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Un tersuc h ung der Sternp opulation in Galaxien seit z = 2 mittels

Nahinfrarotphotometrie

Diese Studie un tersuc h t die Galaxienev olution innerhalb der letzten 10 Milliarden Jahre.

Um Zugang zum Univ ersum b ei hohen Rotv ersc hiebungen zu erhalten, wurden Nahinfrarot-

b eobac h tungen im Rahmen der Himmelsdurc hm usterung COMBO-17+4 (Classifying Ob jects

b y Medium-Band Observ ations) durc hgeführt. Photometrisc he Rotv ersc hiebungen, Ruheband-

Sp ektralv erteilungen und Massen wurden für 14286 Galaxien bis zu einer sc hein baren Hel-

ligk eit v on H = 21:7mag
in 0.2 Quadratgrad des A901-F eldes b estimm t. Die rote, en t wic k elte

so wie die blaue, stern bildende Galaxienp opulation wurden in Abhängigk eit v on der Zeit un ter-

suc h t. Hierzu wurde eine sic h als F unktion der Zeit en t wic k elnde F arb en-Helligk eits-Bezieh ung

abgeleitet, um die rote Galaxienp opulation v on der blauen zu trennen. Unsere Ergebnisse

zeigen, dass die bimo dale V erteilung der Galaxien bis hinaus zu z = 1 :6 b esteh t. W eiterhin

wurden die Helligk eits- und Massenfunktion b eider P opulationen un tersuc h t. Hier zeigt sic h,

dass sic h die c harakteristisc he Magnitude M �
in b eiden Fällen zwisc hen 2 > z > 0:2 sig-

ni�k an t absc h w äc h t. Das sc h w ere Ende der Massenfunktion wird für z<1 v on roten Galaxien

dominiert, w ährend b ei hohen z en t wic k elte, rote und stern bildende blaue Galaxien zu gleic hen

T eilen b eitragen.

In v estigation of the stellar p opulation in galaxies since z=2 b y NIR

photometry

This study in v estigates galaxy ev olution in the last 10 Gyr of the age of the Univ erse. T o

access the high redshift Univ erse deep near infrared observ ations ha v e b een carried out in

the frame of the COMBO-17+4 (Classifying Ob jects b y Medium-Band Observ ations) surv ey .

Photometric redshifts, rest-frame SEDs and masses ha v e b een obtained for 14286 galaxies

do wn to an observ ed magnitude H = 21:7mag
in 0.2 square degree of the A901-�eld. The red

ev olv ed and the blue star-forming galaxy p opulations distributions ha v e b een follo w ed through

cosmic time. An ev olving colour-magnitude relation as a function of lo okbac k time has b een

deriv ed in order to separate the red galaxies from the blue ones. Our results sho w that the

galaxy bimo dalit y p ersist out to z = 1 :6. The luminosit y and the mass function for the red and

the blue galaxy p opulations has b een in v estigated. Our results sho w that the c haracteristic

magnitude M �
for b oth galaxy p opulation ha v e considerably dimmed b et w een 2 > z > 0:2.

The massiv e end of the mass function is dominated b y the red galaxies at z < 1, whereas ab o v e

z = 1 red ev olv ed and blue star-forming galaxy p opulations con tribute in similar n um b ers.
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Chapter 1

In tro duction

Galaxies are the building blo c ks of our Univ erse. Understanding when and ho w galaxies

w ere formed and ho w they ha v e ev olv ed since the Big Bang is one of the main motiv ations

of con temp orary astronom y . The astroph ysical studies on galaxy formation and ev olution

attempt to describ e the ph ysical pro cesses whic h ha v e transformed the primordial homogeneous

Univ erse to the curren t heterogeneous Univ erse whic h con tains clustered structures and a large

v ariet y of galaxy t yp es.

1.1 Cosmological Con text

The most accepted cosmological mo del to describ e our Univ erse is the Lam b da Cold Dark

Matter ( � CDM) mo del. This mo del giv es a fairly accurate picture of the observ able Univ erse

b y connecting the Big Bang theory , the in�ation and the accelerated expansion of our Univ erse

as w ell as the structures gro wth b y hierarc hical clustering. The � CDM mo del describ es the

large scale structures of our Univ erse as a sp onge structure with �lamen ts, w alls and v oids.

The millennium sim ulation b y Springel et al. (2005), see Fig. 1.1, giv es a go o d picture of

the distribution of the large scale dark matter structures in the � CDM con text. The last

results b y WMAP (Hinsha w et al. 2008) sho w that the presen t Univ erse is 13.72 Gyr old and

comp osed of 72.6% of dark energy (v acuum energy from the �eld), 22.8% of dark matter (non-

bary onic in visible matter whic h in teracts only gra vitationally , whose nature is still a puzzle

for scien tists) and only 4.6% is in a form of bary onic matter, lik e galaxies, stars, gas and

dust. In the � CDM mo del, galaxies form at the b ottom of dark matter p oten tial w ells in

dark matter �lamen ts. A t the junction of the �lamen ts lie massiv e galaxy clusters. In this

cosmological mo del, merging and clustering are the main mec hanisms with whic h galaxies gain

mass. In a hierarc hical w a y , small structures merge and cluster to form bigger structures. In

the mean time, galaxy in ternal structures ev olv e from, for example, disk-lik e spiral galaxies to

a gian t elliptical galaxy .
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1.2 Galaxies in the Lo cal Univ erse

The presen t Univ erse is comp osed of galaxies with v arious morphologies (as describ ed b y the

Hubble sequence, see Fig. 1.1) and v arious masses, sizes and prop erties. Galaxies morpholog-

ical t yp es can b e separated in to t w o main distinct sets. On one hand, the bulge-lik e elliptical

galaxies, also called early t yp e galaxies, and on the other hand the disk-lik e, spiral galaxies also

called late t yp e galaxies. These t w o sets of galaxies not only sho w a fundamen tal di�erence

in terms of morphology but also in terms of observ able colours. Galaxies are formed b y a

complex mix of y oung and old stellar p opulations. Old ev olv ed or y ounger but dust y galaxies

app ear redder than y oung star-forming galaxies whic h app ear bluer.

2 Mpc/h

2 Mpc/h

125 Mpc/h

125 Mpc/h

Figure 1.1: Large scale structure at z=0 from the millennium sim ulation (Springel et al.

2005) and the Hubble Sequence (credit: F ahad Sulehria). T op left panel sho ws the large-scale

ligh t distribution, middle panel sho ws a ric h cluster of galaxies where one can sees galaxies

individually , righ t panel sho ws the div ersit y of galaxy t yp es in the presen t Univ erse. Bottom

ro w sho ws the corresp onding dark matter distributions.

1.3 Lo okbac k Time Surv eys

The cosmological redshift is a redshift caused b y the expansion of the Univ erse. The w a v elength

of ligh t increases as it tra v erses the expanding Univ erse b et w een its p oin t of emission and its

p oin t of detection b y the same amoun t that space has expanded during the crossing time; th us

if � o and � e are the observ ed and emitted w a v elengths resp ectiv ely , w e ha v e



3 CHAPTER 1. INTR ODUCTION

� o

� e
=

ao

a
=

1
a

(1.1)

where a is the scale factor at the time of emission and ao is its presen t v alue whic h is

normalized to one. The redshift is the relativ e w a v elength c hange,

z �
� o � � e

� e
=

1
a

� 1 (1.2)

and th us

1 + z =
1
a

; a =
1

1 + z
(1.3)

The lo okbac k time as de�ned b y Eq. 1.4 is the time that ligh t tak es to tra v el from an

emitting ob ject to us. Since the v elo cit y of the ligh t is �nite, when w e observ e a distan t

ob ject, this ob ject lo oks as it w as at the time its ligh t w as emitted (i.e. when w e lo ok at a

distan t ob ject w e lo ok "bac k in time"). The lo okbac k time allo ws astronomers to study the

ev olution of galaxies, b y lo oking at galaxies at di�eren t distances, w e lo ok at them at di�eren t

ep o c hs and it is th us p ossible to study the c hanges in galaxies with time. Figure 1.2 sho ws

the lo okbac k time and the luminosit y distance (see Eq. 1.6) as a function of redshift for a

cosmological mo del where 
 m = 0 :28, 
 � = 0 :73 and H0 =71 km/s/Mp c.

t lookback =
1

H0

Z z

0

dz

(1 + z)
p


 m (1 + z)3 + 
 k(1 + z)2 + 
 �
(1.4)

Figure 1.2: Left: Lo okbac k time as a function of redshift. Righ t: Luminosit y distance as a

function of redshift. W orld mo del 
 m ; 
 � =(0.28,0.73) and H0 =71 km/s/Mp c is assumed.

In lo okbac k time surv eys w e ha v e to tak e in to accoun t that the galaxies sp ectra mo v e

through the observ ed bands due to their redshift. F or high redshifted galaxies, for example,

the optical rest-frame is shifted to the near infrared (NIR). Figure 1.3 sho ws an example of

the p osition of the redshifted sp ectrum of an Elliptical galaxy with resp ect to some observ ed

bands. In lo okbac k surv eys a k-correction has to b e applied to study a galaxy in its rest-
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frame. The absolute magnitude M of an ob ject is de�ned as the apparen t magnitude m that

this ob ject w ould ha v e if it w ere at a distance of 10 parsec, taking in to accoun t the k-correction

w e ha v e:

m = M + 5 log
�

DL

10pc

�
+ K (z) (1.5)

where the luminosit y distance

DL = (1 + z)
c

H0

Z z

0

dz
p


 m (1 + z)3 + 
 k (1 + z)2 + 
 �
(1.6)

and K(z) is the k-correction whic h dep ends on the galaxy sp ectrum

K (z) = � 2:5log
�
(1 + z)

L (1+ z)�

L �

�
(1.7)

In order to obtain a rest-frame magnitude a k-correction is applied b ecause the redshifted

ob ject emits his ligh t ( L � ) in a di�eren t pass bands that the one observ ed ( L (1+ z)� ). Com-

bining Eq. 1.5 to Eq. 1.7 if the apparen t magnitude and the redshift of an ob ject is kno wn

from a photometric or sp ectroscopic surv ey , the luminosit y distance and the k-correction can

b e calculated and its absolute magnitude deriv ed. Kno wing rest-frame prop erties for galaxies

at di�eren t redshift allo ws us to see di�eren t snapshot in the galaxy ev olution with time.

Lo okbac k time surv eys can study the galaxies in to di�eren t redshift slice of the Univ erse.

The como ving v olume VC is the measured v olume in whic h the n um b er densit y of non-ev olving

ob jects whic h are lo c k ed in the Hubble �o w remains constan t with redshift, see Hogg (1999)

for a nice review on distance measures in cosmology . Assuming a �at Univ erse where 
 K =0,

the como ving v olume is:

Vc =
4�
3

(Dc)3
(1.8)

where Dc is the como ving distance de�ned as:

Dc =
c

H0

Z z

0

dz
p


 m (1 + z)3 + 
 �
(1.9)

1.4 Photometric Redshift as a T o ol to Study Galaxy Ev olution

T o study the galaxy ev olution through cosmic time the determination of a galaxy's redshift

b ecomes imp erativ e and the redshift accuracy crucial. Photometric redshift using di�eren t

colours to estimate the redshift of a galaxy is an economic w a y to obtain redshifts for a large

amoun t of galaxies in a giv en �eld. Since sp ectroscop y is costly in terms of telescop e time due

to the optical fain tness of distan t galaxies, photometric redshift has in recen t y ears b ecome a
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Figure 1.3: Sp ectrum of an elliptical galaxy at di�eren t redshifts. Because of the redshift,

the sp ectrum mo v es through the di�eren t observ ed bands. A t rest (in blac k) the 4000Å break

feature is brac k eted b y the U- and the B-band while at z=1.75 (in red) it is brac k eted b y the

Y- and the J1-band.

v ery useful to ol for observ ational cosmology , pro viding the equiv alen t of lo w resolution sp ec-

tra. The metho d to obtain photometric redshift consists of taking an image of a galaxy in

di�eren t �lters, p erforming the photometry , calculating the di�eren t colours and �nally �tting

the observ ed data p oin ts with a syn thetic or an empirical Sp ectral Energy Distribution (SED).

The sp ectral feature of the 4000Å break caused b y calcium lines absorption is generally used

to determine the redshift. The principle of photometric redshift seems simple but di�culties

remain in ho w go o d the represen tation of the templates are to the observ ed galaxies and in

the manner the �t b et w een observ ed photometry and template is p erformed.

Based on the Calar Alto Deep Imaging Surv ey (CADIS) (Meisenheimer et al. 1998), an

extragalactic k ey pro ject of the MPIA in Heidelb erg from 1994 to 1999, a robust classi�cation

metho d to distinguish ob jects b et w een three di�eren t classes: galaxies, stars and quasars as
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b een established. Moreo v er, the CADIS exp erience demonstrated that classi�cation and red-

shift estimation in surv eys with medium-band �lters are a p o w erful and accurate to ol to study

the ev olution of galaxies and quasars through cosmic time (W olf et al. 2001a,b). The main

goal of CADIS w as to study galaxy ev olution through fain t emission line galaxies at in terme-

diate redshifts and primev al galaxies at v ery high redshift (Meisenheimer et al. 1998). CADIS

included a deep emission line surv ey supplemen ted b y a broad band m ulti-colour surv ey . This

pro ject lead to further pro jects lik e the COMBO-17 and the COMBO-17+4 surv ey whic h

also use a com bination of broad and narro w band photometry to p erform the classi�cation

of ob jects and redshift determination. The adv an tage of this surv ey strategy is to b e able

to replace telescop e time-consuming sp ectroscop y with m ulti-w a v elength photometry as the

main to ol for classi�cation and redshift measuremen ts. It also pro vides accurate redshifts and

m ulti-colour images for eac h galaxy useful for an y further in v estigation on galaxy morphology .

1.5 Observ ation of Galaxy Ev olution in the � CDM Univ erse

In the last few y ears, colour-magnitude diagrams, luminosit y and mass functions w ere exten-

siv ely used to describ e the galaxies whic h p opulated the Univ erse (up to z � 1). In a colour-

magnitude diagram, see Fig. 1.4, galaxies lie in t w o distinct p opulations de�ned as the galaxy

bimo dalit y . Some of them lie in a w ell de�ned narro w trac k called the red sequence while

others lie in a more di�use cloud, called the blue cloud. The red sequence galaxies are prin-

cipally non star-forming galaxies, called passiv ely ev olving, massiv e galaxies, mainly elliptical

galaxies (Bell et al. 2004a; Borc h et al. 2006; Cassata et al. 2008) but could also con tain ob-

scure star forming dust y galaxies (W olf et al. 2005). In v ersely , the blue cloud is comp osed of

star-forming, starburst, mainly lo w mass spiral galaxies. The red sequence and the blue cloud

are separate b y the green v alley , an in termediate p opulation of galaxies.

In the last 10 y ears, man y galaxy imaging and sp ectroscopic surv eys lik e COMBO-17 ,

SDSS, DEEP2, 2dF, VVDS, F ORS, COSMOS, GOODS, UKIDSS

1

, etc ha v e prob ed the Uni-

v erse and pro vided more clues on the ph ysical pro cesses whic h go v ern galaxy formation and

ev olution (since z � 1). Using COMBO-17 data, Bell et al. (2004b) ha v e sho wn that the galaxy

bimo dalit y is presen t at all redshifts out to z=1 and that the red sequence is already in place

at z=1. Bell et al. (2004b) also sho w ed that the n um b er densit y of luminous blue star forming

galaxies has decreased strongly since z � 1 and that the stellar mass of the red sequence galaxy

has doubled in the same redshift in terv al. Recen t results b y Borc h et al. (2006) using also

COMBO-17 data sho w that the in tegrated stellar mass densit y of blue galaxies sta ys constan t

since z � 1 but that the total stellar mass of the Univ erse has doubled in the same redshift in-

terv al. Moreo v er, in the same redshift in terv al the com bined star formation rate (SFR) drops

1

see list of acron yms at the b eginning of this do cumen t for the meaning of the surv eys names.
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Figure 1.4: Mo c k colour-magnitude diagram sho wing the bimo dalit y of galaxies. The red

sequence follo ws a narro w trac k while the blue cloud lies in a more di�use area of the diagram.

The t w o p opulations are separated b y the green v alley .

b y an order of magnitude since z=1 Madau et al. (1996); Lilly et al. (1996); Hipp elein et al.

(2003); Hopkins (2004), see also Fig. 1.5. The fact that the n um b er of passiv ely ev olving

galaxies are gro wing since z � 1 while the n um b er of activ e star forming galaxies sta ys constan t

com bined with a declining o v erall SFR leads to a b etter understanding of the galaxy ev olution

in the last 8 Gry . These observ ations suggest that the stellar mass of the massiv e elliptical

galaxies presen t to da y w as built up b y recen t ma jor merges rather than b y star formation and

that ph ysical mec hanisms ha v e sh utdo wn the star formation around z=1.
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Figure 1.5: Ev olution of the cosmic star formation rate using sev eral data set from Borc h

et al. (2006). The SFR has a plateau at high redshift and sev erely declines from z � 1 to the

presen t da y .
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Com bining COMBO-17 and DEEP2 data, F ab er et al. (2007) sho ws that since z=1 the

buildup of the stellar mass on the red sequence comes from the com bination of 1) the mi-

gration from the blue cloud galaxies for whic h the star formation has b een quenc hed and 2)

the merging of less luminous, quenc hed red galaxies. Figure 1.6 sho ws the buildup of the red

sequence from a com bination of quenc hing via w et merge follo w ed b y red galaxy dry merging.

When the quenc hing happ ens through a w et merge of lo w mass blue galaxies (i.e. the mass is

assem bled in the blue cloud), the resulting pro duct will p opulate the lo w er mass part of the

red sequence and then can slo wly increase its mass via dry merge on the red sequence. On

the other hand, if the quenc hing happ ens later with more massiv e blue galaxies, the resulting

pro duct will ha v e already assem bled most of its mass in the blue cloud and will p opulate the

massiv e part of the red sequence. The exact mec hanisms whic h could ha v e sh utdo wn the star

formation around z=1, suc h as quenc hing, harassmen t, strangulation, feedbac k, etc via galaxy

dry or w et merge are still a matter of debate and a hot topic in astroph ysics.

Figure 1.6: Sc hema of galaxy migration from blue cloud to the red sequence in a colour-mass

diagram. The blue cloud galaxies undergo star formation quenc hing via w et merge and migrate

to the red sequence (blac k arro ws). Galaxies on the red sequence could undergo dry merging

and hence increase their masses (white arro ws), from F ab er et al. (2007).

T o date, most of the galaxy surv eys are limited to describing the Univ erse b elo w z � 1 due

to the di�cult y of obtaining a large amoun t of high redshift galaxy sp ectra and the use of

optical data only in the photometric redshift surv eys, and little is kno wn b ey ond z � 1. It is

though t that most of the stars in the Univ erse w ere formed b et w een 1<z<3. If w e lo ok at the

star formation rate (SFR) as a function of redshift in Fig. 1.5 one sees that the SFR mo destly
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increases b et w een 5<z<3 reac hes a p eak at z � 2 and suddenly declines since z � 1. In ligh t

of these results, the Univ erse has pro duced most of its stars b et w een 1<z<3 with an ap ogee

at z � 2 follo w ed b y a drastic decline since z � 1. The ep o c h of the Univ erse b et w een 1<z<2

is a crucial momen t in terms of galaxy formation and ev olution, it seems to b e a p erio d of

transition. Motiv ating questions are when the red sequence w as �rst formed and ho w its mass

w as assem bled. If there is no doubt ab out the bimo dalit y of galaxies b elo w z � 1, things are

less clear at higher redshift. Massiv e, passiv ely ev olving galaxies ha v e b een observ ed at z<1.5

(Daddi et al. 2005; Cirasuolo et al. 2007; McGrath et al. 2007; T a ylor et al. 2008) and a recen t

sp ectroscopic study b y Kriek et al. (2008) has con�rmed the presence of a red sequence a little

b ey ond z=2, observ ations also supp orted b y the photometric surv ey b y Williams et al. (2008).

The problems encoun tered b y the latest surv eys lik e the lo w n um b er of ob jects found at high

redshift, the small area surv ey ed com bined with the in�uence of large scale structures and the

selection biases mak e di�cult a rigorous analysis of galaxy ev olution at high redshift. When

the red sequence �rst app ears is a matter of debate and one of the aims of this thesis.

1.6 This Study

The goal of this thesis is to resume the previous w ork ac hiev ed b y the COMBO-17 team b y

extending the photometric redshift range out to z=2 with the help of deep NIR data to explore

galaxy ev olution at higher redshift. One of the main con tributions of this thesis is to pro vide

high qualit y NIR photometry and a deep H-band selected sources catalogue for the A901 �eld.

By supplemen ting NIR to the optical data this w ork also impro v es the photometric redshift

accuracy for z � 1 galaxies. An in v estigation of the bimo dalit y of galaxies through cosmic time

is done in order to separate the red and the blue p opulations of galaxy and deriv e the lumi-

nosit y and mass function for red and blue galaxies out to z=2.

This thesis is organized as follo ws: Chapter 2 describ es the COMBO-17+4 surv eys and

his goals. Chapter 3 presen ts the NIR data and the data reduction pro cedure and analysis.

Chapter 4 deals with the classi�cation of the galaxies and redshift assignmen t b y template

�tting. Chapter 5 in v estigates the galaxy bimo dalit y through cosmic time. Chapter 6 presen ts

the ev olution of the luminosit y function for the red and the blue galaxies since z=2. Chapter 7

presen ts the ev olution of the mass function for the red and the blue galaxies since z=2. Finally

Chapter 8 concludes this study .



Chapter 2

The COMBO-17+4 Surv ey

This c hapter describ es the COMBO-17+4 surv ey , its scien ti�c goals and its con text among

other ongoing similar NIR surv eys. T o access information ab out ph ysical prop erties of galaxies

at high redshift, one needs IR observ ations since a galaxy's rest-frame optical ligh t is stretc hed

b y the expansion of the Univ erse and shifted in the observ ed infrared w a v elength range. Th us,

the IR observ ations allo w us to prob e the optical rest-frame luminosit y of distan t galaxies and

their stellar masses. The dev elopmen t of the infrared detectors and wide-�eld cameras allo w ed

astronomers to further explore the Univ erse b y probing fain t and high redshifted sources, im-

p ossible to observ e in the optical w a v elength range.

The wide-�eld NIR camera OMEGA2k (PI: H-J. Röser), whic h started to b e in op eration

at the Calar Alto Observ atory in 2003, ga v e us the opp ortunit y to obtain deep NIR images

of a large amoun t of galaxies. The OMEGA2k camera w as the largest ground based NIR

camera a v ailable in the w orld for man y y ears. A t the same time the MANOS pro ject (MPI

für Astronomie Near-infrared Optical Surv eys) w as designed. MANOS is divided in to a deep

and a wide surv ey . COMBO-17+4 (Classifying Ob jects b y Medium-Band Observ ations in 17

�lters) consists of a deep NIR extension of the optical COMBO-17 surv ey to prob e galaxy

formation and ev olution and HIR OCS (Heidelb erg InfraRed Optical Cluster Surv ey) consists

of a wide NIR surv ey searc hing for high redshift galaxy clusters. Those t w o surv ey are k ey

ongoing pro jects at the MPIA Heidelb erg.

2.1 The Limitations of the COMBO-17 Surv ey

Although the COMBO-17 surv ey could pro vide a v ery go o d picture of the galaxy ev olution,

the surv ey is constrained to explore the Univ erse up to z=1 only . The redshift range of the

COMBO-17 surv ey is limited b y t w o facts:
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� First the classi�cation is not reliable ab o v e z � 1.1. The classi�cation metho d uses the

pronounced sp ectral feature from the 4000Å break to assign the redshift of a galaxy . The

COMBO-17 surv ey is based on optical data only and the m ulti-colour classi�cation metho d

requires at least 2 photometric data p oin ts ab o v e the 4000Å break for a reliable redshift

determination. The second reddest �lter used in the frame of the COMBO-17 surv ey is the

medium band � =856nm, if w e sample just ab o v e the 4000Å break, sa y 4100Å, this leads to a

maxim um reliable redshift of z = � observed=� emitted = 856=410� 1=1.09.

� Secondly , the galaxies at z>1 whic h con tain a considerable amoun t of old stars are to o fain t

to b e observ ed in the optical pass bands but their �ux is substan tial in the NIR.

2.2 Surv ey Description

COMBO-17+4 is a deep NIR surv ey whic h com bines the 17 optical broad and medium bands

from the COMBO-17 with 4 NIR �lters (th us the name of the surv ey: COMBO-17+4 ). The

optical images w ere tak en with the Wide Field Imager (WFI) at La Silla Observ atory b et w een

F ebruary 1999 and Jan uary 2001 in the frame of the COMBO-17 surv ey (W olf et al. 2003).

The NIR surv ey consists of observ ation in 3 medium bands Y( �=�� = 1034=80nm ), J1( �=�� =

1190=130nm ), J2( �=�� = 1320=130nm ) and one broad band H( �=�� = 1650=300nm ), see Fig.

3.5 for the full COMBO-17+4 �lter set. The supplemen t of 4 NIR �lters to the COMBO-

17 surv ey allo ws to reac h galaxies with reliable redshift out to z=2.1. The NIR data w ere

carried out with the wide �eld IR camera Omega2000 attac hed to the 3.5m telescop e at the

Calar Alto Observ atory in Spain. Three original targets from the COMBO-17 surv ey are

observ ed in NIR: Ab ell 901, Ab ell 226 and S11, see T able 2.1 for the co ordinates. Since the

Calar Alto Observ atory is lo cated in the northern hemisphere the t w o other original targets

of the COMBO-17 surv ey , the t w o southern �eld: SGP and CDFS, ha v e b een excluded from

the COMBO-17+4 surv ey due to their lo w declination on the sky . Eac h �eld has a dimension

of 300 � 300
th us the total co v erage of COMBO-17+4 surv ey is an area of 0.77 square degree

on the sky (ab out 4 time the size of the mo on).

Field Name Righ t Ascension (J2000) Declination (J2000)

A901 09

h
56

m
17

s
-10

�
01

0
00

00

A226 01

h
39

m
00

s
-10

�
11

0
00

00

S11 11

h
42

m
58

s
-01

�
42

0
50

00

T able 2.1: COMBO-17+4 Surv ey Field Co ordinates
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2.3 The Scien ti�c Goals of the Surv ey

In order to prob e the galaxy ev olution in the in teresting ep o c h b et w een 1<z<2, the goals

pursued b y the COMBO 17+4 surv ey are m ultiple:

� The surv ey will pro vide v ery accurate �z < 0:03(1 + z) photometric redshifts, SEDs and

masses for a large sample of sev eral thousands of galaxies b et w een 1 < z < 2, pro viding for

the �rst time the largest sample of galaxies in that redshift range.

� COMBO-17+4 will impro v e the determination of the stellar mass since the optical data do

not prop erly co v er the sp ectral con tribution of the old stars whic h con tain most of the mass.

The NIR data giv es access to the information con tained in the old stellar p opulation of high

redshift galaxies with z>1 (whic h are to o fain t in the optical regime to b e observ ed) and th us

allo ws us to impro v e the determination of their stellar mass.

� The surv ey aim to establish the luminosit y function for the red sequence and blue galaxies

in the redshift range 1 < z < 2.

� In order to in v estigate the galaxy mass assem bly , the mass function for the red sequence and

blue galaxies b et w een 1 < z < 2 is also aimed.

2.4 Surv ey Status

The COMBO-17+4 surv ey originally targets 3 �elds, A901, A226 and S11, see T ab.2.1. A t

the time this thesis pro ject started the A901 and the S11 �eld w ere the only targets for

whic h the optical data w ere a v ailable and fully analysed. Ev en though the A226 �eld is the

only �eld whic h has b een successfully completed in NIR its optical coun terpart has not b een

fully analysed y et, therefore the A226 is not included in this study . F urthermore, due to bad

w eather, the S11 �eld is still to o shallo w in the NIR, data acquisition for this �eld still has to

b e completed. Consequen tly , the S11 �eld is also not part of this thesis. Nev ertheless the A901

�eld is the most in teresting �eld to prob e galaxy ev olution since it con tains the sup er cluster

Ab ell 901/A902 cen tred at z=0.165 and giv es the opp ortunit y to study galaxy ev olution for

galaxies in clusters and in the �eld.

2.5 The Sup er Cluster Ab ell 901/902 to Prob e Galaxy Ev olution

The Ab ell 901-�eld has b een c hosen to in v estigate galaxy ev olution out to z=2 in the frame of

this thesis. The A901-�eld is also targeted b y the m ulti-w a v elength surv ey ST A GES (Space

T elescop e A901/A902 Galaxy Ev olution Surv ey) whic h pro vides HST-A CS imaging, XMM

and GALEX co v erage, 2dF sp ectroscop y and Spitzer photometry b et w een 3.6 � and 24 � . The
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ST A GES collab oration in v estigates principally the ph ysical driv ers of galaxy ev olution across

a wide range of en vironmen ts and luminosit y , for more details see Gra y et al. (2009).

2.6 Ongoing Ground Based Infrared Surv eys

In the last few y ears a great n um b er of NIR surv eys to prob e galaxy formation and ev olution

ha v e emerged. Figure 2.1 sho ws the c haracteristic of ongoing m ulti-w a v elength imaging and

sp ectroscopic ground based surv eys whic h include deep NIR and giv e the p osition of the

COMBO-17+4 surv ey among them in terms of surv ey ed area and depth.
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Figure 2.1: Depth and surv ey ed area of ongoing m ulti-w a v elength surv eys including NIR data.

F or the COMBO-17+4 surv ey , the depth in the H-band is giv en as a reference since the surv ey

do es not carry out K-band observ ations.



CHAPTER 2 14

The ma jorit y of those surv eys use only broad band photometry except for NEWFIRM and

COSMOS

1

whic h also include medium-bands �lters allo wing a b etter photometric redshift

accuracy . Despite of the use of NIR photometry , most of those surv eys ha v e so far only

in v estigated the z<1 Univ erse. On the other hand, surv eys lik e VVDS, UKIDSS, COSMOS,

MUSYC, FIREW ORKS and NEWFIRM ha v e extended their in v estigation out to z � 2. All

these surv eys com bined will pro vide a profusion of data and results pro viding more information

ab out galaxy formation and ev olution since z � 2.

1

see list of acron yms at the b eginning of this do cumen t for the meaning of the surv eys names.
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F rom Photons to Photometry

The main b o dy of this c hapter explains the NIR data reduction whic h leads to the photometry .

Obtaining the NIR photometry w as one of the ma jor con tributions of this thesis. A ccurate

photometry measuremen ts allo ws us to deriv e accurate colours whic h are the cornerstone for a

reliable ob ject classi�cation necessary for assigning photometric redshift and Sp ectral Energy

Distribution (SED) for eac h galaxy . This c hapter explains eac h necessary step in v olv ed in the

data reduction pro cess to correct the NIR data collected b y the telescop e and allo w the study

of galaxy ev olution through cosmic time. This c hapter presen ts �rst the c haracteristic of the

infrared sky , follo w ed b y the description of the instrumen t used to collect the NIR data and the

observ ational strategy used in the frame of the COMBO-17+4 surv ey . The NIR observ ations

used in the frame of this study are also presen ted.

3.1 The A tmosphere in Near Infrared

T o b etter understand the pro cedure used to p erform the data reduction and the t yp e of data

the COMBO-17+4 surv ey are dealing with, it could b e helpful to �rst sp end a few w ords to

describ e the sky in infrared. The Earth's atmosphere p ossesses a high transmission windo w

b et w een � 320nm to � 2:6�m making optical and infrared observ ations p ossible for a ground

based telescop e. Ho w ev er, in infrared, the atmosphere is not completely transparen t. W ater

v ap our and CO 2 molecules b eing the main cause of absorption, �lters are carefully designed

to a v oid the strongest absorption lines, see Fig. 3.1. Moreo v er, the infrared sky brigh tness

is dominated b y man y emission lines. In the NIR regime from � 950nm to � 2.6 � m , the sky

bac kground is dominated b y narro w h ydro xyl (OH

�
) emission lines also called airglo w. Figure

3.1 sho ws the in tensit y of the (OH

�
) emission lines in the J- and H-bands. Infrared images

ha v e high bac kground lev el due to the airglo w and moreo v er airglo w v aries temp orally and

spatially . A study on the NIR sky brigh tness at the Calar Alto Observ atory w as recen tly

done b y Sánc hez et al. (2008). This study sho ws that the (OH

�
) emission v aries during the

da y and are stronger during da ytime and during t wiligh t. They also observ e that the (OH

�
)
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emission lines decrease in in tensit y b y a factor 2 or 3 in one or t w o hours after the t wiligh t,

and do es not increase again un til just b efore the sunrise (Sánc hez et al. 2008). A study b y

F assb ender (2003) sho ws that, at an y time of the nigh t, a v ariation b et w een 10%-20% of the sky

bac kground lev el can b e exp ected ev ery � 10 min in the H-band. In photometry , to obtain the

�ux measuremen t of a giv en source, w e need to kno w the con tribution of the sky bac kground

emission surrounding that source. W e ha v e to k eep in mind that the NIR sky bac kground

v aries temp orally and spatially during the data acquisition whic h causes a direct impact on

the manner the data reduction is p erformed. F ortunately , to �rst order this is deal su�cien tly

w ell b y our photometry soft w are whic h subtract the lo cal time-a v eraged bac kground around

eac h ob ject.
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Figure 3.1: Left top: A tmospheric transmission windo w in the NIR with corresp onding �lter

names, adaptation from Co x (2000). Left b ottom: Molecules whic h con tribute to atmospheric

absorption in the NIR regime, Co x (2000). Righ t: Airglo w caused b y the OH

�
emission lines

in the J- and H-band from Herbst (1994), no data for the Y-band are a v ailable in the literature.

3.2 The Omega2k Camera

The OMEGA2k camera (PI: H-J Röser) has b een created for surv eys lik e COMBO-17+4 and

HIR OCS whic h are part of the MANOS pro ject. The aim of the camera is to pro vide wide �eld

high qualit y images to prob e the distan t Univ erse in the infrared. The OMEGA2k detector

consist of a fo cal plane arra y (FP A # 77) of t yp e HA W AI I-2, see Fig. 3.11. The detector arra y

con tains 2048 � 2048 pixels and its sensitiv e from 850 to 2500 nm. The camera is moun ted at

the prime fo cus of the 3.5m telescop e at the Calar Alto Observ atory , see Fig. 3.2. With a pixel

size of 0.45 arcsec/pixel the camera has a wide �eld of view of 15:40� 15:40
(Baumeister et al.
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2003). Wide �eld imager cameras often su�er from �eld distortions but one of the adv an tages

of the OMEGA2k camera is that the distortion is negligible across the en tire �eld of view

(Röser 2006). The detector is divided in 4 quadran ts eac h con taining 8 c hannels. The camera

o�ers sev eral reading mo des, the one used for the COMBO-17+4 surv ey observ ations is the

Line In terlaced Read (LIR) whic h is the most time e�cien t mo de (K o vács 2006). The camera

cry ostat con tains 3 �lter wheels with a p ossibilit y of sev eral di�eren t narro w, medium and

broad band �lters. F or more details on the OMEGA2k camera and a c haracterization of its

detector and its di�eren t readings mo de see K o vács (2006).

Figure 3.2: Left: Design of the wide �eld near infrared camera OMEGA2k. Middle: The

camera attac hed at the prime fo cus of the 3.5m Cassegrain telescop e. Righ t: Dome of the

3.5m telescop e at Calar Alto Observ atory .

3.3 Observ ational Strategy

The A901-�eld has a size of 300 � 300
and w as originally targeted b y the Wide-Field imager

(WFI) camera in La Silla Observ atory . Since the �eld of view of the OMEGA2k camera is

15:40 � 15:40
4 p oin tings w ere required to co v er the A901-�eld en tirely . T o this end, the full

�eld has b een divided in to 4 sub�elds named A, B, C and D, see Figure 3.3. The 4 sub�elds

w ere observ ed in 4 NIR �lters including 3 medium band �lters: Y, J1, J2 and the broad band

H. The c haracteristics of the NIR �lters used are listed in T ab.3.1 and the �lter transmission

curv es are sho wn in Figure 3.5.
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During the data acquisition the tec hnique of dithering w as applied. Dithering is a tec hnique

used frequen tly in astronom y . The tec hnique consists of taking sev eral exp osures and mo ving

sligh tly the p osition of the telescop e relativ ely to the �eld cen tre b et w een eac h exp osure. In

this w a y an ob ject do es not fall in the same pixel on di�eren t images. F requen t dithering

allo ws a giv en pixel to see pure sky in most of the images. Figure 3.4 depicts this tec hnique,

the pixel A sees the pure sky in frame 1 to 4 but pixel B only in frame 1 and 2. When a

median is calculated through the stac k of images the ob ject signal is eliminated and the result

is a frame with pure sky only . This metho d allo ws a go o d sky bac kground determination. All

images tak en at the telescop e in the frame of the COMBO-17+4 surv ey w ere dithered.
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Figure 3.3: Optical comp osite image of the A901-�eld. The �eld is divided in 4 sub�elds

named A, B, C and D. The circle sho w the galaxy clusters A901a, A901 � , A901b and A902

as w ell as the South W est galaxy group.
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Figure 3.4: Stac k of images with dithering from Röser (2006). In order to determine the sky

bac kground con tribution, the images are aligned pixel-wise th us the pixel A sees the pure sky

in frame 1 to 4 and pixel B in frame 1 and 2.

Filter Cen tral FWHM 5%cut o� 5%cut o�

Name W a v elength (nm) nm nm nm

Y 1034 75 988 1079

J1 1198 95 1141 1254

J2 1302 106 1239 1364

H 1647 266 1502 1797

T able 3.1: Characteristics of the OMEGA2k �lters used for the COMBO-17+4 surv ey .

3.4 NIR Observ ations

The NIR observ ations w ere carried out o v er sev eral runs b et w een Decem b er 2005 and April

2008. T able 3.2 and 3.3 summarize the observ ations collected for this study . The total in te-

gration time reac hed in eac h sub�eld in eac h �lter is sho wn in T ab. 3.4. Due to rep etitiv e

bad w eather during the di�eren t observ ation runs, only the sub�eld A, B and C (i.e. 3/4 of

the en tire �eld) ha v e b een observ ed with a su�cien t depth to reac h useful magnitude limits

for reliable photometry of fain t ob jects in the �eld. As w e can see on T ab. 3.4 the sub�eld D

is far to o shallo w due to a lac k of data in the J2- and H-band �lter;

1

therefore this sub�eld

is not included in the data analysis. The results presen ted in this thesis are based on data

from the A901 sub�eld A, B and C only (represen ting an area of 0.2 square degrees on the sky).

Eac h image in the H-band is a 60 sec exp osure whic h consists of a coaddition of 20 frames

ha ving 3 seconds exp osure eac h. The J2-band images are 80 seconds exp osures whic h are a

coaddition of 8 images ha ving 10 second exp osure. The J1-band images are 100 exp osures

whic h are a coaddition of 5 images with 20 seconds and �nally the Y-band images are 100

1

Observ ations in sub�elds A, B and C ha v e b een obtained in Spring 2009 to complete the surv ey .
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Figure 3.5: T ransmission curv es for the 21 �lters used in the COMBO-17+4 surv ey .

seconds exp osures with 10 images of 10 second coadded. T able 3.4 giv es the total in tegration

time obtained, all �lters com bined it is more than 1300 images whic h ha v e b een pro cessed for

this study .

In order to p erform the data reduction, calibration frames are required. They ha v e b een

tak en b esides the science frame for eac h campaign. The calibration series consists of a series

of dark exp osures with increasing in tegration time, series of dome �at�elds with increasing

in tegration time and a series of dusk or da wn sky �at�elds. The calibration series allo ws to

creates Bad Pixel Masks and Flat�elds whic h are explained in the next sections.

The qualit y of the data can b e c haracterized b y the seeing

2

of the images. The seeing

measuremen t of the images are sho wn in Fig. 3.6 for eac h �lter and sub�eld. The seeing

ranges from � 0.85

00
to � 1.5

00
dep ending on the sub�elds and the �lters. F or the photometry

only images with seeing <1.5

00
ha v e b een used, see Ÿ.2.15 for photometry pro cedures.

2

The seeing is a measure of the blurring of an image caused b y the turbulence of the Earth's atmosphere.

In ideal condition a p oin t-lik e source (e.g. stars) is represen ted as a di�raction pattern with a cen tral p eak,

the seeing is the measure of the FWHM of the distribution.
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Figure 3.6: Histograms of the seeing distribution among the frames of di�eren t A901-sub�elds

in the four NIR bands of the COMBO-17+4 surv ey .

3.5 Data Reduction Sc heme

During the observ ations the photons emitted b y distan t galaxies are collected b y the detector

of a camera. Unfortunately the detectors used are nev er p erfect, for example their sensitivit y

could b e unequal or some of their pixels could b e defectiv e. These in trinsic imp erfections m ust

b e corrected b efore an y further analysis of an astronomical image. In addition, ev ery pixel

of the detector hit b y high energy particles (cosmic ra ys) has to b e corrected. This set of

corrections applied to ra w images coming from a telescop e is called the data reduction. The

goal of the data reduction is to pro vide images free of imp erfections ready to calculate the

photometry . The data reduction is a v ery imp ortan t step whic h m ust b e done carefully to

b e able to ac hiev e an accurate photometry . The data reduction w as p erformed with the soft-

w are ESO-MID AS (Europ ean Southern Observ atory Munic h Image Data Analysis System).

MID AS is dev elop ed and main tained b y the Europ ean Southern Observ atory . Under MID AS

the pac k age MPIAPHOT dev elop ed b y Röser & Meisenheimer (1991) w as used for the data

reduction and the photometry . The MPIAPHOT pac k age w as used for ev ery step of the data

reduction exempt for the �at�elding, the sky bac kground mo delling and subtraction and the
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dark subtraction where the OMEGA2k data reduction pip eline dev elopp ed b y F assb ender

(2003) w as used.

The data reduction pro cess is depicted in Figure 3.7. The next sections of this c hapter

describ e in detail eac h step of this pro cess. As an o v erview, the general data reduction pro-

cedure w orks as follo ws: for a set of data of a certain sub�eld (A, B or C) tak en in the same

�lter (Y, J1, J2 or H), the ra w images and a normalised �at�eld image are used as input in the

O2K-pip eline. The pip eline divides eac h image b y the normalised �at�eld image, then the sky

bac kground is determined and subtracted from eac h image. The output of the O2K-pip eline

are �at�elded and sky-subtracted images for whic h the a v eraged sky lev el has b een k ept.

3

The next step is to correct for bad pixels and cosmic ra ys with the help of a bad pixel mask

and a mosaic-median image. Then, sev eral of the fully reduced single images with similar

seeing are summed pixelwise b y groups of 5 images. The dimension of eac h output summed

frame is the common area of the 5 input individual frames. The �nal output are fully reduced

images whic h are ready for the photometry .

3.6 Dark Curren t Correction

The dark curren t subtraction is generally the �rst correction applied to the ra w images. The

dark curren t is due to the thermal excitation of the electrons in the conductiv e bands of the

detector. The dark curren t is alw a ys presen t ev en if the detector is not illuminated, and is a

function of time and temp erature. By co oling do wn to 78K, the OMEGA2k detector's dark

curren t b ecomes v ery lo w, only <0.03 e� =sec are pro duced b y the dark curren t (F assb ender

2003). Since the in tegration time of a single NIR image is short ( � 3sec), the dark curren t

amoun ts to a few electrons only . Nev ertheless, these additional coun ts ha v e b een remo v ed b y

a subtraction of the dark curren t from the scien ti�c ra w images. T o remo v e the righ t amoun t

of dark curren t one needs to subtract a dark curren t frame with the same in tegration time

as the ra w images. The information of the dark curren t is con tained in the sky bac kground

mo del created b y the O2k-pip eline for eac h individual ra w image. Hence, b y subtracting the

sky bac kground mo del from the ra w images, the dark curren t is also subtracted.

3.7 Flat�eld Correction

One of the ma jor corrections applied to the ra w images obtained b y the telescop e is the so

called �at �eld correction. The aim is to correct �rstly the pixel-to-pixel sensitivit y v ariation

and secondly the global non homogeneous sensitivit y of the detector. This pixel-to-pixel sen-

sitivit y sho ws �xed patterns on the image and th us is also called �xed pattern noise (FPN),

see Fig. 3.8. The pixel to pixel sensitivit y v ariation comes from the fact that eac h pixel cell

3

That is, w e subtract only the small-scale v ariation of the sky bac kground with resp ect to its global v alue.
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  OMEGA2k PIPELINE:

           Flatfield  Correction
         Sky Background Model
Sky and Dark Current Subtraction

INPUT
Data Treatment &
Intermediate output OUTPUT

Cosmic Rays  and
Bad Pixel Correction

-Raw Images
-Normalised Flatfield

Individual Flatfielded and
Sky-Subtracted Images

-Bad Pixel Mask
-Mosaic Median Image

     Individual  
Reduced Images

       Pixelwise Summation
 of Images with Similar Seeing

 Fully Reduced Summed
 Images for Photometry

Figure 3.7: Data reduction sc heme used to treat the NIR ra w images from the OMEGA2k cam-

era in the farme of the COMBO-17+4 surv ey .

unit ma y con tain di�eren t lev els of impurities. On the other hand, the non-uniform sensitivit y

across the detector (the v ariation of the quan tum e�ciency (QE)) is caused b y the non-uniform

thic kness of the photosensitiv e la y er whic h co v ers the detector (K o vács 2006) .

The pixel-to-pixel sensitivit y v ariation as w ell as the global sensitivit y v ariation of the de-

tector m ust b e corrected in a m ultiplicativ e w a y . The �at�eld correction tec hnique consists of

constructing a �at �eld image from a series of dome �ats and/or sky �ats and dividing eac h

scien ti�c image b y this normalised �at�eld image. Since the �xed pattern noise dep ends on the

w a v elength, a �at�eld image is needed for eac h �lter used during an observ ational nigh t (i.e.

the Y-, J1-, J2- and H-band). T o map the FPN and the detector global sensitivit y v ariation

w e need uniformly illuminated images, hence the sky illumination during t wiligh t is used to

illuminate the detector. A sky �at series, whic h consists of a series of images of the sky , is

tak en for eac h campaign and is used to map the sensitivit y v ariation of the detector. F or the

sky �at series a blank �eld (ideally with no stars) is targeted b y the telescop e, a v oiding an y
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brigh t stars whic h could in tro duce un w an ted patterns or saturate the images of the sky �at

calibration series. T o prev en t the remaining stars from alw a ys falling on the same pixels of

the detector, a telescop e o�set of a few arc seconds has b een applied b et w een eac h exp osure

of the series (i.e. dithering, see Fig. 3.4). The OMEGA2k acquisition soft w are (F assb en-

der 2003) pro vides an e�cien t routine whic h maximizes the n um b er of sky �ats tak en during

the short t wiligh t time. The routine automatically calculates the lev el of the bac kground

and adapts the exp osure time to the c hanging ligh t conditions to ensure that the coun t lev el

is main tained around 15000 coun ts. When the exp osure times get to o long or to o short the

program stops. A sky �at series has b een tak en for eac h �lter used for eac h observ ational nigh t.

A represen tativ e �at �eld image is created with the MPIAPHOT routine FLA T/A VERA GE

using the sky�at series. The routine aligns the stac k of sky �at images b y pixel co ordinates.

Since the images are dithered with resp ect to eac h other, an ob ject nev er falls on to the same

pixel. The routine lo oks through eac h same pixel of the stac k of images and determines the

median v alue. Pixel v alue ab o v e a certain � -threshold are exclude of the median determination,

prev en ting an y cosmic or bad pixel to bias the median v alue. The routine FLA T/A VERA GE

also creates an RMS image whic h con tains the residuals (fain t stars and cosmic ev en ts). In

the median �ltering pro cess a � -threshold v alue of 5- � has b een su�cien t to remo v e fain t

stars and cosmic ev en ts. The result is a �at �eld image con taining the global v ariation of the

sensitivit y of the detector and the pixel-to-pixel sensitivit y v ariation. In order to b e used b y

the O2k-pip eline, the �at �eld image is then normalised to one b y dividing the �at �eld image

b y its median v alue. Before inputting this normalised �at �eld image in the O2k-pip eline to

correct the ra w images for the FPN and the global sensitivit y v ariation, w e need to correct

the �at �eld for stra y ligh t if necessary as discussed in the next section.

Figure 3.8 sho ws an example of a normalised �at �eld image created from a sky �at series

observ ed in the H-band �lter. On the left panel w e see the global sensitivit y of the detector.

The dark er region on the upp er left has a coun t lev el around 0.80 while the region in green

in the lo w est part of the detector has a coun t lev el around 1.20, meaning that the global

sensitivit y v aries ab out 40% across the detector. Similar results are found for �at�elds in the

medium bands Y, J1 and J2. The qualit y of eac h �at �eld created for eac h observ ational nigh t

has b een tested. Results sho w that a ra w image whic h has b een divided b y a �at �eld has a

noise lev el whic h is � 20% of the exp ected photon noise whic h is not p erfect but acceptable.

3.8 Stra y Ligh t Correction

The OMEGA2k camera su�ers from a stra y ligh t (or in ternal re�ection ligh t) problem. Stra y

ligh t app ears on ev ery single image tak en with the camera, forming a ring pattern cen tred in the

middle of the detector, see Figure 3.9. The origin of this stra y ligh t is not y et fully understo o d
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Figure 3.8: Normalised �at �eld in the broad band H ( � = 1647nm ). The left panel sho ws the

global v ariation of the sensitivit y of the detector of the camera OMEGA2k. The righ t panel

sho ws a zo om in to the image, the pixel-to-pixel v ariation b ecomes apparen t. The colour cut

is b et w een 0.80 coun ts(dark blue) to 1.20 coun ts (green).

but lik ely comes from some re�ected ligh t b y an optical surface in the OMEGA2k camera.

The in tensit y of the stra y ligh t is more or less pronounced dep ending on the �lter used.

No relation has b een found b et w een the in tensit y of the stra y ligh t and the w a v elength (i.e.

no monotonic trend w as found as a function of the w a v elength � ). It has b een found that the

stra y ligh t is m uc h more in tense in the J2 �lter for whic h it con tributes an additiv e 10% of

the �ux. F or the J1 and the Y �lter the stra y ligh t con tributes ab out 5% and for the H �lter

the con tribution is negligible with less than 0.5%. Stra y ligh t con tribution can b e ignored in

the science images since the photometry routines will subtract it correctly as a bac kground

con tribution. Ho w ev er, the stra y ligh t con tribution could sev erely corrupt the �at �elds. F or

example, a cen tral enhancemen t of the �at �eld exp osure b y 10% can mimic a cen tral increase

of sensitivit y whic h is not presen t. So correcting for it w ould incorrectly decrease the con tri-

bution of ob jects b y 10%. Great care has to b e tak en to remo v e an y stra y ligh t con tribution

from the �at �eld exp osure. A ccordingly , it is most imp ortan t to subtract the ring pattern to

the �at �eld images. Since the scien ti�c images are divided b y the �at �eld image, if the �at
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�eld con tains the additiv e con tribution of the ring, the scien ti�c images w ould b e divided b y a

wrong bac kground shap e, th us the ring pattern is remo v ed �rst from the �at�eld image. The

stra y ligh t correction has b een applied for �at�elds in the Y, J1 and J2 bands. The metho d

used to correct for the stra y ligh t is done in 3 steps: for a giv en normalised �at �eld image

the ring is �rst isolated then mo deled and �nally subtracted from the original �at �eld image.

The detailed pro cedure is the follo wing:

� In order to isolate the ring from the �at �eld image, a mo del of the bac kground shap e of the

�at �eld image has b een created b y �tting a 2 dimensional p olynomial function with the help

of the MID AS command FIT/FLA T, resulting of an image of pure bac kground. By dividing

the original �at �eld b y the bac kground mo del the con tribution of the ring has b een isolated

in a separate image.

� The ring is then mo deled with the MPIAPHOT routine FINDRING whic h transforms

an image from Cartesian co ordinates x,y to p olar co ordinates r , � with a giv en cen tre. The

exact cen tre of the detector (in pixel co ordinates) has b een used since the ring pattern is

w ell aligned with this one. The routine in terp olates and smo othes the image in the r 2
and �

direction with a giv en windo w size of 10 b y 10 pixels. The result is a frame con taining the

smo oth mo del of the ring, whic h is then m ultiplied b y the mo del of the bac kground to reco v er

the v arying sensitivit y gradien t o v er the ring. This results in a mo del of the ring whic h

con tains the additiv e con tribution plus the shap e of the global detector sensitivit y gradien t.

� This elab orate mo del of the ring is �nally subtracted from the original �at �eld image.

This normalised �at�eld image free of stra y ligh t is used as input in the O2K-pip eline

whic h p erforms the �at�elding. In the �at�elding pro cess the ra w images are divided b y the

ring-free �at �eld image. Since the stra y ligh t pattern is presen t in ev ery ra w image, the result

is images corrected for the FPN and the global v ariation of the sensitivit y but whic h still

con tain the additiv e con tribution of the stra y ligh t. The ring pattern is then remo v ed at the

lev el of the sky subtraction whic h is the next step p erformed b y the pip eline as describ ed in

the next section.

3.9 Sky Determination and Subtraction

The OMEGA2000 data reduction pip eline (or o2k-pip eline) from F assb ender (2003) has b een

used to p erform the sky bac kground mo delling and subtraction. As w e ha v e seen in Ÿ3.1, the

NIR sky bac kground v aries in shap e and in tensit y on a short timescale. F or example in the

H-band the sky is said to b e "stable" for a p erio d of only ab out 10 min. F or a t ypical sequence

of data acquisition of 40 min, the shap e and the in tensit y of the sky bac kground could b e
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Figure 3.9: Flat �eld image in the narro w band J2 ( � = 1302nm ). On the left one can see the

re�ected ligh t whic h pro duces a ghost image of the telescop e prime mirror in the cen tre of the

image, on the righ t the stra y ligh t has b een remo v ed.

totally di�eren t b et w een the �rst and the last image of the sequence, since the images are

tak en c hronologically with the camera. The metho d applied b y the O2k-pip eline to determine

the bac kground is to use n n um b er of images prior and subsequen t to a giv en image p osition in

the stac k. Best results are obtained b y using 5 images brac k eting the resp ectiv e image. This

means that for a giv en image the sky bac kground is determined using a stac k of images con-

taining the 5 frames tak en b efore the giv en image and the 5 frames tak en after the giv en image.

Figure 3.10 from F assb ender (2003) sho ws the di�eren t steps in v olv ed in the sky mo deling

pro cess p erformed the O2k-pip eline. First, the O2k-pip eline loads a stac k of images all tak en

in the same giv en �lter. Since the di�eren t images of the stac k are o�set from eac h other

(dithered Fig. 3.4) an astronomical ob ject do es not fall alw a ys on the same pixel. Second, the

O2k-pip eline aligns all the frames pixelwise and for eac h pixel column through the stac k of

input images, the pixel v alues are extracted and sorted. The sky signal is determined in eac h

pixel of eac h image of the stac k of images b y taking the median or the minim um v alue from

the sorted pixel column v alues. F or our purp ose, the mo de outlier-clipping has b een used to

create the sky mo del. In this mo de the pixel con taining a v alue a giv en � � � ab o v e median

(for our purp ose 3 � � has b een used) are excluded from the median determination. F or eac h

pixel the median sky v alue is th us determined and sa v ed in a sky mo del arra y . This sky frame

is then subtracted from the scien ti�c image of the stac k.

Using the sky subtracted images, a second iteration called the double bac kground sub-

traction as b een p erformed b y the O2k-pip eline. This second iteration is applied b ecause in

the pro ximit y of brigh t star halos or ob jects whic h extend larger than the dither pattern, the

median sky v alue is distorted. In order to b etter extract the sky bac kground lev el in these

regions, the O2k-pip eline p erforms a second iteration in the bac kground determination using
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an ob ject mask. In this step the ob jects ha ving a � -threshold > 1.2 � � are mask ed out b y an

ob ject mask created b y the pip eline. The mask ed regions are pro jected on to the ra w frame

and replaced b y the lo cal median v alue determined from the closest unmask ed pixels. As in

the �rst iteration the median sky v alue is determined for eac h frame and subtracted. A t the

end the �ux lev el of the image is preserv ed b y adding the mean coun t lev el of the bac kground

after the bac kground subtraction.

Normalize Load Stack

Image Stack Sky Modelling For Each Individual Pixel

    Extract 
Pixel column

     Sort
Pixel Column

Next Pixel
Minimum
  Mode

Median
 Mode

Outlier-Clipping
       Mode

                     Subtract Sky
                               &
Add Constant and Undo Normalization

Sky Subtracted Image

   Pixel
Sky Value

Modelled
    Sky

Figure 3.10: Sc hema of the sky mo deling from F assb ender (2003). The solid blac k circle on

the di�eren t frames of the image stac k represen t the same astronomical ob ject whic h falls in a

di�eren t pixel due to the dithering. The di�eren t shade of grey in the pixel columns represen ts

the di�eren t coun t lev el, from lo w coun t lev el (ligh t grey) to high coun t lev el (blac k).

3.9.1 Quadran t Structure Correction

Quadran t structures could app ear in the images tak en with the OMEGA2k camera due to a

com bination of passing clouds and the reading mo de of the detector. The OMEGA2k camera

detector is comp osed of four electronically indep enden t quadran ts. Eac h quadran t is read
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in the w a y sho wn in Figure 3.11. The mo de used for the data acquisition is the LIR (Line

In terlaced Read). In this mo de eac h line of the detector is read-reset and read again b efore the

in tegration start. The second readout pro vides the reset lev el of the detector. F or more details

ab out the di�eren t reading mo de of the OMEGA2k detector see K o vács (2006) as w ell as

the OMEGA2k User's Man ual (Röser 2006). Ho w ev er, if clouds pass across our �eld of view

and suddenly increase the coun t lev el b et w een the reset and the next acquisition, the reset

v alue will b e to o high compared to the real coun t lev el. This phenomenon pro duces quadran t

structures in the images, Fig. 3.11 (righ t panel). When this o ccurs, the quadran t structures in

a giv en frame ha v e to b e �attened b efore using them as input in the O2k-pip eline in order to

ensure ob jects recognition p ossible during the sky mo delling pro cess. The quadran t structures

app ear mostly in images tak en in the broad band H and the medium band J2 data whic h are

the most sensitiv e to w ater v ap our. This quadran t pattern app ears only if some lo w altitude

clouds happ en to pass o v er during the data acquisition, whic h is not often the case but the

frame m ust b e corrected if this o ccurs. F or images ha ving quadran t structures the bac kground

of the images has b een smo othed and subtracted. After the quadran t structures ha v e b een

�attened, the v ariation across the junction of the four quadran ts is less than 1%.

Figure 3.11: Left: Shema of the reading mo de of the OMEGA2k camera detector. Righ t:

Quadran t structure in a sky subtracted frame from the A901 sub�eld B in H-band, w e see

that at the junction of the quadran ts the sky lev el is unequal.

3.10 Build a Bad Pixel Mask

The OMEGA2k camera detector con tains appro ximately 1% bad pixels on his arra y . A bad

pixel is a pixel for whic h the resp onse to the illumination of the detector is not linear. A bad

pixel can b e a hot pixel, a dead pixel or simply a pixel for whic h the resp onse is not linear.

A hot pixel is a pixel whic h seems to b e alw a ys illuminated and in con trary a dead pixel is a

pixel whic h seems to nev er b e illuminated. Bad pixels m ust b e iden ti�ed and corrected since

the information they con tain is meaningless and can corrupt the photometry of an ob ject. In
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order to correct for the bad pixels, a bad pixel mask is created. Bad pixels are replaced b y

a median v alue using the same tec hnique as the cosmic ra ys correction whic h is explained in

Ÿ.3.11.

The tec hnique used to iden tify the bad pixels utilize di�eren t calibration frames. A series

of dark and dome �at frames with di�eren t exp osure times from 2s to 100s are used. F or the

dome �at series one m ust b e sure to use an appropriate lamp p o w er to illuminate the dome

and th us a v oid saturating the detector. F or the OMEGA2k camera one exp ects the detector

to b e linear up to 30 000 coun ts. Whatev er the �lter used for the dome �at series the lamp

m ust b e dim enough to reac h � 30 000 coun ts in a in tegration time of t � 100 seconds. As

an example, Figure 3.12 sho ws the resp onse in coun ts as a function of the exp osure time for a

set of 12 cen tral pixels b elonging to the OMEGA2k detector (the FP A # 77 detector). W e see

that the resp onse is linear un til 30000 coun ts. F or ev ery pixel of the detector a linear �t has

b een p erformed through a stac k of dome �ats frames with increasing exp osure time. A slop e,

a constan t and RMS are deriv ed from the �t and are analysed to iden tify the bad pixels.

Exposure time (sec)

C
o
un

ts

Figure 3.12: Linearit y regime of the detector FP A # 77 in the OMEGA2k IR camera. Eac h

sym b ol represen ts the b eha viour of a single pixel of the detector through a series of dome �ats

with increasing in tegration time from 2s to 100s.

The distribution of the di�eren t slop e v alues deriv ed from the linear �t is sho wn in the

Figure 3.13 (top left panel). The pixels whic h ha v e a slop e v alue deviating b y more than 3� of

the mean slop e v alue are �agged as bad pixels. Ab out 5500 bad pixels ha v e b een �agged this

w a y . The ro ot mean square (RMS) v alues resulting from the linear �t represen t the scatter of

the pixel v alues around the �t and is also used to �nd bad pixels. The pixels whic h deviate
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from a linear b eha viour ha v e a high RMS v alue. Pixels w ere �agged bad pixels if their RMS

v alues w ere >5 � of the mean RMS v alue. The RMS v alues histogram is sho wn on Fig. 3.13

(top righ t panel). Ab out 1200 bad pixels ha v e b een found this w a y . Bad pixels can also b e

found b y using the distribution of constan t v alues added to the linear �t, Fig. 3.13 (b ottom

panel). Pixels with a v ery lo w <3 � (dead pixels) or a v ery high >3 � (hot pixels) constan t

v alue are �agged as bad pixels. Ab out 22000 bad pixels ha v e b een found b y this latter metho d.

Figure 3.13: On the upp er left the histogram of the slop e v alues deriv ed from a linear �t

through a stac k of dome �at frames with increasing exp osure time. On the upp er righ t the

histogram of the RMS v alues, the b ottom panel sho ws the histogram of the distribution of the

constan t v alues.

An e�cien t w a y to create a bad pixel mask is to com bine the bad pixels found with the slop e

v alues, the RMS v alues and the constan t v alues distributions. The result is sho wn in Figure

3.14. Eac h bad pixel is sho wn in blac k while go o d pixels are in white. W e can distinguish a

bad pixel line in the middle left b ottom quadran t. This bad pixel mask con tains � 28000 bad

pixels (0.7% of all detector pixels). An individual bad pixel mask is created for eac h di�eren t

observ ational campaign since eac h time the camera is dismoun ted the amoun t of bad pixel

c hanges.
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Figure 3.14: Bad pixel mask created to �ag the deviating pixels of the OMEGA2k detector.

The bad pixels are sho wn in blac k while the go o d pixels are sho wn in white. Not all bad pixels

are visible on the image since the resolution of this do cumen t is not high enough to see all of

them.

3.11 Cosmic Ra ys and Bad Pixels Correction

Cosmic ra ys are high energy c harged particles whic h pro duce spurious signals when they hit

the detector and th us can corrupt the photometry of an ob ject. They m ust b e iden ti�ed

and replaced b efore attempting an y photometry . The cosmic ra y remo v al has b een done with

MPIAPHOT pac k ages with the help of a mosaic median image created from the sky sub-

tracted frames from all p oin tings. The aim of the mosaic median image is to b e able to correct

pixels hit b y cosmic ra ys whic h are lo cated on the edge of the frames and at the junction

b et w een the di�eren t sub�eld where the co v erage is not su�cien t if w e use dithered frames

from only one same sub�eld (p oin ting). Since the frames are dithered from eac h other there

is small o v erlap at the junction b et w een frames from di�eren t p oin tings. F or eac h of the NIR

�lters: Y, J1, J2 and H, a mosaic median image is created and used to p erform the cosmic and,

at the same time, the bad pixel correction in eac h individual frame. T o p erform the cosmic

correction the pro cedure is done in 3 steps:
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� First, a mosaic median image is created out of the assem blage of all individual frames from

all p oin tings.

� Second, eac h individual frames is compared with the mosaic median image and deviating

pixel are �agged.

� Third, the �agged pixels in the individual frames are replaced b y the median v alue from the

mosaic median image.

In more detail, for eac h of the NIR �lter Y, J1, J2 and H, a mosaic median image is

created with a set of MOSAIC routines o�ered b y the MPIAPHOT pac k age. First a reference

table con taining brigh t stars across all the A901-�eld in gnomonic co ordinates relativ e to

the pro jection cen tre has b een created. The reference table co ordinates are pro jected in to

eac h frame (gnomonic pro jection)

4

. Then, a mosaic image is built b y inserting all individual

gnomonic frames from all p oin tings (sub�eld A, B and C) at the righ t p osition in a large output

image. During the mosaic assem bling, for eac h pixel, a median v alue is calculated b y lo oking at

the v alues in that pixel p osition through the stac k of di�eren t dithered individual frames. The

resulting mosaic con tains the calculated median v alues for eac h of its pixels. A median v alue

is obtained only if a pixel is co v ered b y at least 3 frames otherwise the pixel is �agged and will

not b e use for the photometry . The cen tre of the mosaic is nev er a problem since it is co v ered

b y sev eral frames. This is not the case in the extreme b order of the mosaic w ere sometimes

only one or t w o frames o v erlap.

5

In the next step, eac h pixel v alue from eac h individual frame

is compared to the pixel v alue in the mosaic image at that giv en p osition. If the pixel v alue

from the individual frame deviates b y more that 5� of the median v alue, this pixel is �agged

as a cosmic. In a second iteration, the neigh b ourho o d of eac h detected cosmic is analysed, this

time pixels whic h deviate for more than 2:5� are �agged as cosmic. F or eac h frame a cosmic

mask whic h con tains the p osition of the pixel hit b y a cosmic ev en t is created. The bad pixel

correction is p erformed at the same time as the cosmic correction. The p osition of the bad

pixels are kno wn from the bad pixel mask. F rames from the same observ ational campaign are

asso ciated to their resp ectiv e bad pixel mask (BPM). F or eac h frame the gnomonic pro jection

of the BPM is calculated and added to the cosmic mask. Then, the deviating bad pixels in

the individual frames are replaced b y the median v alue con tained in the median mosaic image

for that pixel. The cosmic masks con tain the p ositions of the bad pixels and the pixels hit

b y cosmics in the gnomonic frames, making it p ossible to reco v er those pixels in the original

frames b y applying a bac k transformation of the gnomonic pro jection. After the cosmic and

the bad pixel correction, the frames are fully corrected and ready for the photometry .

4

The gnomonic pro jection is the pro jection of p oin ts on the surface of a sphere from a sphere's cen tre to a

p oin t on to a tangen tial plane.

5

The ob jects lo cated in the extreme edges of the mosaic where the cosmic and bad pixel correction w ere

not p ossible are excluded from our ob ject catalogue.



CHAPTER 3 34

3.12 F rame Summation

Ideally , to ha v e a b etter estimation of the �uxes measuremen ts and their errors, the photometry

should b e p erformed using ev ery single reduced image. Because of the limited capacit y in the

MID AS table �les, the n um b er of images used to p erform the photometry had to b e reduced.

F or this reason the images are summed b y groups. The summation has b een p erformed with

the MPIAPHOT routine SUM/IMA GE whic h calculates a straigh t-forw ard pixelwise sum-

mation. The summation pro cess is in teger pixel based and the resulting summed image has

the dimension of the common area of all input frames.

The individual frames with a similar seeing ( � � 0:100
) in a giv en �lter ha v e b een summed

b y groups of 5 whic h w as a go o d compromise b et w een the obtained S/N ratio of the summed

frame and n um b er of frames a v ailable to p erform the photometry . Grouping the single ex-

p osure frames together allo ws to increase the S/N of the resulting frames but unfortunately

deteriorates the seeing qualit y . In fact, for input frames of the exact same seeing the resulting

summed frame has its seeing increased b y � 0:100
due to the frame alignmen t whic h cannot

reac h a b etter accuracy . The summation pro cess is the last step of the data reduction. The

images are no w summed and fully reduced.

3.13 Deep H-band Catalogue

A deep H-band sources catalogue used to iden tify the ob jects and obtain their photometry has

b een extracted from our deep H-band mosaic image. The H-band mosaic image is built from

the sum of gnomonic images in the H-band from all p oin tings with the MPIAPHOT rou-

tine MOSAIC/SUMUP . The sum is a w eigh ted sum in whic h the input gnomonic images are

w eigh ted according to their depth. The w eigh t is calculated as follo ws:

weight =
1

(transmission ) � (background noise)2 � PSF2 (3.1)

whic h giv e the b est results for p oin t sources (Gabasc h 2004). The A901 H-band mosaic image

is built from 114 summed frames among the 3 di�eren t p oin tings for a total exp osure time of

texposure � 11 600 sec/pixel. The H-band mosaic has a seeing of 1.03

00
; since the mosaic image

is the result of a w eigh ted sum only the b est seeing images con tribute signi�can tly .

The soft w are SExtractor (Bertin & Arnouts 1996) has b een used to iden tify sources in the

H-band mosaic deep image. The SExtractor default parameters ha v e b een used. In that case

the minim um amoun t of pixels required to detect an ob ject is adjusted to the seeing of the

mosaic. A threshold in units of S/N ratio of 4.7 has b een used. This threshold �xes the lo w er

limit on the magnitude error whic h corresp onds to 0m :21 of the total magnitude MA G_BEST
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calculated b y SExtractor. Also, the minim um amoun t of pixels needed to iden tify an ob ject is

adjusted to the seeing of the image. SExtractor allo ws the use of a w eigh ted image to w eigh the

ob ject detection according to the di�eren t depths within the mosaic image. T ests demonstrate

that b etter results are obtained b y using a w eigh ted image. In fact, the depth and the p oin t

spread function in the 3 di�eren t mosaic sub�elds v aries a little due to the di�eren t in tegration

times reac hed in eac h individual sub�eld, see T able 3.4. Figure 3.15 sho ws the mosaic image

whic h has b een used to deriv e the H-band catalogue.

The deep H-band source catalogue has b een compared to the deep R-band sources catalogue

previously obtained b y W olf et al. (2003) to deriv e the original optical-only COMBO-17 pho-

tometry . The H-band catalogue reco v ers most of the sources detected in the deep R-band

catalogue. The optically fain t blue ob jects whic h are to o fain t in the NIR are manifestly

missing in the new H-band catalogue but since our study fo cuses on the red ob jects and high

redshift galaxies it is not essen tial to reco v er those blue fain t ob jects. A detailed comparison

b et w een the optical catalogue based on R-band and the new NIR catalogue based on H-band

will b e discussed in the next c hapter.

The optical photometry has to b e re-deriv ed based on the deep H-band source catalogue

instead of the previous R-band catalogue. Th us, b oth the optical and NIR photometry of

COMBO-17+4 are based on this deep H-band sources catalogue. An area of 68

00� 76

00
cen tred

on the v ery brigh t star in the middle of the �eld as b een cut from the catalogue to a v oid

spurious ob jects created b y the star halo. The resulting A901-�eld sources catalogue con tains

a total of 31747 ob jects.

3.14 Gnomonic Pro jection

The photometry is obtained b y pro jecting the ob ject co ordinates from the H-band catalogue

in to eac h frame and measuring the �ux at that p osition. F or this end, the p osition of 100 brigh t

unsaturated stars are compared b et w een the H-band catalogue and the individual frames. The

accuracy of the pro jection is v ery go o d with � 0:100
. Figure 3.16 sho ws an example of the scatter

in the accuracy of the pro jection for a frame v ersus the radius cen tred in the cen tre of the

frame, here the RMS v alue is 0:07400
. During the pro jection pro cess the b est guess PSF shap e

is determined from the same brigh t stars used for the pro jection. The PSF v alue determined

for eac h summed frame is fundamen tal and used as input in the ap erture photometry pro cess.

3.15 Photometry

Once the frames are fully corrected and th us free of imp erfections due to the v arious phe-

nomena discussed previously , the �ux of eac h ob ject in the A901-�eld can b e measured. The
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Figure 3.15: Mosaic image of the A901-�eld in the H-band �lter used to extract the H-band

source catalogue. The v ery brigh t Mira v ariable star with a magnitude K=5.75 and sp ectral

t yp e M8 I I I (Gra y et al. 2009) app ears in the middle of the �eld. The reader is in vited to

compare this image with the coun terpart optical image in Fig. 3.3, in NIR the distan t galaxies

and red stars shine while blue stars and galaxies app ear fain ter.
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Figure 3.16: A ccuracy of the gnomonic pro jection for an image of the A901 sub�eld A. Error

on the p osition � _RAD as a function of the radius cen tred in the middle of the detector.

photometry is p erformed using the EV ALUA TE/IMA GE routine from the MPIAPHOT pac k-

age (Röser & Meisenheimer 1991). The routine p erforms a seeing adaptiv e w eigh ted-ap erture

photometry . In essence, the cen tral surface brigh tness of an ob ject is measured on an individ-

ual frame con v olv ed to a common PSF of 1:700
FWHM. By pro ceeding that w a y , one obtains

a b etter estimate of the �ux error measuremen ts than p erforming the photometry directly on

a single summed deep exp osure. The routine c ho oses the necessary Gaussian smo othing to

reac h a common e�ectiv e PSF of 1:700
. The PSF is th us uniform in all frames in all of the

21 bands. The EV ALUA TE setup �le used to p erform the photometry can b e found in the

App endix B. Subsequen tly , all �ux measuremen ts from an individual �lter are com bined in to

a single deep er �lter measuremen t using the routine CADIS/UNITE.

The coun t rates are then con v erted in to ph ysical units (photons/( s � nm � m2
) for eac h �ux

measuremen t b y calibrating the coun ts with c hosen standard stars for whic h the sp ectrum ha v e

b een con v olv ed with the telescop e and �lter transmission curv e (optics system e�ciency). As

w e ha v e seen, the whole A901-�eld is comp osed of a mosaic of 3 sub�elds and eac h sub�eld is

comp osed of sev eral dithered frames. Before calculating the photon �ux for eac h source in a

giv en w a v eband, the relativ e �ux m ust b e calibrated among the di�eren t frames of that giv en

w a v eband. Standard stars in eac h sub�eld ha v e b een selected for this purp ose. The standard

stars are used to adjust the coun t-rate to �ux con v ersion among the di�eren t frames in a giv en
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�lter. After calibration the �ux of the standard star is the same in eac h frame in a giv en �lter.

The ob jects �ux in eac h frame is rescaled accordingly .

T o calibrate the sub�eld A and C t w o standard stars ha v e b een used while four standard

stars ha v e b een used to calibrate the sub�eld B. The amoun t of standard stars used to cali-

brate eac h sub�eld dep ends on the amoun t of go o d standard star candidates a v ailable in eac h

sub�eld. The di�eren t standard stars ha v e b een selected from the R-band catalogue accord-

ing to their magnitude, colour and sp ectral t yp e. Since w e w an t to calibrate the NIR data

one should a v oid v ery blue stars whic h migh t b e brigh t in the optical regime but to o fain t

in the NIR regime. Th us stars with a colour B-R � 0 and R<20 ha v e b een selected. The last

requiremen t w as the qualit y of the star sp ectra a v ailable in the Pic kles (1998) sp ectral library ,

see Ÿ4.3.1. Stars with a w ell b eha v ed sp ectra in the NIR w ere selected. The c haracteristic

of the standard stars used is presen ted in T able 3.5 and their SED are presen ted in App endix A.

The �nal step is to assem ble the �ux measuremen ts (the photometry) from the 21 �l-

ters together in a so called f lux table . The �ux table is the �nal pro duct obtained b y the

MPIAPHOT pac k age. This table con tains, among others, the p osition in w orld co ordinates,

the �ux and the magnitude in eac h �lter and their resp ectiv e errors for eac h ob ject of the

catalogue. The deriv ed �ux table has the same structure as the optical R-band based �ux

table deriv ed b y W olf et al. (2003), where a description of the �ux table con ten t is giv en.

3.16 Calibration Bet w een Di�eren t W a v ebands

A relativ e calibration among the di�eren t optical w a v ebands w as ensured b y using only a few

sp ectrophotometric standard stars in the A901-�eld b y W olf et al. (2003). Sp ectra of those

standard stars w ere carried out in a photometric nigh t and connected to published standard

stars (Ok e 1990). In this w a y , sp ectrophotometric standards w ere a v ailable in ev ery single

exp osure of the surv ey and no further calibration w as required regardless of the photometric

conditions under whic h the regular imaging w as carried out.

3.17 Magnitude Limit

The depth reac hed in eac h �lter has b een calculated and is represen ted b y Fig. 3.17. The

Figure sho ws the magnitude error v ersus the magnitude for all ob jects with errors b elo w 0m :1

(10 � � ) in the Y, J1, J2 and H �lter. The 10 � � magnitude limit reac hed is 22.0 in the Y �lter,

21.5 in the J1 �lter and 21.0 in the J2 and H �lter. These error plots are useful to diagnostic

hidden problems in the data reduction. Ideally , the data p oin ts form a parab ola shap e for whic h

the p osition of the v ertical branc h v ary according to the depth of the surv ey . The thic kness

of the branc h (the scatter) is due to the unequal depth reac hed in the di�eren t sub�elds. The
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scatter is larger in the Y-band due to the unequal depth reac hed in di�eren t sub�elds, see

T ab. 3.4. The minim um error reac hed for brigh t ob jects whic h form the horizon tal part of

the parab ola is giv en b y the photon noise. The scatter at the brigh t end of the Y, J1 and J2

photometry is due to the FPN whic h couldn't b e remo v ed b etter. While not p erfect the result

is acceptable.

Figure 3.17: Error v ersus V ega magnitude for ob jects b elonging to A901-sub�elds A, B and C

in the COMBO-17+4 NIR bands.

3.18 Colour Calibration with Main Sequence Stars

F or a reliable m ulti-colour classi�cation it is necessary to input ob jects ha ving w ell calibrated

colours, otherwise an ob ject ha ving fault y (o�setted) colours will b e misclassi�ed. Th us, prior

to the classi�cation, the colours indices calibration has b een c hec k ed b y comparing the colours

indices of the p oin t sources in our A901 catalogue with the star colours from the Pic kles (1998)

sp ectral library . The latter is also used in the classi�cation pro cess, th us the star colours from

the library should b e consisten t with the star colours in our catalogue.

The main sequence stars, due to their w ell determined surface temp eratures, lie in pre-

de�ned regions in colour-colour plots. The calibration c hec k in v olv es a visual comparison of
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colour-colour plots for all p oin t sources of our catalogue whic h ha v e a magnitude 13<H<18.

V ery brigh t p oin t sources whic h ha v e a high S/N are used since their scatter is small in the

colour-colour plots due to their small �uxes errors. There are 552 p oin t sources in our cata-

logue whic h w ere used for the colour calibration, all of whic h ha v e b een pre-classi�ed as stars

b y SExtractor. Figure 3.18 sho ws a selection of colour-colour plots using the NIR colours.

An y calibration error from our catalogue w ould app ear as an o�set in the x or y direction

relativ e to the library data p oin t. The colour-colour plots sho wn in Fig. 3.18 ha v e b een colour

calibrated and sho w that our data p oin ts (blac k) closely matc h those of the template (red).

The colour correction v alues applied to matc h the colours from our catalogue to the sp ectral

template are listed in T ab. 3.6. The colour corrections are relativ e to the R-band whic h is

our zerop oin t established with sp ectrophotometric stars. F or certain colours suc h as U-B and

I- J1 a colour error threshold as b een applied. The colour error threshold for the U-B colour is

due to the U-band whic h cannot b e b etter calibrated than a ten th of a magnitude. The colour

error threshold for the I- J1 comes form the relativ e calibration b et w een optical and NIR whic h

has a limited accuracy in the order of 7%. This visual colour calibration c hec k with the help

of Fig. 3.18 allo ws us to detect a colour shift of the order of & 0m :02 whic h giv es a lo w er limit

on the p erformance of the m ulti-colour classi�cation.

3.19 Astrometry

The astrometry has b een p erformed to obtain real sky co ordinates for the ob jects in our cat-

alogue whic h up to no w w ere in in ternal co ordinates. The astrometry w as p erformed with

IRAF (T o dy 1993) using the 2MASS p oin t sources catalogue. In the A901 �eld there are

� 800 brigh t (H . 16) stars in common with the 2MASS catalogue. Both catalogues ha v e b een

matc hed and a v ery go o d astrometric accuracy of 0.1

00
in RA and DEC has b een ac hiev ed.

The photometry ac hiev ed one ha v e in hands �ux and magnitude in 21 �lters for eac h

ob jects in our catalogue. In order to analyse the stellar p opulation in galaxies at di�eren t

redshift, one m ust obtain the ob jects photometric redshift and sp ectral energy distribution.

The next c hapter go brie�y through the ob ject classi�cation pro cess and SED template �tting,

via the colours, to assign a redshift, an SED and a class to eac h ob ject in the catalogue.
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Sub�eld Filter Observ ation In tegration Seeing Campaign

date time (sec) arcsec name

A901a H Decem b er 2005 2520 1.00-1.35 242

H Decem b er 2007 4200 0.85-1.35 256e

H Decem b er 2007 1500 1.13-1.50 256d

H Jan uary 2008 1380 0.89-1.06 257

H Marc h 2008 1500 0.76-0.93 257c

J2 Decem b er 2005 1120 1.13-1.24 242

J2 Decem b er 2006 2960 0.89-1.24 250

J2 Jan uary 2008 1440 1.06-1.30 257

J2 Marc h 2008 1600 0.82-1.50 257c

J1 Decem b er 2005 1400 1.29-1.46 242

J1 F ebruary 2006 1700 1.15-1.34 244

J1 Decem b er 2007 3600 0.96-1.29 256e

J1 April 2008 1900 1.01-1.50 257d

Y Decem b er 2005 1600 1.11-1.23 242

Y Decem b er 2007 1500 1.13-1.45 256d

Y Decem b er 2007 1600 1.16-1.42 256e

Y Jan uary 2008 1300 1.24-1.50 257

Y Marc h 2008 1500 1.23-1.39 257c

Y April 2008 1400 0.86-1.12 257d

A901b H Decem b er 2005 1500 1.07-1.45 242

H F ebruary 2006 1500 0.80-1.15 244

H Decem b er 2007 4500 0.84-1.23 256e

H Decem b er 2007 1500 1.09-1.44 256d

H Jan uary 2008 1500 0.90-1.16 257

H April 2008 1800 1.19-1.50 257d

J2 Decem b er 2005 2240 1.08-1.46 242

J2 Decem b er 2006 2560 1.02-1.27 250

J2 Jan uary 2008 1920 1.10-1.50 257

J1 Decem b er 2005 1000 1.19-1.50 242

J1 F ebruary 2006 1000 1.36-1.50 244

J1 Decem b er 2007 3500 0.97-1.33 256e

J1 April 2008 1800 1.04-1.17 257d

Y Decem b er 2005 1600 1.11-1.23 242

Y Decem b er 2007 1200 1.15-1.50 256e

Y Jan uary 2008 1000 1.26-1.50 257

Y Marc h 2008 1400 1.12-1.50 257c

T able 3.2: Observ ations A901-�eld (April 2008)
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Sub�eld Filter Observ ation In tegration Seeing Campaign

date time (sec) arcsec name

A901c H Decem b er 2005 1020 1.10-1.50 242

H Decem b er 2007 5880 0.82-1.42 256d

H Decem b er 2007 1500 1.13-1.35 256e

H Marc h 2008 1500 1.07-1.38 257c

H April 2008 1500 0.85-1.10 257d

J2 Decem b er 2005 3120 1.03-1.21 242

J2 F ebruary 2006 1600 1.29-1.48 244

J2 Jan uary 2008 2160 1.12-1.50 257

J2 April 2008 1600 0.94-1.22 257d

J1 Decem b er 2005 1700 1.18-1.47 242

J1 Decem b er 2007 1800 0.86-1.03 256d

J1 Decem b er 2007 3500 1.09-1.28 256e

J1 April 2008 1800 1.12-1.35 257d

Y Decem b er 2005 1600 1.00-1.27 242

Y Decem b er 2007 1600 0.91-1.14 256d

Y Decem b er 2007 1600 0.84-1.20 256e

Y Marc h 2008 1600 0.86-1.31 257c

T able 3.3: T able con tin ued: Observ ations A901-�eld (April 2008)

Filter Sub�eld Sub�eld Sub�eld Sub�eld Goal

A B C D ( 1 � 103
s)

Y 8.9 5.2 6.4 1.1 8

J1 8.6 7.1 8.3 1.3 8

J2 7.1 7.4 8.5 5.3 12

H 11.8 12 11.1 0.8 12

T able 3.4: T otal NIR in tegration time for eac h A901-sub�elds (April 2008)
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Catalogue Name R.A DEC mH mR Sp ectral Asso ciated

Num b er h:m:s d:m:s ABmag ABmag T yp e sub�eld

12416 A901_11 09:56:41.432 -09:59:33.11 18.4 19.2 wF5 V A

18792 A901_14 09:56:34.416 -09:54:47.19 18.7 19.5 wF5 V A

14134 A901_21 09:56:01.891 -09:58:11.48 16.9 17.8 wF8 V B

14571 A901_22 09:55:59.392 -09:57:41.04 15.2 16.2 rF8 V B

15322 A901_23 09:55:49.459 -09:57:14.07 16.6 17.4 wF8 V B

19275 A901_24 09:56:13.159 -09:54:33.75 16.9 17.8 wF8 V B

03500 A901_35 09:56:41.672 -10:10:04.70 19.4 20.3 wF8 V C

08237 A901_31 09:56:44.198 -10:03:12.40 18.7 19.7 wF8 V C

T able 3.5: Standard star c haracteristics. The star sp ectral template library from Pic kles

(1998) is used for the ob jects classi�cation th us the sp ectral t yp e for the standard stars can

b e determined. The sp ectral t yp e with the pre�x 'w' indicates metal-w eak abundance and the

pre�x 'r' indicates metal-ric h abundance, all stars b elong to the main sequence, sp ectral t yp e

F of luminosit y Class V.

Colour Colour Correction Threshold Colour Colour Correction Threshold

Index CD mag CD mag Index CD mag CD mag

U-B -0.02 0.100 643-R +0.03

B-V 0.02 R-697 0.00

V-R -0.06 752-I -0.01

R-I -0.03 816-I +0.03

418-B 0.00 I-856 0.00

B-464 -0.05 I-915 -0.03

486-V -0.02 I- J1 +0.03 0.07

520-V -0.05 Y- J1 -0.046

573-R -0.05 J1 - J2 +0.05

605-R +0.01 J1 -H +0.05

T able 3.6: Colour correction v alues whic h allo w a go o d matc h b et w een colours from p oin t

source ob jects from our A901 H-band catalogue and the colour from Pic kles (1998) sp ectral

star library . Colour indices: Letters denote the broad-bands and n um b ers represen t the cen tral

w a v elength of medium-band �lters measured in nanometres.
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Figure 3.18: Comparison b et w een p oin t source ob jects from the A901 H-band catalogue (blac k)

and the main sequence stars from the Pic kles (1998) sp ectral library (Red). Colours are giv en

in CD magnitude, see Ÿ4.1.
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Classi�cation b y SED T emplates Fitting

This c hapter explains the m ulti-colour classi�cation sc heme and presen ts the results obtained

from a classi�cation using the full optical plus NIR photometric data set of the A901-�eld.

Prior to the classi�cation it is necessary to calculate the colours and calibrate them. Then,

the ob jects classi�cation can b e p erformed using star, galaxy and QSO templates. The �rst

part of this c hapter in tro duces the colour indices and the classi�cation sc heme, the second part

compares the classi�cation obtained for the new H-band catalogue with the previous R-band

catalogue obtained with optical data only in the frame of the COMBO-17 surv ey .

4.1 Colour Indices

The colour indices are used for the calibration tests with the main sequence stars (see Ÿ3.18)

and for the ob jects classi�cation. The colour index is simply the di�erence in magnitude

measured in t w o di�eren t �lters. In the V ega magnitude system, if A and B are t w o di�eren t

�lters, the colour index is:

A � B � mA � mB = � 2:5log

R1
0 d�S � (A)f � (Obj; A )

R1
0 d�S � (B )f � (Obj; B )

+2 :5log

R1
0 d�S � (A)f � (V ega; A)

R1
0 d�S � (B )f � (V ega; B)

(4.1)

where S� is the com bined sensitivit y of the telescop e, CCD and �lter. Ho w ev er, the

sp ectrum of the star V ega has a non-trivial shap e on a ph ysical �ux scale and as a consequence

the colour indices v alues cannot directly b e con v erted in to ph ysical �ux ratios. Based on the

CADIS surv ey exp erience and since the �ux v alues obtained at the end of the data reduction

pro cess are naturally expressed in units of photons p er ( m2 � sec� nm ), another magnitude

system, the CD magnitude, w as in tro duced b y W olf et al. (2001b). The CD magnitude system

is de�ned as:

CDmag = � 2:5logFphot + 20m :01 (4.2)
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where F phot is in photons m

� 2
s

� 1
nm

� 1
. An ob ject whic h has F phot =constan t has all

CD colours equal to zero. The CD magnitude system has its zero p oin t at � 0 =548 nm with

mCD = mV ega one �nd that an ob ject with V � 20 has a �ux of 1 
 m

� 2
s

� 1
nm

� 1
at � 0 . Th us

the colour indices input in the m ulti-colour classi�cation are in units of CD magnitude de�ned

as:

A � B � mA � mB = � 2:5log
Fphot;A

Fphot;B
(4.3)

and the error is,

� mA � mB =
q

(� Fphot;A =Fphot;A )2 + ( � Fphot;B =Fphot;B )2
(4.4)

F or more details ab out di�eren t magnitude system suc h as the V ega, AB, ST and CD sys-

tems used in astronom y see W olf et al. (2001b). Magnitudes are calculated in order to obtain

colours, but for lo w �ux lev el (esp ecially for F<0) the con v en tional logarithmic magnitude

system is inappropriate. Th us, alternativ ely , appro ximation lik e "Asinh" magnitude and the

"upp er limit" magnitude w ere also calculated. The Asinh magnitude system w as in tro duced

b y Lupton et al. (1999) to deal with lo w �ux ob jects and the upp er limit magnitude has b een

in tro duced b y Meisenheimer et al. (in prep 2009) as an alternativ e to the Asinh magnitude,

Ÿ4.5 deals more in detail with problems encoun tered during the con v ersion in magnitude from

ob jects with lo w �ux measuremen ts.

Ha ving the photometry in 21 di�eren t �lters in hand, it is p ossible to use a wide range of

di�eren t colour indices for the classi�cation. W e ha v e used the same optical colours used in the

previous classi�cation done for the optical only COMBO-17 surv ey plus the new NIR colours

deriv ed from the COMBO-17+4 surv ey . The set of colours indices include the standard colours

deriv ed from broad-band �lters suc h as U-B, B-V, V-R and R-I and a series of colours deriv ed

from a mix of narro w-band and broad-band suc h as 418-U, R-697, etc. The new colours deriv ed

b y the NIR photometry are I- J1 ,Y- J1 , J1 - J2 and J1 -H. The colours ha v e b een c hosen to b e the

di�erence b et w een a shorter w a v elength and a longer w a v elength and the narro w-bands are

alw a ys link ed to a broad-band. T able 3.6 con tains the 20 colours used for the classi�cation.

4.2 The Classi�cation Sc heme

The m ulti-colour classi�cation w as dev elopp ed b y W olf (1998) in the frame of the CADIS

surv ey . Here only a brief o v erview is giv en. More details ab out the classi�cation sc heme are

a v ailable in W olf et al. (2001a) and W olf et al. (2001b). The global sc heme of the ob ject

classi�cation and redshift determination is to compare and matc h the observ ed colours of eac h

individual ob ject from our deep H-band sources catalogue with a colour library of ob jects

with kno wn sp ectra. The ob jects are classi�ed b y lo cating them in colour space and com-
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paring the probabilit y for eac h class to generate the giv en measuremen t. The m ulti-colour

classi�cation �rst assigns a class b et w een star, galaxy , QSO or strange ob ject for eac h indi-

vidual astronomical source. F or extragalactic sources lik e galaxies and QSOs, the m ulti-colour

classi�cation estimates a redshift and its error. The ob ject class as w ell as the redshift and its

errors are determined using the maxim um-lik eliho o d (ML) and the minim um error v ariance

metho d (MEV) estimator. Using colours indices instead of �uxes in the classi�cation pro cess

allo ws us to a v oid absolute calibration for eac h w a v eband used. W olf et al. (2001a) has sho wn

that the use of the colour indices as an input to the classi�cation rather than the �uxes them-

selv es are equiv alen t under the condition that the �uxes used to calculate the colours are w ell

calibrated with eac h other. As discussed in Ÿ3.16 a relativ e calibration among the di�eren t

optical w a v ebands w as ensured b y establishing few sp ectrophotometric standard stars in the

A901-�eld. The p erformance of the classi�cation relies on colours accuracy whic h relies on the

relativ e calibration among the di�eren t w a v ebands. Since the calibration among the di�eren t

w a v ebands cannot b e b etter ac hiev ed than a few p ercen t (2%-3% according to the scatter in

the data p oin t on Fig. 3.18), the p erformance of the classi�cation is limited b y a systematic

uncertain t y of this order whic h is the assumed minim um error for the colour indices. T able

3.6 sho ws the minim um error assigned for di�eren t colour indices.

4.3 Colour Libraries

The colour libraries are constructed from observ ed or syn thetic sp ectral libraries whic h con tain

the ob ject SED on whic h w e con v olv e the transmission of the telescop e optics, the CCD quan-

tum e�ciency and a giv en �lter transmission e�ciency and th us deriv e syn thetic photometry

and colours. F our colour libraries are used b y the classi�cation pro cess, t w o are for stars,

one for galaxies and one for QSOs, eac h of them con tain the 20 colours indices used in the

COMBO-17+4 surv eys.

4.3.1 Star Libraries

The star colour library w as deriv ed from the Pic kles (1998) stellar sp ectral library . This

sp ectral library con tains 96 stars of sp ectral t yp es F, G, K and M of luminosit y classes from

I to V. Unfortunately ev en though the sp ectra w ere formed b y com bining data from sev eral

sources o v erlapping in w a v elength co v erage from UV to IR, the NIR ( �� � 1000nm-1500nm)

range is co v ered for only a few sp ectra in the library . Due to the lac k of NIR data the remaining

sp ectra of the library ha v e b een in ter- or extrap olated in the NIR regime. Nev ertheless,

Zatlouk al (2008) ha v e sho wn that this star library giv es a more reliable classi�cation than

other star libraries lik e the Decline (priv. comm unication) library .



CHAPTER 4 48

The second star library con taining more p eculiar blue t yp es of stars lik e white dw arfs

(WD), blue horizon tal branc h (BHB) stars and sub-dw arfs. The second star library is deriv ed

from theoretical sp ectra from K o ester (priv. comm unication). Those t w o star libraries ha v e

also b een used for the COMBO-17 surv ey .

4.3.2 Galaxy Sp ectral Library

The new feature in the classi�cation pro cess is the use of a new galaxy template library

dev elop ed b y Meisenheimer et al. (in prep 2009). This new galaxy library di�ers from the one

used previously b y W olf et al. (2003), whic h is based on a single burst mo del with reddening,

and consists of an impro v emen t of the templates based on a t w o burst-mo del deriv ed b y Borc h

et al. (2006) whic h could not repro duce accurate redshift. The motiv ation of a t w o-burst

mo del w as to b e able to b etter repro duce the star formation history for the wide range of

galaxy t yp es from Starbursts to Ellipticals. The second burst mo del allo ws a mix of old

and y oung stellar p opulations, since old stars generally dominate the mass while y oung stars

dominate the optical �ux, it is imp ortan t to b e able to constrain their relativ e amoun t from

the SED to b etter estimate the stellar mass-to-ligh t ratio M/L of a galaxy . The new galaxy

library w as calculated with the PEGASE pac k age (Fio c & Ro cca-V olmerange 1997), a syn thesis

p opulation mo del. The sp ectral galaxy library includes galaxy templates of 60 di�eren t ages

from 50 Myr to 15 Gyr times 6 lev els of extinction from 0 to 0.5 b y steps of 0.1. The template

in v olv es a Kroupa IMF and an initial metallicit y of 0.01 (that is half solar Z=Zo =0.5) and is

extinction-free. The extinction is applied afterw ards as a screen follo wing the SMC la w de�ned

b y P ei (1992). Steps in redshift co v er the range from 0 to 2.3 with a resolution of 0.005 on a

log(1+z) scale. The SFR follo ws t w o exp onen tial declines, the �rst one o ccurred sev eral billion

y ears ago with an e-folding time of 1 Gyr and a second burst started 2750 Myr after the �rst

burst with an e-folding of 0.1 Gyr.

4.3.3 QSO Library

The same QSO templates library as for the COMBO-17 surv ey has b een used. The QSO colour

library w as deriv ed from the SDSS template sp ectrum b y V anden Berk et al. (2001). The

resulting QSO colour library co v ers redshifts b et w een 0.3<z<2.02 with a redshift resolution

of 0.01 in log(1 + z). F or QSO b elo w z=0.3 the templates do not co v er adequately the NIR

w a v elength range and consists of a smo oth con tin uum mo del. F or those QSO the �t during

the classi�cation is less w ell constrained than at higher redshift. As assumed in the frame of

the COMBO-17 surv ey , w e do not exp ect man y QSO at z<0.5 and th us this problem should

not a�ect greatly our results in that lo w redshift regime. More details ab out the design of the

QSO library can b e found in W olf et al. (2004).
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4.4 Classi�cation Results

The classi�cation w as p erformed on the A901 deep H-band source catalogue, optim um results

w ere obtained with the 20 colours listed in T ab. 3.6. A classi�cation has b een ac hiev ed for all

ob jects of the A901-�eld catalogue. This consists of 31747 ob jects classi�ed in to 29492 galax-

ies, 169 QSOs, 1871 stars and 215 strange ob jects. The histogram of the photometric redshift

distribution for 12023 galaxies with H<21.5 is sho wn in Fig. 4.1, the sharp p eak cen tred at

z=0.165 indicate the sup er cluster A901/A902, comp osed of � 800 mem b ers. The p erformance

of the classi�cation itself is b ey ond the scop e of this thesis since it requires Mon te-Carlo sim u-

lation to understand the b eha viour of the classi�cation for v ery fain t H-band selected sources.

Here w e assume that the classi�cation is reliable for all ob jects do wn to an observ ed magnitude

of H=21.7, whic h is our 5- � magnitude limit for p oin t sources.

Figure 4.1: Histogram of the photometric redshift distribution for 12023 galaxies with H<21.5

b et w een 0<z<2 in the A901-�eld.

The distribution of the di�eren t galaxy SED t yp es of the catalogue as a function of redshift

is sho wn in Fig. 4.2. W e see an o v erdensit y caused b y the A901 cluster cen tred at z=0.165

forming a v ertical line. The cluster includes galaxies of almost all SED t yp es. W e also see

that the a v erage SED for galaxies lo cated b et w een 1.5<z<2 is around SED # 30. This SED

# 30 is comp osed of 83% of old stars and 17% of y oung star whic h are y ounger than 250 Myr

according to our 2 burst mo del, more details ab out template SED will b e a v ailable in Meisen-

heimer et al. (in prep 2009).
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In Figure 4.2 w e also see the lac k of star forming blue galaxies with SED t yp e b et w een 1

to 20 at z>1 (b elo w the blue dotted line) due to our H-band selected catalogue biased to w ards

red ob jects. The red dotted line in Figure 4.2 sho ws a natural cut in the old SED template

with redshift, as redshift increases w e �nd less and less old red galaxies.

Figure 4.2: SED t yp es as a function of redshift for galaxies with H<21.5 b et w een 0<z<2. The

Y axis go es from SED template # 1 for y oung stellar p opulation starburst to SED # 60 for old

stellar p opulation elliptical.

4.4.1 Comparison of the COMBO-17 Catalogue with the COMBO-17+4 Catalogue

The photometric redshift distribution obtained with the H-band selected catalogue (red) is

compared with the one previously obtained with the optical R-band catalogue (blac k) in Fig.

4.3. The histograms sho w for b oth catalogues the redshift distribution for galaxies lo cated in

the sub�eld A, B and C of the A901-�eld. The left panel sho ws the en tire redshift distribution

b et w een 0<z<2, with the blac k line represen ting 14697 galaxies with R<24.5 from the R-band

catalogue and the red line represen ting 12023 galaxies with H<21.5 from the H-band catalogue.

One sees that the main cosmological structures can b e recognized in b oth catalogues. The

righ t panel in Fig. 4.3 sho ws a close-up view of the redshift distribution b et w een 1<z<2, w e

clearly see the b ene�t of the addition of the NIR bands at high redshift. While the n um b er of

ob jects in the optical catalogue decreases drastically b et w een 1<z<1.35 the n um b er of ob jects

in the H-band catalogue decreases smo othly . Bet w een 1<z<2 the optical catalogue con tains
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2157 galaxies with R<24.5 while the optical plus NIR catalogue con tains 3821 galaxies and

since the redshift determination for z>1.1 in the optical data set is v ery uncertain, w e ha v e

gained more than � 1600 ob jects b et w een 1<z<2 b y using a com bination of optical+IR data.

Figure 4.3: Left: Histogram of galaxy photometric redshift distribution b et w een 0<z<2. Com-

parison b et w een R-band selected catalogue R<24.5 (blac k) and the H-band selected catalogue

H<21.5 (red), only ob jects presen t in b oth catalogues are compared. Righ t: Histogram of

galaxy photometric redshift distribution b et w een 1<z<2. The gain in n um b er of ob jects with

the NIR catalogue compared to the optical catalogue is substan tial.

It is in teresting to compare the distribution of the di�eren t galaxy SED templates t yp e

in the R-band selected catalogue with the one in the H-band selected catalogue. Figure 4.4

sho ws t w o histograms of the n um b er of ob jects ha ving a certain SED t yp e, from y oung stellar

p opulation starburst (SED # 1) to old stellar p opulation elliptical (SED # 60). One sees that

for the lo w redshift slice b et w een 0<z<1 the H-band catalogue is biased to w ard redder SED

t yp es, the catalogue con tains m uc h less star forming blue galaxies with 1<SED # <30 than the

R-band selected catalogue. F or in termediate galaxy templates b et w een 30<SED # <40 b oth

catalogues are equiv alen t but for redder galaxies with 40<SED # <50 the H-band catalogue

con tains m uc h more ob jects. The n um b er of v ery red and old galaxies with SED> # 50 follo ws

the same decreasing trend in b oth catalogues. A t higher redshift, b et w een 1<z<2, Figure 4.4

righ t panel, the gain of redder ob jects with SED> # 20 in the H-band selected catalogue is

clearly visible; while the n um b er of galaxies with SED # >20 drops in the R-band catalogue,

it increases in the H-band catalogue reac hing a p eak around SED #30 . The H-band selected

catalogue whic h con tains m uc h more red galaxies than the optical R-band selected catalogue

allo ws us to b etter trace the old stellar p opulation in galaxies.
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Figure 4.4: Comparison b et w een di�eren t SED t yp es in the A901 R-band catalogue (blac k)

and the H-band catalogue (Red) for t w o di�eren t redshift slice. SED # 1 refer to Starburst

and SED # 60 refer to Elliptical.

4.5 Lo w Flux Coun t and Redshift F o cusing

In photometric redshift determination, it imp ortan t to a v oid an y redshift fo cusing whic h could

lead to erroneous scien ti�c results. A redshift fo cusing o ccurs when man y ob jects are assigned

systematically to the same giv en redshift due to one or more wrong colours. F or ob jects ha ving

high �ux in a giv en band, the colours ha v e b een calculated using magnitude as describ ed b y

Eq. 4.3. When ob jects ha v e lo w �ux or ev en negativ e �ux in a giv en band the magnitude

as b een calculated using the Asinh magnitude (Lupton et al. 1999). The Asinh magnitude

is a mo di�ed magnitude system whic h replaces the logarithm in the con v en tional de�nition

of a magnitude with an in v erse h yp erb olic sine function. F or high �ux v alues (S/N>5) the

function is logarithmic but in the lo w �ux regime (S/N<5) the Asinh magnitude is a linear

appro ximation of the con v en tional magnitude and th us a v oids ha ving negativ e magnitude.

This prescription is useful when considering the colours of fain t ob jects, since the di�erence

of t w o Asinh magnitudes measures the usual �ux ratio for brigh t ob jects and a v oids the

problems caused b y dividing t w o v ery uncertain v alues for fain t ob jects. Unfortunately this

rede�nition of the magnitude system has lead to redshift fo cusing in our case since w e are

using classi�cation colours whic h are calculated using a mix of broad- and medium-bands.

The medium-bands data are less deep than the broad-band data and th us the magnitude at

whic h the Asinh magnitude system starts to b e linear will b e di�eren t for the medium band

compared to the broad-band. As a consequence, it could b e that a colour is calculated using on

one side the Asinh magnitude for the medium-band �ux measuremen t and the other side the

con v en tional magnitude for the measuremen t in the broad band. The result is that the medium
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band will app ear brigh ter that it is in realit y in tro ducing wrong colours to the classi�cation

pro cess and creating a redshift fo cusing at a giv en redshift, see Fig. 4.5. T o a v oid the redshift

fo cusing created b y the use of the Asinh magnitude w e ha v e used the upp er-limit magnitude

system in tro duced b y Meisenheimer et al. (in prep 2009). The upp er-limit magnitude system

is a new magnitude de�nition for lo w �ux lev el whic h is appro ximately giv en b y:

m = 20 � 2:5log(Fphot + 2 � ) + 2 � (mag) (4.5)

where � are the errors in �ux and in mag. In Eq. 4.5 the upp er limit starts to b e e�ectiv e

for ob jects whic h ha v e a S/N of 0.5 instead of S/N of 5 in the Asinh magnitude a v oiding lo w

�ux ob jects from the medium-band ha ving erroneously high calculated v alue.

Figure 4.5: Distribution of redshift resulting from a classi�cation using Asinh magnitude

(blac k) compared to upp er-limit magnitude (green), a redshift fo cus app ears at z � 1 and z � 1.6

when using the Asinh magnitude system, the ob jects create t w o arti�cial p eaks at those

redshifts.

4.6 Impro ving Photometric Redshift with NIR Data

The implemen tation of NIR data to the optical COMBO-17 surv ey allo w ed a considerable

impro v emen t in the determination of photometric redshift for ob jects whic h w ere at the limit

of the classi�cation reliabilit y in the R-band catalogue deriv ed b y the optical COMBO-17 .

Figure 4.6 sho ws the comparison b et w een the photometric redshifts z opt based on the 17 optical

bands against the ones on optical plus NIR data z opt+ NIR for 7682 galaxies common in b oth

catalogues. W e see that the ma jorit y of the galaxies form a diagonal branc h up to z � 1.4

(blac k dots). A small spread for z opt <0.7 means that the redshifts are determined b y the
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optical data only and are equiv alen t in b oth catalogue. F or z opt >0.7 the diagonal b ecome

broader indicating the redshift discrepancy b et w een redshifts based on optical data only and

the ones based on extended NIR data. It is in teresting to see ho w m uc h the determination of

the photometric redshift is impro v ed b y extending the w a v elength co v erage from the optical to

the NIR. In Fig. 4.6 one can sees one prominen t group o� the diagonal branc h lo cated b et w een

0.7<z opt <1.1 (red dots). F or these ob jects w e obtained a signi�can tly higher redshift from the

measuremen ts based on the extended data set when compared with the results obtained with

optical data only . This group con tained 753 out of 7682 galaxies meaning that ab out 10% of

the studied p opulation has a signi�can t impro v emen t in the redshift determination when one

supplemen ts the optical bands with the NIR bands. Another group of galaxies (blue dots)

are classi�ed at high redshift b et w een 1.5< zopt+ NIR <2 with the optical plus NIR data while

they w ere classi�ed at lo w redshift b et w een 0< zopt <0.4 with the optical only data set. This

group con tains 39 out to 7682 galaxies represen ting 0.5% of the sample and ha v e v ery fain t

magnitude R>22 and large errors in the optical photometry , the redshift determination is not

accurate in b oth catalogues. Figure 4.6 also sho ws that the diagonal is broader at all redshifts

and a group of 99 ob jects (in green) whic h represen t 1.2% of the sample is classi�ed at lo w er

redshift b y the use of the NIR compared to the optical data. This e�ect could b e due to the

classi�cation using the new galaxy templates in the case of the optical plus NIR data.

Figure 4.6: Photometric redshift comparison b et w een optical data only and optical+NIR data

for 7682 galaxies lo cated in the sub�eld A, B and C of the A901-�eld. The magnitude cut for

the optical COMBO-17 catalogue is R<24.5 and H<21.5 for the optical plus NIR COMBO-

17+4 catalogue.
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Three example of SEDs of galaxies classi�ed with the optical data in 17 �lters compared to

a classi�cation with optical plus NIR data (21 �lters) are sho wn in Fig. 4.7, Fig. 4.8 and Fig.

4.9 . Those galaxies are go o d example of the galaxies b elonging to the group in red dots in

Fig. 4.6. On the b ottom panel of eac h �gures one sees that the photometric redshift assigned

to those galaxies b y the classi�cation using only optical data w as in the range 0.7<z<1.1 while

they are in realit y at m uc h higher redshift, in the range of 1.2<z1.5, when the NIR are added,

top panels.

F or example in Fig. 4.7 while using the optical data only (b ottom panel) the classi�cation

estimates the redshift of the galaxy to b e z=0.73 b ecause the 4000Å break is though t to b e

around � =6900Å. With the addition of the NIR data p oin ts, w e no w see that the 4000Å break

is in realit y around � =9200Å (top panel) resulting in a redshift of z=1.3. In Fig. 4.8 (b ottom

panel) the galaxy is classi�ed at redshift z=0.8 using the optical data only when in realit y this

ob ject is at z=1.28 (top panel) with the 4000Å break lo cated around � =9100Å. In Fig. 4.9

(b ottom panel) the galaxy is though t to b e around z=1.1 but in fact the 4000Å break is in the

NIR at � =10120Å resulting in a redshift of z=1.53 for this galaxy . By comparing the t w o SEDs

in Fig. 4.7, 4.8 and 4.9 w e see that the optical data in fact reac hes only the b eginning of the

4000Å break for suc h ob jects and that the classi�cation using only the optical data is mistak en.

The redshift accuracy has b een c hec k ed for the A901 galaxy cluster. In Figure 4.10 w e com-

pare the photometric redshift obtained for the cluster mem b ers with the optical data (R<23.5)

and the photometric redshift obtained with the full optical plus NIR data set (H<21.5).

Based on sp ectroscop y , the A901 galaxy cluster is cen tred at z=0.165 with a disp ersion of

0.155<z<0.175. In Figure 4.10, the left panel sho ws the comparison of the photometric red-

shift obtained for the A901 cluster with the COMBO-17 v ersus the COMBO-17+4 data set,

the blue diagonal indicates the z opt =z opt+ NIR line. If b oth data sets had pro duced the exact

same redshift all ob jects w ould ha v e b een on the blue diagonal line. Instead the data p oin ts

follo w the red line with an o�set of � 0.005, meaning that the new redshift deriv ed with the

optical plus NIR data set is 0.005 lo w er than the one obtained with the optical data set. This

result is v ery go o d since the redshift determined b y the photometric redshift based on optical

data for the A901 cluster w ere b y � 0.005 to high compared to sp ectroscop y . The righ t panel

in Fig. 4.10 sho ws an histogram of the n um b er of ob jects as a function of redshift for the

A901 galaxy cluster with the optical data set (sho wn in blue) p eaking at z=0.17+/- 0.03(1+z)

and the optical plus NIR in red p eaking at z=0.165+/- 0.03(1+z) whic h is the sp ectroscopic

redshift. Fig. 4.10 sho ws that the redshift accuracy obtained with the photometric redshift

using the optical plus NIR data is excellen t and comparable to sp ectroscop y for lo w redshift

galaxies.



CHAPTER 4 56

Figure 4.7: Sp ectral energy distribution in photons=(m2 � s � nm) for a galaxy classi�ed with

17 optical plus 4 NIR bands (top) compared to a classi�cation with 17 optical bands only

(b ottom). The data p oin ts are sho wn in blac k, the galaxy template in green. Redshift z,

magnitude H or R and x,y w orld co ordinates are giv en.
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Figure 4.8: Sp ectral energy distribution in photons=(m2 � s � nm) for a galaxy classi�ed with

17 optical plus 4 NIR bands (top) compared to a classi�cation with 17 optical bands only

(b ottom). The data p oin ts are sho wn in blac k, the galaxy template in green. Redshift z,

magnitude H or R and x,y w orld co ordinates are giv en.
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Figure 4.9: Sp ectral energy distribution in photons=(m2 � s � nm) for a galaxy classi�ed with

17 optical plus 4 NIR bands (top) compared to a classi�cation with 17 optical bands only

(b ottom). The data p oin ts are sho wn in blac k, the galaxy template in green. Redshift z,

magnitude H or R and x,y w orld co ordinates are giv en.
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Figure 4.10: Left: Comparison of photometric redshift obtained with optical data set and

optical plus NIR for the A901 galaxy cluster. Righ t: Redshift distribution for the A901 cluster

R-band selected catalogue (in blue) and the H-band selected catalogue (in red). Photometric

redshift obtained for eac h catalogue and sp ectroscopic redshift are indicated.
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Galaxy Bimo dalit y Through Cosmic Time

This c hapter in v estigates the bimo dalit y of galaxies through cosmic time. F or this aim the rest-

frame magnitudes and the rest-frame colours are computed and colour-magnitude diagrams as

w ell as colour distributions are analysed. This analysis leads to the determination of a colour-

magnitude relation ev olving with redshift to separate the red galaxies from the blue ones out to

z=2. By separating the star forming blue galaxies from the red ev olv ed galaxies, it is p ossible

to separately study the ev olution of the t w o p opulations through cosmic time. Throughout this

c hapter the cosmological parameters 
 m =0.3, 
 � =0.7 and H0 =70.7 km/s/Mp c are assumed

and all magnitudes are giv en in the V ega system.

5.1 Rest-F rame Magnitudes and Colours

Rest-frame luminosities ha v e b een calculated from the observ ed photometry whic h co v ers the

w a v elength range from the U- to the H-band. F or comparison with other w ork, rest-frame lu-

minosities ha v e b een obtained for sev eral passbands in di�eren t photometric systems including

the classic U-, B- and V- bands in the Johnson system as w ell as the u-, g-, r- and i- bands

from the Sloan Digital Sky Surv ey (SDSS), and �nally a syn thetic UV con tin uum band, named

U280, cen tred at � = 280nm with FW HM = 40nm and a top- hat transmission curv e. The

rest-frame luminosities and colours are calculated in three steps:

� As seen in Ÿ1.3 the rest-frame features in a galaxy sp ectrum mo v e through our observ ed

bands with redshift, see Fig. 1.3. In the �rst step, the �ux in the rest-frame band of in terest

has to b e calculated from the observ ed �ux in the closest broad-band �lter. This is done b y

using a k - correction colour table , whic h is deriv ed from the templates in the sp ectral galaxy

library . The k-correction colour table con tains observ ed v ersus rest-frame colours for the en tire

set of observ ed broad bands and the ab o v e set of rest-frame bands on a grid of 360 template

SEDs (60 SED t yp es � 6 extinction lev els) and 240 redshift steps in the range 0 < z < 2:3. F or

eac h observ ed galaxy the observed magnitude in the rest-frame band is deriv ed with resp ect
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to the nearest observ ed broad-band. T able 5.1 giv es the range of w a v elengths in whic h eac h

of the observ ed broad-band �lters U, B, V, R, I, J1 and H is used to deriv e the observed

magnitude in the rest-frame band (cen tred on � c ) shifted to � o = (1 + z) � c . As an example,

for a galaxy at z=0.5, the rest-frame �ux in the V Johnson �lter cen tred at � c = 550 nm is

observ ed at a w a v elength of � o = (1 + z) � c = 825 nm. A ccording to T ab.5.1 the rest-frame

V �ux of this ob ject is based on the �ux observ ed in the I-band whic h is used for the range

760 < � o < 1050nm. In this step the in terstellar extinction A � obs to w ards Ab ell 901 in the

observ ed broad-band cen tred on � obs is tak en in to accoun t.

� min Filter � max A �

(nm) (nm)

280 U 400 0.29

400 B 500 0.22

500 V 570 0.18

570 R 760 0.15

760 I 1050 0.11

1050 J1 1400 0.07

1400 H 2600 0.05

T able 5.1: Broad-band �lters used to calculate rest-frame luminosities. F or eac h �lter the

w a v elength range is giv en in whic h the �lter is used to calculate the �ux in a rest-frame band,

the cen tral w a v elength � c of whic h is shifted to � o = (1 + z) � c , that is � min < � o < � max . In

addition, the assumed extinction v alues to w ards A901-�eld are listed.

� Second, for eac h galaxy , the absolute magnitude de�ned b y Eq. 1.5 is calculated from

the observedrest-frame magnitude and the luminosit y distance as de�ned b y Eq. 1.6. In this

step also the correction b et w een "ap erture magnitudes" whic h are used in the photometric

�ux table and the total (in tegrated) magnitude of a galaxy has to b e tak en in to accoun t. The

correction � mtot is deriv ed from the total magnitude MA G-BEST deriv ed b y SExtractor on

the deep H-band image and calibrated for eac h of our sub�eld A, B and C suc h that for stars

(ap erture = total magnitude) and � mtot = 0 .

The luminosit y errors include three comp onen ts added in quadrature: the error of the mag-

nitude of the observ ed broad-band �lter closest to the redshifted rest-frame band, the error

of MA G-BEST and a minim um error of 0:03 to tak e in to accoun t redshift errors and o v erall

calibration uncertain ties.

� Third, from the absolute magnitudes in the rest-frame, the rest-frame colours are calcu-

lated straigh tforw ardly . The error in rest-frame colour is the quadratic addition of the errors

of the t w o in v olv ed broad-band �lters plus a minim um error whic h ranges b et w een 0:05 and 0:1

dep ending on the lo cation of the t w o rest-frame bands in v olv ed in t ypical galaxy sp ectra (that
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is: rest-frame colours b et w een t w o smo oth regions of galaxy sp ectra get a smaller minim um

error).

T o in v estigate the bimo dalit y of galaxy colours w e use the U280-V rest-frame colour b e-

cause the U280 band pro vides a cleaner measure of the �ux short-w ards of the 4000Å break

than the Johnson U-band whic h partly o v erlaps with the break and th us is strongly a�ected

ev en b y v ery small uncertain ties in the redshift determination. Moreo v er, these t w o photo-

metric rest-frame bands are brac k eted b y our observ ed bands in the en tire redshift range of

in terest 0:3 < z < 2 whic h is most essen tial for our presen t study and con tains the bulk of

galaxies in our sample. So, in using U280-V w e do not rely on an y SED extrap olation.

Before in v estigating the bimo dalit y of galaxies it is in teresting to analyse the distribution

of galaxies in the rest-frame magnitude redshift plane for the rest-frame magnitude used to

calculate the U280-V colour. The left panel in Fig. 5.1 sho ws the redshift as a function of

the rest-frame magnitude in the Johnson V-band. The magnitude limit H<21.7 of the surv ey

app ears at the fain t end of the distribution as a parab ola shap e. The horizon tal features rep-

resen t o v erdensities, clearly sho wing the A901 cluster at z=0.165 whic h spreads o v er almost all

the magnitude range. The distribution reac hes fain ter magnitudes for ob jects lo cated b elo w

z=0.38 due to the fact that at those redshift the rest-frame M V is calculated from the �ux

emitted in the observ ed R-band whic h is our deep est optical data. The Fig. 5.1 righ t panel

sho ws the redshift as a function of the rest-frame M U280 , sho wing a step b et w een 1<z<1.7 in

the fain t end of the distribution. In this redshift range the rest-frame M U280 is calculated from

the �ux observ ed in the deep R-band and th us allo ws us to see galaxies at fain ter magnitudes.

The t w o redshifts asso ciated with the b eginning and the end of the step in the distribution

indicate at whic h redshift the rest-frame �ux in the U280 passes from an observ ed band to

another one, just b elo w z=1 the rest-frame U280 �ux comes from the observ ed V-band, while

ab o v e z=1.7 it comes from the I-band.

The U280-V colour and its error as a function of redshift are plotted in Fig. 5.2. By plotting

the colour as a function of redshift, Fig. 5.2 left panel, sho ws the same trends as discussed

previously for Fig. 4.2 whic h sho ws the SED t yp es as a function of redshift. This is due to the

colour of a galaxy b eing directly link ed to its sp ectral t yp e. A star forming galaxy is called

blue b ecause it has more �ux at shorter w a v elength sampled here b y the U280 �lter than at

longer w a v elength sampled here b y the V �lter. This means that star forming blue galaxies

ha v e smaller U280-V colours than later t yp e elliptical galaxies and are lo cated in the lo w er part

of b oth �gures Fig. 5.2 left panel and Fig. 4.2.

The U280-V colour errors ha v e b een plotted as a function of redshift in the righ t panel of

Fig. 5.2. This plot sho ws the cut created b y the minim um error threshold of 0m :1 applied
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Figure 5.1: Absolute magnitude M V (left) and M U280 (righ t) as a function of redshift. On

the righ t panel w e see that the fain t end of the distribution is not smo oth but sho ws a step

b et w een 1<z<1.7 due to the observ ed �ux from our deep R-band whic h is used to calculate

the rest-frame M U280 in that redshift range.

in the calculation of the colour error. W e also see that the colour accuracy is v ery go o d for

ob jects lo cated at lo w redshift z . 0.6 where most of the ob jects ha v e a colour error close to

the minim um threshold of 0m :1. The large scatter b et w een 0.9 . z . 1.2 is caused b y the

magnitude error �M V in the V-band whic h is larger than the magnitude error �M U280 in the

U280-band for that redshift range. This is due to the fact that for this redshift range M V is

calculated using the �ux observ ed in the narro w-band J1 while M U280 is calculated based on

the �ux in the deep R-band. The J1 �lter b eing narro w and not as deep as the R-band, the

uncertain ties asso ciated to the magnitude in this band are larger than in the deep R-band. In

Fig. 5.2 w e also see that the colour uncertain ties are larger at z>1.5 due to the error in the

rest-frame M U280 caused b y the large error in the shallo w I-band �ux.

Figure 5.2: Rest-frame U280-V colour (left) and his error (righ t) as a function redshift.



CHAPTER 5 64

5.2 Rest-frame Colour Bimo dalit y

A magnitude limited sample of 14286 galaxies with magnitude H<21.7 (V ega) has b een used

to in v estigate the colour bimo dalit y of galaxies through cosmic time. This magnitude limit

corresp onds to the 5 � � detection limit in the H-band in the ap erture �ux.

In the literature, colour-magnitude and colour-colour diagrams as w ell as colour histograms

are generally used to separate the star forming blue galaxies from the red galaxies since the

t w o galaxy p opulations lie in prede�ned regions of those plots, examples are sho wn in Fig. 5.7

and Fig. 5.8. The top left panel in Figure 5.7 sho ws the U280-V v ersus M V colour-magnitude

diagram (CMD) for the A901 galaxy cluster. F or a galaxy cluster lik e A901, a red sequence is

clearly visible in the CMD. Ho w ev er, it could b e di�cult to see a clear separation b et w een the

red sequence and the blue cloud for a sample of galaxies lo cated in a less dense en vironmen t

or for a sample of galaxies in the �eld, see Fig. 5.8. Moreo v er, the colour errors could

pro duce a large scatter in the CMD making it di�cult to visually distinguish a w ell de�ned

red sequence. As w e ha v e seen in the previous section, the errors in the U280-V measuremen ts

are larger ab o v e z � 1, making it di�cult to in v estigate the bimo dalit y in a CMD for a high

redshift galaxy sample. T o in v estigate the galaxy colour bimo dalit y through cosmic time, w e

ha v e dev elopp ed a new metho d based on error w eigh ted histograms in whic h eac h galaxy is

represen ted b y its gaussian probabilit y distribution ( p � e� (c� c0)2=2� c
) where � c is the colour

error and the p is normalized so that

R
pde=1. Using this de�nition, a galaxy with a small

error ha v e a gaussian distribution with a more pronounced p eak that a galaxy ha ving a large

error and ha ving a �atter distribution. The error w eigh ted histograms are created b y summing

all the gaussian distributions at a giv en colour for a giv en redshift bin. The galaxy ha ving a

small error con tributes more signi�can tly to the o v erall distribution than a galaxy ha ving a

large error. T o in v estigate the galaxy bimo dalit y w e ha v e used the U280 -V colour. Ho w ev er

in order to b etter disen tangle the red sequence from the blue cloud w e ha v e tilted the U280-V

colour in the colour-magnitude plane using M V = � 20 as the piv ot p oin t Eq. 5.1. That is, the

measured U280� V of eac h individual galaxy is pro jected along the slop e of the red sequence

(as determined in the A901 cluster CMD, see Fig. 5.7 top left ) to the piv otal magnitude

M V = � 20. This new metho d allo ws us to in v estigate the distribution of the galaxies in man y

thin redshift slices of ab out � z � 0.1 throughout our full redshift range b et w een 0<z<2.

(U280 � V )Mv = � 20 = ( U280 � V ) + 0 :3(M V + 20) (5.1)

Some examples of the distribution of galaxies in di�eren t thin redshift slices are sho wn

in Figure 5.3. The redshift in terv al and mean as w ell as the n um b er of ob jects in the en tire

redshift slice are indicated on eac h panel. In eac h panel w e see t w o distinct p eaks app earing

due to the galaxy bimo dalit y . On eac h histogram the righ t p eak represen ts the distribution

of the red galaxies while the left p eak represen ts the distribution of the star forming blue
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galaxies. As a reference w e see the A901 cluster in the top left panel, a clear red sequence

p eak is visible and the con tribution of the blue cloud galaxies forms a double p eak due to the

con tribution of only few blue galaxies. Our results sho w a clear galaxy bimo dalit y at z<1,

see Fig. 5.3 top righ t and b ottom left panels, as also demonstrated b y Bell et al. (2004b)

using the COMBO-17 data for the com bined A901, A226 and S11 �elds. The bimo dalit y has

b een found at z<1 b y man y other surv eys including SDSS (Stratev a et al. 2001) and DEEP

(W einer et al. 2005). Moreo v er, the depth of our surv ey allo ws us to extend the detection of

the galaxy bimo dalit y up to z=1.6 whic h is the zmean of our highest redshift in terv al where

w e can still detect t w o distinct distribution p eaks. Bey ond z=1.6 it is not p ossible to con-

�rm a galaxy colour bimo dalit y since the n um b er of ob jects a v ailable for our analysis drops

considerably b et w een 1.6<z<2, see Fig. 5.6. Figure 5.4 b ottom panel sho ws the distribution

for 198 galaxies in the redshift in terv al 1.65<z<1.75, the distribution is clearly not bimo dal.

Ho w ev er this do es not mean that the red sequence do es not exist b ey ond z=1.6, here w e can

only argue that due to the small area surv ey ed and the lo w n um b er of ob jects in our sample

at z>1.6 our data do es not allo w us to con�rm or refute the presence of a red sequence b ey ond

z=1.6. Our results are consisten t with other studies whic h con�rm a galaxy colour bimo dalit y

at high redshift, up to z � 1.2 b y the MUSYC surv ey (T a ylor et al. 2008) and up to z � 1.5 b y the

VVDS surv ey (F ranzetti et al. 2006). While the COMBO-17+4 surv ey allo ws us to increase

the redshift limit of the colour bimo dalit y detection compared to those later studies, it do es

not allo w us to see a de�ned galaxy red sequence at z=2 as found b y Kriek et al. (2008) using

NIR sp ectroscop y . Williams et al. (2008) using UKIDDS Ultra-Deep Surv ey photometric data

ha v e also found a bimo dalit y up to z=2 in rest-frame U-V v ersus V-J colour-colour plots.

Astonishingly , while in v estigating the galaxy bimo dalit y in di�eren t redshift slices of the

Univ erse for our A901-�eld, w e ha v e found that for some redshift slices ev en at lo w redshift

(e.g. zmean =0.25) and in termediate redshift (e.g. zmean =0.99) a red sequence is absen t, see

Fig. 5.4 top panel left and righ t. This result seems to con tradict the results obtained b y Bell

et al. (2004b) who found a galaxy bimo dalit y at all redshifts up to z � 1. In fact Bell et al.

(2004b) deriv ed his results from a sample of � 5000 galaxies deriv ed from the com bination of

the A901, A226 and S11 �elds whic h are three COMBO-17 �elds while our data includes only

the 3=4 of the en tire A901-�eld. Consequen tly , our data are m uc h more sensitiv e to large scale

structures. Hence, the A901-�eld has in some redshift in terv als v oids where no red sequence

app ears. This w as not observ ed b y Bell et al. (2004b) since those results, b y com bining sev eral

�elds together, a v eraged the galaxies bimo dalit y distribution in a giv en redshift range. Our

results sho w that a pronounced red sequence strongly dep ends on the surv ey ed part of the

Univ erse. This is a new result whic h nev er has b een demonstrated in the literature b efore and

need certainly more in v estigation. F urther studies should in v estigate what the densit y of the

galaxy en vironmen t has to b e in order for a red sequence to emerge.
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0.155<z<0.175
  Zmean=0.1659

0.45<z<0.6
 zmean=0.5239

0.75<z<0.86
 zmean=0.809

1.48<z<1.70
 zmean=1.69

Figure 5.3: Rest-frame (U280 � V )Mv = � 20 colour distribution for galaxies in di�eren t redshift

slices. In eac h panel, the histogram is built b y the addition of all single galaxies whic h are

represen ted b y their gaussian probabilit y distribution based on their colour error. The total

n um b er of galaxies used to pro duce the histogram (top righ t in eac h panel) represen ts the

in tegral of the distribution o v er the colour range. In eac h histogram w e see a bimo dalit y , the

righ t p eak represen ts the red sequence galaxies and the left p eak represen ts the blue cloud

galaxies. The top left panel sho ws the colour distribution for the cluster A901 at z=0.165 the

red sequence forms a sharp p eak while the few galaxies b elonging to the blue cloud forms a

double p eak.
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0.2<z<0.3
 zmean=0.259

0.95<z<1.03
  zmean=0.99
0.95<z<1.03
  zmean=0.999

1.65<z<1.75
    zmean=1.79

Figure 5.4: Rest-frame (U280 � V )Mv = � 20 colour distribution for galaxies in di�eren t redshift

slices, see also caption Fig. 5.3. The n um b er of galaxies included in the distribution as

w ell as the redshift in terv al and mean redshift are giv en in the top righ t of eac h panel. The

distribution of galaxies do es not sho w a clear bimo dalit y in those redshift in terv als, neither at

lo w zmean = 0 :25 (top left panel) nor at in termediate zmean = 0 :99 (top righ t) as compared to

high zmean = 1 :7 (b ottom) redshift.
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5.3 Colour Magnitude Relation

Since the red sequence is missing in the redshift in terv al 1.6<z<2, our data allo w us to deriv e

an ev olving colour-magnitude relation to separate the red galaxies from the blue ones up to

z=1.6. Using error w eigh ted histograms for man y thin redshift slices, the (U280 � V )Mv = � 20

colour p osition of the red galaxies distribution p eak has b een follo w ed from z=0 to z=1.6.

Using the mean redshift zmean of eac h redshift slice, the corresp onding lo okbac k time has

b een calculated using Eq. 1.4. Figure 5.5 sho ws the rest-frame colour (U280 � V )Mv = � 20 as a

function of lo okbac k time, sho wing that the colour ev olv es linearly with time b y:

(U280 � V )Mv = � 20 = 2 :57 � 0:195� t lookback (5.2)
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Figure 5.5: Ev olution of the red sequence brigh t end colour (U280 � V )Mv = � 20 with lo okbac k

time in Gyrs.

A ccordingly , the (U280� V )Mv = � 20 colour p ositions of the red sequence as a function of lo ok-

bac k time ha v e b een linearly �tted and using the appro ximation t lookback ' 15Gyrs � z=(1 + z)

a redshift ev olving colour-magnitude relation has b een established for the p osition of the red

sequence distribution p eak. This is the �rst time that a linear ev olution of the red sequence

with time has b een deriv ed, previous studies due to large uncertain ties in the red sequence

p osition w ere unable to deriv e suc h a meaningful relation.

Ha ving determined this relation, w e c hose a parallel relation whic h is 0.47 mag bluer in

order to separate the red and blue galaxy p opulations. The deriv ed redshift ev olving colour-
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magnitude relation to separate the red galaxies from the blue galaxies is de�ned as:

(U280 � V ) limit = 2 :10 � 0:3(M V + 20) � 2:92z=(1 + z) (5.3)

F rom Eq. 5.3 w e de�ne a galaxy to b e red if its colour is (U280 � V ) > (U280 � V ) limit

and a galaxy is de�ned as blue if its colour is (U280 � V ) < (U280 � V ) limit . The ev olving

colour-magnitude relation Eq. 5.3 has b een compared with the one deriv ed b y Bell et al.

(2004b) with a sample of galaxies up to z=1 from the COMBO-17 optical data. In order

to compare our results the relation Eq. 5.3 has b een expressed as a function of redshift in-

stead of lo okbac k time suc h as (U280 � V ) limit = 1 :70 � 0:3(M V + 20) � 1:03z and using

the colour relation (U � V ) = 0 :28 + 0:43(U280 � V ) from our galaxy templates w e ha v e

(U � V ) limit = 1 :01 � 0:13(M V + 20) � 0:44z . Our result is v ery close to the one deriv ed b y

Bell et al. (2004b) where (U � V ) limit = 1 :15� 0:08(M V + 20) � 0:31z , our relation is sligh tly

steep er than the one deriv ed b y Bell et al. (2004b), but its translated in to a minor colour

di�erence of <0.1 mag in the galaxies relev an t magnitude range -23< M V <-18.

Using the ev olving colour-magnitude relation Eq. 5.3 the red galaxies whic h ha v e (U280 �

V ) > (U280 � V ) limit can b e extracted of our galaxy sample. The histogram in Fig. 5.6 sho ws

the redshift distribution of the red sequence galaxies among all t yp es of galaxies of our sample

ha ving a limited magnitude H<21.7. There are 3943 red galaxies out of 14286 b et w een 0<z<2

in our sample and 1122 red galaxies out of 4640 b et w een 1<z<2. Our sample consists of an

unpreceden ted large sample of red galaxies b et w een 1<z<2 allo wing us to in v estigate their

ev olution from high redshift to the presen t da y .

5.4 Colour-Magnitude Diagrams up to z=2

Ha ving in hand a robust metho d to separate the red galaxies from the blue one as a function of

lo okbac k time, it is p ossible to see ho w b oth galaxy p opulations ev olv e in colour and magnitude

since z=2 b y plotting CMDs for di�eren t redshift slice of the Univ erse. The colour-magnitude

diagrams (U280 � V ) v ersus M V for ten redshift slices are sho wn in Fig. 5.7 and Fig. 5.8. On

eac h panel the green line indicates the bimo dalit y separation deriv ed from Eq. 5.3, since the

mean redshift of the slice is used to plot the separation line, some galaxies ab o v e the green

line b elong to the blue cloud while some galaxies b elo w the line b elong to the red sequence,

the real separation is represen ted b y the colour of the data p oin ts. The top left panel in Fig.

5.7 sho ws the CMD for the A901 cluster cen tred at z=0.165, suc h a dense en vironmen t sho ws

a clear red sequence on the CMD and is giv en as a reference. The red sequence is not as

sharp and easy to visually distinguish in CMDs b ey ond z=1 esp ecially in the redshift slice

1.07<z<1.19 due to the scatter caused b y the relativ ely large colour uncertain ties, see Fig.
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Figure 5.6: Histogram sho wing the distribution of galaxies b et w een 0<z<2 in the A901-�eld.

In blac k the distribution of all morphological t yp e galaxies. In red, the distribution of red

galaxies ha ving (U280 � V ) > (U280 � V ) limit , see Eq. 5.3. The red sequence galaxies b elonging

to the A901 cluster forms a sharp p eak at z=0.165. The A901-�eld con tains only few red

galaxies b ey ond z � 1.6.

5.2 left panel. In order to in v estigate ho w the red sequence and the blue cloud ev olv ed with

redshift in a CMD, w e ha v e divided our galaxy sample in to 9 redshift slices starting at z=0.2

to a v oid the A901 cluster in our lo w est redshift slice. The redshift slices ha v e b een c hosen to b e

equal como ving v olumes up to z=1.3, the three last redshift slices enclose a como ving v olume

2.5 times larger than the other slices in order to include a substan tial amoun t of galaxies in

those high redshift slices. Figures 5.7 and 5.8 sho w the ev olution of the red sequence through

the di�eren t CMDs at di�eren t increasing redshift in terv als, w e see that the brigh t end of the

red sequence is a few ten ths of a magnitude bluer at z=2 than at z=0.2. The CMDs sho w

that for a giv en magnitude b oth galaxy p opulations w ere bluer in the past. W e also see that

starting at z � 1 as w e go bac k in time there is an increasing p opulation of galaxies whic h are

brigh t M V <-22 and blue (U280 � V ) . 1. T o b etter quan tify the ev olution through cosmic

time of the c haracteristic absolute magnitude for the red and the blue galaxy p opulation, the

luminosit y function has b een calculated for eac h galaxy p opulation in di�eren t redshift slices

of the Univ erse and are presen ted in the next c hapter.
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Figure 5.7: CMD for galaxies with H<21.7 mag in di�eren t redshift slices as giv en in top righ t

of eac h panel. The green line indicates the bimo dalit y separation as describ ed b y Eq. 5.3,

the mean redshift of eac h bin has b een use to plot the line. Red galaxies lie ab o v e the line,

blue galaxies b elo w the line. T op left panel sho ws the A901 cluster as a reference. The total

n um b er of ob jects included in eac h diagram as w ell as the blue and red fraction are giv en in

the top left of eac h panel. Except for the A901 panel all redshift bins are equal como ving

v olumes.



CHAPTER 5 72

Figure 5.8: CMD for galaxies with H<21.7 mag in di�eren t redshift slices as giv en in the top

righ t of eac h panel. The green line indicates the bimo dalit y separation as describ ed b y Eq.

5.3, the mean redshift of eac h bin has b een use to plot the line. Red galaxies lie ab o v e the line,

blue galaxies b elo w the line. The three highest redshift bins enclose a como ving v olume 2.5

times more than the lo w er redshift bins. The total n um b er of ob jects included in eac h diagram

as w ell as the blue and red fraction are giv en in the top left of eac h panel. The magnitude limit

of the surv ey a�ect b oth galaxy p opulations in the CMD for the redshift slice 1.55<z<1.78

(b ottom left panel) the data form almost a v ertical line at the fain t end, in that redshift range

the rest-frame M V is shifted in the observ ed H-band.
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Ev olution of the Luminosit y F unction

This c hapter in v estigates the ev olution of the luminosit y function through cosmic time for the

red and the blue galaxy p opulations. A description of the metho dology used to calculate the

luminosit y function is presen ted follo w ed b y our results. The ev olution through cosmic time

of the c haracteristic luminosit y M

�
and the n um b er densit y � �

are discussed.

6.1 De�nition of the Luminosit y F unction

In order to study the ev olution of galaxies through cosmic time, one naturally has to study

ho w their luminosit y ev olv es with time since the luminosit y of a galaxy is directly link ed to its

stellar p opulation and re�ects its star formation history . It is meaningful to deriv e a luminosit y

function (LF) for di�eren t ep o c hs of the Univ erse and for di�eren t galaxy p opulations to see

ho w galaxy p opulations ha v e ev olv ed since z=2 to the presen t da y . The galaxy luminosit y

function is de�ned as the n um b er of galaxies in a range of luminosities [L, L+dL] or absolute

magnitudes [M, M+dM] p er v olume and is generally expressed in units of galaxies/Mp c

3
.

Using the formalism from Binney & Merri�eld (1998), the function is normalized so that:

Z 1

�1
�( M )dM = � (6.1)

where � is the total n um b er of galaxies p er unit v olume and �( M ) is the n um b er densit y

of galaxies in the magnitude range [M, M+dM]. While plotting the LF �( M ) as a function of

magnitude M, the resulting LF has a curv ed shap e due to the n um b er of galaxies decreasing

monotonically with increasing magnitude. F rom the fain t end to the brigh t end, the LF �( M )

decreases along a p o w er la w reac hing a knee at a c haracteristic magnitude M �
and cuts o� at

brigh t magnitudes. The b eha viour of the LF can b e parameterized b y the Sc hec h ter function

expressed in magnitude as follo ws:
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�( M ) = (0 :4ln10)� � 100:4(� +1)( M � � M )exp(� 100:4(M � � M )) (6.2)

where � �
is the normalization of galaxy densit y at the �ducial magnitude M �

and � is the

slop e at the fain t end. Those three parameters are in terconnected, they can all b e set as free

parameters or the slop e for example can b e �xed in order to b etter �t the data. In principle,

calculating the LF consists only in coun ting the n um b er of galaxies in di�eren t magnitude bins

in a certain v olume. Ho w ev er, with a magnitude limited sample of galaxies, w e ha v e to tak e

in to accoun t that fain t galaxies could escap e our surv ey .

6.2 Luminosit y F unction Estimator

The non-parametric 1/V max estimator (Sc hmidt 1968) has b een used to calculate the lumi-

nosit y function in di�eren t redshift slices. This metho d allo ws to tak e in to accoun t the e�ect

due to the surv ey incompleteness and corrects for the galaxies whic h are to o fain t to b e ob-

serv ed within a giv en redshift slice. Also due to our limited magnitude sample of H<21.5

our abilit y to trace the fain t end of the LF decreases with redshift. The 1/V max metho d has

the adv an tage in sim ultaneously giving the shap e and the normalization of the LF but has

the disadv an tage of b eing sensitiv e to the densit y �uctuation since the metho d assumes that

galaxies are uniformly distributed in the Univ erse (Willmer 1997). Other metho ds exist to

calculate the luminosit y function namely the STY (Sandage et al. 1979) metho d whic h is a

parametric maxim um-lik eliho o d estimator often used in the curren t literature. T esting di�er-

en t LF estimators is a lab orious task whic h is b ey ond the scop e of this thesis, a description

of di�eren t LF estimators as w ell as their asso ciated results are discussed b y Willmer (1997).

F or this w ork w e used the 1/V max estimator for its simplicit y since it directly giv es us the

galaxy densit y in eac h magnitude bin and th us the normalization parameter � �
(assuming a

uniform distribution). The di�eren tial luminosit y function is giv en as the sum of the densit y

con tributions of eac h galaxy in a giv en magnitude/redshift/SED-t yp e bin:

�( M )dm =
X

i

1
Vi (M; z; SED )

(6.3)

where Vi (M; z; SED ) is the total como ving v olume in whic h the galaxy i could b e detected

in our sample. The como ving v olume is delimited b y the redshift b oundaries zlower and zupper

of our redshift slice of in terest. The como ving v olume Vi (M; z; SED ) is de�ned as:

Vi (M; z; SED ) = Vshell = �

Z zupper

zlower

dV
d
 dz

dz
n

for zmax � zupper ,

Vi (M; z; SED ) = �

Z zmax

zlower

dV
d
 dz

dz
n

for zmax < z upper ,
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where �
 is the e�ectiv e solid angle of the surv ey , Vshell is the total como ving v olume enclosed

in a shell delimited b y the b oundaries zlower and zupper and zmax is the maxim um redshift that

a galaxy ha ving (z,M,SED) can ha v e to still b e included in our limited magnitude sample.

The 1/V max metho d means that if a galaxy is brigh t enough to b e seen within all the redshift

slices (if zmax � zupper ) then for a certain � M w e w ould ha v e 1galaxy=Vshell but if the galaxy

cannot b e seen within all the redshift slice (if zmax < z upper ) then for a giv en � M w e w ould

coun t 1galaxy=Vi (M; z; SED ) where the como ving v olume Vi (M; z; SED ) is enclosed b et w een

zlower <z< zmax .

T o determine the errors � � for � (M )dM w e tak e only in to accoun t the statistical P oisson

noise from the galaxy coun ts, th us � � =
q P

i 1=V2
i (M; z; SED ) . In order to calculate the

maxim um redshift zmax that a galaxy could ha v e w e need a k-correction since a galaxy at zmax

w ould ha v e a rest-frame magnitude B (for a B-band LF) coming from an observ ed magnitude

whic h is di�eren t than the one observ ed if that galaxy w ere at redshift z. Moreo v er eac h galaxy

has a di�eren t SED and an asso ciated k-correction. Ideally , a k-correction should b e calculated

for eac h individual SED. T o simplify this task w e used a common SED t yp e to calculate the

k-correction. The SED t yp e #30 has b een used (Fig. 6.1) since that is the a v erage SED

of our galaxy distribution (see Ÿ4.4 and Fig. 4.2 righ t panel). The maxim um redshift zmax

for eac h galaxy has b een calculated b y Bartelmann (priv. comm unication). First, using the

SED #30 , a normalised H-band k-correction as a function of redshift has b een computed so

that K(z=0)=0, see Fig. 6.4. Then, the rest-frame B-H colour has b een calculated from the

SED #30 and ha v e b een used to con v ert our deriv ed B-band absolute magnitude M B in to an

absolute H-band magnitude M H in a straigh tforw ard w a y b y H=B-(B-H). Then, ha ving the

absolute magnitude M H for eac h galaxy , the luminosit y distance DLmax for whic h the galaxy

should drop b elo w our detection limit has b een calculated using Eq. 6.4 in whic h mH =21.5

and K(z) as giv en b y Fig. 6.2.

M H = mH � 5log
DLmax

10pc
� K (z) (6.4)

F rom the luminosit y distance DLmax the maxim um redshift zmax is calculated using the

de�nition of the DL de�ned b y Eq.1.6.

6.3 Galaxy Sample Division

A galaxy sample of 12023 ha ving a magnitude limit H<21.5 has b een separated in to blue and

red galaxy p opulations since the ev olution of the c haracteristic luminosit y M �
and densit y � �

dep ends strongly on the galaxy t yp e (W olf et al. 2003). The redshift ev olving colour-magnitude

relation Eq. 5.3 has b een used to divide the sample in to these t w o p opulations. The galaxy

sample has b een additionally divided in to redshift slices of nearly equal como ving v olumes,
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Figure 6.1: SED #30 used to calculate the k-correction in order to determine the b oundary

zmax in the determination of the como ving v olume Vi (M; z; SED ) at whic h a galaxy could b e

lo cated and included in our sample.

see Figure 6.3. The same redshift slices used to plot the CMDs in Fig.5.7 and Fig. 5.8 are

used except that w e ha v e split the lo w er redshift slice from 0.2<z<0.6 in to t w o slices since it

con tains man y more galaxies than the other slices. W e divided this slice at z=0.48 b ecause this

redshift falls b et w een t w o p eaks in the redshift distribution of galaxies, see Fig. 5.6. Exactly

as for the CMDs the three highest redshift slices con tain 2.5 times the como ving v olume of

the other slices.

6.4 Ev olution of the Luminosit y F unction

The ev olution of the luminosit y function for the blue and the red galaxies throughout ten

di�eren t redshift slices of the Univ erse is presen ted in Figures 6.4 and Fig. 6.5. A Sc hec h ter

function has b een �tted to our data p oin ts in order to obtain the c haracteristic magnitude M �

and the n um b er densit y � �
for eac h galaxy p opulation in eac h redshift slice. A t �rst glance, w e

see that for all redshifts the blue galaxies sho w a steep er fain t end slop e � compared to the red

galaxies, whic h is wh y w e ha v e used a di�eren t slop e in the Sc hec h ter �t for eac h galaxy p opula-

tion. Since our data are magnitude limited it is not p ossible to accurately determine the slop e

of the luminosit y function. Since � , M �
and � �

are correlated w e decided to �x the parameter

� in order to obtain meaningful v alues for M �
and � �

. As a consequence, w e ha v e used a �xed

slop e of � =-0.5 for red galaxies and � =-1.3 for blue galaxies. These slop e v alues are adopted

from F ab er et al. (2007) who deriv ed the LF in the B-band for red and blue galaxies up to z=1

using the sp ectroscopic DEEP2 data set for 1 square degree in the sky . In their pap er, F ab er
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Figure 6.2: K-correction as a function of redshift for B-H normalized suc h that K(z=0)=0,

from Matthias Bartelmann. This k-correction is used in Eq. 6.4.

et al. (2007) also compared the DEEP2 LF parameters with the ones obtained b y the optical

COMBO-17 surv ey for the 3 �elds A901, A226 and S11 whic h represen t 0.78 square degrees

in the sky and concluded that the results agree. A dopting the same slop e v alues from F ab er

et al. (2007) allo ws us to easily compare our v alues of M �
and � �

up to z=1 with the literature .

The dotted v ertical lines in Figures 6.4 and Fig. 6.5 indicate the magnitude limit for

the Sc hec h ter function �t, data p oin ts fain ter than the dotted line are not included in the

�t b ecause at that magnitude our sample is certainly incomplete. This limit is determined

considering three factors. First, w e c ho ose the limit whic h corresp onds to a magnitude where

the n um b er densit y � starts to decline on eac h LF plot due to the incompleteness of the sur-

v ey whereb y less and less fain t ob jects are seen at fain ter magnitude with increasing redshift.

This limit can b e recognized as the fain t end of the rest-frame M B magnitude v ersus redshift

distribution due to our surv ey detection limit of H<21.5 (see Fig. 6.3) . Using the 1/V max

LF estimator, w e noticed that the delimiting dotted lines in Figures 6.4 and Fig. 6.5 also

corresp ond to a magnitude where more than 30% of the galaxies are in half of the como ving

v olume of an y giv en redshift slice.

Figure 6.5 sho ws that the brigh t end of the LF is dominated b y blue galaxies since z=2

up to z � 1 whic h has also b een observ ed from z=1.75 to z=1 b y Cirasuolo et al. (2007) using

a K-band LF for UKIDSS data. In v ersely , at lo w er redshifts b et w een 0.6<z<0.94 (Fig. 6.4

b ottom panels), the brigh t end is dominated b y red galaxies. In the t w o lo w er redshift slices

(Fig. 6.4 top panels) the brigh t end of the LF is p opulated b y b oth red and blue due to t w o

phenomena. On the one hand, a B-band LF creates a selection e�ect to w ards the blue galaxies



CHAPTER 6 78

Figure 6.3: Redshift as a function of the rest frame M B . The horizon tal blue lines delimitate

the redshift b oundaries used to calculate the como ving v olumes. The fain t end of the dis-

tribution creates a fuzzy b oundary due to the incompleteness of the surv ey b ey ond H=21.5.

The colour of the data p oin ts represen t the red galaxy p opulation in red and the blue galaxy

p opulation in blac k.

whic h lo ok brigh ter in B-band and on the other hand, the A901-�eld has a lo w n um b er of red

galaxies in those t w o redshift slices, see Fig. 5.6.

The b est-�t parameters obtained for the Sc hec h ter function are listed in T ab. 6.1 sepa-

rately for the red and the blue galaxy p opulations. The c haracteristic magnitude M �
for the

blue and the red p opulation has b een compared with the one obtained b y F ab er et al. (2007)

for the DEEP2 surv ey . Our v alues of M �
are consisten t within the error bars with the M �

deriv ed b y F ab er et al. (2007) for the blue and the red galaxies, ho w ev er the n um b er densit y

� �
is hardly comparable since our results are deriv ed from a single �eld of an area of only

0.2 square degrees in the sky and are sub ject to large uncertain ties due to cosmic v ariance.

Consequen tly , our analysis fo cuses �rst on the ev olution of the c haracteristic magnitude M �
.

Our data sho w that b oth galaxy p opulations dimmed considerably from z=2 to z=0.2, the red

galaxies ha ving dimmed b y � 1.7 mag and the blue galaxies ha ving dimmed b y � 1.2 mag in the

B-band in that redshift in terv al. There is no direct comparable study in the literature on the

LF for red and blue galaxies in the B-band in that redshift in terv al since w e are the �rst team

to ha v e accomplished this task. As a comparison in a similar redshift in terv al, Ilb ert et al.

(2005) ha v e deriv ed the global LF whic h includes all galaxy t yp es using VVDS data and found

that the M �
B has dimmed b y a range of 1.7-2.4 mag b et w een 2>z>0.05 in the B-band. Also,

Cirasuolo et al. (2007) deriv ed a K-band LF for blue and red galaxies and found that the red

galaxies dimmed b y M �
K � 0.5 mag and the blue galaxies dimmed b y M �

K � 0.7 mag b et w een
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Figure 6.4: Luminosit y function for the blue galaxies (blue solid line) and red galaxies (red

solid line) in di�eren t redshift slices. The v ertical lines indicate the fain t absolute magnitude

limits considered in the 1=Vmax estimator for the blue (blue dashed line), the red (red dashed

line) or b oth (blac k dashed line) galaxy p opulations.

1.75>z>0.25. The small ev olution of M �
K observ ed b y Cirasuolo et al. (2007) in the K-band is

exp ected since the decrease of the star formation rate b y a factor � 10 since z=1 (see Fig. 1.5)

a�ects M �
B m uc h more than M �

K , the B-band b eing m uc h more sensitiv e to the new b orn stars.

Bet w een 1>z>0.3 our data sho w that the red galaxies ha v e dimmed b y � 0.5 mag and

the blue galaxies ha v e dimmed b y � 0.6 mag, consisten t with F ab er et al. (2007) (see Fig.

6.6) for the red galaxies in that redshift in terv al, but a little less for the blue galaxies com-

pared to DEEP2. Nev ertheless, our � M �
B v alue for the blue galaxies is consisten t with the

result obtained with the optical COMBO-17 data b et w een 1>z>0.3, indicating that ev en the

M �
ev olution ma y dep end on the surv ey ed part of the Univ erse. A t higher redshift b et w een

1.9>z>1 the red galaxies ha v e dimmed b y � 1.2 mag while the blue galaxies ha v e dimmed

b y � 0.7 mag. These results ha v e to b e in terpreted with care since our sample is not com-

plete ab o v e z � 1.3 as the data p oin ts in the LF start to b e incomplete b efore reac hing the

fain t end slop e of the distribution whic h a�ects the resulting M �
B and � �

. As a comparison,

Ilb ert et al. (2005) found that the global B-band LF dimmed b y � 0.4 mag b et w een 1.65>z>0.9.

Figure 6.6 righ t panel sho ws the ev olution of the n um b er densit y � �
as a function of redshift.
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Figure 6.5: Luminosit y function for the blue galaxies (blue solid line) and red galaxies (red

solid line) in di�eren t redshift slices. The v ertical lines indicate the fain t absolute magnitude

limits considered in the 1=Vmax estimator for the blue (blue dashed line), the red (red dashed

line) or b oth (blac k dash line) galaxy p opulations.

As a global b eha viour, w e see that the distribution v aries unev enly due to the cosmic v ariance.

In particular w e see a high p eak in the distribution b et w een 0.7 & z & 1.1 due to the fact that

the A901-�eld seems to ha v e a great amoun t of ob jects in this redshift in terv al, esp ecially blue

galaxies, see Fig. 5.6 and T ab. 6.1. As a general trend w e see that the n um b er densit y of red

galaxies increases b y a factor � 10 b et w een 1.9>z>0.3 while for the blue galaxies it increases

more mildly b y a factor � 3. The trend in the ev olution of � �
in our A901-�eld can not b e

considered as the a v erage b eha viour of the n um b er densit y for the red and the blue galaxy

p opulations as a function of redshift in our Univ erse as the surv ey ed v olume is rather small

and th us sub ject to large v ariations due to large scale structures.
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z N galaxies M

�
B � � (� 10� 4

Gal. Mp c

� 3) � f ixed

RED

0.20-0.48 325 -20.34 � 0.11 17.43 � 1.70 -0.50

0.48-0.60 192 -20.67 � 0.13 12.86 � 1.39 -0.50

0.60-0.79 315 -21.16 � 0.11 8.84 � 0.68 -0.50

0.79-0.94 445 -20.97 � 0.09 12.00 � 1.63 -0.50

0.94-1.07 345 -20.80 � 0.10 16.30 � 1.62 -0.50

1.07-1.19 302 -21.33 � 0.20 8.25 � 1.161 -0.50

1.19-1.30 194 -21.09 � 0.16 11.72 � 2.61 -0.50

1.30-1.55 202 -21.60 � 0.12 3.62 � 0.48 -0.50

1.55-1.78 208 -21.50 � 0.13 4.75 � 0.68 -0.50

1.78-2.0 39 -22.02 � 0.27 1.66 � 0.64 -0.50

BLUE

0.20-0.48 987 -20.76 � 0.13 16.51 � 2.02 -1.30

0.48-0.60 541 -20.96 � 0.13 15.83 � 1.88 -1.30

0.60-0.79 800 -21.21 � 0.12 11.71 � 1.33 -1.30

0.79-0.94 944 -21.09 � 0.10 24.39 � 2.89 -1.30

0.94-1.07 1116 -21.31 � 0.09 27.12 � 2.58 -1.30

1.07-1.19 591 -21.66 � 0.17 15.92 � 4.03 -1.30

1.19-1.30 587 -21.84 � 0.09 15.30 � 1.58 -1.30

1.30-1.55 479 -21.91 � 0.15 6.33 � 1.30 -1.30

1.55-1.78 359 -22.00 � 0.17 6.15 � 1.57 -1.30

1.78-2.0 219 -22.00 � 0.16 5.37 � 1.24 -1.30

T able 6.1: Best-�tted Sc hec h ter function parameters for the red and blue galaxy p opulations;

the c haracteristic magnitude M �
B as w ell as the n um b er densit y � �

are giv en with their 1 sigma

error, the slop e � from F ab er et al. (2007) has b een k ept �xed.
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Figure 6.6: T op: Ev olution of the c haracteristic magnitude M �
B for the red (in red) and the

blue (in blue) galaxy p opulations as a function of redshift. Middle: Our v alues of M �
B for the

blue and the red p opulations (in blac k) are compared to the v alues obtained b y F ab er et al.

(2007) from the sp ectroscopic surv ey DEEP2. The red p opulation follo ws the trend of the red

line and the blue p opulation the trend of the blue line. Bottom: Ev olution of our n um b er

densit y � �
v alues for the red and the blue galaxies as a function of redshift.
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Ev olution of the Mass F unction

This c hapter traces the ev olution of the stellar mass of the red and blue galaxy p opulations

through cosmic time. The metho d to deriv e the galaxy masses is �rst describ ed follo w ed b y

an analysis of sev eral colour-mass and mass function diagrams for di�eren t ep o c hs of the Uni-

v erse. Finally , some example of v ery massiv e high redshifted ob jects from our galaxy sample

are sho wn.

The most in triguing questions ab out galaxy ev olution is ho w the galaxy stellar mass is

assem bled and ho w the red sequence mass is build-up. The mass function (MF), analogous to

the luminosit y function, is a useful to ol to study the stellar mass distribution among galaxies.

Colour-mass diagrams (CM � D) are also used to in v estigate the stellar mass distribution since

the red and the blue galaxy p opulations lie in preferen tial places in suc h diagrams. The ev olv ed

galaxies ha ving an old stellar p opulation trends to b e more massiv e and redder than galaxies

ha ving mainly a new b orn stellar p opulation whic h only dominate the �ux. The colour and

the mass of a galaxy are directly related to its star formation history . In order to see ho w the

galaxy p opulations' masses ev olv e w e ha v e used the same sample as used to in v estigate the

LF in the last c hapter. The sample consists of 12023 galaxies ha ving a magnitude do wn to

H<21.5. The sample has b een divided in to the red and the blue galaxy p opulation using Eq.

5.3 deriv ed in Ÿ5.3 and has also b een divided in to quasi equal v olume slices as describ ed to

calculate the LF in the previous c hapter, see Ÿ6.3.

7.1 Mass Determination

In order to trace the ev olution of the stellar masses for the blue and the red galaxy p opulations

it is necessary to �rst deriv e the mass for eac h galaxy . The galaxy masses are calculated from

the stellar mass-to-ligh t ratio ( M � =L ) obtained from the galaxy templates whic h are deriv ed

from the p opulation syn thesis mo del PEGASE (Pro jet d'Étude des GAlaxies par Syn thèse

Év olutiv e) (Fio c & Ro cca-V olmerange 1997). This w a y , w e obtain the mass for eac h galaxy
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whic h is a direct represen tation of its star formation history . As also describ ed in Ÿ4.3.2 the

galaxy templates are generated b y the PEGASE co de in whic h gas with half solar metallicit y

( Z=Z0 =0.5) and a Kroupa IMF serv e as input in a closed b o x mo del. W e further assume a

t w o burst star formation history scenario in whic h the SFR follo ws t w o exp onen tial declines,

the �rst burst o ccurred sev eral billion y ears ago with an e-folding time of 1 Gyr and a second

burst started 2750 Myr after the �rst burst with an e-folding of 0.1 Gyr, see Meisenheimer

et al. (in prep 2009) for more details. This t w o burst mo del giv es a b etter appro ximation of

the galaxies star formation histories than the one burst mo del, whic h cannot repro duce the

stellar p opulation of for example spiral galaxies lik e the Milky W a y whic h con tains b oth an

old stellar p opulation and ongoing star-formation activit y . In order to obtain the masse of

a galaxy w e �rst deriv e the galaxy luminosit y L V from its rest-frame magnitude M V in the

V-band as describ ed b y Eq. 7.1, then the mass is deriv ed b y m ultiplying the M � =L in units

of M � and L � b y the luminosit y as describ ed b y Eq. 7.2.

L V

L � V
= 10 � 0:4(M V � M � V )

(7.1)

M � V =
�

M �

L

�
� L V (7.2)

Here the rest-frame V-band is used in order to compare our results with the literature. The

V-band is generally used in the literature since man y studies deriv e stellar masses using a direct

measuremen t of the luminosit y in the V-band and con v ert it in to mass. Our approac h di�ers

in that w e use the direct information of the star formation history of eac h galaxy template to

deriv e its mass. The galaxy SED templates colours (U280 � V ) are plotted as a function of

their stellar mass-to-ligh t ratios M � =L in Fig. 7.1. W e clearly see a trend in whic h the galaxy

templates ha ving higher M � =L ha v e redder colour. This trend directly connect the colour of

a galaxy with its mass in the sense that red galaxies are massiv e and blue galaxies are less

massiv e unless they are a�ected b y dust extinction and lo ok redder.

7.2 Colour-Mass Diagrams up to z=2

Using the mass for eac h galaxy , colour-stellar mass diagrams (CM � D) for the red and the blue

galaxy p opulation ha v e b een created for ten di�eren t redshift slices of the Univ erse and are

sho wn in Fig. 7.2 and Fig. 7.3. The red galaxy p opulation is sho wn in red and the blue galaxy

p opulation is sho wn in blac k. By analyzing the CM � Ds w e see the general trend that for a �xed

mass b oth galaxy p opulations w ere bluer in the past. This result is analogue to the ev olution

of the LF deriv ed in the previous c hapter where for a �xed magnitude b oth galaxy p opulations

w ere bluer in the past. This result is exp ected since the masses are calculated using the galaxies

luminosities, accordingly for a �xed M � =L brigh ter galaxies w ould b e more massiv e. Figure
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Figure 7.1: Colour (U280 � V ) as a function of the stellar mass-to-ligh t ratio M � =L from our

galaxy SED templates. Galaxies ha ving red colours ( U280 � V ) & 1 ha v e a high M � =L ratio

while galaxies ha ving bluer colour ( U280 � V ) . 1 ha v e a smaller M � =L .

7.2 sho ws that since z � 1 the massiv e galaxies are dominated b y the red galaxy p opulation

while Figure 7.3 sho ws that there is a gro wing p opulation of massiv e ( M � & 1011
) and blue

(U280 � V ) . 1 galaxies as w e go bac k in time. This blue and massiv e galaxy p opulation seems

to ha v e no analogue in the lo cal Univ erse since massiv e blue galaxies are rare at lo w redshift.

The grey line on eac h panel in Fig. 7.2 and Fig. 7.3 indicates the e�ect of our magnitude

limited sample at H=21.5, ab o v e whic h ob jects escap e our sample.

7.3 Ev olution of the Mass F unction

T o b etter quan tify the galaxy p opulations' stellar masse ev olution through cosmic time, mass

functions ha v e b een deriv ed for the blue and the red galaxy p opulations in the same thin

redshift slices as used for the CM � D. The mass function is a mass v ersion of the luminosit y

function and is de�ned as the n um b er of ob jects in a stellar mass in terv al [ M � ; dM � ] in a

v olume Vi describ ed b y the 1/V max formalism, see Ÿ6.2. The di�eren tial stellar mass function

is:

�( M � )dM � =
X

i

1
Vi

dM � (7.3)

The mass function deriv ed in ten redshift slices of the Univ erse for our t w o galaxy p op-
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Figure 7.2: Colour-stellar-Mass Diagrams for di�eren t redshift slices of the Univ erse. The

red galaxy p opulation is colour co ded in red and the blue galaxy p opulation is colour co ded

in blac k. The grey line, if presen t, represen ts the e�ect of our surv ey completeness whic h is

the apparen t magnitude H=21.5. The total n um b er of ob jects as w ell as the n um b er of red

galaxies in the redshift slice are indicated on the top left corner of eac h panel.

ulations of in terest are sho wn in Fig. 7.4 and Fig. 7.5. On eac h panel the v ertical red and

blue lines indicates the completeness of our surv ey resp ectiv ely for the red and the blue galaxy

p opulations, the data p oin ts fain ter that the lines are incomplete. These completeness lines

are determined based on the completeness grey line plotted on eac h C M � D in Fig. 7.2 and

Fig. 7.3 from whic h w e determined at whic h mass most of the galaxy lie b elo w the grey line.

Figures 7.5 sho ws that b et w een 0.3 . z . 0.9 the red galaxy p opulation dominates the massiv e

end of the mass function while the blue galaxy p opulation dominates the lo w mass end. This

has also b een observ ed b y Borc h et al. (2006) who deriv ed the mass function for the red and

the blue galaxy p opulations since z=1 using the optical COMBO-17 data set for the A901,

A226 and S11 �elds. Ev en if our data con tains only 3/4 of the A901-�eld and are sub jects to

large scale structures, our results agree w ell with Borc h et al. (2006). Since our galaxy sam-

ple is H-band selected our completeness limit for the red galaxy p opulation reac hes smaller

masses than Borc h et al. (2006). In v ersely , our blue galaxy p opulation is less complete than

the R-band selected galaxy sample from Borc h et al. (2006).
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Figure 7.3: Colour-Mass Diagrams for di�eren t redshift slices of the Univ erse. The red galaxy

p opulation is colour co ded in red and the blue galaxy p opulation is colour co ded in blac k. The

grey line represen ts the e�ect of our surv ey completeness whic h is the apparen t magnitude

H=21.5. The total n um b er of ob jects as w ell as the n um b er of red galaxies in the redshift slice

are indicated on the top left corner of eac h panel.

The Figure 7.6 sho ws the red and the blue galaxy p opulations' mass function in di�eren t

redshift slices for the Univ erse ab o v e z � 1. W e see that b et w een 1 . z . 1.6 the massiv e part of

the mass function is p opulated b y red and blue galaxies while the lo w mass end is dominated b y

blue galaxies as in the lo w redshift Univ erse. As for the luminosit y function those results ha v e

to b e in terpreted with care b ecause our small �eld can b e in�uence b y large scale structures.

Nev ertheless, our data seems to tell us that b oth massiv e star forming blue and quiescen t red

galaxies w ere in place at z � 1.6. The galaxy mass assem bly is curren tly a matter of debate and
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most of the studies concern the Univ erse b elo w z=1. Only few studies ha v e in v estigated the

mass assem bly b et w een 1<z<2. Among them, Arnouts et al. (2007) using the SWIRE-VVDS-

CFHT surv ey sho w ed that b et w een 2 � z � 1.2 the quiescen t galaxy p opulation as strongly

increases their stellar mass b y a factor � 10 while the star-forming galaxy p opulation only

increases its mass b y a factor � 2.5. The results from Arnouts et al. (2007) sho ws that b et w een

2 � z � 1.2 galaxies undergo mass assem bly , in con trast to the presen t da y where most of the

galaxies are in place. In addition, V ergani et al. (2008) deriv es a MF for early and late t yp e

galaxies up to z=1.3 and found that the stellar mass function sho ws an increasing relativ e

con tribution of massiv e early t yp e galaxies and a decreasing relativ e con tribution of late t yp e

galaxies with cosmic time.
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Figure 7.4: Mass function in di�eren t redshift slices for the red (red data p oin ts) and the blue

(blue data p oin ts) galaxy p opulations. The v ertical lines indicates our surv ey completeness

for the red (in red) and the blue (in blue) galaxy p opulations.

7.4 Massiv e Distan t Galaxies

The last redshift slice Fig. 7.5 b ottom righ t is sho wn only as a reference since the red galaxy

p opulation is incomplete through all of the redshift slice. Nev ertheless, this plot sho ws the

presence of v ery massiv e red galaxies in that redshift in terv al. The t w o red data p oin ts ab o v e
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Figure 7.5: Mass function in di�eren t redshift slices for the red (red data p oin ts) and the blue

(blue data p oin ts) galaxy p opulations. The v ertical lines indicates our surv ey completeness

for the red (in red), the blue (in blue) or b oth (in blac k) galaxy p opulations.

M > 3 � 1011M � consist of 5 v ery massiv e ob jects. W e ha v e further in v estigated those ob jects

to understand their nature. Fig. 7.6 to Fig. 7.10 sho w eac h of them, on eac h Figure an H-band

image is sho wn on the top and the b est-�tted SED at the b ottom. Figure 7.6 sho ws an ob ject at

z=1.848 with a stellar mass of M � =3.4 � 1011
. This ob ject sho ws a red colour of ( U280 � V )=1.7

and is v ery brigh t with an absolute magnitude M V =-23.48. By the asp ect of the image and

the SED this ob ject seems to b e a massiv e red ev olv ed elliptical galaxy . Figure 7.7 sho ws a

galaxy at z=1.859 ha ving an absolute magnitude M V =-23.71, a stellar mass M � =4.0 � 1011
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and a colour ( U280 � V )=2.12, making it the reddest ob ject of our sample. The photometric

data p oin ts indicate that the NIR �ux is ev en higher than the b est �tted template. This

ob ject seems to b e a v ery red ev olv ed elliptical galaxy . The surrounding ob jects in the image

are at m uc h lo w er redshift. Figure 7.8 sho w an other ob ject at z=1.862, this ob ject has an

absolute magnitude M V =-23.40, a stellar mass M � =3.84 � 1011
and a colour ( U280 � V )=1.8.

The SED corresp onds to an ev olv ed red galaxy but the image sho ws a blob just b elo w this

ob ject whic h could b elong to it while the other ob jects in the image are at m uc h lo w er redshift.

Figure 7.9 sho ws a massiv e ob ject at z=1.832, this galaxy has an absolute magnitude M V =-

23.89, a stellar mass of M � =4.27 � 1011
and a red colour ( U280 � V )=1.87. The SED seems

to corresp ond to an ev olv ed red galaxy and our photometric data p oin ts indicate ev en higher

NIR �ux. The other ob ject in the image is a galaxy at z=0.6. Figure 7.10 sho ws an ob ject at

z=1.885. This galaxy has an absolute magnitude M V =-23.23, a stellar mass of M � =3.36 � 1011

and a colour ( U280 � V )=1.79. The photometric data p oin ts indicate that the NIR �ux is ev en

higher than the b est-�tted template. Moreo v er ma yb e the ob ject has some emission lines as

the t w o narro w-bands photometric data p oin ts around 900 nm seem to indicate but our b est

�tted SED suggests that this ob ject is a red ev olv ed elliptical galaxy . On the image w e also

see a star in the b ottom righ t corner.

7.5 The Most Massiv e Distan t Galaxy

Fig. 7.11 sho ws the most massiv e ob ject found in our sample whic h is lo cated at z=1.87 and

has a stellar mass M � =1.01 � 1012
. This ob ject has the brigh test rest-frame absolute magnitude

of our sample with M V =-24.75 and its colour is ( U280 � V )=1.85. On the H-band image the

ob ject seems to b e a single source due to the limited resolution of the deep H-band image

(1.3" FWHM). On the image tak en b y the A CS on HST (observ ed w a v elength � obs = 606 nm,

i.e. � rest = 211 nm in the UV) w e can see that the source seems to split in sev eral patc hes.

Most lik ely , this is an ongoing merger of t w o galaxies (similar to the An tennae galaxy in the

lo cal Univ erse). Th us, most of the star formation is obscured b y dust and the UV ligh t can

only escap e through holes of lo w extinction. The SED rev eals a considerable amoun t of �ux

in the NIR (rest-frame optical) whic h supp orts the presence of high dust obscuration. In

this ob ject w e seem to witness a gas-ric h merger at a redshift close to z = 2 . Note that the

v ery red SED of the ob ject migh t push our photometric classi�cation tec hnique to its limits.

Th us, w e cannot exclude that obscuration with AV > 1:5 (that is the upp er limit in our

template library) leads to an o v er-estimate of the M � /L ratio. F or a b etter understanding of

suc h systems w e ha v e to rely on sp ectroscopic observ ations in the NIR, whic h will not only

determine the strength of the 4000 Å break more accurately (old stars) but also should detect

the emission lines con tained in our template sp ectrum (see Fig. 7.11). The future is promising

since newly dev elopp ed NIR sp ectrometers lik e LUCIFER at the Large Bino cular T elescop e

will so on b e able to pro vide sp ectra for suc h in teresting systems.
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MIDAS version: 08FEBTu, 17 Mar 2009   17:04:04

Frame : sum_A901_H.bdf
Identifier : hardcopy of frame
ITT-table : neg
Coordinates : 1032.7, 1073.51 : 1052.9, 234.902
Pixels : 1, 1 : 511, 511
Cut values : 306232, 307732
User : M-H. NICOL

ESO-MIDAS(08FEB); Tu, 17 Mar 2009   17:04:04
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Figure 7.6: Massiv e ob ject at z=1.848. T op: Deep H-band image. Bottom: b est-�tted SED

the photometric data p oin ts are sho wn in blac k and the template is sho wn in green. The H-

band observ ed magnitude, the redshift and its error as w ell as the p osition in w orld co ordinates

are giv en b elo w the SED.
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MIDAS version: 08FEBTu, 17 Mar 2009   16:41:17

Frame : sum_A901_H.bdf
Identifier : hardcopy of frame
ITT-table : neg
Coordinates : 1110.1, 1007.31 : 1130.3, 221.662
Pixels : 1, 1 : 511, 511
Cut values : 306232, 307732
User : M-H. NICOL

ESO-MIDAS(08FEB); Tu, 17 Mar 2009   16:41:17
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Figure 7.7: Massiv e ob ject at z=1.859. T op: Deep H-band image. Bottom: b est-�tted SED,

the photometric data p oin ts are sho wn in blac k and the template is sho wn in green. The H-

band observ ed magnitude, the redshift and its error as w ell as the p osition in w orld co ordinates

are giv en b elo w the SED.
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MIDAS version: 08FEBTu, 17 Mar 2009   16:42:32

Frame : sum_A901_H.bdf
Identifier : hardcopy of frame
ITT-table : neg
Coordinates : 1004.3, 1026.11 : 1024.5, 225.422
Pixels : 1, 1 : 511, 511
Cut values : 306232, 307732
User : M-H. NICOL

ESO-MIDAS(08FEB); Tu, 17 Mar 2009   16:42:32
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Figure 7.8: Massiv e ob ject at z=1.862. T op: Deep H-band image. Bottom: b est-�tted SED,

the photometric data p oin ts are sho wn in blac k and the template is sho wn in green. The H-

band observ ed magnitude, the redshift and its error as w ell as the p osition in w orld co ordinates

are giv en b elo w the SED.
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MIDAS version: 08FEBTu, 17 Mar 2009   17:05:57

Frame : sum_A901_H.bdf
Identifier : hardcopy of frame
ITT-table : neg
Coordinates : 1968.7, 1613.11 : 1988.9, 342.822
Pixels : 1, 1 : 511, 511
Cut values : 306232, 307732
User : M-H. NICOL

ESO-MIDAS(08FEB); Tu, 17 Mar 2009   17:05:57
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Figure 7.9: Massiv e ob ject at z=1.832. T op: Deep H-band image. Bottom: b est-�tted SED,

the photometric data p oin ts are sho wn in blac k and the template is sho wn in green. The H-

band observ ed magnitude, the redshift and its error as w ell as the p osition in w orld co ordinates

are giv en b elo w the SED.
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MIDAS version: 08FEBTu, 17 Mar 2009   17:05:08

Frame : sum_A901_H.bdf
Identifier : hardcopy of frame
ITT-table : neg
Coordinates : 1161.7, 1107.51 : 1181.9, 241.702
Pixels : 1, 1 : 511, 511
Cut values : 306232, 307732
User : M-H. NICOL

ESO-MIDAS(08FEB); Tu, 17 Mar 2009   17:05:08
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Figure 7.10: Massiv e ob ject at z=1.885. T op: Deep H-band image. Bottom: b est-�tted SED,

the photometric data p oin ts are sho wn in blac k and the template is sho wn in green. The H-

band observ ed magnitude, the redshift and its error as w ell as the p osition in w orld co ordinates

are giv en b elo w the SED.
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MIDAS version: 08FEBWe, 18 Mar 2009   08:59:28

Frame : sum_A901_H.bdf
Identifier : hardcopy of frame
ITT-table : none...
Coordinates : 807.7, 1173.51 : 841.5, 268.502
Pixels : 1, 1 : 511, 511
Cut values : 306264, 306739
User : M-H. NICOL
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Figure 7.11: The most massiv e ob ject found in our galaxy sample for the A901-�eld. T op:

H-band image. Middle: Rest-frame UV image at � rest = 211 nm tak en with A CS on the

Hubble Space T elescop e (scale: 8.3 kp c/arcsec). Bottom: Best �tted SED template. The

observ ed H-band magnitude, the redshift and its error and the p osition of the ob ject in w orld

co ordinates are giv en b elo w the SED.



Summary & Conclusion

This thesis aimed at in v estigating ho w the red ev olv ed galaxy and the blue star-forming galaxy

p opulations ha v e ev olv ed in terms of luminosit y and mass in the last 10 Gyr of the age of the

Univ erse. T o this end the optical COMBO-17 surv ey data set has b een supplemen ted b y NIR

observ ations giving birth to the deep NIR COMBO-17+4 surv ey in order to access the high

redshift Univ erse up to z=2. The COMBO-17+4 surv ey targets the three indep enden t �elds

A901, A226 and S11 but due to rep etitiv e bad w eather only the NIR observ ations for 3/4 of

the A901-�eld w ere a v ailable for this study . Nev ertheless, the A901-�eld is an ideal target to

prob e galaxy ev olution since it con tains, in addition to the n umerous �eld galaxies, the sup er

cluster A901/A902 cen tred at z=0.165.

In the frame of this thesis the data reduction of the NIR observ ations for more than 1300

images in the Y, J1, J2 and H bands has b een p erformed in order to obtain high qualit y images

from whic h the photometry then has b een deriv ed. The deep H-band observ ations collected

for the A901-�eld allo w ed us to reac h a 5 � � detection limit do wn to H=21.7 mag and a deep

H-band catalogue of 14286 galaxies has b een deriv ed. This galaxy sample has b een used to

in v estigate the bimo dalit y of galaxies at high redshift. A new robust to ol has b een dev elop ed

to o v ercome the di�cult y of iden tifying a clear red sequence in colour-magnitude diagrams

due to the large uncertain ties in the colour determination for high redshift galaxies. The error

w eigh ted histograms allo w ed us to demonstrate that the galaxy bimo dalit y clearly p ersists up

to z=1.6. Due to the small v olume surv ey ed of only 0.2 square degree and the lo w n um b er of

ob jects in the A901-�eld ab o v e z � 1.6, w e w ere not able to see a clear red sequence b ey ond

z=1.6. Our in v estigation of the galaxy bimo dalit y led to surprising results since w e found out

that, in con trary to the common though t, not all regions of the Univ erse out to z = 1 sho w

signs of a red sequence. In some under-dense regions the red galaxies are missing.

Based on galaxy bimo dalit y seen in sev eral error w eigh ted histograms in di�eren t redshift

slices of the Univ erse, w e ha v e found that the a v erage U-V colour of the red sequence (at M V =

-20) can w ell b e describ ed as a linear function of lo okbac k time. Suc h a relation has nev er b een

realized b efore due to the large uncertain ties in the red sequence p osition in previous studies

and migh t op en up a new w a y of understanding ho w the red sequence is built-up. In order

to separate the blue star-forming from the red ev olv ed galaxies a redshift ev olving colour-

magnitude relation has b een deriv ed. A ccordingly , w e extracted the red galaxies from our
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catalogue and obtained a sample of 4640 red galaxies b et w een 0<z<2 and an unpreceden ted

large sample of 1122 red galaxies b et w een 1<z<2 do wn to an observ ed magnitude of 21.7 mag

in the H-band.

The B-band luminosit y function for red and blue galaxies w as established for di�eren t

redshift slices of the Univ erse in order to study ho w the luminosit y of b oth galaxy p opula-

tions ha v e ev olv ed since z=2. Our results sho w that b oth galaxy p opulations ha v e dimmed

considerably in the last 10 Gyrs. The c haracteristic absolute magnitude M �
B of the red and

blue galaxy p opulations ha v e dimmed resp ectiv ely b y � 1.7 mag and � 1.2 mag in the B-band

b et w een 2>z>0.2. Our results sho w that b et w een 1.9>z>1 the red galaxy p opulation has

dimmed b y � 1.2 mag while the blue galaxy p opulation has dimmed b y � 0.7 mag, ho w ev er

the incompleteness of our sample ab o v e z � 1.3 has lead us to consider our results as �rst hin ts

only . Also, due to the small v olume surv ey ed our results are a�ected b y cosmic v ariance and

prev en t us from viewing our results as a cosmic a v erage of the Univ erse.

In this thesis the ev olution of the red and the blue galaxy p opulations' masses through

cosmic time w as also in v estigated. Mass functions for b oth galaxy p opulations in di�eren t

redshift slices w ere deriv ed. Our results sho w that the massiv e end of the mass function is

dominated b y red ev olv ed galaxies at z<1 and ab o v e z=1 b oth red ev olv ed and blue star form-

ing galaxy p opulations con tribute in similar n um b ers to the massiv e end of the mass function.

Ho w ev er, due to the small v olume surv ey ed the lo w mass end of the mass function for b oth

galaxy p opulations b egins to b e incomplete in the still rising part of the distribution. Nev er-

theless, the mass function in our higher redshift bin b et w een 1.78<z<2 rev eals the presence

of v ery massiv e red galaxies, sho wing that massiv e red galaxies are already in place at z � 1.8.

As a conclusion, this thesis sho ws the p oten tial of the COMBO-17+4 photometric surv ey

with only 3/4 of one �eld surv ey ed. Ev en though our results are sensitiv e to the large scale

structures w e could demonstrate that photometric redshift is a w orking to ol to study galaxy

ev olution b y supplying a large sample of high redshift galaxies with accurate redshift in order

to in v estigate galaxy bimo dalit y as w ell as the ev olution in luminosit y and mass for di�eren t

galaxy p opulations.

The future is promising for the COMBO-17+4 surv ey since NIR observ ations from t w o

other �elds A226 and S11 will so on b e added to the A901-�eld. This will considerably reduce

the cosmic v ariance whic h has greatly a�ected our results. Moreo v er, b y com bining all the

sources from the di�eren t �elds a catalogue on the order of � 50000 galaxies b et w een 0<z<2

will b e deriv ed from whic h an unparalleled catalogue of � 12000 galaxies ab o v e z=1 will b e

obtained. Th us, it will b e p ossible to b etter estimate the luminosit y and mass function ab o v e

z � 1.6 since the sample will con tain m uc h more ob jects whic h will further allo w us to b etter

quan tify the galaxy mass assem bly o ccurring in the transitional z<2 ep o c h of the Univ erse.

A dditionally , the new NIR m ulti-ob ject sp ectrograph at the Large Bino cular T elescop e will

pro vide a unique opp ortunit y to p erform sp ectroscopic follo w-up of distan t high redshift ob jects

suc h as the ones iden ti�ed in this study and rev eal their nature.
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Standard Stars SED
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App endix B

Photometry Setup File

Setup �le used to p erform the photometry with EV ALUA TE routine from MPIAPHOT.

0 2 1 > (TEST,CLEAN,POL),FIX_PSF,EFF_PSF

22 0 0.00 2.27 0.00 0. > SUM:(W_SUM,SUM),-,APER T, PSF: SX,SY,AL

0 20 1.00 0.0000 > FIT:(y es/no),ITER,CHI_LIM,SA TUR/1000.

1 21 3.00 0.0000 > BA CK:(FIT,L,HST),HW,S_LOC,B_OFF/1000.

1 2 1.30 4.00 0.00 > PR OF:(DIR T,EDGE),R_MIN, X,S_DIR T, -

11 20 3 0.00 0.00 > MAXI:( FIX,FIL T),ITER,RAD,X0,Y0, -
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