Ly� 
andidates show a very low 
ux in the pre-�lter.

Therefore, after the sele
tion of obje
ts with a 
ux greater than about 5� for at least one
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FPI Field NR z F

line

(Wm

�2

) F(�)/�

F

A 09h 21556 4.734 5.7�10

�20

4.6

23h 34751 4.772 5.0�10

�20

4.8

23h 34105 4.793 4.2�10

�20

4.7

23h 50707 4.801 4.0�10

�20

5.1

09h 38114 4.741 3.7�10

�20

5.1

B 23h 40663 5.732 6.4�10

�20

5.2

23h 23836 5.705 5.7�10

�20

5.1

23h 28548 5.694 5.6�10

�20

5.9

23h 45745 5.733 5.1�10

�20

5.6

23h 9324 5.730 4.8�10

�20

5.4

16h 3171 5.746 4.3�10

�20

5.0

01h 3238 5.732 4.1�10

�20

5.4

23h 45065 5.735 4.1�10

�20

5.1

16h 2314 5.694 3.4�10

�20

5.0

01h 27927 5.677 3.1�10

�20

5.3

01h 28090 5.681 2.9�10

�20

6.0

Table 3.2 The 
urrent list of 16 CADIS Lyman-�-
andidates.

FPI Field NR z

[O II℄

(z

Ly�

) F

line

(Wm

�2

) F(�)/�

F

A 23h 32692 0.891 (4.795) 5.4�10

�20

4.8

09h 6595 0.871 (4.736) 4.5�10

�20

5.1

23h 25107 0.896 (4.813) 3.7�10

�20

4.8

B 23h 48878 1.189 (5.708) 6.0�10

�20

5.3

23h 30635 1.181 (5.685) 5.4�10

�20

5.2

23h 8007 1.204 (5.754) 5.1�10

�20

5.0

23h 31035 1.203 (5.751) 4.8�10

�20

5.0

23h 10053 1.181 (5.684) 4.7�10

�20

5.0

16h 1092 1.198 (5.694) 4.6�10

�20

5.5

09h 985 1.195 (5.728) 4.4�10

�20

6.3

01h 4616 1.198 (5.739) 4.4�10

�20

5.6

01h 1495 1.205 (5.759) 4.2�10

�20

5.4

23h 5705 1.206 (5.761) 4.1�10

�20

5.5

Table 3.3 The 
urrent list of 13 CADIS probable [O II℄� 3727 galaxies without blue 
ontinuum. A few

of them 
ould turn out to be Ly-� galaxies.

FP wavelength (
riterion (S1)), �tting the Fabry-Perot instrument pro�le to the observed


ux points results in a line 
ux F

line

greater than about 4 �

line

, whi
h is 
lear above the

safe 
riterion of K

line

= 3:8 (see se
tion 1.10.1). Therefore, the list of Ly-� 
andidates

does not depend on the 
hoi
e of K

line

.

CADIS measurements and images of the probable Ly-� galaxies are shown in Fig. 3.2 and

3.3, and of the probable [O II℄� 3727 galaxies in Fig. 3.4 and 3.5.
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Figure 3.2 Lyman-� galaxy 
andidates with the line dete
ted in FP-A. From left to right, panel (1)-

(5): (1) Photometry in all 14 opti
al CADIS �lters �tted by a 
ontinuum-model; (2) The Fabry-Perot

measurements in window A with a Ly-� pro�le �tted to the observed 
ux data; (3) Pre-�lter image; (4)

Fabry-Perot Image; (5) R-image. The size of the images (3)-(5) is 30

00

�30

00

, respe
tively.
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Figure 3.3 Lyman-� galaxy 
andidates with the line dete
ted in FP-B. From left to right, panel (1)-

(5): (1) Photometry in all 14 opti
al CADIS �lters �tted by a 
ontinuum-model; (2) The Fabry-Perot

measurements in window B with a Ly-� pro�le �tted to the observed 
ux data; (3) Pre-�lter image; (4)

Fabry-Perot Image (in 
ase of 01h-�eld obje
ts FP image from MOSCA) ; (5) R-image, or, in 
ase of

01h-�eld galaxies, a se
ond FP image taken with CAFOS. The size of the images (3)-(5) is 30

00

�30

00

,

respe
tively.
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Figure 3.4 Probable [O II℄� 3727 galaxies without blue 
ontinuum with the line dete
ted in FP-A. From

left to right, panel (1)-(5): (1) Photometry in all 14 opti
al CADIS �lters �tted by a 
ontinuum-model;

(2) The Fabry-Perot measurements in window A with a Ly-� pro�le �tted to the observed 
ux data;

(3) Pre-�lter image; (4) Fabry-Perot Image; (5) R-image. The size of the images (3)-(5) is 30

00

�30

00

,

respe
tively.
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Figure 3.5 Probable [O II℄� 3727 galaxies without blue 
ontinuum with the line dete
ted in FP-B. From

left to right, panel (1)-(5): (1) Photometry in all 14 opti
al CADIS �lters �tted by a 
ontinuum-model;

(2) The Fabry-Perot measurements in window B with a Ly-� pro�le �tted to the observed 
ux data; (3)

Pre-�lter image; (4) Fabry-Perot Image (in 
ase of 01h-�eld obje
ts FP image from MOSCA) ; (5) R-image,

or, in 
ase of 01h-�eld galaxies, a se
ond FP image taken with CAFOS. The size of the images (3)-(5) is

30

00

�30

00

, respe
tively.
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3.8. Follow-Up Spe
tros
opy of Ly-� Candidates

Due to the low abundan
e of Ly-� galaxies (see below, Fig. 3.10), spe
tros
opi
 follow-

up at large teles
opes 
onstitutes an important part of the survey: First, one has to

sear
h 
lose to the dete
tion limit, whi
h makes statisti
al 
ontamination more 
ommon,

and se
ond, even very rare and unlikely 
ontaminants, like distant supernovae or other

transient obje
ts, rea
h surfa
e densities 
omparable to that of the Ly-� 
andidates.

The �rst goal of the spe
tros
opi
 follow-up of probable Ly-� galaxies is therefore to verify

the emission line. The line shape and the 
ontinuum blue- and red-wards of the emission

line might also allow us to de
ide between Ly-� and [O II℄� 3727. If the line has been

veri�ed, but the resolution is not good enough to identify the emission line, a se
ond step

is the 
lear 
on�rmation of the line using higher resolution grisms, in order to see if the

line shows the asymetri
 pro�le expe
ted for Ly-�. If galaxies with bright Ly-� line at

z > 4:7 
an be 
on�rmed, then the third step is a detailed study of the 
orresponding

galaxy. The investigation of primeval galaxies 
an give important insights in the galaxy

formation.

Be
ause of the restri
ted a

ess to 8-m teles
opes (parti
ularly on the northern hemi-

sphere), only few spe
tros
opi
 observations of some CADIS Ly-� 
andidates have been

done by now. Nevertheless, the veri�
ation or non-veri�
ation of a line for every single

Ly-� 
andidate is very important in order to set more robust upper limits to the num-

ber 
ounts of galaxies at high redshift, whi
h 
an set stringent 
onstraints on theoreti
al

models of galaxy formation.

Spe
tros
opi
 follow-up observations of Ly-� 
andidates in the 01h- and 23h-�eld were

obtained in the summer and autumn of 2001, using FORS2 at the VLT (see se
tion 2.3.1

for details of the observations). Fig. 3.6 shows the distribution of Ly-� 
andidates, and

[O II℄� 3727 (possible Ly-�) 
andidates for the four analysed �elds.

3.8.1. Non Veri�
ation of Ly-� Candidates

From seven observed Ly-�/[O II℄� 3727 
andidates (obje
ts whi
h passed the 
riteria (1)-

(3)) we have veri�ed the line for two Ly-� 
andidates and one probable [O II℄� 3727

(possible Ly-�) 
andidate. There are several reasons for the non-dete
tions of the other

four galaxies.

First, the VLT servi
e mode observations of 23h-�eld from July 2001 were 
arried out

mu
h too 
lose to the moon, in violation of our spe
i�
ations. Thus, parti
ularly the

ba
kground in FP-window A around 700 nm is severly enhan
ed above \dark night-sky",

and shows a signi�
ant deterioration of the S/N ratio. Therefore, the signal to noise was

too bad in order to dete
t the emission line seen in FP-A of the Ly-� 
andidates 23h-34105

and 23h-34751.

Se
ond, o�sets between 
ontinuum and line emission (see se
tion 1.10 for details) 
ould

have 
aused the 1

00

wide slit to miss the line emitting region of the galaxies. We have not


on�rmed any line or 
ontinuum for the Lyman-� 
andidates 01h-27927 and 01h-28090,

possibly for this reason.

The mask insertion pro
edure 
ould have produ
ed another o�set of up to 0

00

.3; this o�set

has been dete
ted by 
omparing 
at�eld and s
ien
e images, whi
h were taken at di�erent

times, i.e., with di�erent mask insertions. This 
an be another sour
e of signal to noise

deterioration, whi
h 
an lead to the non-dete
tion of faint emission lines.
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01h �eld

16h �eld

09h �eld

23h �eld

Figure 3.6 The position in the CADIS �elds of obje
ts with no dete
ted B-
ux. Cir
les denote the prime

Ly-� 
andidates, squares probable [O II℄� 3727, possible Ly-� galaxies, and triangles galaxies with no

B-
ux whi
h show a veto signal (probable foreground galaxies). The showed images are 10 � 10 ar
min

2

.

Last but not least, the line of some Ly-�/[O II℄� 3727 
andidates 
an be indeed spurious,

sin
e we expe
t a residual 
ontamination of about 50% in our list of Ly-� 
andidates, as

dis
ussed in se
tion 3.7.
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3.8.2. Veri�
ation of Ly-� Candidates

For two Lyman-� 
andidates we veri�ed the emission line seen in FP s
an: the galaxy 01h-

3238 shows an emission line at 819:0�0:3 nm, and the obje
t 23h-50707 shows an emission

line at 705:7�0:3 nm (see Fig. 3.7 and 3.8). No 
ontinuum and no additional emission lines

are seen on the VLT spe
tra. A

ording to the CADIS measurements, these two obje
ts

satisfy the properties (iii) and (iv) of a primeval galaxy, sin
e almost no 
ux is seen on

the blue side of the emission line. Therefore, we 
on
lude that the two emission lines are

very probable Ly-� lines of two high redshift galaxies, 01h-3238 at z = 5:735� 0:003, and

23h-50707 at z = 4:803 � 0:003, respe
tively.

The galaxy 01h-4616, whi
h shows no 
ux in the B �lter and in the veto �lters, passed

the 
riteria (1)-(3) for sele
tion of Ly-� 
andidates, but was 
lassi�ed as a probable

[O II℄� 3727 galaxy at z � 1:2 a

ording to 
riterion (4). With the VLT we 
ould verify

an emission line at 820:9 � 0:3 nm for this galaxy. No other lines are seen on the VLT

spe
trum and a 
ontinuum on both sides of the line is dete
ted (Fig. 3.9). Therefore, the

emission line is likely to be [O II℄� 3727 at z = 1:202 � 0:001.

−
−

>

probable Ly−alpha line

819
||

814
|

830 [nm]

Figure 3.7 CADIS photometry (top) and VLT spe
trum (bottom) of CADIS 01h-3238, a probable

Ly-� galaxy at z = 5:735.
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probable Ly−alpha line

−
−

>

| | |
706701 721 [nm]

Figure 3.8 CADIS photometry (top) and VLT spe
trum (bottom) of CADIS 23h-50707, a probable Ly-�

galaxy at z = 4:803.

−
−

>

[nm]
|

812
|

821
|

830

probable [OII] line 

Figure 3.9 CADIS photometry (top) and VLT spe
trum (bottom) of CADIS 01h-4616, a galaxy at

z = 1:202 with a dete
ted [O II℄� 3727 line in FP-B.
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3.8.3. Properties of Veri�ed Ly-� Candidates

The slit width during the VLT observations was possibly too narrow and we may have

thus measured only a fra
tion of the line 
ux as indi
ated, e.g., by obje
ts in Fig. 1.5,

right panel, whi
h have a spe
tros
opi
 
ux smaller than the CADIS 
ux. Therefore,

we 
al
ulate the absolute Ly-� luminosity of 01h-3238 and 23h-50707 from the observed


uxes measured in the FP s
an. The Ly� 
ux is f(Ly�) = (4:1� 0:8)� 10

�20

W m

�2

for

01h-3238, and f(Ly�) = (4:0 � 0:8) � 10

�20

W m

�2

for 23h-50707, based on these data.

Using a 


0

= 0:3, 


�

= 0:7, and H

0

= 70 km s

�1

Mp


�1


osmology, we obtain an

absolute Ly� luminosity of L(Ly�) ' (14:5 � 3:0) � 10

35

W for 01h-3238, and L(Ly�)

' (9:5�1:9)�10

35

W for 23h-50707. These Ly� luminosities are higher 
ompared to those

of other z > 5 galaxies (luminosities are estimated by using the same 
osmology): e.g.,

3:3� 10

35

W for HCM 6A at z = 6:56 (Hu et al. 2002); 6:1� 10

35

W for SSA22-HCM1 at

z = 5:74 (Hu et al. 1999); 3:4�10

35

W for HDF 4-473.0 at z = 5:60 (Weymann et al. 1998).

The derived SFR for the two Ly-� galaxies (using equation B.3) is (14:5 � 3:0)M

�

yr

�1

for 01h-3238, and (9:5 � 1:9)M

�

yr

�1

for 23h-50707.

It should be noted that, if the two galaxies with veri�ed emission lines, 23h-50707 and

01h-3238, are indeed at high redshift, they are the brightest Ly-� galaxies with the highest

SFRs known at z > 4:7 (apart from the radio galaxies, where the emission very probable

is not driven by stars, but by a
tive nu
lei).

3.9. The Abundan
e of Ly-� Emitting Primeval Galaxies

3.9.1. Model Predi
tions

Thommes & Meisenheimer (2002) estimate the expe
ted abundan
es of Ly-� galaxies

at high redshift, extrapolating the lo
al luminosity fun
tion of galaxies and their stellar


ontent ba
k into the past. They assume that ellipti
al galaxies and the bulges of spiral

galaxies, both 
alled spheroids, have been formed early in the universe, while the disks

formed as intergala
ti
 gas a

retes on the preexisting bulges. In the model, the PGs are

these spheroids during their �rst burst of star formation.

Thommes & Meisenheimer 
al
ulate the surfa
e number density of Ly-�-emitting PGs

(primeval galaxies) on the sky per solid angle �
 whi
h have dete
table Ly-� 
uxes

greater than a 
ertain 
ux limit F

lim

and whi
h have redshifts z

0

in an interval [z

0

�

�z=2; z

0

+ �z=2℄. z

0

is given by the 
entral wavelength of the narrow band �lter, �z

by the band width of the �lter �� (�z = ��=�

Ly�

;�

Ly�

= 121:6 nm), and �
 by the

area 
overed by the survey. �
;�z and z

0

de�ne a 
ertain 
omoving volume �V of the

universe.

The number N of PGs in the volume �V with L

Ly�

� L

min

(z

0

) at the epo
h t

0

= t(z

0

)

was 
al
ulated, where L

min

(z

0

) is the intrinsi
 Ly-� 
ux of PGs at z

0

whi
h produ
e

observable 
uxes of F

lim

:

L

min

(z

0

) = 4�F

lim

D

L

(z

0

)

2

; (3.1)

with the luminosity distan
e D

L

(z

0

).

N depends on the evolution of the Ly-� luminosity as a fun
tion of time and mass of the

galaxy, the galaxy formation history and the total number density of halos as a fun
tion

of their mass (mass fun
tion). It is assumed that:
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� the Ly-� emitting PGs are the pre
ursors of the present day spheroids (bulges and

ellipti
als) in the phase of their �rst star burst, and that they form at the peaks of

the underlying density �eld;

� the �rst star formation starts in a dust-free environment, but the IGM is enri
hed

with dust in the �rst 
ouple of hundred million years, leading to attenuation of the

Ly-� emission. The time evolution of the Ly� emission is des
ribed by a Gaussian

with FWHM �t

Ly�

, whi
h gives the typi
al duration of the Ly� bright phase;

� the SFR (and therefore the Ly-� emission) is proportional to the baryoni
 mass M

b

of the PG;

� the PGs form from peaks of the underlying density �eld with a distribution of `igni-

tion times' P

M

(t

s

). The parameters t

�

and M

�

(the 
hara
teristi
 mass s
ale, whi
h

just 
ollapses at the time t

�

) are �xed so that P

M

(t

s

) peaks at a 
ertain redshift z

max

for M

�

= 4� 10

10

M

�

, whi
h 
orresponds roughly to the (baryoni
) bulge mass of a

Milky Way-like galaxy today. z

max

is a free parameter of the models. For M < M

�

the PGs have their �rst star formation at higher redshift, for M > M

�

at lower

redshift than z

max

, in agreement to a `bottom up' hierar
hi
al stu
ture formation;

� an approximation of the mass fun
tion of PGs 
an be dedu
ed from the 
urrent

(baryoni
) mass fun
tion of spheroids.

For more details about the model predi
tions see Thommes & Meisenheimer (2002).

3.9.2. Re
ent Published Systemati
 Sear
hes for Galaxies at High Redshift

In order to 
ompare the theoreti
al predi
tions with observations, we want to in
lude not

only the CADIS results, but also results from other systemati
 sear
hes for galaxies at high

redshift. In the last few years, the advan
e of large teles
opes has allowed the dis
overy

of galaxies up to z � 6. This se
tion gives an overview of published systemati
 sear
hes

for galaxies at z > 3.

3.9.2.1. Galaxies at z � 3:5

z � 3:5 is the highest redshift at whi
h a substantial number of Ly-� emitting galaxies has

been found. The luminosity fun
tion at z � 3:5 
an be used as a referen
e for 
omparison

with higher redshifts; e.g., the parameters of the models of Thommes & Meisenheimer

(2002) were �xed with the observed surfa
e density of Ly� emitters at z � 3:5.

Using the 10m Ke
k II teles
ope, Cowie & Hu (1998) performed a narrowband and spe
-

tros
opi
 sear
h for strong Ly-� emitting star forming galaxies in the redshift range 3{6

(see also Hu et al. 1998). They rea
hed faint 
ux levels of � 1:5 � 10

�20

Wm

�2

(5�).

Their main sele
tion 
riterion to dis
riminate high redshift Ly-� 
andidates from fore-

ground emission line obje
ts was an extremely high equivalent width of the emission line

(W

�

> 10 nm) together with additional broad-band 
olour 
riteria. In order to �nd galax-

ies in the redshift range z = 3:405 � 3:470, in and around the Hubble Deep Field and

the Hawaii Deep Field SSA 22 (total area of 46 ar
min

2

), they performed deep narrow

band images with a 539/7.7 nm �lter, and sele
ted 12 obje
ts. Multi-obje
t spe
tros
opy
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of these 12 galaxies with LRIS on Ke
k II 
on�rmed the strong emission lines to be Ly-�

at z � 3:4. Two galaxies have also strong C IV emission, suggesting AGN a
tivity.

Kudritzki et al. (2000) found high-redshift z � 3:1 Ly-� emitters with Ly-� 
uxes

between 2 � 10

�20

and 2 � 10

�19

Wm

�2

, during a narrowband imaging survey aimed at

dete
ting the faint emission from the [O III℄� 5007 line of intra
luster planetary nebulae

in Virgo. They were looking in a small redshift range of about �z = 0:04, and their survey

area was 50 ar
min

2

.

In order to 
al
ulate the 
umulative number 
ounts of Lyman-�-galaxies at z � 3:5,

N deg

�2

per �z = 0:1, we used Tab. 1 from Cowie & Hu (1998), and Tab. 1 from Kudritzki

et al. (2000). Be
ause the galaxies observed by Kudritzki et al. have a redshift z � 3:1, we

transformed their observed 
uxes, taking into a

ount the di�erent luminosity distan
e,

to the 
ux whi
h would have been observed if these galaxies were at z � 3:5.

3.9.2.2. Galaxies at z � 4:8

Two galaxies with veri�ed Ly-� line and several 
andidates have been found in systemati


sear
hes 
lose to z = 4:8, the redshift at whi
h we sear
h Ly-� galaxies with a line dete
ted

in CADIS FP-A.

Using narrowband observations of a 24 ar
min

2

�eld, through a narrowband interferen
e

�lter 
entered at 674.1 nm with a bandpass of 7.8 nm, Hu et al. (1998) dete
ted two Ly-�

galaxies at z = 4:52.

Malhotra & Rhoads (2002) found 157 Ly-� 
andidates at 4:37 < z < 4:57 in one �eld

of 0.36 deg

2

, with a dete
tion limit of � 2 � 10

�20

Wm

�2

. This 
orresponds to a sour
e

density at z � 4:8 of (at most) 2180 deg

�2

per unit z.

Ou
hi et al. (2002) found 87 Ly-� 
andidates at z = 4:86�0:03 in an 0.15 deg

2

�eld. They

expe
t, however, � 40% 
ontamination by foreground obje
ts. This 
orresponds (taking

into a

ount the 
ontamination) to a sour
e density at z � 4:8 of about 6000 deg

�2

per

unit z, about 3 � the number found by Malhotra & Rhoads (2002). The dis
repan
y


ould be due to additional 
ontamination by artefa
ts and foreground galaxies, sin
e we

expe
t from the CADIS experien
e an even higher 
ontamination of the Ou
hi et al.

sample. Therefore, we have not in
luded the Ou
hi et al. (2002) results in our 
omparison

between observed and theoreti
al abundan
es (se
tion 3.9.3).

3.9.2.3. Galaxies at z � 5:7

Only one (veri�ed) galaxy and a number of 
andidates have been found in systemati


sear
hes near the redshift z � 5:7. This is the redshift at whi
h we sear
h Ly-� galaxies

with a line dete
ted in CADIS FP-B.

Hu et al. (1999) dete
ted and veri�ed one Ly-� galaxy at z = 5:74 using narrowband

observations of a 30 ar
min

2

�eld, through a narrowband interferen
e �lter 
entered at

818.5 nm, with a bandpass of 10.5 nm.

Rhoads & Malhotra (2001) reported 13 Ly-� 
andidates at z � 5:7. They used two

narrow-band �lters with 
entral wavelengths at 815 and 823 nm, whi
h are ea
h 7.5 nm

wide and 
an pi
k up Ly-� emission from z = 5:70 � 5:78. Be
ause the �lter bandpass

deteriorated below these spe
i�
ations outside a 
entral 
ir
le of � 30

0

diameter, the

outer part of the images was ex
luded from the analysis, su
h that the remaining area was

� 0:2 deg

2

. Their 5� 
ux thresholds of � 0:4�Jy 
orrespond to F

lim

� 1:7� 10

�20

Wm

�2

.
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3.9.3. Comparison Between the Observed and Theoreti
al Abundan
e of Ly-� PGs

The number 
ounts of Ly-� galaxies from CADIS and other systemati
 sear
hes 
an

be 
ompared with model predi
tions from Thommes & Meisenheimer (2002). Fig. 3.10

shows the 
umulative number 
ounts of Lyman-�-galaxies from observations and theory,

presented as the total number of galaxies N deg

�2

per �z = 0:1 whi
h are brighter than

a 
ertain observed 
ux F

lim

.

Figure 3.10 Cumulative number 
ounts of Lyman-�-galaxies, N deg

�2

per �z = 0:1, whi
h are brighter

than a 
ertain observed 
ux F

lim

, at z = 4:8 (left panel) and z = 5:7 (right panel). In the 
umulative

histogram the upper edge represents the number of 
andidates, while the squares take into a

ount the

likely residual 
ontamination by noise. Additional values of the number density are from Hu et al. (1998)

for z = 4:5, and from Hu et al. (1999) at z = 5:7. The arrows show upper limits of the number density

from the 
andidate lists of galaxies found by the Large Area Lyman Alpha Survey (LALA) at z = 4:6

(Malhotra & Rhoads 2002), and at z = 5:7 (Rhoads & Malhotra 2001). For 
omparison, we show the

measured abundan
e of Lyman-�-galaxies at z = 3:5 through emission-line-surveys from Hu et al. (1998,

small 
ir
les), and Kudritzki et al. (2000, large 
ir
les). A model luminosity fun
tion from Thommes &

Meisenheimer (2002), adapted to the values at z = 3:5, has been 
onverted to the redshifts sear
hed by

CADIS assuming no evolution between z = 5:7 und z = 3:5.

A model luminosity fun
tion has been adapted to the 
umulative number 
ounts of Lyman-

�-galaxies at z = 3:5, whi
h seem to be rather well determined through emission-line-

surveys from Hu et al. (1998, small 
ir
les) and Kudritzki et al. (2000, large 
ir
les).

Assuming no evolution between z = 5:7 � or z = 4:8, respe
tively � and z = 3:5, this

model luminosity fun
tion has been 
onverted, taking into a

ount the higher luminosity

distan
e and di�erent 
omoving volume, to the redshifts sear
hed by CADIS. The thin

bla
k line shows the model in
luding all galaxies, the thi
k line shows the model without

the prede
essors of ellipti
al galaxies. In the 
umulative histogram of CADIS Ly-� galaxy


andidates, the upper edge represents the number of CADIS 
andidates deg

�2

and per

�z = 0:1, brighter than the respe
tive F

lim

, while the squares take into a

ount the likely

residual 
ontamination by noise. One 
an see that CADIS a
tually probes the very bright

end of the luminosity fun
tion. While the number 
ounts of Hu et al. at both z = 4:8

(2 galaxies found by Hu et al. 1998) and 5.7 (1 galaxy found by Hu et al. 1999) seem
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still 
ompatible with a no-evolution model extrapolating the abundan
e, even the total

number of 
andidates found by the LALA survey and CADIS falls short of the model. A

model of Thommes & Meisenheimer (2002) whi
h is in agreement with the CADIS and

LALA measurements at z = 5:7 (see Fig. 3.11) gives a typi
al duration of the Ly-� bright

phase, �t

Ly�

, of 471Myrs, and z

max

= 4:4.

log F
lim

[W/m2]

∆
2

lo
g 

N
 [

1/
de

g 
 /

   
z=

0.
1]

Figure 3.11 Cumulative number 
ounts of Ly-� galaxies 
ompared with the model of Thommes &

Meisenheimer (2002). Blue 
ir
les are the number 
ounts of galaxies at z = 3:5 from Hu et al. (1998),

green 
rosses from Kudritzki et al. (2000). The blue X is the point from LALA survey (Rhoads & Malhotra

2001), the green 
ross 
lose to it is the point from Hu et al. (1999). Red stars are upper limits for the

CADIS Ly-� galaxy number 
ounts, while the green Xs take into a

ount the likely residual 
ontamination.

The model luminosity fun
tion adapted to the 
umulative number 
ounts of Ly-� galaxies at z = 3:5 is

showed by the solid bla
k line; the dotted red line shows the evolution of the luminosity fun
tion to z = 5:7

for a model of Thommes & Meisenheimer (2002) with the parameters given in the text.

3.10. Con
lusions and Dis
ussion

In summary, we have found 16 robust bright Ly-� 
andidates at z > 4:7: 5 Ly-� 
andi-

dates at z � 4:8 and 11 Ly-� 
andidates at z � 5:7. Moreover, 13 probable [O II℄� 3727


andidates 
an possibly be also Ly-� galaxies at z > 4:7, so we have a total of 29 galaxy


andidates at z > 4:7 in the four CADIS �elds analysed by now. The line of three 
andi-

dates has been 
on�rmed with VLT, but the line shape is not 
learly seen be
ause of the

low signal to noise, so the distin
tion between [O II℄� 3727 and Ly-� has to be ensured

by higher resolution spe
tros
opy.

Nevertheless, de
isive �rst 
on
lusions 
an be drawn from the CADIS sear
h for Ly-�

galaxies at z > 4:7. From 
omparison of model predi
tions, our results, and published

data on fainter Ly-� galaxies at z > 4:7, we 
on
lude that Lyman-�-galaxies at z = 4:8

and 5.7 are at most as abundant as at z = 3:5, and the abundan
e probably de
reases

at z > 4. Sin
e our results at z � 4:8 rely on the FP-A window in 09h-�eld, and only

half of the FP-A window in the 23h-�eld, whereas the Ly-� 
andidates at z � 5:7 
ome
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from four redu
ed �elds in window B, at least the 
on
lusion that the number 
ount of

Lyman-�-galaxies at z � 5:7 de
reases is robust.

Large-s
ale stru
ture 
an in
uen
e galaxy 
ounts even at high redshifts (Steidel et al.

1998). Nevertheless, for obtaining the number 
ounts of Ly-� galaxies at z � 5:7, large

s
ale stru
ture should average out when 
ombining four CADIS �elds (� 14� the size of

the �eld sear
hed by Hu et al. 1999). Small �elds like those sear
hed by Hu et al. (1998,

1999) in order to �nd galaxies at z � 4:5 and z � 5:7 (see Fig. 3.10) 
ould, however, be

biased be
ause of large s
ale stru
ture.

Two things should be noted about the 
omparison of the luminosity fun
tion at z � 3:5

with that at higher redshifts. First, the most luminous Ly-� observed line 
uxes for

galaxies at z � 3:5 found by Hu et al. (1998) and Kudritzki et al. (2000) are of order of

10

�19

Wm

�2

. Taking into a

ount the higher luminosity distan
e at z = 4:8 and z = 5:7

(
ompared to z = 3:5) these galaxies have apparent line 
uxes of � 5 � 10

�20

Wm

�2

at

z = 4:8, and � 3 � 10

�20

Wm

�2

at z = 5:7 (using a 


0

= 0:3, 


�

= 0:7 and H

0

= 70 km

s

�1

Mp


�1


osmology); i.e., galaxies with intrinsi
 bright Ly-� emission, 
orresponding

to observed line 
uxes > 3� 10

�20

Wm

�2

at z � 5:7 � as sear
hed by CADIS � have not

been found at z � 3:5. Thus, very little is a
tually known about the shape of the high

luminosity end of the luminosity fun
tion at high redshift.

Se
ond, the number 
ounts at the bright end of the luminosity fun
tion at z = 3:5, resulting

from two brighter galaxies dete
ted by Kudritzki et al. (2000, large 
ir
les), are higher

than the results of Hu et al. (1998, small 
ir
les). Sin
e large-s
ale stru
ture 
an in
uen
e

galaxy 
ounts even at high redshifts (Steidel et al. 1998), the Kudritzki et al. number


ounts 
ould be biased, be
ause Kudritzki et al. sear
hed only one �eld � whereas Hu et

al. survey goes over two �elds. Not taking into a

ount these two points from Kudritzki et

al. would result in a steeper luminosity fun
tion at the bright end at z = 3:5. This would

de
rease the dis
repan
y between the no-evolution model luminosity fun
tion at z � 4:8

and z � 5:7 and the CADIS upper limits for the number 
ounts of Ly-� galaxies.

Nevertheless, the assumption that the luminosity fun
tion does not evolve between z � 3:5

and z � 5:7 (or z = 4:8, respe
tively) seems not to be supported, sin
e the total numbers

of 
andidates found in the CADIS and LALA survey fall short of the model luminosity

fun
tion assuming no evolution between z = 5:7 (z = 4:8) and z = 3:5.

Ly� galaxies o�er a parti
ularly dire
t and solid test of the reionization epo
h (Haiman

& Spaans 1999). Be
ause Ly-� photons are resonantly s
attered in the neutral universe

before reionization, the Ly-�-line is strongly spread in both angle and frequen
y. This

produ
e a peak line intensity too weak for pra
ti
al dete
tion with present instruments

and teles
opes. Therefore, the reionization redshift should be marked by a sharp de
rease

in the number 
ounts of Ly-� emitters. The CADIS results allows the 
on
lusion that the

Lyman-� bright phase of primeval galaxies had its peak after z = 6. This is 
onsistent

with SDSS results, that z � 6 marks the end of the reionization epo
h (Fan et al. 2002).

3.11. Outlook

More CADIS data will be obtained and redu
ed in the near future. With the in
lusion

of data from window C in several �elds, we will be also able to sear
h for Ly-� galaxy


andidates at z � 6:5, even though only one su
h galaxy is expe
ted in the six CADIS

�elds a

ording to the Thommes & Meisenheimer (2002) models. Candidates for Ly-�
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galaxies in the 09h- and 16h-�elds, whi
h are not visible from the VLT, must be observed

with large teles
opes in the northern hemisphere (Ke
k, Gemini, Subaru). Moreover, high-

resolution spe
tros
opy of CADIS Ly-� galaxies with veri�ed lines should enable detailed

studies of these obje
ts (e.g. kinemati
 studies).
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Appendix A

CADIS, VLT, and TNG Spe
tra

Spe
tra 01H-Field

Figure A.1 The galaxy 01h-979 at z = 0:636. Upper panel: VLT spe
tra of this galaxy using FORS2

with the 600RI and 600R grisms. Lower panel: Photometry in all 14 opti
al CADIS �lters �tted by

a 
ontinuum-model (left) and the Fabry-Perot measurements in window B with a [O III℄ doublet pro�le

�tted to the observed 
ux data (right).
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APPENDIX A. SPECTRA

Figure A.2 Same as Fig. A.1 for the galaxy 01h-1017 at z = 0:638.

Figure A.3 Same as Fig. A.1 for the galaxy 01h-3517 at z = 0:635.

94



Figure A.4 Same as Fig. A.1 for the galaxy 01h-3750 at z = 0:635. The VLT spe
tra was taken with the

300I grism.

Figure A.5 Same as Fig. A.1 for the galaxy 01h-21585 at z = 0:639. The VLT spe
tra was taken with

the 600RI grism.

95



APPENDIX A. SPECTRA

Spe
tra 23H-Field

Figure A.6 Same as Fig. A.1 for the galaxy 23h-1937 at z = 0:639. The VLT spe
tra was taken with the

300I grism.
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Figure A.7 Same as Fig. A.6 for the galaxy 23h-3134 at z = 0:628.

Figure A.8 Same as Fig. A.6 for the galaxy 23h-4237 at z = 0:644.
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APPENDIX A. SPECTRA

Figure A.9 Same as Fig. A.6 for the galaxy 23h-8843 at z = 0:622. The VLT spe
tra was taken with the

600RI grism.

Figure A.10 Same as Fig. A.6 for the galaxy 23h-21315 at z = 0:639.
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Spe
tra 09H-Field

Figure A.11 The galaxy 09h-4319 at z = 0:399. Upper panel: The GALILEO spe
tra taken with

DOLORES and the HR-R and MR-B grisms. Lower panel: Photometry in all 14 opti
al CADIS �lters

�tted by a 
ontinuum-model (left), the Fabry-Perot measurements in window A with an [O III℄ doublet

pro�le �tted to the observed 
ux data (
enter) and the Fabry-Perot measurements in window C with a

H� pro�le �tted to the observed 
ux data (right)
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APPENDIX A. SPECTRA

Figure A.12 Same as Fig. A.11 for the galaxy 09h-5068 at z = 0:409.

Figure A.13 Same as Fig. A.11 for the galaxy 09h-8327 at z = 0:409.
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Appendix B

Some Formula

B.1. Deriving the Star Forming Rate from the Ly-� Line

Assuming Case B re
ombination gives (Bro
klehurst 1971):

L(Ly�) = 8:7� L(H�) (B.1)

As shown by Kenni
utt (1983), the total number of ionizing photons from newly produ
ed

stars is a good measure of the 
urrent star formation in a galaxy. Using the Kenni
utt

translation of

_

M from H� luminosity

_

M = SFR =

L(H�)

1:12 � 10

34

W

M

�

yr

�1

(B.2)

gives

_

M =

L(Ly�)

10

35

W

M

�

yr

�1

(B.3)

Using updated evolutionary tra
k, and assuming 
ase B re
ombination and for a Salpeter

IMF, Kenni
utt (1998) derived a (from equation B.2 slightly di�erent) 
onversion fa
tor

for integral H� luminosity to star formation rate of

SFR =

L(H�)

1:27 � 10

34

W

M

�

yr

�1

(B.4)

B.2. Look Ba
k Time

In the standard model the look ba
k time is (from Longair 1998):

t(z) = �

1

H

0

Z

0

z

(1 + z)

�2

(


0

z + 1)

�1=2

dz (B.5)

For 


0

= 1

t(z) =

2

3H

0

(1� (1 + z)

�3=2

) (B.6)

For z !1 equation B.6 delivers the age of the universe,

2

3H

0

.
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APPENDIX B. SOME FORMULA

For a 
at universe (


0

+


�

= 1) the look ba
k time is:

t(z) = 1�

2

3H

0




1=2

�

ln

�

1 + 
os�

sin�

�

; (B.7)

where tan� =

�




0




�

�

1=2

(1 + z)

3=2

.

The present age of the Universe is then:

t

Universe

=

2

3H

0




1=2

�

ln

 

1 + 


1=2

�

(1� 


�

)

1=2

!

(B.8)

For H

0

= 70 km s

�1

Mp


�1

, 


0

= 0:3, 


�

= 0:7, the present age of the universe is

� 13:4Gyrs.

B.3. Luminosity Distan
e

The luminosity distan
e, D

L

, is given in the standard model by:

D

L

(z;H

0

; q

0

) =




H

0

�

1

q

2

0

� (zq

0

+ (q

0

� 1) � (�1 +

p

2q

0

z + 1))

= D

P

(z;H

0

; q

0

) � (1 + z) (B.9)

where D

P

(z;H

0

; q

0

) is the proper distan
e.

For a 
at universe (


0

+


�

= 1), D

L

is given by:

D

L

=




H

0

Z

z

0

[(1 + z)

2

(1 + 


0

z)� z(2 + z)


�

℄

�1=2

dz: (B.10)

B.4. A
tual Size of Apparent Angle � at Redshift z

The proper length d of an obje
ts at redshift z is (from Longair 1998)

d = D

P

R(t)�� =

D

P

��

1 + z

=

D

L

��

(1 + z)

2

(B.11)

d in kp
/ar
se
 is then given by

d =

D

L

(1 + z)

2

�

1000 � 2�

60� 60� 360

�

D

L

(1 + z)

2

�

1000

206265

: (B.12)
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