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Abstra
t

The Panorami
 Deep Fields are a deep multi
olour survey of two � 252

Æ

�elds at high gala
ti
 latitude. The survey images have been 
onstru
ted by

digitally sta
king s
ans of UK S
hmidt plates. Deep images (B

J

� 23:5) with

low 
ontamination have been obtained by subtra
ting the ba
kground from the

individual plates s
ans and using bad pixel reje
tion during the sta
king. The

size and depth of the �elds allow the a

urate statisti
al measurement of the

environments and evolution of galaxies and AGN.

The 
lustering of galaxies and galaxy 
lusters has been measured from z �

0:4 until the 
urrent epo
h. The 
lustering properties of galaxies are strongly


orrelated with 
olour and blue U�B

J

sele
ted galaxies exhibit weaker 
lustering

than any morphologi
ally sele
ted sample. The weak 
lustering (r

0

�

<

3h

�1

Mp
)

of blue galaxies implies galaxy 
olour and stellar population are more strongly


orrelated with environment than galaxy morphology. Despite the large �elds-

of-view, the 
lustering of red galaxies and 
lusters varies signi�
antly between

the two �elds and the distribution of 
lusters is 
onsistent with this being due to

large-s
ale-stru
ture at z � 0:4.

The evolution and environments of AGN have been measured at intermediate

redshifts with the Panorami
 Deep Fields. Photometri
 redshifts, 
olour sele
tion

and the NVSS have been used to 
ompile a 
atalogue of � 180 0:10 < z < 0:55

radio galaxies. The evolution of the radio galaxy luminosity fun
tion is 
onsistent

with luminosity evolution parameterised by L(z) � L(0)(1 + z)

3:4

. The environ-

ments of UBR sele
ted AGN and radio galaxies have been measured at z � 0:5

using the Panorami
 Deep Field galaxy 
atalogue. By applying photometri
 red-

shifts and 
olour sele
tion 
riteria to the galaxy 
atalogue, it has been possible

to in
rease the signal-to-noise of the angular 
orrelation fun
tion and measure

the 
ross-
orrelation with spe
i�
 galaxy types. Most AGN host environments

are 
omparable to the environments of galaxies with the same morphology. How-

ever, � 6% of UBR sele
ted AGN are in signi�
antly ri
her environments. No

signi�
ant 
orrelation between AGN luminosity and environment was dete
ted in

the Panorami
 Deep Fields. The ri
hness of AGN environments is not strongly


orrelated with redshift and the rapid evolution of the AGN luminosity fun
tion

is not 
aused by evolution of AGN host environments.
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Chapter 1

Introdu
tion

1.1 Wide Field Surveys

Wide �eld surveys are an extremely powerful tool for determining the large-

s
ale stru
ture and evolution of the universe. The ability of these surveys to


ompile large 
atalogues of obje
ts (� 10

6

) allows the a

urate measurement of

astronomi
al phenomena with high statisti
al 
ertainty. This is not possible with

narrow \pen
il-beam" surveys (�eld-of-view

�

<

10

0

) whi
h 
ontain small numbers

of obje
ts and may be biased by individual stru
tures su
h as galaxy 
lusters.

Histori
ally, most wide �eld surveys have been based on photographi
 plates

taken with S
hmidt Teles
opes (e.g. POSS-I). The results of these surveys have

often been determined by visual sear
hes for obje
ts (e.g. The Abell Catalogue,

Abell 1958) whi
h 
an result in biases. Ma
hine measurements of photographi


plates (Kibblewhite et al. 1984, Ma
Gillivray & Stobie 1984) 
an remove errors

asso
iated with visual sear
hes of plates and be used to uniformly sele
t obje
ts

over wide survey areas. However, single photographi
 plates have a non-linear

response to photon 
ounts, ba
kground variations, limited depth (B

J

� 22) and


osmeti
 
aws.

CCD 
ameras provide a solution to many of the problems en
ountered with

photographi
 plates. They have high quantum eÆ
ien
y, linear response to pho-

ton 
ounts and their 
osmeti
 
aws are 
omparatively easy to remove from the

data. While several wide �eld CCD surveys are in progress (SDSS, ESO Imaging

Survey, Millennium Galaxy Catalogue), they have smaller survey areas than pho-

tographi
 surveys or are several years from 
ompletion. This is due to the

�

<

1

Æ

�eld-of-view of 
urrent CCD mosai
s whi
h is 
onsiderably smaller than the 6

Æ

�6

Æ

�eld-of-view of photographi
 plates from the UK or Palomar S
hmidt Teles
opes.

1



Optimally, for wide �eld surveys one would want a �eld-of-view 
omparable to a

S
hmidt plate with a linear dete
tor.

The 
oaddition of s
ans of photographi
 plates 
an be used to obtain deep

imaging of wide �elds with many of the 
hara
teristi
s normally asso
iated with

CCD imaging. For sky-limited plates, the response to intensity is approximately

linear near the sky ba
kground (Bland-Hawthorn, Shopbell & Malin 1993, Knox

et al. 1998). It is therefore possible to 
oadd s
ans of photographi
 plates to

obtain deeper images. Sin
e the same te
hniques 
an be used to 
oadd CCD

images and plate s
ans (S
hwartzenberg, Phillipps & Parker 1996, Chapter 2), it

is possible to apply bad-pixel reje
tion algorithms to remove 
osmeti
 
aws whi
h

are typi
ally found in individual plate s
ans.

1.2 Digital sta
king of Photographi
 Material

It has only been pra
ti
al to sta
k digitised photographi
 s
ans sin
e the 1980s

when 
omputing power and disk spa
e made it pra
ti
al to pro
ess images larger

than 1Gb. Most sta
ks do
umented in the literature are summarised in Table

1.2. All have used photographi
 material (plates or �lms) from the UK S
hmidt

Teles
ope. While the �eld-of-view of individual s
ans is 6

Æ

� 6

Æ

, most sta
ks have

used smaller areas due to limits imposed by disk spa
e or software used to pro
ess

the data.

Most sta
ks in Table 1.2 have been used to study low surfa
e brightness obje
ts

or to sele
t stellar and quasi-stellar obje
ts using 
olour sele
tion 
riteria. This

takes advantage of the improved signal-to-noise and wide �eld-of-view of sta
ked

plates while not being 
ompromised by the low resolution (� 2:5

00

) of photographi


material. While faint z > 0:1 galaxies dominate sta
ked S
hmidt plates, only

M
Nally, Pea
o
k & Hawkins (1995) have attempted to measure galaxy angular


orrelation fun
tion using the Hawkins (1994, 1995) B

J

sta
k. The 
apability of

sta
ked plates to 
ompile large, deep, multi
olour galaxy 
atalogues has not been

explored by previous work.

1.3 Galaxy Clustering

Correlations between galaxy properties and 
lustering are well established (Davis

& Geller 1976, Loveday et al. 1995) but the physi
al pro
esses responsible for

2



Table 1.1: A Sample of Re
ent Wide Field Opti
al Surveys

Survey Magnitude Area Teles
ope Material

Limits (2

Æ

) Aperture

Cou
h et. al (1990) B

J

' 24:4, R

F

' 22:9 � 80 3.9m Plates

DSS 1 B

J

� 20:5 All Sky 1.2m S
anned Plates

DSS 2 R � 21:5 All Sky 1.2m S
anned Plates

EIS Wide I ' 23:0 24 3.6m CCD

Gunn, Hoessel & Oke (1986) Various 154.7 1.2-5m Plates

Maddox et al. (1990) B

J

� 22 4300 1.2m S
anned Plates

Millennium Galaxy Catalogue

y

B � 24 30 2.5m CCD

Postman et. al (1998) I ' 24 16 4m CCD

SDSS

y

g � 22:5, r � 22:3, u, i, z 10000 2.5m CCD Drift S
an

SDSS (Southern Strip)

y

g = 25:3, r = 25:1, u, i, z 225 2.5m CCD Drift S
an

Zaritsky et. al (1997) I ' 22:5? 140 1.5m CCD Drift S
an

y In progress
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Table 1.2: Sta
ks of S
anned Plates/Films

Referen
e Magnitude Area Number of Pixel

Limits (2

Æ

) Plates S
ale

Hawkins (1994, 1995) B

J

� 24:0 25 65 1:1

00

Hawkins (1994, 1995) R � 22:5 25 65 1:1

00

Hawkins (1994, 1995) I � 20:5 25 30 1:1

00

Hawkins (1994, 1995) U � 22:5 25 7 1:1

00

Hawkins (1994, 1995) V � 21:0 25 3 1:1

00

Katsiyannis et al. (1998) R � 22:5 38 13 2:0

00

Kemp & Meaburn (1995) B

J

� 23:5? 16 8 2:0

00

Knox et al. (1998) B

J

� 23:5 0.06 � 16 0:7

00

Knox, Hawkins & Hambly (1999) B

J

� 22:5 38 4� 4 0:7

00

Knox, Hawkins & Hambly (1999) R � 21:2 38 4� 4 0:7

00

La Fran
a et al. (1999) U � 22:0 38 3 1:1

00

La Fran
a et al. (1999) B

J

� 23:0 38 5 1:1

00

La Fran
a et al. (1999) R � 21:5 38 5 1:1

00

Marston (1988) B

J

� 23:5? 1 8 1:7

00

S
hwartzenberg, Phillipps & Parker (1996) R � 22:5 2 6 0:7

00

Panorami
 Deep Fields U � 22 � 50 2 & 5 0:7

00

Panorami
 Deep Fields B

J

� 23:5 � 50 9 & 13 0:7

00

Panorami
 Deep Fields R � 22 � 50 8 & 24 0:7

00

Panorami
 Deep Fields I � 20 � 50 5 & 10 0:7

00
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the 
orrelations are poorly understood. At low redshift, the 
orrelation between

galaxy 
lustering and morphology has been known for several de
ades (Davis &

Geller 1976). The strong 
lustering of red early-type galaxies is not unexpe
ted as

they are typi
ally more massive than �eld galaxies but it is also plausible that ri
h

environments 
hange the 
olours and morphologies of galaxies (Barger et al. 1996,

Baugh, Cole & Frenk 1996, Poggianti et al. 1999). As 
olour and morphology both

depend on the galaxy evolution, it is useful to measure galaxy environments as a

fun
tion of these properties to 
onstrain models of galaxy formation and evolution.

Colour provides information on stellar populations and dust extin
tion whi
h are

related to the history of star formation within a galaxy (Tinsley 1978, Barger

et al. 1996). Morphology, generally a 
lassi�
ation derived from the proje
ted

distribution of observed opti
al emission from a galaxy, does provide information

on the evolution of galaxies (Ellis 1998). However, the physi
al pro
esses whi
h

produ
e the observed galaxy morphologi
al types are not well determined (Ellis

1998). Previous studies have not determined whether galaxy stellar population

or morphology is the property primarily 
orrelated with galaxy environment.

The evolution of galaxy 
lustering is strongly in
uen
ed by the pro
ess of

galaxy formation (Frenk et al. 1990, Baugh et al. 1999). For this reason, there

have been numerous studies of z

�

>

0:1 galaxies whi
h attempt to measure the

evolution of the 
lustering (e.g. Maddox, Efstathiou & Sutherland 1996, Brunner,

Szalay, & Connolly 2000). Most galaxy 
atalogues have been sele
ted with 
ux

limits in a single band, so morphology and 
olour information are not available.

The estimates of the 
lustering at z

�

>

0:2 are strongly dependent on the sele
-

tion 
riteria used and I band sele
ted 
atalogues measure signi�
antly stronger


lustering than B band sele
ted 
atalogues. As early-type galaxies have large

k-
orre
tions, deep B band images are dominated by late-type galaxies whi
h are

weakly 
lustered at z � 0. However, the observed 
lustering of B > 22 galaxies is

weaker than the 
lustering of any morphologi
ally sele
ted population of galaxies

at low redshift (Efstathiou et al. 1991, Brown, Webster & Boyle 2000).

The pro
ess of galaxy formation and evolution is often studied in the 
luster

environment as 
lusters are readily identi�ed and observed over a large range of

redshifts. Also, unlike �eld galaxies, redshifts are not required for ea
h 
luster

member to estimate its distan
e and therefore its intrinsi
 properties. While this

has allowed the detailed study of small samples of 0:3

�

<

z

�

<

1:0 
lusters (Post-

man, Lubin & Oke 1998, Poggianti et al. 1999), the spa
e density and 
lustering

5



properties of z > 0:1 
lusters are not well determined. The spa
e density and 
lus-

tering properties are predi
ted by models of galaxy and 
luster formation (Kaiser

1986, Jenkins et al. 1998) but it has been diÆ
ult to 
onstrain these properties

as deep wide �elds are required to obtain suitable 
luster 
atalogues.

1.4 AGN Evolution and Environments

Evolution of the radio-loud AGN is required to explain the observed sky-density

and redshift distribution of radio sour
es (Condon 1984, Pea
o
k 1985). The

evolution of the radio galaxy luminosity fun
tion is 
omparable to the evolution

of opti
ally sele
ted AGN (Dunlop & Pea
o
k 1990, Rowan-Robinson et al. 1993)

and it is plausible the same physi
al pro
esses are responsible for the evolution of

the opti
al and radio AGN luminosity fun
tion. However, measurements of the

spa
e density of radio galaxies have generally relied on small samples of obje
ts

or redshifts derived from K band photometry so 
onstraints on the evolution are

poor.

The environments of A
tive Gala
ti
 Nu
lei (AGN) have been studied for sev-

eral de
ades to determine whether AGN o

ur in parti
ular galaxy environments

(Bah
all, S
hmidt & Gunn 1969). Several studies of AGN have dete
ted envi-

ronments ri
her than the �eld (e.g. Yee & Green 1987). Radio-loud AGN in

parti
ular appear to be found in ri
h environments similar to galaxy 
lusters (Yee

& Green 1987, Prestage & Pea
o
k 1988). However, as radio galaxies and many

M

B

� �22 radio-quiet AGN hosts have early-type morphologies (Matthews, Mor-

gan & S
hmidt 1964, M
Lure et al. 1999, S
hade, Boyle & Letawsky 2000, Urry

et al. 2000), it is not unexpe
ted that AGN o

ur in environments ri
her than

the �eld. At present, it is not 
lear if AGN hosts have the same 
lustering prop-

erties as other galaxies with similar morphologies or if they o

ur in unusually

ri
h environments.

If there is a 
orrelation between AGN luminosity and environment, then the

rapid evolution of the AGN luminosity fun
tion may be 
aused by rapid evolution

of the AGN environment. Several studies of radio-loud AGN �nd AGN o

ur in

in
reasingly ri
h environments with redshift (Yee & Green 1987, Hill & Lilly et

al. 1991. Wurtz et al. 1997) but the statisti
al dete
tion of evolution often relies

on the signal from

�

<

5 AGN.

While there have been several studies of the environments of radio-quiet AGN

6



at intermediate redshifts (e.g. Ellingson, Yee & Green 1991, Smith, Boyle &

Maddox 2000), there is little 
onsisten
y between estimates of the AGN envi-

ronment at z > 0:3. This is due to the small numbers of AGN used to study

the z

�

>

0:3 AGN environment and the estimates of the angular 
ross-
orrelation

fun
tion being dominated by unasso
iated galaxies along the line-of-sight. In

addition, studies of the AGN environment su�er the same problems as studies

of the galaxy environment. In parti
ular, deep images are often dominated by

weakly 
lustered late-type galaxies so a small signal (and signal-to-noise) is not

unexpe
ted.

1.5 Overview of thesis

This thesis des
ribes the 
onstru
tion, 
alibration and appli
ation of a deep wide-

�eld multi
olour 
atalogue, the Panorami
 Deep Fields. Chapters 2 and 3 des
ribe

the 
onstru
tion and 
alibration of the Panorami
 Deep Fields. Comparisons of

obje
t 
lassi�
ations, astrometry and photometry with published 
atalogues are

also dis
ussed in Chapters 2 and 3.

Chapters 4 and 5 present estimates of the galaxy and 
luster environment

from z � 0:4 until the 
urrent epo
h. In Chapter 4, the 
lustering of galaxies is

measured as a fun
tion of 
olour and sele
tion 
riteria are used to measure the

same population of galaxies as a fun
tion of redshift. In Chapter 5, a 
atalogue

of distant 
lusters is 
onstru
ted to measure the spa
e density and distribution

of 
lusters.

The environments of UBR sele
ted AGN and radio galaxies at z � 0:5 are

measured in Chapters 6 and 7. Chapter 7 also des
ribes the 
onstru
tion of a

deep 
atalogue of uniformly sele
ted radio galaxies whi
h are used to measure the

evolution of radio galaxies. Photometri
 redshifts and 
olour sele
tion 
riteria

are used to improve the signal-to-noise of estimates of the AGN environment.

The 
olour sele
tion 
riteria are also used to measure the 
ross-
orrelation with

parti
ular galaxy types and to measure the evolution of AGN environments.

7



Chapter 2

Digital Sta
king

The digitisation of photographi
 material o�ers 
lear advantages for quantitative

analysis of images. It allows a

urate 
alibration and parameterisation of survey

data and individual s
ans 
an be added for faint obje
t sear
hes (Marston 1988,

S
hwartzenberg 1996, Hawkins et al. 1998). Image dete
tion and 
lassi�
ation


an also be automated, removing many of the biases of manually sele
ted 
ata-

logues. This has already been a
hieved with CCD imaging, but digital sta
king is

still a relatively new te
hnique with photographi
 plates. Digital sta
king of plate

s
ans o�ers 2 
lear advantages over deep CCD imaging: eÆ
ient use of teles
ope

time for wide �eld imaging (Bland-Hawthorn, Shopbell & Malin 1993) and the

use of ar
hival material (Hawkins et al. 1998, Knox et al. 1998).

A serious disadvantage of photographi
 material is that its response to light

is non-linear. However, over a limited dynami
 range the response of the photo-

graphi
 material is approximately linear (Bland-Hawthorn et al. 1993, Knox et

al. 1998). For sky limited plates the linear regime in
ludes the sky ba
kground

and faint images, allowing the sta
king of digital s
ans to a
hieve deep limiting

magnitudes.

2.1 Plate material

The plates used to produ
e the Panorami
 Deep Fields have been taken for a

range of proje
ts sin
e the late 1970s. All exposures were approximately 
entred

on B1950.0 00

h

53

0

�28

Æ

03

0

(the SGP) or 10

h

40

0

00

Æ

00

0

(F855). Exposures were

sky-limited and have exposure times between 60 and 100 minutes. Lists of the

plates used for the digital sta
king are provided in Table 2.1. The �lter and

emulsion 
ombinations used for ea
h of the bands are listed in Table 2.1.
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Table 2.1: UKST plates used for the Panorami
 Deep Fields. Details of the plate

quality and exposure times 
an be found at the online UKST Plate Catalogue

(www.aao.gov.au).

Field Band Plates

SGP U U6326, U6380

SGP B

J

J3497, J3554, J9764, J9765, J9766, J9770, J9771, J13857,

J14605

SGP R

F

R4676, OR9563, R9594, OR9595, OR9671, R9672, R11336,

OR16297

SGP I I4338, I6523, I10545, I10604, I10615

F855 U UX7709, UX7714, UX9173, UX16600, UX16932

F855 B

J

J6800, J6954, J7743, J9241, J9309, J16076, J17417, J17477,

J17916, J17917, J17921, J17929

F855 R

F

OR10854, OR12420, OR12489, OR13020, OR14220, OR15308,

OR15323, OR15330, OR15357, OR17061, OR17089, OR17412,

OR17429, OR17561, OR17863, OR17874, OR17501, OR17504,

OR17506, OR17507, OR17536, OR17550, OR17879, OR17911

F855 I I6910, I17448, I17460, I17478, I17518, I17521, I17521,

I17523, I17528, I17541

9



Table 2.2: Filter and Emulsion 
ombinations used in the Panorami
 Deep Fields

Plate Pre�x Band Emulsion Filter Fields

U U IIIaJ UG 1 SGP

UX U IIIaJ or 4415 UG 1 SGP & F855

J B

J

IIIaJ GG 395 SGP & F855

OR R IIIaF OG 590 SGP & F855

R R IIIaF RG 630 SGP

I I IVN RG 715 SGP & F855

2.2 SuperCOSMOS s
ans

The SuperCOSMOS ma
hine at Royal Observatory Edinburgh is a plate s
anning

ma
hine 
apable of s
anning an entire UKST plate in 2 hours, produ
ing 2.1 Gb of

data. The SuperCOSMOS s
ans have 15�m resolution with 10�m pixels (Hambly

& Miller 1997) with the 
orresponding pixel s
ale for UKST plates being 0:67

00

.

As stellar images from the UKST have FWHM of � 2:5

00

, the data is adequately

sampled. More detailed dis
ussions of the SuperCOSMOS plate s
anning ma
hine

are provided by Miller et al. (1992) and Hambly (1998).

The pixel data for ea
h plate was provided in 16 subregions (before 1999)

or in large 2.1 Gb �les. The data has been 
onverted from the SuperCOSMOS

\lane" format into FITS �les by Nigel Hambly's mm2fits fortran 
ode. This 
ode

also 
onverts the data from measured plate s
an transmissions into approximate

arbitrary intensities using the equation

Log

10

i = 
Log

10

�

t




� t

b

t� t

b

+ 


�

; (2.1)

where i and t are the intensity and transmission. The transmission 
onstants t




and t

b


orrespond to the maximum and minimum possible transmissions while 


and 
 are parameters whi
h des
ribe the nonlinear response of transmission to

intensity. The resulting values of i have a linear response to intensity near the
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sky ba
kground. The data has also been regridded with respe
t to a \master"

plate so images on ea
h plate are a

urately aligned.

2.3 Data Redu
tion

2.3.1 Ba
kground Subtra
tion

Before 
oaddition of the data, ba
kground subtra
tion must be performed. Un-

less this is done, the lo
al sky ba
kground for ea
h image on ea
h plate will

di�er, resulting in suboptimal performan
e of bad pixel reje
tion and 
oaddition

algorithms. While vignetting introdu
es the largest variation of ba
kground, the

most problemati
 variations of the ba
kground are introdu
ed by plate fogging

and plate 
aws. If ba
kground subtra
tion is not performed, the 
aws may not

be reje
ted by the bad pixel reje
tion algorithm as the di�eren
e between the

sky ba
kground on ea
h plate may be larger than the pixel values of the plate


aws. An example of a serious 
aw in a 
oadded image produ
ed with bad pixel

reje
tion but with poor ba
kground subtra
tion is shown in Figure 2.1.

The most obvious method of mapping the ba
kground is to use a large s
ale

median �lter. This method is a

urate for regions without bright stars but it

is extremely CPU intensive. Produ
ing a 256 � 256 pixel median �lter of a

6800�6800 pixel image uses approximately 7 hours of CPU time on a Spar
Ultra

5 (Bryn Jones private 
ommuni
ation). As a s
an of a single UKST plate is

32256 � 32256 pixels, the time required to produ
e a median map would be

several days.

A method of speeding up the ba
kground mapping using a median �lter is

to only 
al
ulate a value for small regions rather than for every pixel. The ap-

proximate median 
an also be 
al
ulated from only a fra
tion of the pixels within

the large s
ale �lter rather than every pixel. This method redu
es the CPU time

required by more than an order of magnitude. Cal
ulating the ba
kground for

32 � 32 pixel regions using a median �lter sampling every 4th pixel redu
es the

CPU time required by almost 2 orders of magnitude. This allows the ba
kground

map (with a 160�160 �lter) of an entire UKST plate to be produ
ed in less than

2 hours. The �lter will degrade the images of obje
ts 
omparable to or larger

than the �lter size. However, almost all the obje
t images larger than the �lter

size are brighter than B

J

� 16 and are not in
luded in the galaxy samples used in

Chapters 4 to 7. Another minor 
aw with this method is that it does not handle

11



Figure 2.1: A 
oadded sta
k where proper sky subtra
tion has not been applied.

The vignetting at the edges of the plate is obvious. A large 
aw 
an also be seen

towards the top left of the image.
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steep gradients whi
h are found near bright stars. However, these regions of the

plate are typi
ally of low quality and would not be used even with a more robust

ba
kground subtra
tion. On
e the ba
kground map has been determined, it is

subtra
ted from the original image.

2.3.2 Drilling

A small number of large (� 100 � 100 pixel) plate 
aws are res
aled by the

ba
kground subtra
tion resulting in poor bad pixel reje
tion and artifa
ts in the

sta
ked data. To prevent this o

urring, these regions are removed manually

(drilled) with IRAF's

1

imrepla
e task to repla
e 
awed regions with pixel values

of �10000. This is well below the pixel values of good data and the 
awed regions


an be reje
ted during the sta
king by setting the low threshold option of IRAF's

im
ombine task to � �10000 and � 0. With sta
ks of more than 5 plates the

in
rease in ba
kground noise in the e�e
ted regions is less than � 10%.

2.3.3 Intensity S
aling

Before 
oaddition 
an take pla
e, the images must be s
aled su
h that the mea-

sured intensities of the obje
ts in ea
h plate are approximately equal. To do this

a multipli
ative s
aling is applied to the images on
e the ba
kground has been

subtra
ted. To determine the res
aling required, the 
uxes of obje
ts within

a 
entral 2000 � 2000 pixel region are determined using SExtra
tor (Bertin &

Arnouts 1996). Only obje
ts with signal-to-noise ratios between 10 and 30 are

used for the s
aling to prevent noise and saturated obje
ts biasing the s
aling

fa
tor. The 
ux ratios between ea
h obje
t and the same obje
t on a master

plate are then determined. The multipli
ative s
alings are then determined from

the median of 
ux ratios.

2.3.4 Coaddition

Several 
oadditions of the SGP and F855 plate data have been performed by

the SuperCOSMOS group whi
h are deeper than single plate s
ans but do suf-

fer signi�
ant 
aws. The original sta
k of the SGP used an unweighted average

1

IRAF is distributed by the National Opti
al Astronomy Observatories, whi
h are operated

by the Asso
iation of Universities for Resear
h in Astronomy, In
., under 
ooperative agreement

with the National S
ien
e Foundation.
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of data in transmission spa
e whi
h results in in
reased depth but does not re-

je
t plate 
aws, satellite trails and other features whi
h appear in single plates.

This is a parti
ular problem for automated measurements of galaxy 
lustering

where small errors may signi�
antly e�e
t measurements of two-point 
orrelation

fun
tion. Flaws overlapping obje
t dete
tions 
an alter magnitudes, 
olours and


lassi�
ations resulting in in
reased 
ontamination of 
atalogues.

Knox et al. (1998) des
ribe several te
hniques for the 
oaddition of Super-

COSMOS s
ans of UKST plates. They use a 300 � 300 pixel region of 16 plate

s
ans to test the te
hniques and �nd a weighted average with average sigma 
lip-

ping results in high signal-to-noise and good bad-pixel reje
tion for a sta
k of

16 plate s
ans. However, only the F855 �eld has more than 16 s
ans in a single

band (R) and average sigma 
lipping is poor at reje
ting noise for small number

of plates. Also, the use of a small region allows a single value for the ba
kground

to be used for ea
h s
an rather than having to produ
e a larger ba
kground map

for the entire �eld. If single values of the ba
kground are used for large regions,

the residual variations of the ba
kground are 
omparable to the pixel values of

plate 
aws.

A sta
k by the SuperCOSMOS group of the F855 �eld using the methods

of Knox et al. (1998) and single sky ba
kground values for 32256 � 1280 pixel

regions (
orresponding to SuperCOSMOS s
an \lanes") is shown in Figure 2.1.

A large plate 
aw is 
learly visible at the top left despite the use of bad-pixel

reje
tion algorithms. The 
aw is broken up into multiple obje
ts as the reje
tion

algorithm works when the 
aw has large pixel values and fails for smaller values.

If bad-pixel reje
tion algorithms are to be su

essfully applied to sta
ks of plate

s
ans, e�e
tive ba
kground subtra
tion is required.

SuperCOSMOS s
ans of Te
hPan �lms have been sta
ked by S
hwartzenberg

(1996) with the aim of dete
ting low surfa
e brightness galaxies. He used a

256� 256 pixel median �lter to subtra
t the ba
kground on ea
h plate with the

median sta
king in \intensity" spa
e to produ
e the �nal image. The \inten-

sity" spa
e des
ribed in S
hwartzenberg (1996) is a
tually equal to the density

subtra
ted from the ba
kground. This is a very 
lose approximation to inten-

sity spa
e near the sky ba
kground and the intensities of low surfa
e brightness

galaxies. S
hwartzenberg used median sta
king as the depth a
hieved is similar

to average sta
king but with more robust bad pixel reje
tion than sigma-
lipping

for the small number of plates used.
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Figure 2.2: Noise distribution of a region of plate I17448 without obvious sour
es.

A Gaussian �t to the distribution is shown by the line. The plot was generated

using IRAF's imhist and fgauss routines.
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Table 2.3: Sta
king Methods

Method Noise Bad pixel Cosmeti
s

(pixel values) Reje
tion (e.g. satellite trails)

SuperCOSMOS 134.7 Av. Sigma Clip (3�) Yes

Weighted mean 145.1 min-max (3,3) No

Weighted mean 144.5 Sigma Clip (2�) No

Unweighted mean 150.1 min-max (2,2) No

Weighted mean 135.5 none Yes

Median 163.6 none No

Several methods for sta
king SuperCOSMOS s
ans were 
ompared to evaluate

their e�e
tiveness. The sample of data used was the F855 B

J

band data whi
h


onsists of 12 plate s
ans. The results are summarised in Table 2.3. All sta
king

methods have had intensity s
aling performed to the original data. The weighted

mean minimises the noise in a sta
k of n s
ans by weighting the i-th s
an by

!

i

=

1=�

2

i

P

n

j=1

1=�

2

j

; (2.2)

where �

i

is the ba
kground noise. The ability of ea
h sta
king method to remove

plate 
aws and other spurious obje
ts was determined by manually 
omparing

single plate s
ans and the sta
ked data (see Figure 2.3). The weighted mean with

min-max reje
tion and sigma 
lipping provides good signal to noise and robust

bad pixel reje
tion. The min-max reje
tion was 
hosen for the Panorami
 Deep

Field sta
ks as it is e�e
tive for small numbers of plates. The F855 B

J

sta
k

with sky subtra
tion and min-max reje
tion, shown in Figure 2.4, is a signi�
ant

improvement on the original sta
k shown in Figure 2.1.

Bland-Hawthorn, Shopbell & Malin (1993) and Knox et al. (1998) state that

the noise distribution in intensity spa
e may not be Poissonian due to the non-

linear relationship between photographi
 density and intensity. To determine if

16



Figure 2.3: A 
omparison of a single plate s
an (J6954) and a sta
k of the same

1000� 1000 pixel region. The sta
k uses a weighted average with min-max reje
-

tion. The single plate s
ans shows a signi�
ant gradient in the sky ba
kground,

plate 
aws and a satellite trail. The sta
ked data is 
onsiderably deeper and no


ontamination from J6954 is in the sta
ked data set.
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Figure 2.4: A 
oadded sta
k where sky ba
kground subtra
tion and min-max

bad pixel reje
tion have been applied. The sta
k uses the same set of plates as

Figure 2.1. The image has been s
aled so bla
k and white are � 2� above and

below the sky ba
kground. While the image s
aling will make plate 
aws more

obvious than in Figure 2.1, there are no plate 
aws and the sky ba
kground is


onstant over most of the �eld-of-view.
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Figure 2.5: Noise distribution of a region of the I band sta
k using a weighted

mean with min-max reje
tion. The line is a a Gaussian �t to the distribution. The

lo
ation of the peak is slightly less than 1000 due to the ba
kground subtra
tion

overestimating the ba
kground on all the original plates.

this is the 
ase, the noise distribution of single plates was measured and then

�tted with a Gaussian, as shown in Figure 2.2. It 
an be 
learly seen that the

noise distribution is �tted extremely well by a Gaussian implying that the noise

distribution in intensity spa
e is a

urately modelled by a normal distribution.

Therefore, sta
king in intensity spa
e should not result in a large systemati


errors.

To determine if any signi�
ant bias has been introdu
ed sta
king of the s
ans

in intensity spa
e, the noise distribution has been plotted in Figure 2.5. To

prevent a spike in the noise distribution 
aused by im
ombine 
onverting 
oats

to integers by rounding towards zero, the subtra
ted ba
kground of ea
h s
an was

in
reased from 0 to 1000 before sta
king. The noise distribution is �tted well by a

Gaussian though the peak of the fun
tion is slightly o�set from 1000. This is seen

in all the images and the o�set is

�

<

5% of the ba
kground noise of the sta
ked

s
ans. The overestimate of the ba
kground is not unexpe
ted as the estimate of
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Table 2.4: Stellar FWHM estimates determined with unsaturated stellar obje
ts

Field Stellar FWHM

U B

J

R I

SGP 2:9

00

3:1

00

2:9

00

2:9

00

F855 2:8

00

3:0

00

2:7

00

2:7

00

Table 2.5: Limiting magnitudes estimated with 5� dete
tions within a 2:8

00

radius

aperture.

Field Dete
tion thresholds

U B

J

R I

SGP 22.7 23.9 22.7 20.4

F855 22.6 23.7 22.9 20.8

the ba
kground is derived from the data whi
h in
ludes stars and galaxies. As

the overestimate of the ba
kground depends on the sky surfa
e density of sour
es,

the overestimate is the same for all s
ans of the same region in the same band.

Therefore, the overestimate of the ba
kground does not 
ause a signi�
ant error

in the sta
king of the data.

Tables 2.4 and 2.5 summarise the stellar FWHM and limiting magnitudes of

the sta
ked s
ans. Calibration of the photometry used to determine the limiting

magnitudes is dis
ussed in Chapter 3. The seeing in all the sta
ks is � 2:8

00

whi
h

is 
omparable to the seeing in the single plate s
ans. The depth of the data has

been signi�
antly improved by sta
king the s
ans and the limiting magnitudes

are

�

>

1 magnitude deeper than single s
ans.
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2.4 Sour
e Extra
tion

Sour
e extra
tion was performed using SExtra
tor (Bertin & Arnouts 1996) ver-

sion 2:1:16. SExtra
tor has several advantages over other sour
e extra
tion 
odes

as it is easy to install, runs reasonably qui
kly, has reliable image 
lassi�
ation

(Smith 1998) and do
umentation. SExtra
tor is also frequently used for analysis

of survey data (Brunner et al. 1997, Prandoni et al. 1999) and is being regularly

upgraded so it is relatively bug free.

Sour
e extra
tion parameters were set to at least 5 
onne
ted pixels with the

pixel threshold set to 1:8� above the lo
al ba
kground level. The 
hoi
e of these

parameters provides a deep 
atalogue without serious 
ontamination, provided

there has been e�e
tive bad pixel reje
tion. The 
hoi
e of pixel 
onne
tion algo-

rithm has a signi�
ant e�e
t on the level of 
ontamination (Irwin 1985). A pixel


onne
tion algorithm whi
h 
onne
ts pixels horizontally, verti
ally and diagonally

results in signi�
antly more 
ontamination than an algorithm whi
h 
onne
ts pix-

els horizontally and verti
ally.

SExtra
tor 
onne
ts horizontally and verti
ally whi
h improves on the COS-

MOS and SuperCOSMOS image dete
tion software (Beard, Ma
Gillivray &

Thanish 1990) whi
h 
onne
ts diagonally aligned pixels (Hambly private 
om-

muni
ation). The SuperCOSMOS pixel 
onne
tion algorithm resulted in the

signal-to-noise 
uto� being set to a high level (� 8�) to prevent 
ontamination by

spurious obje
ts. The dete
tion of faint spurious obje
ts by COSMOS has been

previously noted by Cou
h et. al (1990). The use of a high signal-to-noise thresh-

old is reasonable when dete
ting sour
es in SuperCOSMOS s
ans of single plates

where large quantities of signal-to-noise � 4 spurious images exist. These images

are not present in robustly 
oadded data and a lower signal-to-noise threshold is

therefore appropriate.

The 
ompleteness of the SExtra
tor 
atalogues as a fun
tion of limiting mag-

nitude is shown in Figure 2.6. The 
ompleteness was estimated by adding arti�
al

stellar obje
ts to subsets of the data with IRAF's mkobje
t task. SExtra
tor was

then used to 
ompile obje
t 
atalogue and the fra
tion of arti�
al obje
ts dete
ted

by SExtra
tor was measured. The 80% 
ompleteness limits of the 
atalogues are

slightly brighter than the limiting magnitudes in Table 2.5 as the estimates in

Table 2.5 do not take into a

ount seeing or 
onfusion.
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Figure 2.6: The 
ompleteness of the SExtra
tor 
atalogues as a fun
tion of magni-

tude. The 
ompleteness was estimated with stellar obje
ts generated with IRAF's

mkobje
t task.

2.4.1 Astrometry

A

urate astrometry is extremely important if spe
tros
opi
 
andidates are to be

observed by automated instruments su
h as 2dF. Internal astrometri
 a

ura
y

of < 0:5

00

is required for 2dF (Bailey & Glazebrook 1999) if no signi�
ant light

loss is to o

ur.

The original SuperCOSMOS image format data 
ontains astrometry for all the

obje
ts dete
ted by the SuperCOSMOS software. The stated a

ura
y of the Su-

perCOSMOS astrometri
 solution is < 0:3

00

(Hambly et al. 1998) though larger

(> 1

00

) systemati
 errors have been observed in COSMOS and SuperCOSMOS

s
ans (Savage & Cannon 1995, Hunstead private 
ommuni
ation). Systemati


errors may originate from the use of bright (B < 10) stars from the Hippar-


os/Ty
ho 
atalogue (ESA 1997) as the basis of the astrometry solution. These

stars have di�ra
tion spikes and halos whi
h are dete
ted by the sour
e extra
-

tion software resulting in redu
ed a

ura
y for image positions. Also, on UKST

plates, the halos are only 
entred on bright stars when they are near the plate


entre. This introdu
es a systemati
 error as a fun
tion of distan
e from the plate


entre. For these reasons, it was de
ided that a new astrometri
 solution would

be determined.

The astrometri
 solution is determined with Ty
ho-2 
atalogue stars (H�g et
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al. 2000) and the astrom pa
kage. To redu
e errors whi
h 
ould be introdu
ed

by bright stars and large proper motions, only B > 12:5 stars moving less than

0:05

00

per yr are used to determine the solution. The average of the residuals

� 0:5

00

though a plot of the residuals as a fun
tion of plate position (Figure 2.7)

shows the residuals are typi
ally

�

<

0:3

00

near the 
entre of the �eld.

To determine if there are any signi�
ant systemati
 errors in the astrometri


solution, Panorami
 Deep Field astrometry has been 
ompared with the APM,

FIRST (White et al. 1997) and NVSS (Condon et al. 1998). Plots of the resid-

uals as a fun
tion of position are shown in Figures 2.8 and Figures 2.9. There is

good agreement between the APM and Panorami
 Deep Field astrometry with

residuals typi
ally less than � 0:05

00

. The small size of the residuals is not un-

expe
ted as the APM derived astrometry is from s
ans of UK S
hmidt plates


alibrated with Ty
ho 
atalogue stars. Comparison with the FIRST 
atalogue

shows larger residuals and eviden
e for Panorami
 Deep Field astrometry being

o�set 0:22

00

�0:05 west and 0:07

00

�0:05 south of the FIRST astrometri
 solution.

Comparison of Panorami
 Deep Field positions with NVSS sour
es in Figure 2.10

also shows eviden
e for small systemati
 o�sets though their signi�
an
e is < 3�.

While individual radio sour
es are often o�set from there opti
al 
ounterparts,

it is improbable that there is an alignment of radio sour
es over the entire �eld.

Systemati
 errors between opti
al and radio astrometry are not un
ommon (Sav-

age & Cannon 1995) and the o�sets presented here are equivalent to a fra
tion of

a pixel in the FIRST, NVSS and Panorami
 Deep Field images.

2.4.2 Obje
t Classi�
ation

SExtra
tor uses a neural network for star-galaxy separation whi
h, though some-

what experimental, has been found to be robust (Smith 1998). A detailed de-

s
ription of the neural network s
heme used is provided by Bertin & Arnouts

(1995). The neural network 
onsists of an input layer, a hidden layer and an

output layer. Ea
h layer 
onsists of nodes whi
h are linked to nodes in the other

layers by weighted synapses. The input and hidden layers 
onsist of as many

nodes as there are input parameters while the output layer 
onsists of a single

node whi
h produ
es the 
lassi�
ation output.

The input parameters are 8 isophotal areas, the maximum intensity and the

seeing. The weights of ea
h of the synapses was determined by training the

network with � 10

6

arti�
ial stars and galaxies with seeing between 0:025

00

and
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Figure 2.7: Plots of the residuals between the Ty
ho-2 and Panorami
 Deep Field

astrometry. The residuals have been multiplied by 3600 for 
larity. The left-hand

panels show the residuals for individual stars while the right-hand panels show

the median of the residuals determined in 12

Æ

regions.
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Figure 2.8: The median of the residuals between APM and Panorami
 Deep

Field astrometry for 102

0

regions. The residuals have been multiplied by 3600

for 
larity. There are some systemati
s as a fun
tion of plate position but the

residuals are typi
ally � 0:05

00

.
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Figure 2.9: The median of the residuals between FIRST and F855 astrometry

determined with 12

Æ

regions. The residuals have been multiplied by 3600 for


larity. While individual FIRST positions are only a

urate to � 1

00

, the referen
e

frame used to derive the FIRST positions is a

urate to 0:05

00

(White et al. 1997).

Figure 2.10: The median of the residuals between NVSS and Panorami
 Deep

Field astrometry with 22

Æ

regions. The residuals have been multiplied by 3600

for 
larity. Only NVSS point sour
es with estimated position errors less than

1

00

have been in
luded. The Panorami
 Deep Field astrometry is o�set from the

NVSS by 0:33� 0:16 east and 0:42� 0:14 south in the SGP and 0:16� 0:14 west

and 0:39� 10:4 south in F855.
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Figure 2.11: SExtra
tor image 
lassi�
ations as a fun
tion of Instrumental magni-

tude. The dip at instrumental magnitude �15 is due to SExtra
tor being unable

to 
lassify stars outside the linear regime of the plate response. At faint magni-

tudes the 
lassi�
ation s
heme breaks down as faint obje
ts have low signal to

noise.

5:5

00

. For the sets of arti�
ial obje
ts, the network is run forwards produ
ing a set

of outputs. The weights of the synapses are then adjusted layer by layer ba
kward

to adjust the outputs towards the 
orre
t values. This pro
ess is run up to � 10

6

times until the network is stable. The synapse weights were then saved as it is

assumed that the training set of images were representative of galaxies and stars

observed by any astronomi
al teles
ope with a linear dete
tor.

The star-galaxy 
lassi�er was trained on equal numbers of stars and galaxies

so the 
lassi�
ation 
an not be dire
tly interpreted as the probability of an ob-

je
t being stellar or non-stellar. The 
ut-o� value must be determined using a


omparison with expe
ted number 
ounts, CCD images and faint spe
tros
opi


samples. The reliability of the star-galaxy 
lassi�
ation is signi�
antly improved

by using 
lassi�
ations in multiple bands. Obje
ts with SExtra
tor 
lassi�
ation

s
ores greater than 0.7 in 3 bands, 0.80 in 2 bands or 0.90 in a single band are


lassi�ed as stellar obje
ts.

While SExtra
tor 
an perform obje
t 
lassi�
ation on data near the plate

limit where the pixel value s
ales linearly with intensity, for saturated obje
ts
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Figure 2.12: B

J

and R images of a small region of the F855 �eld. All obje
ts

brighter than the U , B

J

, R or I magnitude limits are 
ir
led. Obje
ts 
lassi�ed

as stellar are labelled with 
rosses. Spurious obje
ts generated by the di�ra
tion

spikes and halo of the bright star 
an be seen.

(R

�

<

18) the obje
t 
lassi�
ation starts to break down (see Figure 2.11). To

prevent 
ontamination of the galaxy 
atalogue, bright obje
ts are re
lassi�ed as

stellar if they are within the stellar lo
us in peak intensity versus instrumental

magnitude spa
e and area versus instrumental magnitude spa
e. Figure 2.12, a

region of the F855 �eld with image 
lassi�
ations overlaid, shows that most bright

stars are 
orre
tly 
lassi�ed by the 
lassi�
ation s
heme.

To determine the reliability of the 
lassi�
ation s
heme, obje
t 
lassi�
ations

were 
ompared with deep imaging and spe
tros
opi
 samples. The results of the


lassi�
ation 
omparisons are summarised in Table 2.6. The reliability of the 
las-

si�
ation s
heme derived from COSMOS s
ans and spe
tros
opi
 identi�
ations

by Colless et al. (1990) di�er signi�
antly despite the samples being the same set

of 21 < B

J

< 22:5 obje
ts. This is due to errors in the star-galaxy separation

by COSMOS with AAT plates obtained in < 2

00

seeing. As similar errors 
ould

be in other samples of ground-based imaging, the dis
ussion of the reliability of


lassi�
ation s
heme is restri
ted to spe
tros
opi
 samples and HST imaging.

Approximately 90% of stellar obje
ts with spe
tros
opi
 identi�
ations are


orre
tly 
lassi�ed in the Panorami
 Deep Fields. This improves to

�

>

95% for
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B

J

< 20 QSOs from the Veron-Cetty & Veron (2000) 
atalogue. The reliability of


lassi�
ations derived from HST data (Abraham et al. 1996, Smail et al. 1997) are

poorer but su�er from small number statisti
s. Approximately 85% of 20 < B

J

<

23:5 galaxies in the Panorami
 Deep Fields with spe
tros
opi
 identi�
ations from

Colless et al. (1990) and Glazebrook et al. (1995) are 
orre
tly 
lassi�ed. The

reliability of the 
lassi�er is somewhat better for obje
ts from the NED database

as it 
ontains many B

J

< 20 obje
ts from the Las Campanas (S
he
tman et al.

1996) and APM (Loveday et al. 1992) redshift surveys.

2.5 Summary

A deep wide-�eld multi
olour survey of two �elds has been 
ompiled by 
oadding

SuperCOSMOS s
ans of UK S
hmidt photographi
 plates. By subtra
ting the

ba
kground before 
oaddition of the s
ans, it has been possible to apply bad

pixel reje
tion algorithms to the data so 
lean obje
t 
atalogues 
an be obtained.

Several algorithms for 
oadding the s
ans were tested and a weighted average

with min-max reje
tion was found to provide high signal-to-noise with robust bad

pixel reje
tion. As faint obje
ts are in the linear regime of the plate response, it

has been possible to use SExtra
tor to dete
t and 
lassify obje
ts in the survey.

By 
ombining image 
lassi�
ations from multiple bands, it has been possible to

reliably 
lassify B

J

�

<

22:5 obje
ts imaged in � 3

00

seeing.
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Table 2.6: Comparison of Panorami
 Deep Field 
lassi�
ation with published obje
t 
lassi�
ations. COSMOS AAT and HST data use


lassi�
ations derived from imaging data while all the other datasets use spe
tros
opi
 identi�
ations.

Sample Published Stellar Classi�
ation Published Extended Classi�
ation

PDF PDF PDF PDF

Stellar Extended Extended Stellar


lassi�
ation 
lassi�
ation 
lassi�
ation 
lassi�
ation

Colless et al. (1990) 17 0 39 6

COSMOS AAT

y

18 6 33 5

Glazebrook et al. (1995) 6 1 33 2

HST 2 2 41 0

NED - - 620 32

Veron-Cetty & Veron (2000) 507 10 - -

y COSMOS 
lassi�er reliability � 85% (Colless et al. 1990)
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Chapter 3

Photometri
 Calibration

3.1 CCD photometry

A

urate photometri
 
alibration is 
riti
al in a survey where 
olour 
riteria are

applied to the sele
tion of obje
ts. This is parti
ularly important for the 
lustering

of 
olour sele
ted galaxies and photometri
 redshifts. In order to 
alibrate the

Panorami
 Deep Fields, deep CCD sequen
es of the two �elds have been obtained.

Photometri
 
alibration data of the SGP 
onsists of BV RI CCD images ob-

tained by Bru
e Peterson with the Mount Stromlo and Siding Spring Observato-

ries' (MSSSO) 40-in
h teles
ope and and U band photometry from Croom et al.

(1999). The 40-in
h dete
tor was a 2048 � 2048 thinned Tek CCD with � 75%

quantum eÆ
ien
y in R band dropping to � 60% in B band. The pixel s
ale

of 0:6

00

resulted in a � 20

00

� 20

00

�eld of view in 
oadded frames. This allowed

a

urate photometry of

�

>

100 stars and galaxies in ea
h band in the �eld.

Photometri
 
alibration data for the F855 �eld 
onsists of I band data ob-

tained by the author with the MSSSO 40-in
h and UBV R

0

photometry from

Osmer et al. (1998). Other photometry is available for the F855 �eld (Glaze-

brook et al. 1994, Glazebrook et al. 1995, Bryn Jones private 
ommuni
ation)

but the Osmer et al. data has a wider �eld-of-view resulting in a better 
alibra-

tion of 16

�

<

B

J

�

<

20 stars. The availability of V band photometry also allows a


olour 
orre
tion to be applied to the 
alibration of the B

J

data.

CCD images were redu
ed and 
oadded using IRAF routines 

dpro
,

imalign and im
ombine. Flat�eld images were produ
ed by 
ombining unshifted

images to produ
e high signal-to-noise 
at�eld images. However, the SGP I band


at�eld produ
ed from the data had halos near the lo
ations of bright stars while

a 
at�eld produ
ed from sky 
ats did not have any of the fringing patterns ob-
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Table 3.1: Summary of MSSSO 40-in
h observations.

Field Band Integration RMS of �t Seeing Mag

Time (se
s) to standards Limit

SGP B 29� 900 0.017 2:3

00

� 23:5

SGP V 10� 900 0.013 2:3

00

� 22:0

SGP R 9� 900 0.012 2:3

00

� 22:5

F855 I 20� 600 0.038 2:1

00

� 21:7

served in the images taken during darktime. As the I band photometry was of

unknown quality, I band photometry from Caldwell & S
he
hter (1996) was used

to 
alibrate the SGP I band data.

To 
orre
t for atmospheri
 extin
tion, o�sets were determined by 
omparing

instrumental magnitudes determined with SExtra
tor of

�

>

100 obje
ts in ea
h

image. The 
uxes (with errors) and positions of obje
ts in the 
ombined images

were also determined with SExtra
tor. As the seeing in most of the CCD images

is 
omparable to the Panorami
 Deep Fields, obje
t 
lassi�
ations from the CCD

data were not used for the photometri
 
alibration. An astrometri
 solution for

the CCD data was determined using faint stellar obje
ts from the APM 
atalogue

and astrom pa
kage.

Magnitude zero-points, extin
tion and 
olour terms (where possible) relating

instrumental magnitudes for the 40-in
h photometry were obtained by multiple

observations of Graham (1982) E-Region and Landolt (1992) standard stars. In-

strumental magnitudes for standard stars observed with the 40-in
h were obtained

with the MAG BEST option of SExtra
tor (Bertin & Arnouts 1996). As shown

in Table 3.1, the �ts to the standard star magnitudes had RMS errors for between

0.01 and 0.04 magnitudes.

The R

0

�lter of Osmer et al. (1998) has a similar e�e
tive wavelength (6615

�

A)

to R (6625

�

A) but has a shorter red tail. The di�eren
e between R and R

0

pho-

tometry has been found by Martini & Osmer (1998) to be small for \all but

the reddest obje
ts". To determine if this statement is 
orre
t, the relationship
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between B � R and B � V 
olours for stars from Landolt (1992), the MSSSO

40-in
h, Croom et al. (1999) and the DMS (Osmer et al. 1998) have been plotted

in Figure 3.1. The MSSSO 40-in
h and DMS photometry have similar 
olours

whi
h is 
onsistent with R

0

magnitudes being similar to R for most obje
ts. All

three sets of CCD photometry have stellar lo
i whi
h are redder than Landolt

(1992). Unless there is a systemati
 error in all 3 sets of CCD photometry, this

is indi
ative of the BV R stellar lo
us being redder for faint (R > 16) stars than

R

�

<

15 Landolt standards.

3.2 Colour Equations

Photographi
 plates do not have an ideal response to intensity and photographi


magnitudes are not ne
essarily the same as Johnson-Cousins magnitudes. To


alibrate photographi
 plates with Johnson-Cousins photometry, a 
orre
tion is

required whi
h is usually a fun
tion of obje
t 
olour. As the median 
olour of

a sample is a fun
tion of limiting magnitude, an in
orre
t 
olour equation 
an

result in a zero-point error whi
h 
hanges with magnitude.

To 
alibrate the Panorami
 Deep Fields in the B

J

band, estimates of the B

J

magnitudes were determined using the 
olour equation

B

J

= B � 0:28(B � V ) �0:1 � B � V � 1:6 (3.1)

(Blair & Gilmore 1982). A 
omparison of B

J

magnitudes determined with the

CCD data and the 
alibrated Panorami
 Deep Fields is shown in Figure 3.2. For

most obje
ts the agreement between the datasets is good and there is no eviden
e

of a signi�
ant systemati
 o�set between the CCD data and the photographi


data. However, to prevent variable stars and AGN from possibly skewing the


alibration of the Panorami
 Deep Fields, B

J

� R < 0:4 obje
ts were ex
luded

from the 
alibrating data.

For photographi
 R band data there are several di�erent 
olour equations

available in the literature whi
h are summarised in Table 3.2. To determine if a


olour equation is required for the Panorami
 Deep Fields, the di�eren
e between


alibrated photographi
 R and Cousins R has been plotted as a fun
tion of pho-

tographi
 B

J

� R in Figure 3.3. It is 
lear from the plot that the photographi


and Cousins R band photometry are similar for B

J

� R < 1:6 but photographi


R is larger than Cousins R for very red obje
ts. The 
olour equation of Cou
h

& Newell (1980) is a poor �t to the data over the observed magnitude range. As

33



Figure 3.1: Comparison of B�R, B�R

0

and B�V 
olours of R < 20 stellar ob-

je
ts for di�erent sets of photometry. The approximate 
olours of main-sequen
e

stars are given by B � R = 1:54(B � V ) (Met
alfe et al. 1991, Croom 1997)

and this has been subtra
ted from the B �R or B �R

0

values. The relationship

between the 
olours di�ers signi�
antly between the CCD photometry and the

photoele
tri
 standards of Landolt (1992).
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Figure 3.2: The di�eren
e between B

J

magnitude estimates from CCD data

(MSSSO 40-in
h and Osmer et al. 1998) and the Panorami
 Deep Fields. Solid

symbols are stellar obje
ts and open 
ir
les are galaxies. The values of the B

J

�R


olour have been determined with the Panorami
 Deep Field data. The di�eren
e

between the B

J

estimates is small for both �elds and there is no eviden
e for a

large systemati
 error in the data.
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Table 3.2: Photographi
 R 
olour equations. The value of ÆR is Cousins R minus

photographi
 R.

Emulsion & Filter Colour Equation Notes & Referen
e

III-aF+RG630 ÆR = (0:00 � 0:05) � (R� I) Blair & Gilmore (1982)

4415+OG590 ÆR = (�0:033 � 0:01) � (R� I) Morgan & Parker (1997)

III-aF+RG630 ÆR = 0:0058 � (B �R) + 0:008 Cou
h & Newell (1980)

III-aF+OG590/RG630 ÆR = (0:00 � 0:01) � (B

J

�R) B

J

�R < 1:6, This work

photographi
 and Cousins R are very similar for most obje
ts in the survey, R

will be used to des
ribe photographi
 R for this work.

The 
olour equations for U and I determined by Blair & Gilmore (1982) have


olour terms � 0. Figure 3.4 shows plots of the di�eren
e between CCD and

photographi
 photometry in the U and I bands as a fun
tion of 
olour. There

is no eviden
e for a measurable 
olour term for the I band data though U band

shows dis
repan
ies for very blue and red obje
ts. This 
ould be due to the

transmission 
urve of the photographi
 U di�ering from Johnson-Cousins U and

the variability of blue AGN. To prevent very red and blue obje
ts from skewing

the 
alibration of the U band photometry, only 0:0 < U �B

J

< 1:6 obje
ts have

been used to 
alibrate the Panorami
 Deep Fields.

3.3 Photometri
 Calibration of Panorami
 Deep

Fields

Photometri
 
alibration of the Panorami
 Deep Fields was determined with the

CCD data and published photometry des
ribed in the previous se
tion. The


alibration of obje
ts in the linear regime of the plate response 
an be determined

with a zero-point. This was determined by �nding the median value of the o�sets

between the 
alibrated and instrumental magnitudes for unsaturated stars.

The instrumental magnitudes of saturated stars are outside the linear regime
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Figure 3.3: The di�eren
e between photographi
 and Cousins R as a fun
tion of

photographi
 B

J

� R 
olour for 16 < R < 20 obje
ts. Solid symbols are stellar

obje
ts and open 
ir
les are galaxies. The line is the 
olour equation of Cou
h &

Newell (1980) with B

J

� R = 0:82(B �R).

and a more 
omplex fun
tion must be �tted. Photometri
 
alibration of satu-

rated stars was determined by �tting a polynomial to the relation between the

Panorami
 Deep Field instrumental magnitude and the 
alibrated magnitude for

obje
ts 
lassi�ed as stellar in the Panorami
 Deep Fields. The CCD photometry


ontains few bright stars so bright stars from Landolt (1992) and the General Cat-

alogue of Photometri
 Data (Mermilliod, Mermilliod & Hau
k 1997) were used

to 
onstrain the �ts at B

J

< 15. While this is 
onsiderably brighter than any

obje
ts studied in this work, the in
lusion of bright stars 
onstrains the �t and

prevents bright obje
ts from having spuriously faint magnitude estimates. Satu-

rated and unsaturated stars were used to better 
onstrain the polynomial �t at

faint magnitudes and the inter
ept between the polynomial �t and the zero-point

is used to estimate the brightest magnitude where stars are in the linear regime

of the plate response.

After the 
alibration of the data has been performed, the plots of the �t

between the instrumental and 
alibrated magnitudes are visually inspe
ted. It

is not unusual for outliers to skew the �t, espe
ially at bright magnitudes where

relatively small numbers of obje
ts are available. If a star is observed to be
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Figure 3.4: The di�eren
e between U and I band photometry from CCD imaging

and photography as a fun
tion of 
olour. Dots are stellar obje
ts while open


ir
les are galaxies. The U band CCD data is from Osmer et al. (1998) and the

I band data is 40-in
h imaging of the F855 �eld. There are signi�
ant di�eren
es

between the U band photometry estimates for very blue obje
ts. The I band data

does not show eviden
e for a large 
olour term though the galaxy photometry has

signi�
antly larger errors than the photometry of stars.
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� 3� from lo
us of stars used to 
alibrate the photometry, it is removed from

the 
alibrating data set and the 
alibration is rerun. The �nal 
alibration 
urves

for the SGP and F855 �elds are shown in Figures 3.5 and 3.6.

In addition to the 
alibration determined with CCD photometry, 2 
orre
tions

need to be applied to 
alibrate data. The �rst is a 
orre
tion to the magnitudes

to 
ompensate for vignetting at the edges of the �eld. As sky subtra
tion was

used during the 
oaddition of the s
ans, it is not possible to use the intensity

of the sky ba
kground to estimate the vignetting 
orre
tion (Hambly 1998b).

Vignetting estimates for the UKST are available from Tritton (1983) and Dawe &

Met
alfe (1982) but neither 
ontain a table of estimated values. Several vignetting


orre
tions were determined with polynomials �ts to data read from graphs. The

availability of Dawe & Met
alfe (1982) on ADS allowed the use of the DEXTER

Java applet to read data, in
reasing the a

ura
y of the �t.

The vignetting 
orre
tion is only a

urate for unsaturated obje
ts as the sat-

uration level of plates (relative to the ba
kground) and the resulting instrumental

magnitudes of bright stars is a fun
tion of radius from the plate 
entre. Unfor-

tunately, 
omparing photometry of faint obje
ts isn't possible as there are no

large a

urate 
atalogues of faint of galaxy photometry at various radii from the

�eld 
entres. However, the galaxy 
orrelation fun
tion 
an be used to evaluate

vignetting 
orre
tion as the vignetting results in an apparent ex
ess of galaxies

in the plate 
entre and an ex
ess of 
lustering at large angular s
ales. If the in-


orre
t vignetting 
orre
tion is applied, the value of 
 of the angular 
orrelation

fun
tion will rapidly de
rease with magnitude due to an ex
ess of galaxy pairs

at large angular s
ales. Of the vignetting fun
tions tested, the vignetting for

unhypered plates in
luding geometri
 e�e
ts and ba
ks
attering from the emul-

sion from Dawe & Met
alfe (1982) resulted in the smallest variations of 
 with

magnitude. The polynomial �t for the vignetting 
orre
tion is given by

Æm� 10

10

= 35180r + 30777r

2

� 565r

3

+ 3:97r

4

� 0:00574r

5

(3.2)

where r is the radius from the plate 
entre in millimetres. At large radii there

are large di�eren
es between the published vignetting estimates and, as shown in

Figure 3.7, the vignetting in
reases rapidly. It it therefore probable that there are

large systemati
 errors in the vignetting 
orre
tion beyond 160mm (3:0

Æ

) from the

plate 
entre. For this reason, only obje
ts with vignetting 
orre
tions less than

0:06 were used to 
alibrate the Panorami
 Deep Field photometry.

Galaxy magnitude estimates are 
orre
ted for dust extin
tion using the dust
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Figure 3.5: Photometri
 
alibration of the SGP. Grey points are stellar obje
ts

and dark points are galaxies. The straight line (with gradient �xed to 1) is a �t

for the 
alibration of galaxies and faint obje
ts while the 
urved line is for the


alibration of bright stars. The group of galaxies above the 
alibration line in the

I band data are obje
ts miss
lassi�ed as stars by Caldwell & S
he
hter (1996)

resulting in overestimates of their magnitudes.
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Figure 3.6: Photometri
 
alibration of F855. Grey points are stellar obje
ts and

dark points are galaxies. The straight line is a �t for the 
alibration of galaxies

and faint obje
ts while the 
urved line is for the 
alibration of bright stars.
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Figure 3.7: The 
orre
tion for the vignetting as a fun
tion of radius from the plate


entre. The line is a �t to a plot from Dawe & Met
alfe (1982) for unhypered

plates in
luding geometri
 e�e
ts and ba
ks
attering from the emulsion. The

dotted line at 0:06 magnitudes is the maximum vignetting 
orre
tion allowed for

obje
ts used to 
alibrate the photometry.
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Figure 3.8: A plot of the dust extin
tion a
ross the SGP and F855 �elds using

E(B � V ) estimates from S
hlegel, Finkbeiner & Davis (1998). The dust ex-

tin
tion in F855 (l � 45

Æ

) is signi�
antly larger and shows more stru
ture than

the SGP. The extin
tion in F855, if left un
orre
ted, would introdu
e spurious

stru
ture on large angular s
ales.

maps of S
hlegel, Finkbeiner & Davis (1998). Figure 3.8 shows that there are sig-

ni�
ant variations in the dust extin
tion in F855 whi
h 
ould introdu
e spurious

large-s
ale stru
ture into the 
atalogue. In 
ontrast, the dust extin
tion in the

SGP is restri
ted to the range 0:01 < E(B � V ) < 0:03 whi
h is 
omparable to

the estimated errors of the E(B� V ) estimates (0.028). The dust map estimates

of the extin
tion are therefore only applied to the F855 �eld while a 
onstant

value of E(B � V ) = 0:015 is used to 
orre
t for dust extin
tion in the SGP.

3.4 Comparison of Galaxy Number Counts and

Colours

A systemati
 error in the photometry in one of the �elds should produ
e a noti
e-

able di�eren
e in the number 
ounts 
ompared with the other �eld and previous

work. Figure 3.9 shows a 
omparison of number 
ounts in the two �elds and with

previous wide-�eld photographi
 surveys. The number 
ounts for the two �elds

are in good agreement with ea
h other in all 4 bands. However, at B

J

< 19 and

B

J

> 21 the number 
ounts are slightly higher than those measured by Mad-
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Figure 3.9: A plot of the galaxy number 
ounts as a fun
tion of magnitude (after


orre
tion for dust extin
tion). Data from both �elds is 
ompared with number


ounts from the APM survey (Maddox et al. 1990), Koo (1988) and Infante &

Prit
het (1992). I band 
ounts have been moved 1 magnitude to the left and U

band 
ounts have been moved 2 magnitudes to the right for 
larity. Error bars are

not shown as their size would be 
omparable to or smaller than the data points.

dox et al. (1990) and Infante & Prit
het (1992). It is plausible that systemati


errors 
ould be altering the number 
ounts at bright magnitudes. However, as

bright galaxies will be entering the non-linear regime of the plate response, the

photometry of bright galaxies should be systemati
ally overestimated resulting

in underestimates of the number 
ounts of bright galaxies. Near the magnitude

limits of the data, there is good agreement with Koo (1988) and it is there-

fore plausible that there is a systemati
 error in the number 
ounts of Infante &

Prit
het (1992). This 
on
lusion is supported by B band number 
ounts by Met-


alfe et al. (2001) whi
h are signi�
antly higher than those of Infante & Prit
het

(1992).
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An error in the vignetting 
orre
tion would introdu
e a systemati
 error whi
h

would be a fun
tion of radius from the plate 
entre. This error would be observed

as a 
hanging density of galaxies as a fun
tion of radius from the plate 
entre. To

see if su
h an error exists in the data, the angular 
ross-
orrelation of the plate


entre and galaxies has been determined and plotted in Figure 3.10. There is

no 
onsistent error as a fun
tion of plate radius for either �eld. There are also

signi�
ant di�eren
es between angular 
ross-
orrelation determined with 20:5 <

B

J

< 21:5 and 22:5 < B

J

< 23:5 galaxies. As an error in the vignetting 
orre
tion

should produ
e the same error for all magnitudes, it is reasonable to assume that

errors in the vignetting 
orre
tion are not signi�
ant in the Panorami
 Deep

Fields. However, as a pre
aution, estimates of the angular 
orrelation fun
tion

are only determined with galaxies where the vignetting 
orre
tion is less than 0:1

magnitudes.

If there is a systemati
 o�set of the photometry in a single band in one of the

�elds, it should be possible to observe this in 
olour-
olour diagrams of galaxies.

Inspe
tion of the the diagrams showed an R� I o�set of 0:1 magnitudes between

the SGP and F855 �elds. As there is no apparent o�set in the B

J

�R 
olours of

galaxies in the two �elds, the error is presumably in I band. Caldwell & S
he
hter

(1996) 
ompared their photometry with other I band data in the SGP and �nd

good agreement between their photometry and other published data. For this

reason, it was de
ided to 
hange the zero-point of the I band photometry in

the F855 �eld by �0:1 magnitudes so galaxy 
olours are 
onsistent in both �elds.

Figure 3.11 shows plots of the galaxy 
olours in the two �elds after 
orre
tions for

dust extin
tion and the F855 I band zero-point have been applied. The position

of the lo
i in the 2 sets of diagrams are 
onsistent with there being no large errors

in the determination of the zero-points for the two �elds.

A further 
he
k of the photometry is the median 
olour of galaxies as a fun
tion

of magnitude. Table 3.3 lists the median 
olour of galaxies in ea
h �eld for a series

of magnitude sli
es. The median 
olours of galaxies di�er by

�

<

0:1 at bright

magnitudes and

�

<

0:05 at faint magnitudes ex
ept for U �B

J

. The dis
repan
y

in U�B

J

disappears if the median 
olour is only determined with weakly 
lustered

blue galaxies. It is therefore possible that the di�eren
es in median U�B

J


olour

of all galaxies are 
aused by red galaxies asso
iated with large-s
ale-stru
ture.
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Figure 3.10: The angular 
ross-
orrelation of galaxies with the 
entre of ea
h

�eld. If the vignetting 
orre
tion was produ
ing a signi�
ant error, the values

of the 
ross-
orrelation would be 
omparable for bright and faint galaxies. The

low values of the 
ross-
orrelation are 
onsistent with the errors of the vignetting


orre
tion being small.
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Figure 3.11: Galaxy 
olour-
olour diagrams for the SGP and F855 �elds. Galaxy

magnitudes and 
olours have been 
orre
ted for dust extin
tion and a possible

error in the F855 I band zero-point.
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Table 3.3: Galaxy Median Colour

Magnitude Colour Colour Median Value

Range Range SGP F855

17 < B

J

< 18 U �B

J

All 0.07 0.01

18 < B

J

< 19 U �B

J

All 0.05 0.14

19 < B

J

< 20 U �B

J

All 0.05 0.13

16 < R < 17 B

J

� R All 1.25 1.36

17 < R < 18 B

J

� R All 1.31 1.41

18 < R < 19 B

J

� R All 1.42 1.47

19 < R < 20 B

J

� R All 1.53 1.52

15 < I < 16 R� I All 0.90 0.89

16 < I < 17 R� I All 0.84 0.81

17 < I < 18 R� I All 0.79 0.76

18 < I < 19 R� I All 0.83 0.81

19 < I < 20 R� I All 0.87 0.88

17 < B

J

< 18 U �B

J

< 0:4 -0.03 -0.06

18 < B

J

< 19 U �B

J

< 0:4 -0.04 -0.03

19 < B

J

< 20 U �B

J

< 0:4 -0.03 -0.02
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3.5 Comparison with Other Photometry

Panorami
 Deep Field photometry was 
ompared with photometry from Caldwell

& S
he
hter (1996), Croom et al. (1999), Prandoni et al. (1999) and Smith &

Boyle (in preparation) to determine if there were any signi�
ant zero-point errors

in either �eld. Comparisons of the UB

J

RI photometry in the SGP with Croom

et al. (1999) and Prandoni et al. (1999) are shown Figure 3.12. O�sets between

the Panorami
 Deep Field photometry and the CCD photometry are

�

<

0:05

magnitudes. There is eviden
e of the o�set 
hanging as a fun
tion of magnitude

in the sets of photometry. For the Prandoni et al. (1999) data this is limited to

the very brightest stars in the sample but for the other bands it appears over a

mu
h larger range of magnitudes.

A systemati
 error in the photometry as a fun
tion of magnitude should pro-

du
e a signi�
ant gradient in the stellar lo
us as a fun
tion of magnitude. Fig-

ure 3.13 shows 
olour-magnitude diagrams for U�B

J

and u�g photometry from

Croom et al. (1999), Newberg et al. (1999), Osmer et al. (1998), Smith & Boyle

(in preparation). The 
olour of the stellar lo
us is a fun
tion of magnitude in all

4 diagrams though the gradient of the lo
us varies from diagram to diagram. It is

diÆ
ult to 
ompare Newberg et al. (1999) with the other diagrams as the �lters

are di�erent from the other diagrams. However, it is 
lear that the DMS has a

shallower slope than Croom et al. (1999) and Smith & Boyle (in preparation). It

is un
lear from the diagrams whi
h gradient is 
orre
t and it is also probable that

the shape of the lo
us is a fun
tion of gala
ti
 latitude and longitude (Newberg

et al. 1999, Croom private 
ommuni
ation). For 
omparison with the CCD data,

the stellar lo
us of the SGP �eld is plotted in Figure 3.14. The 
olour of the lo
us

does 
hange with magnitude but has a slightly shallower slope than Croom et al.

(1999).

Panorami
 Deep Field photometry for the F855 �eld is 
ompared with pho-

tometry from Smith & Boyle (in preparation) and DENIS (Ep
htein et al. 1994)

in Figure 3.15. There is an o�set between the DENIS and Panorami
 Deep Field

photometry whi
h is approximately equal to the 
orre
tion applied zero-point of

the F855 I band CCD data. It is plausible that the error is in the SGP I band

data though this is would require � 0:1 magnitude errors in multiple sets of pho-

tometry. The Panorami
 Deep Field and Smith & Boyle photometry are in good

agreement for U and R though there is a � 0:08 o�set in B

J

.

The survey of Caldwell & S
he
hter (1996) imaged a � 202

Æ

area of the
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Figure 3.12: Comparison of SGP Panorami
 Deep Field photometry with CCD

photometry from Croom et al. (1999) and Prandoni et al. (1999). The dashed

line is the median o�set between the sets of photometry.
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SGP and allows 
omparison of the photometry near the 
entre and edge of the

�eld. The two panels of Figure 3.16 show a 
omparison of photometry near the


entre and edge of the �eld. The photometry near the edge of the �eld has

vignetting > 0:1 magnitudes. The median o�set between the Panorami
 Deep

Field and Caldwell & S
he
hter photometry at the edge of the SGP �eld is � 0:02

magnitudes. This is 
onsistent with there being no large systemati
 errors in the

photometry as a fun
tion of radius from the �eld 
entre. However, the magnitude

range studied here is limited and large systemati
 errors have been observed for

R < 15 stars near the edges of s
ans of single plates (Hambly 1998b).

3.6 Summary

The Panorami
 Deep Fields have been 
alibrated with UBV RI CCD imaging.

Colour equations have been applied to the data and the magnitude estimates are

equivalent to U , B

J

, V and I for most obje
ts. The only ex
eptions are obje
ts

with very red or blue 
olours where errors of several tenths of a magnitude are

dete
ted. Comparisons of the galaxy number 
ounts and 
olours are 
onsistent

with there being no large systemati
 o�set of the photometry between the two

�elds. Finally, 
omparisons of the Panorami
 Deep Field photometry with several


atalogues of CCD photometry show no eviden
e for errors larger than � 0:1

magnitudes in the estimated zero-points of the UB

J

RI photometry.
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Figure 3.13: The U � B

J

or u � g 
olours of stars as a fun
tion of limiting

magnitude from Croom et al. (1999), Newberg et al. (1999), Osmer et al. (1998)

and Smith & Boyle (in preparation).
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Figure 3.14: The U �B

J


olours of stars as a fun
tion of magnitude for the SGP

�eld.
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Figure 3.15: Comparison of F855 Panorami
 Deep Field photometry with

CCD photometry from Smith & Boyle (in preparation) and the DENIS survey

(Ep
htein et al. 1994).
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Figure 3.16: A 
omparison of photometry in the SGP �eld with Caldwell &

S
he
hter (1996). The left and right panels show photometry of obje
ts where

vignetting is less than and more than 0:1 magnitudes respe
tively. The o�set

between the Panorami
 Deep Field and Caldwell & S
he
hter magnitudes is �

0:02 magnitudes at the edge of the �eld.
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Chapter 4

The Clustering of Colour

Sele
ted Galaxies

4.1 Introdu
tion

The galaxy two-point 
orrelation fun
tion is 
ommonly used to measure the stru
-

ture of the galaxy environment from high redshift until the present epo
h. The


lustering properties of galaxies in the lo
al Universe are well measured by large

representative surveys of the galaxy population (Maddox, Efstathiou & Suther-

land 1996). Catalogues of galaxies sele
ted by morphology show large variations

of the galaxy 
orrelation fun
tion with late type galaxies having 
onsiderably

weaker 
lustering than early type galaxies (Davis & Geller 1976, Loveday et al.

1995).

The results from studies of galaxies with fainter apparent magnitudes and

higher redshifts are less 
on
lusive. Pen
il-beam surveys with CCDs and photo-

graphi
 plates from 4m teles
opes have measured the amplitude of the B > 22


orrelation fun
tion; however, estimates vary by

>

�

100% (Infante & Prit
het

1995). Also, while B > 22 surveys show eviden
e for a rapid de
line of the ampli-

tude of the 
orrelation fun
tion (Efstathiou et al. 1991, Infante & Prit
het 1995,

Ro
he et al. 1996), I band imaging surveys to similar depths show no eviden
e

for a rapid de
rease of the 
orrelation fun
tion amplitude (Postman et al. 1998).

The small areas of previous studies of the faint galaxy 
orrelation fun
tion are

a possible sour
e of the dis
repan
y. Large individual stru
tures and voids in the

Universe 
ould bias estimates of the 
orrelation fun
tion if the �eld-of-view of the

survey is small. The use of single band data to sele
t 
atalogues of galaxies 
ould
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Figure 4.1: A 
ux weighted map of R < 22 galaxies in the SGP. The dark blo
ks

are regions whi
h have been removed from the 
atalogue. The 
orners of both

�elds have been removed to prevent obje
ts with signi�
ant vignetting entering

the 
atalogue. Some of the Abell 
lusters in the �eld 
an be seen as overdense

regions.

su�er from biases as the morphologi
al mix of galaxies will 
hange as a fun
tion

of limiting magnitude. It is probable that the di�ering amplitudes of the B and

I band 
orrelation fun
tions are due to faint B band data being dominated by

weakly 
lustered blue galaxies (Efstathiou et al. 1991) while the I band data has

a larger fra
tion of early type galaxies.

4.2 Estimation of the Angular Correlation

Fun
tion

The galaxy two-point 
orrelation fun
tion, !(�), measures the mean ex
ess surfa
e

density of pairs at angular separation � 
ompared with the expe
ted number of

pairs if galaxies were randomly distributed. The most 
ommonly used estimator

of the angular 
orrelation fun
tion is

!̂(�) =

DD

DR

� 1 (4.1)
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where DD and DR are the number of galaxy-galaxy and galaxy-random obje
t

pairs at angular separations � � Æ�. The random obje
ts are typi
ally 
opies

of real obje
ts distributed randomly a
ross the �eld-of-view. To redu
e errors,

multiple random 
opies of ea
h obje
t 
an be made and the estimate of DR

renormalised. However, the DD=DR estimator is subje
t to �rst-order errors in

the galaxy density 
ontrast (Hamilton 1993) making it unsuitable for measuring

weak 
lustering at large angular s
ales. An estimator with lower varian
e than

DD=DR is required, the estimator

!̂(�) =

DD � 2DR +RR

RR

(4.2)

(Landy & Szalay 1993) where RR is the number of random-random obje
t pairs

at angular separations ��Æ�. The value of !̂(�) is determined for di�erent angular

s
ale bins with the values of DD, DR and RR being determined with pairs of

individual obje
ts at small angular s
ales and weighted pairs of 
ells 
ontaining

multiple obje
ts at large angular s
ales. The use of 
ells to determine the angular


orrelation fun
tion redu
es the 
omputational time required to several hours and

does not introdu
e signi�
ant errors.

The estimator of the angular 
orrelation fun
tion satis�es the integral 
on-

straint,

Z Z

!̂(�)Æ


1

Æ


2

' 0 (4.3)

(Groth and Peebles 1977), resulting in an underestimate of the angular 
orrelation

fun
tion. To remove this bias from the 
orrelation fun
tion, the term

!(�)




=

1




2

Z Z

!(�)Æ


1

Æ


2

(4.4)

is added to the estimate of the 
orrelation fun
tion. The term, !(�)




does require

an assumption of the form of the 
orrelation fun
tion to 
orre
tly estimate the

value of 
orrelation fun
tion. However, previous work with smaller �elds of view

and at brighter limiting magnitudes shows that the angular 
orrelation is well

approximated by a power law at angular s
ales less than 1

Æ

(Maddox, Efstathiou

& Sutherland 1996).

A further sour
e of bias in estimates of the 
orrelation fun
tion is 
ontam-

ination of the 
atalogue by randomly distributed obje
ts su
h as stars. If the

fra
tion of the 
atalogue 
ontaminated by stars is f , the estimate of the 
or-

relation fun
tion is redu
ed by a fa
tor of (1 � f)

2

at all angular separations.

As mentioned previously, 
omparison with spe
tros
opi
 samples indi
ates the
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star galaxy separations if

>

�

85% reliable at magnitude brighter than B

J

< 22.

At fainter magnitudes, the 
ontamination of the 
atalogue by stars is negligible

as galaxies 
onsist more than

>

�

80% of the obje
t number 
ounts at B

J

� 23

(Glazebrook et al. 1995).

4.3 Modelling the Spatial Correlation Fun
tion

For this work, the spatial 
orrelation fun
tion is assumed to be a power law of

the form,

�(r; z) =

�

r

r

0

�

�


(1 + z)

�(3+�)

; (4.5)

(Efstathiou et al. 1991) where r is the spatial separation in physi
al 
oordinates,

z is the redshift and r

0

, 
 and � are 
onstants. If � = 0 the 
lustering is �xed

in physi
al 
oordinates while if � = 
 � 3 the 
lustering is �xed in 
omoving


oordinates. This parameterisation of the evolution of the spatial 
orrelation

fun
tion is not valid at all redshifts but is a good approximation at z < 1 (Baugh et

al. 1999). For galaxies sele
ted with images in a single broadband, typi
al values

of the parameters of �(r; z) are r

0

� 5h

�1

Mp
, 
 � 1:7 (Maddox, Efstathiou &

Sutherland 1996) and � � �1.

For a power law spatial 
orrelation fun
tion, the resulting angular 
orrelation

fun
tion is a power law with

!(�) =

p

�

�[(
 � 1)=2℄

�(
=2)

Br




0

�

(1�
)

(4.6)

(Baugh & Efstathiou 1993) where B is a 
onstant. The value of B is given by

B =

Z

1

0

g(z)

�

dN(z)

dz

�

2

dz

,

�

Z

1

0

dN(z)

dz

dz

�

2

(4.7)

where

g(z) =

dz

dx

x

1�


F (x)(1 + z)

�(3+��
)

; (4.8)

x is the 
oordinate distan
e at redshift z, dN=dz is the number of galaxies per

unit redshift dete
ted by the survey and

F (x)

2

= 1 + 


k

(H

0

x=
)

2

: (4.9)

The value of x is given by

x =




H

0

Z

z

0

dz

E(z)

(4.10)
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where

E(z) �

p




M

(1 + z)

3

+ 


k

(1 + z)

2

+ 


�

: (4.11)

For values of z < 0:5, the value of B is more strongly dependent on r

0

, 
 and the

galaxy redshift distribution than the 
osmologi
al model. This is not unexpe
ted

as the value of x for z = 0:4 varies by less than 10% between 


M

= 1 and




M

= 0:2 models of the Universe. As B does not strongly depend on 
osmology

at z < 0:5, only a single 
osmologi
al model is used with H

0

= 75kms

�1

Mp


�1

,




M

= 0:2 and 


�

= 0.

There are two approa
hes to modelling the galaxy redshift distribution whi
h

are often used in the literature. The �rst approa
h uses an a

urate des
ription

of the lo
al luminosity fun
tion of di�erent galaxy types, plus models of galaxy

evolution and k-
orre
tions for ea
h type, and attempts to model the observed

number 
ounts and redshift distribution where data is available (i.e. Ro
he et al.

1996). This model in
ludes the physi
s of galaxy evolution, however, it 
ontains

large numbers of free parameters and di�erent models 
an readily reprodu
e the

observed number 
ounts. The se
ond approa
h, whi
h is applied to our single

band imaging data, assumes a fun
tional form for the redshift distribution and

uses the observed number 
ounts and redshift surveys to 
onstrain the model

(Baugh & Efstathiou 1993). This approa
h produ
es a good model of the redshift

distribution but 
ontains no physi
s of galaxy evolution and is limited by the

depth of redshift surveys.

For a 
omplete sample of galaxies brighter than magnitude m, the number of

galaxies dete
ted per unit redshift is given by

dN(z)

dz

= A(m)z

2

exp

 

�

�

z

1:412z

m

(m)

�

3=2

!

(4.12)

where

A(m) =

1:062N(m)


z

m

(m)

(4.13)

(Baugh & Efstathiou 1993), N(m) is the galaxy number 
ounts, 
 is the survey

area and z

m

is the median redshift of the galaxy sample. As the value of B

depends on the galaxy redshift distribution and not the galaxy number 
ounts,

the most important free parameter is z

m

whi
h is a fun
tion of band and limiting

magnitude.

The median redshift as a fun
tion of limiting magnitude is obtained from a

polynomial �t to median redshifts derived from galaxy redshift surveys. At low
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Figure 4.2: A plot of the model median redshift as a fun
tion of survey depth for

U , B

J

, R and I bands. The median redshift for the U band is derived using a

median galaxy 
olour of U � B

J

� 0:3. Magnitude limits for the SGP and F855

are shown with the large �lled and open 
ir
les respe
tively.

redshift this is derived from the lo
al galaxy luminosity fun
tion while at higher

redshifts the median redshifts determined dire
tly from the survey data are used.

Lo
al luminosity fun
tions are assumed to be S
he
hter fun
tions with � = �1:00,

M

�

B

J

= �19:5� 5logh (4.14)

Loveday et al. (1992) and

M

�

R

= �20:5� 5logh: (4.15)

Changing the value of � to �1:3 redu
es the estimate of the median redshift by

� 15% resulting in a similar de
rease of the estimate of r

0

. Galaxy k-
orre
tions

are approximated by k

B

(z) = 2z and k

R

(z) = 0:5z. At z

>

�

0:2, median redshifts

as a fun
tion of survey depth are derived from the redshift surveys of Colless et

al. (1990), Glazebrook et al. (1995), Lin et al. (1999) and Munn et al. (1997). I

band median redshifts are the same as Postman et al. (1998) whi
h were derived

from the CFHT redshift survey (Lilly et al. 1995). The median redshift of the

U band data is determined with the B

J

model and by assuming a median 
olour

of U � B

J

� 0:2. The fun
tions for median redshift as a fun
tion of limiting

magnitude are shown in Figure 4.2.
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4.4 The Angular Correlation Fun
tion at Large

Angular S
ales

The 5

Æ

� 5

Æ

�eld-of-view of ea
h �eld allows the measurement of the faint galaxy


orrelation fun
tion at large angular s
ales. At B

J

� 23:5 and R � 22, the median

redshift of the data is z � 0:4 and a break in the spatial 
orrelation fun
tion at

� 15h

�1

Mp
 in 
omoving 
oordinates (Maddox, Efstathiou & Sutherland 1996)


orresponds to an angular s
ale of � 1

Æ

.

It is possible to measure the angular 
orrelation for ea
h �eld to � 5

Æ

but at

large angular s
ales the estimate of the 
orrelation fun
tion will be dominated

by individual stru
tures. To determine the range of angular s
ales where the


orrelation fun
tion is representative, the estimates of the angular 
orrelation

fun
tions for the SGP and F855 �elds are 
ompared. This provides a more reliable

estimate than subsamples of the data as ea
h subsample would have smaller �eld-

of-view than the original data, resulting in overestimates of the errors at large

angular s
ales.

The B

J

< 23:5 and R < 22 
orrelation fun
tions for ea
h �eld are shown in

Figures 4.3 and 4.4. As the integral 
onstraint depends of 
, the data has been

�tted with power laws with �xed 
 to allow 
omparison of the 2 �elds estimates

of !(�). For both �elds the integral 
onstraint is less than the amplitude of the


orrelation fun
tion at 1

Æ

. A power law mat
hes the data well and there is no

eviden
e of a break from a power law on all angular s
ales. However, on angular

s
ales

>

�

2

Æ

, the estimates of !(�) for both �elds are within 2� of 0. It is therefore

possible that the break in the 
orrelation fun
tion is present at 15h

�1

Mp
 in


omoving 
oordinates but 
an not be dete
ted with this dataset.

4.5 The Correlation Fun
tion as a Fun
tion of

Limiting Magnitude

The large �elds-of-view used for this study redu
e the errors asso
iated with large

stru
tures along the line-of-sight. Also, the input 
atalogue of up to 2:5 � 10

5

galaxies results in small random errors in estimates of !(�). Previous measures

of the 
orrelation fun
tion in U , B

J

and R have been restri
ted to �elds-of-view

less than � 2

Æ

� 2

Æ

(Infante & Prit
het 1995). At the present time, only the I

band survey by Postman et al. (1998) has a 
omparable �eld-of-view with greater
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Figure 4.3: The B

J

< 23:5 angular 
orrelation fun
tion for the SGP and F855

�elds. Power law �ts to the SGP and F855 data are shown with solid and dashed

lines respe
tively. The data in ea
h �eld is �tted well by a power law and most

data points are within 2� of ea
h other. There is no eviden
e of a break in the


orrelation fun
tion on any of the s
ales measured though !(�) at > 1

Æ

is only

� 2� more than 0. It is also possible both 
orrelation fun
tions 
ould be biased

by large stru
tures on s
ales > 1

Æ

.
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Figure 4.4: The R < 22 angular 
orrelation fun
tion for the SGP and F855 �elds.

Power law �ts to the SGP and F855 data are shown with solid and dashed lines

respe
tively. The data for ea
h �eld is �tted well by a power law and there is no

eviden
e of a break in the 
orrelation fun
tion on s
ales less than � 2

Æ

. However,

unlike the B

J

< 23:5 data, there is an o�set between the data in the two �elds.

depth than this work.

Previous measurements of 
 indi
ate that it may vary with band and survey

depth (Infante & Prit
het 1995, Postman et al. 1998) though most values in the

literature are between 1:6 and 1:8. The 
onsistent data redu
tion method used

for this work should allow the a

urate 
omparison of 
 as a fun
tion of band and

survey depth.

Estimates of the value of !(1

0

) and 
 derived from power law �ts to the data

are shown in Table 4.1. The amplitude of the 
orrelation fun
tion is determined

at 1

0

rather than 1

Æ

as the amplitude and 
 are not independent and estimates

of !(1

Æ

) depend strongly on 
. The values of 
 show a weak trend towards

smaller values with magnitude and bluer survey bands. As there is a 
orrelation

between galaxy 
olour and morphology (see Figure 4.9) and late type galaxies

have shallower values of 
 than early type galaxies, this trend is not unexpe
ted.

While the value of 
 does not di�er by more then � 2� between the two �elds,

the amplitude of the 
orrelation fun
tion varies by � 100% at bright magnitudes.

While variations of amplitude 
ould be 
aused by zero point errors, the error re-

quired is approximately 0:4 magnitudes in all bands at bright magnitudes with it

de
reasing to � 0 at B

J

� 23. This is in
onsistent with the photometri
 
alibra-
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Table 4.1: Galaxy number 
ounts and the parameters for !(�) determined with

power law �ts to data between 10

00

and 0:3

Æ

.

Field (Area) SGP (15:642

Æ

) F855 (13:582

Æ

)

Magnitude Range N

gal


 !(1

0

)� 10

3

N

gal


 !(1

0

)� 10

3

18:0 � U � 20:0 4309 1:39� 0:18 418� 151 4913 1:53� 0:27 239� 52

18:0 � U � 21:0 16379 1:65� 0:10 196� 16 16695 1:84� 0:10 125� 16

18:0 � U � 22:0 80502 1:47� 0:10 63� 4 82965 1:47� 0:15 37� 5

18:0 � B

J

� 20:0 5267 1:58� 0:15 530� 85 5486 1:76� 0:17 335� 62

18:0 � B

J

� 21:0 15372 1:60� 0:12 280� 32 15149 1:72� 0:12 196� 27

18:0 � B

J

� 22:0 45519 1:53� 0:07 122� 7 43743 1:66� 0:11 90� 8

18:0 � B

J

� 22:5 82919 1:48� 0:09 72� 5 76149 1:60� 0:07 56� 4

18:0 � B

J

� 23:0 144577 1:53� 0:07 45� 2 123325 1:47� 0:08 38� 2

18:0 � B

J

� 23:5 230024 1:46� 0:07 28� 1 184717 1:49� 0:05 31� 2

16:5 � R � 18:5 4330 1:68� 0:10 586� 80 4294 1:82� 0:17 397� 82

16:5 � R � 19:5 13752 1:72� 0:07 346� 50 12841 1:81� 0:13 232� 32

16:5 � R � 20:5 39748 1:70� 0:03 179� 9 37069 1:80� 0:08 130� 12

16:5 � R � 21:5 112919 1:58� 0:05 72� 3 102373 1:70� 0:07 61� 4

16:5 � R � 22:0 174385 1:57� 0:05 54� 2 173295 1:60� 0:05 43� 2

16:5 � R � 22:5 - - - 234957 1:65� 0:07 32� 2

16:5 � I � 18:5 9812 1:73� 0:07 322� 26 8913 1:82� 0:15 254� 41

16:5 � I � 19:5 32178 1:67� 0:06 156� 11 28365 1:79� 0:12 115� 14

16:5 � I � 20:0 54737 1:71� 0:05 108� 8 48743 1:80� 0:08 93� 8
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tion, the galaxy number 
ounts in Figure 3.9 and the 
olour-
olour diagrams. A

systemati
 error 
ould be present in the data but it seems unlikely that it 
ould

e�e
t !(1

0

) without 
ausing large variations of 
.

If the values of !(1

0

) do not have signi�
ant systemati
 errors, a possible 
ause

of the variations is that the two �elds measure di�erent populations of galaxies

with di�erent 
lustering properties. The SGP, whi
h has stronger 
lustering than

F855, 
ontains \sheets" perpendi
ular to the line-of-sight (Broadhurst et al. 1990)

and smaller stru
tures in
luding 11 Abell 
lusters (Abell, Corwin & Olowin 1989).

Of these 
lusters, 8 appear to be asso
iated with a stru
ture at z � 0:11 identi�ed

by Broadhurst et al. (1990). M

B

J

� �19:5 (M

�

) galaxies at z � 0:11 have an

apparent magnitude of B

J

� 18 and this population of galaxies is too small to

signi�
antly bias estimates of the B

J

> 20 
orrelation fun
tion. However, it is

possible that the 
luster population of M

B

J

>

�

�16 galaxies 
ould bias estimates

of the 
orrelation fun
tion if they are a signi�
ant fra
tion of the observed galaxy

number 
ounts.

To test if the z = 0:11 
lusters do signi�
antly e�e
t the 
orrelation fun
-

tion, the 
orrelation fun
tion has been determined with 2

Æ

� 2

Æ

(� 10h

�1

Mp
 �

10h

�1

Mp
) regions surrounding the 
lusters removed from the data. As the 
lus-

ters are not uniformly distributed a
ross the �eld-of-view, the size of the 
atalogue

is redu
ed by � 60%. Table 4.2 lists the amplitude of the B

J

and R band 
orre-

lation fun
tions for the SGP �eld without the 
lusters and F855 for 
omparison.

The amplitude of the 
orrelation fun
tion has de
reased signi�
antly 
ompared

with the original estimates for the SGP. While most noti
eable at bright magni-

tudes, the e�e
t is also signi�
ant at fainter magnitudes where the 
ontribution

from nearby 
lusters might be expe
ted to be small. This is 
onsistent with

M

B

J

>

�

�16 galaxies within the 
lusters signi�
antly e�e
ting estimates of the

faint galaxy 
orrelation fun
tion. However, details of the relationship between


lusters and the observed 
lustering will be explored in Chapter 5.

For the following dis
ussion of the amplitude as a fun
tion of limiting magni-

tude, the estimates of the SGP 
orrelation fun
tion in
luding the z = 0:11 
lusters

are used. While it is probable relatively nearby 
lusters do e�e
t estimates of the


orrelation fun
tion, there is no 
lear justi�
ation for ex
luding them. Also, ex-


luding the regions surrounding the 
lusters signi�
antly redu
es the number of

galaxy pairs used to determine the 
orrelation fun
tion, signi�
antly in
reasing

random errors.
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Table 4.2: Measured parameters for !(�) determined from power law �ts to data

between 10

00

and 0:3

Æ

. Clusters at z � 0:11 have been removed from the SGP sam-

ple to redu
e the e�e
t dwarf galaxies may have on the estimate of the 
orrelation

fun
tion.

Field SGP (no z = 0:11 
lusters) F855

Magnitude Range N

gal


 !(1

0

)� 10

3

N

gal


 !(1

0

)� 10

3

18:0 � B

J

� 20:0 1742 1:95� 0:35 530� 85 5486 1:76� 0:17 335� 62

18:0 � B

J

� 21:0 5487 1:76� 0:20 200� 44 15149 1:72� 0:12 196� 27

18:0 � B

J

� 22:0 16679 1:72� 0:12 108� 11 43743 1:66� 0:11 90� 8

18:0 � B

J

� 22:5 30886 1:61� 0:17 60� 8 76149 1:60� 0:07 56� 4

18:0 � B

J

� 23:0 54549 1:54� 0:15 36� 4 123325 1:47� 0:08 38� 2

18:0 � B

J

� 23:5 87453 1:56� 0:16 22� 3 184717 1:49� 0:05 31� 2

16:5 � R � 18:5 1460 2:16� 0:14 339� 170 4294 1:82� 0:17 397� 82

16:5 � R � 19:5 4974 1:84� 0:18 223� 30 12841 1:81� 0:13 232� 32

16:5 � R � 20:5 14481 1:76� 0:13 144� 12 37069 1:80� 0:08 130� 12

16:5 � R � 21:5 41767 1:67� 0:11 65� 6 102373 1:70� 0:07 61� 4

16:5 � R � 22:0 65168 1:71� 0:10 49� 2 173295 1:60� 0:05 43� 2
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Figure 4.5: The I band 
orrelation fun
tion amplitude. The measurements of the

amplitude are 
onsistent with the data of Postman et al. (1998) whi
h is shown

with 
rosses. The data from Postman et al. (1998) has been 
orre
ted for the

assumption that 
 = 1:7.

Figures 4.5 to 4.8 plot the I, R, B

J

and U band angular 
orrelation fun
tion

amplitudes as a fun
tion of limiting magnitude. The amplitude of the 
orrelation

fun
tion has been determined with �xed values of 
 to redu
e the dependen
e

of the amplitude on 
. As the values of the angular 
orrelation fun
tion di�er

signi�
antly between ea
h �eld, no attempt has been made to �t the data. Instead,

a model has been plotted with 
lustering �xed in 
omoving 
oordinates and r

0

=

5h

�1

Mp
. The value of r

0

is similar to values derived by Maddox, Efstathiou &

Sutherland (1996) and Postman et al. (1998).

Figure 4.5 shows the measured amplitude of the I band 
orrelation fun
tion for

the SGP, F855 and Postman et al. (1998). The measured 
lustering in the SGP

is in good agreement with Postman et al. (1998), while F855 measures slightly

weaker 
lustering. The model of the 
lustering is also a reasonable estimate of

the observed 
lustering a
ross the magnitude range observed. Figures 4.6 to 4.8

show the R, B

J

and U band 
lustering to be signi�
antly weaker than the I

band 
lustering for galaxies with a similar range of redshifts. Comparison with

the results of Infante & Prit
het (1995) show the SGP has similar 
lustering in

B

J

and weaker 
lustering in R. Infante & Prit
het (1995) may measure stronger


lustering than F855 as their �eld is lo
ated in the NGP whi
h has similar large

s
ale stru
tures as the SGP (Broadhurst et al. 1990).
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Figure 4.6: The R band 
orrelation fun
tion amplitude. While the redshift range

is similar to the I band data, the galaxy 
lustering is signi�
antly weaker.

Figure 4.7: The B

J

band 
orrelation fun
tion amplitude. As with the R band

data, the amplitude of the 
orrelation fun
tion is signi�
antly weaker than the I

band 
orrelation fun
tion. At magnitudes fainter than B

J

� 22, the 
orrelation

fun
tion rapidly de
reases with limiting magnitude. There is also a de
rease in the

dis
repan
y between the SGP and F855 measurements with in
reasing limiting

magnitude.
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Figure 4.8: The U band 
orrelation fun
tion amplitude. The amplitude of the


orrelation fun
tion is 
onsistently weaker than the �t to the I band data shown

with the dashed line.

While the r

0

= 5:0h

�1

Mp
 model is a good �t to the SGP R < 20 and B

J

< 21

data, at fainter magnitudes a rapid de
line in the amplitude of the 
orrelation

fun
tion is observed. The rapid de
line of the faint 
orrelation fun
tion has been

observed previously by Efstathiou et al. (1991), Infante & Prit
het (1995) and

Ro
he et al. (1996). Obviously, the R and B

J

band data are sampling a di�erent

population of galaxies to the I band sample. To be 
onsistent with galaxy redshift

surveys, the B

J

� 23 galaxies must be dominated by a population of weakly

(r

0

� 2:0h

�1

Mp
) 
lustered galaxies at z � 0:4 (Efstathiou et al. 1991, Efstathiou

1995).

For a no-evolution model for the galaxy population, the blue bands will sample

galaxies with bluer 
olours due to the large k-
orre
tions of early-type galaxies

(Coleman, Wu & Weedman 1980). As shown in Figure 4.9, the lo
al population

of blue (U �B

J

<

�

0) galaxies is dominated by late-type galaxies. Measurements

of the galaxy 
lustering in the lo
al universe with morphology-sele
ted 
atalogues

show the 
lustering of late-type galaxies is 
onsiderably weaker than early-type

galaxies (Davis & Geller 1976, Loveday et al. 1995). If the 
olours and 
lustering

of z � 0:4 late and early type galaxies are similar to z � 0 galaxies, the de
rease

in the amplitude of the B

J

angular 
orrelation fun
tion 
ould be a sele
tion e�e
t.

While it is impossible to determine the morphologies of the B

J

> 21 galaxies with

this 
atalogue, it should be possible to use 
olour sele
tion to sele
t early and late
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Figure 4.9: The 
olours of RC3 
atalogue (de Vau
ouleurs et al. 1991) galaxies

by morphologi
al type. Photometry is from Prugniel & Heraudeau (1998) while

morphologi
al 
lassi�
ation of galaxies is from de Vau
ouleurs et al. (1991). The


orrelation between morphology and 
olour 
an be 
learly seen with late type

galaxies generally having bluer 
olours than early types.

type galaxies over a range of redshifts.

4.6 The Correlation Fun
tion of Colour Sele
ted

Galaxies

The obvious 
olour sele
tion 
riteria for galaxies is a single 
olour 
ut in the

deepest bands available (B

J

and R). However, as shown in Figure 4.10, the 
olour

of individual galaxy types varies with redshift. Even with a single 
olour 
ut, the

blue subsample will generally sele
t later type galaxies than the red subsample and

blue subsamples generally show weak 
lustering (Infante & Prit
het 1995, Ro
he

et al. 1996). A B

J

� R 
ut that varies with magnitude may sele
t the same

population over a range of redshifts but the sele
tion 
riteria would depend on

the 
osmologi
al parameters used. Also, 
olour sele
tion of a fra
tion of galaxies

(i.e. the reddest 20% of the 
atalogue) may not be e�e
tive due to the 
hanging

morphologi
al mix of galaxies with magnitude.

Sele
tion of galaxies with two or more 
olour 
riteria should allow the sele
tion

of galaxy types over a large range of redshifts without strong dependen
e on
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Figure 4.10: The 
olour sele
tion 
riteria for the red and blue subsamples. Colours

of early, late and irregular type galaxies at z = 0, z = 0:2, z = 0:5 and z = 0:8

from Fukugita, Shimasaku & I
hikawa (1995) are shown. The 
olour sele
tion


riteria for ea
h subsample are shown with the dot-dash line. The blue subsample


onsists of galaxies below and to the left of the line while the red subsample


onsists of galaxies above and to the right of the line. The blue subsample is

dominated by late and irregular type galaxies while the red subsample sele
ts

early type galaxies.

Figure 4.11: Galaxy 
olour-
olour diagrams for the SGP shown with the sele
tion


riteria for the two subsamples.
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Figure 4.12: A plot of the red and blue subsample number 
ounts for the SGP

and F855.


osmologi
al parameters. Figure 4.10 shows the predi
ted 
olours of early, late

and irregular type 0 � z � 0:8 galaxies from Fukugita, Shimasaku & I
hikawa

(1995). Colour sele
tion 
riteria for a red and blue subsample are also shown.

The samples are limited to B

J

< 21:6 due to the U = 22 magnitude limit of the


atalogues and the U�B

J

> 0:4 sele
tion 
riteria. As most B

J

< 21:6 galaxies are

at redshifts z � 0:3, most galaxies in the subsamples are sele
ted with the U�B

J

sele
tion 
riteria. Galaxies with U � B

J

lower limits and B

J

� R upper limits

have been in
luded in the subsamples to prevent in
ompleteness. Figure 4.11

shows the 
olours of galaxies in the SGP with the subsample sele
tion 
riteria.

The lo
ation of the B

J

< 19:5 galaxy lo
us is similar to that for RC3 
atalogue

galaxies in Figure 4.9 though at B

J

> 19:5 there is an in
reasing fra
tion of

very blue galaxies. Galaxy number 
ounts for the 2 subsamples are shown in

Figure 4.12. While the SGP does in
lude signi�
antly more 
lusters than F855

at low redshift, there is good agreement between the number 
ounts a
ross the

magnitude range observed.

While the sele
tion 
riteria are relatively simple, it 
an be 
learly seen that

the red and blue subsample should sele
t early and late type galaxies respe
tively.

The blue subsample should also 
ontain most of the galaxies with signi�
ant star

formation rates while the red subsample should 
ontain more passive galaxies.

As shown in Figure 4.13, 
omparison with the spe
tros
opi
 
atalogue of Colless

et al. (1990) shows that most of the [OII℄ 3727

�

A emitters dete
ted in the SGP
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Figure 4.13: A 
olour-
olour diagram of B

J

< 21:5 galaxies in the SGP and

F855 with spe
tros
opi
 observations by Colless et al. (1990). Lower limits in

U � B

J

are shown with arrows. A trend towards bluer 
olours with [OII℄ 3727

�

A

emission 
an be observed with strong [OII℄ 3727

�

A emitters restri
ted to the blue

subsample.

and F855 are in
luded in the blue subsample. To measure the 
lustering of star-

forming galaxies Cole et al. (1994) sele
ted galaxies with [OII℄ 3727

�

A equivalent

widths greater than 19

�

A; all galaxies mat
hing this sele
tion 
riteria would be

in
luded in the blue subsample for both �elds. Interestingly, the galaxies without

[OII℄ 3727

�

A emission do not show su
h an obvious trend with similar numbers

in both subsamples. However, the small number of galaxies without [OII℄ 3727

�

A

emission results in these galaxies 
omprising less than 15% of the total of blue

galaxies.

The B

J

< 21:5 angular 
orrelation fun
tions of the blue and red subsamples of

F855 are shown in Figure 4.14. Visual inspe
tion shows the signi�
ant di�eren
e

in 
lustering strength and the value of 
 for the two subsamples with the red

subsample being strongly 
lustered and having a higher value of 
. This trend is


onsistent with measurements of the angular 
orrelation fun
tions of morphology

sele
ted 
atalogues where 
 � 1:8 for early-type galaxies and 
 � 1:5 for late-type

galaxies (Loveday et al. 1995).

Estimates of 
 and !(1

0

) as a fun
tion of limiting magnitude are listed in

Table 4.3. The z � 0:11 
lusters in the SGP have been retained in the data

as there is no obvious justi�
ation for reje
ting them from the sample. While 


di�ers signi�
antly between the two subsamples, the values of 
 are within 1�
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Table 4.3: Measured parameters for !(�) for the red and blue subsamples determined from power law �ts to data between 10

00

and

0:3

Æ

.

Field SGP F855

Sample Magnitude Range N

gal


 !(1

0

)� 10

3

N

gal


 !(1

0

)� 10

3

Blue 18:0 � B

J

� 20:0 2963 1:45� 0:51 212� 3200 3354 1:41� 0:58 170� 2710

Blue 18:0 � B

J

� 21:0 9079 1:49� 0:18 138� 27 9228 1:61� 0:38 110� 39

Blue 18:0 � B

J

� 21:5 15579 1:57� 0:20 86� 19 14329 1:51� 0:32 75� 32

Red 18:0 � B

J

� 20:0 1993 1:65� 0:22 1339� 278 1851 2:09� 0:17 954� 210

Red 18:0 � B

J

� 21:0 5552 1:69� 0:12 782� 73 5424 1:89� 0:13 480� 82

Red 18:0 � B

J

� 21:5 9317 1:72� 0:08 616� 51 9922 1:83� 0:14 319� 44

7
5



Figure 4.14: The B

J

< 21:5 angular 
orrelation fun
tion for the red and blue

subsamples of F855. The red subsample shows stronger 
lustering and a higher

value of 
, 
onsistent with the strong 
lustering of ellipti
al and early type galaxies

in the lo
al universe.

of being 
onstant as a fun
tion of limiting magnitude. The values of !(1

0

) for

the blue subsamples are remarkably similar for the SGP and F855. However, the

red subsamples show large di�eren
es with the amplitude of the 
lustering in the

SGP being � 100% larger than F855.

To model the spatial 
orrelation fun
tion, a model of the redshift distribution

for the red and blue subsamples is required. Luminosity fun
tions for galaxies

sele
ted by morphology are available but it is not 
lear if luminosity is more or

less strongly 
orrelated with 
olour than morphology. The U � B

J

< 0:2 and

U � B

J

> 0:2 galaxy luminosity fun
tions of Met
alfe et al. (1998) are therefore

used. Approximate k�
orre
tions of k(z) = 3z and k(z) = z are used for the red

and blue subsample respe
tively. The Met
alfe et al. (1998) luminosity fun
tions

are used rather than the redshift distribution model as the steep slope of faint

end of the luminosity fun
tions results in skewed redshift distributions.

Plots of the estimated median redshift for the red and blue luminosity fun
-

tions are shown in Figures 4.15 and 4.16. The SGP and/or F855 overlap the B

J

magnitude limited redshift surveys of Colless et al. (1990) and Rat
li�e et al.

(1998) whi
h have been used to measure the median redshifts of the red and blue

subsamples as a fun
tion of magnitude. In addition, � 700 galaxy redshifts are

available from the NASA/IPAC Extragala
ti
 Database (NED) and these have
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Figure 4.15: The median redshift as a fun
tion of magnitude for the red subsam-

ple. Data points from B

J

band magnitude limited surveys are shown with 
ir
les

while data using NED redshifts is shown with dots. The median redshift esti-

mate and data points have been determined using 0.5 magnitude wide bins. As

the estimates of the 
orrelation fun
tion use wider magnitude bins, the estimates

of the median redshift in this plot are higher than in Figure 4.17.

been used to show the approximate median redshift as a fun
tion of magnitude.

For both subsamples, the model is a reasonable estimate of the redshift with few

data points being more than 20% from the model redshift estimate.

Figure 4.17 shows the amplitude of the SGP and F855 red subsamples as a

fun
tion of limiting magnitude with 
 �xed at 1:8. A model of the early type

galaxy 
orrelation fun
tion with r

0

= 5:9h

�1

Mp
 (Loveday et al. 1995) and


lustering �xed in physi
al 
oordinates (� = 0) is also shown. Clustering �xed

in physi
al 
oordinates would be appli
able to galaxies in gravitationally bound


lusters. The model, shown with the dashed line, does not �t either set of data

but this is not unexpe
ted as the SGP and F855 �elds exhibit signi�
antly di�er-

ent 
lustering amplitudes. However, the 
lustering in both �elds is 
onsistently

stronger than the 
lustering of all B

J

galaxies in F855. This is 
onsistent with

the red subsample being dominated by strongly 
lustered early type galaxies.

Figure 4.18 plots the amplitude of the blue subsample 
orrelation fun
tion

derived from power law �ts with 
 �xed to 1:5. Unlike the red subsample, the

amplitudes derived from the SGP and F855 data agree at all magnitudes. If dwarf

galaxies are in
reasing the amplitude of the SGP 
orrelation fun
tion, this implies

that they are red galaxies su
h as dwarf ellipti
als within the 
lusters. A model

with extremely weak 
lustering (r

0

= 2h

�1

Mp
) �xed in 
omoving 
oordinates
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Figure 4.16: The median redshift as a fun
tion of magnitude for the blue subsam-

ple. Data points from B

J

band magnitude limited surveys are shown with 
ir
les

while data using NED redshifts is shown with dots is shown with dots. The me-

dian redshift estimate and data points have been determined using 0.5 magnitude

wide bins. As the estimates of the 
orrelation fun
tion use wider magnitude bins,

the estimates of the median redshift in this plot are higher than in Figure 4.18.

Figure 4.17: The amplitude of the 
lustering of the red subsamples as a fun
tion

of magnitude. The value of 
 has been �xed to 1:8. The 
lustering strength in the

two �elds di�ers by � 100% at all magnitudes. Both �elds show strong 
lustering,


onsistent with the red subsamples being dominated by early type galaxies.
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Figure 4.18: The amplitude of the 
lustering for the blue subsamples as a fun
tion

of magnitude. The value of 
 has been �xed to 1:5. The blue galaxies are

extremely weakly 
lustered with a similar spatial 
orrelation fun
tion to faint

B

J

galaxies. As the B

J

� 23 number 
ounts are dominated by blue galaxies

(Guhathakurta, Tyson & Majewski 1990), this is strong eviden
e for star forming

galaxies being weakly 
lustered from z � 0:4 until the present epo
h.
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is also shown in Figure 4.18. The amplitude of the 
lustering is similar to that

estimated for faint galaxies by Efstathiou (1995) and z � 0:5 galaxies by Le F�evre

et al. (1996). The model slightly underestimates the strength of the 
lustering

and a model with stronger 
lustering, r

0

= 3h

�1

Mp
, is a better �t to the data.

This is signi�
antly weaker than r

0

� 4:4h

�1

Mp
, the measured 
lustering of late

type galaxies in the lo
al Universe (Loveday et al. 1995). The only large sample of

low z galaxies with similar properties (r

0

� 3h

�1

Mp
, 
 � 1:8) are galaxies with

[OII℄ or H� emission lines with large equivalent widths from the Stromlo-APM

survey (Loveday, Tresse & Maddox 1999). However, the Stromlo-APM sample

has signi�
antly stronger 
lustering than the blue subsample or faint blue galaxies

on s
ales

<

�

2h

�1

Mp
.

An underestimate of the redshift by

>

�

50% 
ould explain the weak 
lustering

at B

J

� 20 but this would be diÆ
ult to re
on
ile with the redshift data in

Figure 4.16. Altering the assumed 
osmologi
al parameters 
an 
hange estimates

of spatial 
orrelation fun
tion but the e�e
t is negligible at z � 0 and is less

than 30% at z = 0:2. A plausible explanation is that the 
lustering of galaxies

is more strongly 
orrelated with 
olour and stellar population than morphology.

This would explain why no lo
al population of galaxies sele
ted by morphology

displays the weak 
lustering of faint blue galaxies. This may also be the �rst

dete
tion of large population of galaxies at low redshift with similar 
lustering

properties to faint blue galaxies.

4.7 Summary

The Panorami
 Deep Fields have been used to study the 
lustering of galaxies

from z � 0 to z � 0:4. The key 
on
lusions are:

(i) The galaxy spatial 
orrelation fun
tion is a power law on 
omoving s
ales

less than 15h

�1

Mp
. At larger s
ales, the 
orrelation fun
tion is 
onsistent with

a power law though a break in the 
orrelation fun
tion is not in
onsistent with

the data.

(ii) Despite the large �elds-of-view, there are signi�
ant di�eren
es in the

measured amplitude of the 
lustering; with the possible ex
eption of blue galaxies.

It is 
lear that �elds larger than 1002

Æ

are required to a

urately measure the


lustering of B

J

� 22 galaxies.

(iii) Dwarf galaxies in relatively nearby 
lusters (z � 0:11) may e�e
t estimates
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of faint galaxy 
orrelation fun
tion. The e�e
t is 
olour dependent with the


lustering of red galaxies varying signi�
antly between the 2 �elds observed.

(iv) The 
lustering properties of galaxies strongly depend on the band used

to sele
t the 
atalogue. Bluer bands show weaker 
lustering than red bands

and there is a rapid de
line of the amplitude of the B

J


orrelation fun
tion at

faint magnitudes. It is probably inappropriate to �t a simple 
lustering model

to 
orrelation fun
tions derived from single band imaging due to the 
hanging

morphologi
al mix with magnitude.

(v) The 
lustering properties of galaxies strongly depend on 
olour. Su
h

behaviour is 
onsistent with 
olour being 
orrelated with morphologi
al type.

Red galaxies (early types) exhibit stronger 
lustering with larger values of 
 than

blue galaxies (late and irregular types).

(vi) Blue galaxies have extremely weak 
lustering with r

0

<

�

3h

�1

Mp
. This

is 
onsiderably weaker than the 
lustering of late type galaxies and is 
onsistent

with the 
lustering of galaxies being more strongly 
orrelated with 
olour and

stellar population than morphology.

(vii) The 
lustering of B

J

< 21:5 blue galaxies is 
omparable to B

J

> 23 blue

galaxies. This is strong eviden
e for star forming galaxies being weakly 
lustered

from z � 0:4 until the present epo
h.
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Chapter 5

A Survey for Distant Clusters

5.1 Introdu
tion

Clusters are thought to tra
e the lo
ations of the largest overdensities of baryoni


and dark matter in the early Universe (van Albada 1961, Peebles 1970, Frenk

et al. 1990). Therefore their number density, distribution and evolution pla
e

strong 
onstraints on stru
ture formation and 
osmologi
al models. The strong


lustering of galaxy 
lusters at the present epo
h allows them to be used as

tra
ers of large-s
ale stru
ture on distan
e s
ales where the amplitude of the

galaxy auto
orrelation fun
tion is negligible (Dalton et al. 1994). While re
ent

studies of high redshift 
lusters have pla
ed 
onstraints on the epo
h of 
luster

formation (Postman, Lubin & Oke 1998), the 
onstraints on the number density

and auto
orrelation fun
tion of intermediate redshift 
lusters (z � 0:5) are poor.

Several large 
atalogues of z < 0:2 
lusters sele
ted from S
hmidt teles
ope

plates have been used to determine 
luster properties at the 
urrent epo
h (Abell

1958, Abell, Corwin & Olowin 1989, Lumsden et al. 1992, Dalton et al. 1997)

but there are no equivalent spe
tros
opi
 samples at higher redshifts. Smaller

spe
tros
opi
 samples of z

�

>

0:4 
lusters do exist but are not suitable for studies

of large-s
ale stru
ture as they were sele
ted visually from �elds-of-view

�

<

2

Æ

�2

Æ

.

(Gunn, Hoesell & Oke 1986, Cou
h et al. 1991). The Panorami
 Deep Fields allow

the sele
tion of 
lusters to z � 0:5 over two 5

Æ

� 5

Æ

�elds. The large size of the

�elds results in a 
atalogue of 
lusters suitable for statisti
ally signi�
ant studies

of the evolution and distribution of 
lusters as a fun
tion of redshift.
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5.2 Methods for Identifying Clusters

The 
luster sele
tion method will signi�
antly a�e
t the type, 
ompleteness and

depth of the samples sele
ted. Most 
atalogues of 
lusters sele
ted from photo-

graphi
 material rely on visual inspe
tion and the appli
ation of a set of sele
tion


riteria (Abell 1958, Gunn, Hoessel & Oke 1986, Abell, Corwin & Olowin 1989,

Cou
h et al. 1991). Sele
tion 
riteria in
lude sear
hing for ex
ess galaxy 
ounts

in small regions or 
ells (Cou
h et al. 1991). However, the resulting 
atalogues


an su�er from non-uniformity due to the varying quality of visual inspe
tion

and variations of plate quality. These errors 
an be redu
ed if multiple observers

inspe
t plates for 
lusters (Abell, Corwin & Olowin 1989) or by obtaining photo-

metri
 
alibration of the plates using CCD photometry or galaxy number 
ounts

(Gunn, Hoessel & Oke 1986, Cou
h et al. 1991)

A more uniform method for sele
ting 
lusters is to apply the sele
tion 
rite-

ria automati
ally to a ma
hine readable galaxy 
atalogue (Lumsden et al. 1992,

Lidman & Peterson 1996, Dalton et al. 1997). For photometri
ally 
alibrated

datasets, this also allows galaxy magnitudes to be in
luded in the sele
tion 
ri-

teria. As the apparent magnitude of the 
luster galaxies is 
orrelated with the


luster distan
e, an appropriate weighting s
heme 
an also be used to derive an

approximate 
luster distan
e. However, spurious 
lusters are often dete
ted by

automated 
ell 
ounts near bright stars or at the edges of spiral galaxies where

the arms are broken up into multiple obje
ts (Cou
h et. al 1991, Olsen et al.

1998).

A parti
ularly useful method for dete
ting high redshift 
lusters is the dete
-

tion of sky ba
kground variations (Dal
anton 1996) from the integrated light of

(undete
ted) 
luster galaxies. The advantage of this method is that 2m�
lass

teles
opes 
an be used to sele
t z � 1 
lusters. However, the te
hnique requires

extremely well 
at-�elded images su
h as those provided by CCD drift s
ans. If

suitable data is used, the su

ess rate for the method is high with � 80% of 
luster


andidates being high redshift 
lusters (Zaritsky et. al 1997). Unfortunately, this

method is not appli
able to the Panorami
 Deep Fields as the median subtra
tion

of the sky ba
kground will redu
e any signal present from high redshift 
lusters.

A re
ent development for the dete
tion of 
lusters is the use of mat
hed �lters

(Postman et. al 1996, Olsen et. al 1998, Kepner et al. 1999). The �lter assumes

a 
luster galaxy luminosity fun
tion and a radial pro�le for the number density of


luster galaxies. A likelihood map of the survey area for a range of redshifts is then
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Table 5.1: A Sample of Cluster Surveys and Methods

Survey Magnitude Area Number of Method

Limits (2

Æ

) Candidates

Abell (1958) B

J

� 20 - 2712 Visual Inspe
tion

Abell, Corwin & Olowin (1989) B

J

� 20 All Sky 4073 Visual Inspe
tion

Cou
h et. al (1991) B

J

' 24:4, R

F

' 22:9 � 80 112 Visual Cell Counts

Dalton et al. (1997) B

J

= 20:5 4300 957 Automated Algorithm

Gunn, Hoessel & Oke (1986) Various 154.7 418 Visual Cell Counts?

Lidman & Peterson (1996) I ' 22:7 13 105 Automated Cell 
ounts

Lumsden et al. (1992) B

J

= 20:5 1600 737 Weighted Cell Counts

Olsen et. al (1998) I ' 23:0 2.5 39 Mat
hed Filter

Postman et. al (1996) V ' 23:8, I ' 22:5 5.1 107 Mat
hed Filter

Zaritsky et. al (1997) I ' 22:5? 140 � 300 Ba
kground Variations

8
4



produ
ed with the peaks 
orresponding to 
lusters whi
h have properties similar

to the �lter. As the apparent luminosity fun
tion and radial pro�le 
hanges with

redshift, it is possible to determine approximate 
luster redshifts (�z � 0:2) with

a mat
hed �lter. The mat
hed �lter of Kepner et al. (1999) signi�
antly improves

on previous �lters by allowing the in
lusion of spe
tros
opi
 and photometri


redshift information. As galaxies in the Panorami
 Deep Fields are imaged in

up to 4 bands, the Kepner et al. �lter has been employed to uniformly sele
t a


atalogue of distant 
lusters in the SGP and F855 �elds.

5.3 The Adaptive Mat
hed Filter

The Adaptive Mat
hed Filter (AMF) method applied here is almost identi
al to

that des
ribed by Kepner et al. (1999). A summary of the method is provided

here though the reader is referred to Kepner et al. (1999) for a more thorough

dis
ussion of the AMF.

The AMF assumes the number density of observed galaxies per solid angle

(d
) per apparent luminosity (dl) at angle � from a redshift z





luster is given by

n

model

(�; l; z




) = [n

f

(l) + �n




(�; l; z




)℄d
dl (5.1)

where n

f

and �n




are the number densities due to the �eld and 
luster. The

number density of �eld galaxies 
an be dire
tly determined from the observed

galaxy number 
ounts. The value of � is an estimate of the 
luster ri
hness in

units of luminosity and n




is the produ
t of the radial pro�le and luminosity

fun
tion of 
luster galaxies;

n




(�; l; z




) = �




(r)

�

dr

d�

�

2

�




(L)

�

dL

dl

�

(5.2)

where r is the proje
ted radius and L is the absolute luminosity. The values of r

and L are related to the observed � and l by

r(�; z




) =

�D

M

1 + z




(5.3)

and

L = 4�

�

(1 + z




)D

M

K(z




)

�

2

l (5.4)

where D

M

is the transverse 
omoving distan
e (Hogg 1999) and K(z) is the k-


orre
tion at redshift z. The 
luster galaxy luminosity fun
tion is modelled with

a S
he
hter fun
tion,

�




(L)dL / (L=L

�

)

��

e

�L=L

�

d(L=L

�

); (5.5)
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and the model radial pro�le is a modi�ed Plummer law given by

�




(r) =

(

�

0




(1+r

2

=r

2


ore

)

(n�1)=2

�

�

0




(1+r

2

=r

2

max

)

(n�1)=2

r � r

max

0 r > r

max

;

(5.6)

where �

0




is set by the normalisation. The 
luster radial and 
ux �lters are

normalised by

Z

r

max

0

�




(r)2�rdr = 1 (5.7)

and

Z

1

0

�




(L)LdL = L

�

: (5.8)

resulting in the luminosity of the 
luster being given by

�L

�

= �

Z

r

max

0

�




(r)2�rdr

Z

1

0

�




(L)LdL: (5.9)

At the lo
ation of the ith galaxy, the apparent lo
al overdensity due to a


luster, �Æ

i

, is given by

Æ

i

=

n

i




n

i

f

=

n




(�

i

; l

i

; z




)d
dl

n

f

(l

i

)d
dl

: (5.10)

The apparent overdensity of the 
luster as measured from the data is given by

�

data

=

X

i

Æ

i

: (5.11)

The estimate of the overdensity from the model is given

�

model

= �

Z

1

l

min

Z

Æ(�; l; z




)n




(�; l; z




)d
dl: (5.12)

Equating �

data

and �

model

provides a solution for �:

� =

P

i

Æ

i

R

Æn




: (5.13)

From the model, a variety of likelihood fun
tions 
an be derived whi
h are

dependent on assumptions made about the distribution of galaxies. Full details

of the derivations of the likelihood fun
tions are given in Appendix C of Kepner et

al. (1999). A 
luster is identi�ed by �nding the values of z




and � whi
h maximise

the likelihood. For mat
hed �lters this is done by �nding the maximum value of

the likelihood for a series of possible 
luster redshifts, z




, by taking the derivative

of the log of the likelihood (L) with respe
t to � and �nding the value of � where

dL

d�

= 0 (5.14)
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(Postman et al. 1996, Kepner at al. 1999). The estimated 
luster redshift and �

are the values whi
h return the maximum value of L.

Kepner at al. (1999) derive two log likelihood equations. The �rst assumes

that if the galaxy 
atalogue is binned, the number of galaxies in ea
h bin 
an be

des
ribed by a Gaussian distribution. This is an approximation but the resulting

likelihood is easy to 
ompute. If the noise of the likelihood signal is dominated

by �eld galaxies, the resulting 
oarse estimate of L is given by

L


oarse

= �

Z

[n

data

� (n

f

+ �n




)℄

2

n

f

d
dl (5.15)

where n

data

is a sum of Dira
 delta fun
tions 
orresponding to the galaxy lo
ations.

If all terms independent of � are dropped from this expression, then

L


oarse

= 2�


oarse

X

i

Æ

i

� 2�


oarse

Z

n




d
dl + �

2

Z

Æn




d
dl (5.16)

where

�


oarse

=

P

i

Æ

i

�

R

n




d
dl

R

Æn




d
dl

: (5.17)

Kepner et al. (1999) do not in
lude

R

n




d
dl as this is 
onsidered to be small


ompared to the other terms. However, when this form of likelihood was applied

to the Panorami
 Deep Fields, this term was found to be 
omparable to the other

terms in the equation. Retaining this term also results in the ba
kground value

of �


oarse

being � 0 at all redshifts rather than in
reasing with redshift.

The se
ond likelihood fun
tion, L

fine

, assumes that if the galaxy 
atalogue

is binned, the number of galaxies in ea
h bin 
an be des
ribed by a Poisson

distribution. The resulting likelihood fun
tion,

L

fine

= ��

fine

N




+

X

i

ln(1 + �

fine

Æ

i

); (5.18)

is 
onsiderably more diÆ
ult to solve as

N




=

X

i

Æ

i

1 + �

fine

Æ

i

(5.19)

where N




is the expe
ted number of observable galaxies in a � = 1 
luster;

N




=

Z

1

l

min

Z

�

0

n




d
dl: (5.20)

As L

fine


an only be solved numeri
ally, L


oarse

is used to identify 
lusters and

L

fine

is used to determine 
luster parameters.
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By in
luding photometri
 redshifts, a third �lter is applied to the data whi
h

uses known limits of ea
h galaxy's redshift. Consider a galaxy 
atalogue where

the ith galaxy has an estimated redshift z

i

with error estimate of �

i

z

. The redshift

information 
an be in
luded in the AMF by simply evaluating the redshift z




�lter for galaxies whi
h satisfy jz

i

� z




j < w�

i

z

, where w is a 
onstant. If ! is

set to a high value, no redshift information is in
luded in the AMF. However, if

w � 1, a signi�
ant fra
tion of 
luster galaxies are ex
luded from the AMF and

the value of � has to be 
orre
ted. To in
lude redshift information while keeping

the 
orre
tion to � negligible, w has been set to 2 for the sele
tion of 
lusters in

the Panorami
 Deep Fields.

5.4 Photometri
 Redshifts

While photometri
 redshifts have been primarily used to study z > 1 galaxies

(e.g Fernandez-Soto, Lanzetta & Yahil 1999), they 
an also be used to provide

strong 
onstraints on the redshift distribution of z < 1 galaxies. Where the

galaxies being studied are fainter than spe
tros
opi
 samples, spe
tra of low-

redshift galaxies and evolution models are used to extrapolate the 
olours of

higher redshift obje
ts (Fernandez-Soto, Lanzetta & Yahil 1999). This requires

assumptions about galaxy evolution and 
osmologi
al parameters whi
h may not

ne
essarily be 
orre
t.

For samples whi
h are brighter than spe
tros
opi
 samples, it is possible to use

the observed galaxy photometry and redshifts to determine the relationship for

photometri
 redshifts (Connolly et al. 1995, Brunner et al. 1997, Brunner, Szalay

& Connolly 2000). This avoids the need to use (model) spe
tra and evolution to

determine the expe
ted 
olours of galaxies as a fun
tion of redshift. However, it

may be biased by the sele
tion e�e
ts of the original redshift surveys.

Approximately 700 galaxy redshifts in the SGP and F855 �elds are available

from the NED database. The redshift and magnitude ranges are 0:0 < z < 0:8

and B

J

< 24 whi
h allows the 
alibration of the relationship between redshift

and 
olour a
ross the observed magnitude range. At bright magnitudes most of

the spe
tros
opi
 IDs are from the Las Campanas (S
he
tman et al. 1996) and

APM (Loveday et al. 1992) surveys while at B

J

> 20 most of the redshifts are

from Broadhurst et al. (1988), Colless et al. (1990) and Glazebrook et al. (1995).

The relationship between the multi
olour photometry and the galaxy redshift
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Figure 5.1: The 
olours of galaxies with known redshifts in the Panorami
 Deep

Fields.

Figure 5.2: The 
olours and photometri
 redshifts of galaxies in the SGP �eld.

was determined by �tting quadrati
 fun
tions to the data. The relationship was

determined for UB

J

RI, UB

J

R, B

J

RI and B

J

R photometry as only a small

fra
tion of the 
atalogue is dete
ted in all 4 bands. Figure 5.1 shows that the

spe
tros
opi
 surveys do not have uniform 
overage of 
olour-redshift spa
e. In

parti
ular, there are few z

�

>

0:2 galaxies with red U � B

J


olours. Be
ause of

this, B

J

RI photometry has been used to estimate the redshifts of galaxies where

B

J

� R > 1:5 in preferen
e to UB

J

RI photometri
 redshifts whi
h may have

systemati
 errors. To 
he
k for artifa
ts in the photometri
 redshift estimates,

the 
olours and photometri
 redshifts of galaxies have been plotted in Figure 5.2.

A \boomerang" is produ
ed by the B

J

and R magnitude limits but no other

artifa
ts are immediately apparent in the plots.

Figures 5.3 and 5.4 show plots of the photometri
 redshifts and the spe
tro-

s
opi
 redshifts for galaxies in the two �elds. It is 
lear from Figure 5.4 that the
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Figure 5.3: Comparison of photometri
 and spe
tros
opi
 redshifts for galaxies

with 3 or more 
olours (in
luding B

J

and R).

errors for B

J

R photometri
 redshifts are 
onsiderably larger than those of derived

from photometry in 3 or more bands. However, the B

J

R photometri
 redshifts

do pla
e good 
onstraints on redshifts of red (B

J

� R > 1:5) galaxies and upper

limits 
an be determined for the redshifts of blue galaxies. This is useful as it

lowers the ba
kground for AMF, allowing poorer and higher redshift 
lusters to

be su

essfully dete
ted. Error estimates for the photometri
 redshifts have been

determined by the measuring the rms of the residuals as a fun
tion of photometri


redshift.
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Figure 5.4: Comparison of photometri
 and spe
tros
opi
 redshifts for galaxies

with B

J

and R photometry. The errors are generally larger than for photometri


redshifts determined from photometry in 3 or more bands. However, there is a

reasonable 
orrelation between the photometri
 and spe
tros
opi
 redshifts of red

(B

J

� R > 1:5) galaxies and limits 
an be determined for the redshifts of blue

galaxies.
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5.5 Implementing the AMF

The su

essful implementation of the AMF requires a

urate estimates of the

radial pro�le and 
luster luminosity fun
tion. The 
luster radial pro�le and lu-

minosity fun
tion parameters used in this 
hapter are listed in Table 5.5. Where

possible, 
luster parameters are drawn from the literature to allow 
omparison

with previous 
luster surveys. It should be noted that the parameters are esti-

mates for \typi
al" 
lusters and the radial pro�les and luminosity fun
tions of

individual 
lusters 
an vary from these values (Colless 1989, Lubin & Postman

1996, Driver, Cou
h & Phillipps 1998). The variation of 
luster parameters will

introdu
e some un
ertainty into estimates of the redshift and ri
hness.

The 
luster parameters have mostly been determined for 
lusters at low red-

shift while the Panorami
 Deep Fields image galaxies at up to z � 0:6. While

k�
orre
tions have been in
luded in the AMF, they are only approximations

whi
h are valid for non-evolving ellipti
als. Spirals 
omprise a signi�
ant fra
tion

of 
luster members (Dressler 1980) so the k�
orre
tions will overestimate the av-

erage k�
orre
tion for all 
luster members. Also, the 
luster luminosity fun
tion

evolves by ÆM

V

� �0:3 between z = 0 and z � 0:5 (Smail et al. 1997). To 
orre
t

for these e�e
ts, approximations for the \evolution" have been in
luded in the

AMF and the estimates are listed in Table 5.5. The parameterisation is simple

but is suÆ
ient to prevent the redshift estimates having signi�
ant systemati


errors (see Se
tion 5.6).

It is possible to estimate the number of �eld galaxies for the AMF using lumi-

nosity fun
tions but this requires a

urate photometry, dust extin
tion estimates,

luminosity fun
tions, k�
orre
tions and evolution models. This is diÆ
ult to im-

plement and has only been implemented in simulated 
atalogues (Kepner et al.

1999). A simpler method of determining the number of ba
kground galaxies is to

dire
tly measure it from the galaxy 
atalogue. This will only slightly overestimate

the number of �eld galaxies as the 
ontribution of ri
h 
lusters to the total galaxy

number 
ounts is small (Tully 1987). The number of �eld galaxies as a fun
tion

of luminosity and redshift is determined by �nding the number of galaxies at a

given luminosity whi
h satisfy the redshift 
riteria.

Cluster 
andidates are identi�ed from maps of L


oarse

and �


oarse

whi
h are

determined for a series of redshifts for ea
h band and �eld. At ea
h redshift,

the values of L


oarse

and �


oarse

are evaluated for a series of positions a
ross the

�eld. The spa
ing of the positions is equivalent to 0:1h

�1

Mp
 for the highest
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Table 5.2: Filter Parameters

Parameter Value Referen
e or Notes


 1

r


ore

0:1h

�1

Mp
 Postman et al. (1996)

r

max

1:0h

�1

Mp
 Postman et al. (1996)

� 1.1 Postman et al. (1996)

M

�

U

�19:4 + 5logh Estimate from Colour-Magnitude

M

�

B

J

�19:9 + 5logh Colless (1989)

M

�

R

�21:0 + 5logh Driver, Cou
h & Phillipps (1998)

M

�

I

�21:6 + 5logh Postman et al. (1996)

k�
orre
tions M31 Coleman, Wu & Weedman (1980)

Evolution Æm

U

= �1:6z

Evolution Æm

B

J

= �1:0z

Evolution Æm

R

= �0:4z

Evolution Æm

I

= �0:2z

Luminosity Range 0:05L

�

< L(z) < 10L

�

L


oarse

z range 0:10 � z � 0:75

�z


oarse

0.05

L

fine

z range 0:05 < z < 0:80

�z

fine

0.01

w 2

Det. Threshold L


oarse

> 10

Det. Threshold �


oarse

> 10

Det. Threshold (1 band) L

fine

> 10

Det. Threshold (� 2 bands) L

fine

> 7:5

Det. Threshold �

fine

> 15
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redshift sli
e. As there are drilled regions in the �elds, the undrilled area within a

proje
ted r

max

of ea
h position is determined resulting in the running time being

in
reased signi�
antly.

Near drilled regions, the number of galaxies within r

max

of a given position

is signi�
antly redu
ed and this results in in
reased noise in the L


oarse

maps.

To redu
e the probability of L


oarse

noise spikes entering the 
atalogue, L


oarse

and �


oarse

are only determined for positions where > 75% of 
luster galaxies 
an

be in
luded in the AMF. Low redshift galaxies with spuriously high photometri


redshifts and luminosities 
an bias the estimates of L


oarse

and produ
e spurious


lusters. Also, the fra
tion of dwarf galaxies varies signi�
antly from 
luster to


luster (Driver, Cou
h & Phillips 1998) and the AMF luminosity fun
tion 
an

be a poor �t to the data. To prevent very bright and faint obje
ts from biasing

estimates of the 
luster redshifts, the AMF is only evaluated with 0:05L

�

< L <

10L

�

galaxies. As this de
reases the number of galaxies used to estimate L


oarse

and �


oarse

, it also in
reases the speed of the AMF 
ode.

The 
ompleted L


oarse

and �


oarse

maps are saved to FITS format �les with


fitsio fun
tions (Pen
e 1999) before L

fine

and �

fine

are evaluated. This allows

small 
hanges of the �lter parameters without requiring the time-
onsuming re-

evaluation of the maps. An example of an L


oarse

map for the SGP is shown in

Figure 5.5.

Clusters are identi�ed by sear
hing for peaks in the L


oarse

maps and evalu-

ating L

fine

and �

fine

. While the value of L


oarse

and L

fine

are 
orrelated with

the 
luster ri
hness, they are also 
orrelated with the redshift and poor low red-

shift 
lusters 
an have higher values of L


oarse

than ri
h high redshift 
lusters.

To prevent poor 
lusters and groups ex
luding ri
h 
lusters at higher redshifts,

threshold values of �


oarse

and �

fine

are used to ex
lude low redshift groups from

the 
atalogue.

The edges of 
lusters 
an have values of L


oarse

and �


oarse

whi
h are above

the threshold values. If the 
entre of the 
luster is within a drilled area, the

edge 
an be dete
ted instead of the 
luster 
ore. As this results in in
orre
t


luster parameters, these obje
ts should be ex
luded from the 
luster 
atalogue.

To prevent these obje
ts entering the 
luster 
atalogue, L

fine

and �

fine

are only

evaluated for peaks whi
h are not on the edges of drilled regions.

To prevent low probability 
luster 
andidates ex
luding high probability 
lus-

ter 
andidates, peaks in the L


oarse

map are sear
hed for in reverse order of L


oarse

.
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122 118

2829

S0084

Figure 5.5: The z = 0:1 L


oarse

�lter image for the SGP �eld. The four most

signi�
ant dete
tions (from top 
entre to bottom right) are Abell Clusters 122,

118, 2829 and S0084. The white blo
ks are regions drilled from the 
atalogue.
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If the L

fine

and �

fine

values are above the threshold values, a 
luster 
andidate is

re
orded in the 
atalogue. A region within proje
ted r

max

of the 
luster 
andidate

is then 
agged and is treated as a drilled region by the 
luster �nding software.

If the values of L

fine

and �

fine

do not satisfy the sele
tion 
riteria, a 5 pixel ra-

dius region surrounding the failed 
andidate is 
agged and is treated as a drilled

region by the 
luster �nding software. The 
luster dete
tion software sear
hes for


lusters until there are no remaining peaks in the L


oarse

and �


oarse

maps whi
h

satisfy the sele
tion 
riteria.

The lists of 
luster 
andidates in ea
h band are produ
ed in a format similar to

SExtra
tor obje
t 
atalogues so 
luster 
andidate astrometry is determined with

the same software that is used for the obje
t 
atalogues. Cluster 
andidates in

the di�erent bands are then mat
hed by sear
hing for 
andidates with proje
ted

distan
es within 0:25h

�1

Mp
 of ea
h other. Candidates with L

fine

values below

the single band threshold are reje
ted if they are not mat
hed to a 
andidate

dete
ted in another band. The �nal 
atalogue 
ontains 519 
luster 
andidates

whi
h are listed in Appendix B.

5.6 Redshift A

ura
y

Estimates of the errors of redshift estimates derived from mat
hed �lter 
an be

determined by adding arti�
ial 
lusters to real or fake datasets (Postman et al.

1996, Kepner et al. 1999). However, the redshift errors are typi
ally underesti-

mates as real 
lusters rarely have the properties of arti�
ial 
lusters, whi
h are

usually generated using idealised 
luster luminosity fun
tions and radial pro�les

(e.g. Kepner et al. 1999).

To test the a

ura
y of 
luster redshift estimates, the redshift estimates are


ompared with spe
tros
opi
 redshifts of galaxies and 
lusters from the NED

database. Several of the 
lusters are from the relatively shallow Abell 
atalogue

(Abell, Corwin & Olowin 1989) though a signi�
ant fra
tion are from the deep


atalogue of Cou
h et. al. (1991). Figure 5.6 shows a 
omparison of the redshift

estimates and spe
tros
opi
 redshifts for 
lusters in the F855 and SGP �elds.

There is good agreement between the estimated and spe
tros
opi
 redshifts, with

almost all 
lusters within 0.1 of the spe
tros
opi
 redshift. This is larger than

the �z � 0:05 errors from simulations by Kepner et al. (1999) but this is not

unexpe
ted as the simulations used idealised 
lusters and deeper images.
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Figure 5.6: A 
omparison of the estimated redshifts of 
lusters and spe
tros
opi


redshifts from the NED database. There is reasonable agreement between the

estimated and measured redshifts. The outlier with \spe
tros
opi
" redshift 0.56

is Abell 2843 whi
h has a redshift listed in the NED database but no referen
e

to the sour
e of the redshift. The U band is shallow and has relatively large

k�
orre
tions resulting in few high redshift 
luster dete
tions.
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5.7 Dete
tion Limits

The dete
tion limits for 
lusters 
an be evaluated by adding arti�
ial 
lusters to

datasets but they probably overestimate the dete
tion limits. An upper limit for

the dete
tion of 
lusters 
an be found by using 
luster dete
tions to determine the

minimum value of � whi
h satis�es the 
luster sele
tion 
riteria at a given redshift.

Plots of the dete
tion limits derived by this method in B

J

, R and I are shown in

Figure 5.7. As expe
ted, the R band is the most e�e
tive band for sele
ting distant


lusters, with � � 35 
lusters being dete
table at z � 0:45. The estimates of the

depth derived from Figure 5.7 
an be 
ompared with the estimated 
omoving

density of 
lusters given in Figures 5.13 and 5.15. The estimates have not been


orre
ted for in
ompleteness and rapidly de
line at redshifts similar to the limits

estimated from Figure 5.7.

A useful estimate of the depth of the 
atalogue is its ability to dete
t dis-

tant 
lusters from published 
atalogues. Clusters with proje
ted positions within

0:5h

�1

Mp
 of 
lusters identi�ed by Cou
h et al. (1991) are listed in Table 5.3.

The Cou
h et al. (1991) 
atalogue was sele
ted from AAT B

J

and R

F

plates � 1

magnitude fainter than the Panorami
 Deep Fields. Approximate Abell ri
hness


lasses have been determined with the signi�
an
e and redshifts of the Cou
h et

al. (1991) dete
tions and Figure 3 from Cou
h et al. (1991). All 
lusters ex
ept

J1834.08BL, whi
h is in a drilled region, have been mat
hed to 
luster 
andidates.

All the 
lusters are within 0:1 of the spe
tros
opi
 redshifts. Cou
h et al. (1991)

note that J1834.03TC is probably a proje
tion e�e
t. Inspe
tion of the individual

B

J

and R 
luster 
andidates shows that they are o�set by the � 5

0

from ea
h

other and the published position of J1834.03TC.

5.8 B

J

, R and I Cluster Properties

With the 
orre
t luminosity fun
tion, k�
orre
tions and parameterisation of the


luster evolution, the estimated redshift and ri
hness of the 
lusters in ea
h band

should be the same. If the estimates of the redshifts and ri
hness are system-

ati
ally di�erent from band-to-band, it is probable that at least one of the �lter

parameters is in
orre
t. Figure 5.8 shows a 
omparison of redshift estimates for


lusters from the B

J

, R and I sele
ted 
atalogues. There is a good 
orrelation

between the redshift estimates and no large systemati
 errors are evident.

Figure 5.9 
ompares estimates of the 
luster ri
hness in B

J

, R and I for a range
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Figure 5.7: The estimated dete
tion limits for 
lusters in B

J

, R and I for the

AMF.
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Table 5.3: Identi�
ations of Clusters from Cou
h et al. (1991)

Cluster Spe
tros
opi
 z Abell Ri
hness B

J

AMF z R AMF z R �

J1888.16CL 0.56 � 2 0.47 0.47 70

J1834.03TC

�

- - 0.23 0.12 31

J1834.05BC 0.44 � 0 - 0.40 52

J1834.08BL 0.44

�

<

0

?

- - -

F1835.02CL 0.38 � 1 0.30 - -

F1835.22CR 0.47 � 1 - 0.45 36

F1835.28BR 0.35 � 0 0.41 0.41 32

� Cou
h et al. note this is probably a proje
tion e�e
t. See text for details.

? Cluster not dete
ted in R band by Cou
h et al..

Figure 5.8: Plots of the 
omparing the B

J

, R and I band redshift estimates.
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Figure 5.9: A 
omparison of the ri
hness estimates of 
lusters derived from the

B

J

, R and I bands.

of redshifts. The ri
hness estimates are 
orrelated for low redshift 
lusters though

the B

J

and I ri
hness estimates are signi�
antly higher than the R estimates for

high redshift 
lusters. All of these 
lusters have L

fine

< 15 and most have values

of L

fine

less than 10 in the B

J

and I bands. It is therefore probable that these


lusters have � estimates with 
omparatively large errors. Also, as these 
lusters

are at the limits of the B

J

and I data, it is possible that Malmquist bias is

produ
ing the observed o�sets in the ri
hness estimates for high redshift 
lusters.

5.9 Comparison with the Low z Catalogues

The 
orre
t interpretation of results derived from the 
atalogue requires 
ompar-

ison with low redshift 
luster surveys. This being the 
ase, it is useful to 
ompare

properties with the Abell (Abell 1958, Abell, Corwin & Olowin 1989) and APM


luster 
atalogues (Dalton et al. 1994).

Figures 5.10 and Figures 5.11 plot the estimated redshift distributions of the

Abell, APM and Panorami
 Deep Field 
atalogues. The Panorami
 Deep Field


atalogue is 
onsiderably deeper than the Abell and APM 
atalogues due to the

use of 
oadded plate s
ans and the AMF with photometri
 redshifts. The median

redshift of the Panorami
 Deep Field 
luster 
andidates is � 0:3 
ompared with

� 0:15 for the Abell and APM 
atalogues. It should be noted that while the

Abell and APM 
atalogues have similar redshift distributions, the APM 
atalogue
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Figure 5.10: Spe
tros
opi
 redshift distributions for a sample of the Abell 
ata-

logue (Hu
hra et al. 1990) and the APM 
atalogue (Dalton et al. 1994). The

dotted lines are estimated redshift distributions by Leir & van den Bergh (1977)

and Dalton et al. (1994). Leir & van den Bergh (1977) use 
luster diameters and

the apparent magnitudes of the brightest 
luster members to estimate the red-

shift. Dalton et al. (1994) use their 
luster dete
tion algorithm and the apparent

magnitude of one of brightest 
luster members to estimate redshifts.


ontains poorer 
lusters than the Abell 
atalogue.

The ri
hness distribution of 
lusters with estimated redshifts less than 0:2 is

shown in Figure 5.12. The ri
hness estimates of Abell 
lusters are also plotted

in Figure 5.12, whi
h shows the 
ompleteness of the Abell 
atalogue rapidly de-


reases below � � 40. The range of � values for a single Abell ri
hness 
lass is

large and ri
hness 
lass 0 
lusters have B

J

� estimates between � 30 and � 50.

Large errors for ri
hness estimates of Abell 
lusters have also been determined by

Lumsden et al. (1992) and it is probable that the dispersion of � values is real

rather than being 
aused by errors in the � estimates. Several 
luster 
andidates

from the APM (Dalton et al. 1994) and Edinburgh-Durham (Lumsden et al.

1992) 
atalogues are also within the survey area and APMCC 119, APMCC 120

and EDCC 505 are dete
ted. APMC 121 and EDCC 509 are not dete
ted though

visual inspe
tion of the published 
andidate positions indi
ates these 
lusters (if

real) must be very poor.
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Figure 5.11: Plots of the estimated redshift distributions for the 
lusters dete
ted

in B

J

, R and I bands. The solid line is the redshift distribution of all 
luster


andidates and the dotted line is the redshift distribution of 
luster 
andidates in

the SGP.
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Figure 5.12: The ri
hness distribution of 
lusters with redshift estimates less than

0:2. The Abell 
atalogue is signi�
antly in
omplete for 
lusters with � < 35. The

� � 60 
luster whi
h appears to be missing from the Abell 
atalogue is asso
iated

with Abell 118 whi
h is � 20

0

in diameter.
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5.10 Comoving Density of Clusters

One of the primary reasons for obtaining deep 
luster 
atalogues is to study the


omoving density of 
lusters as a fun
tion of redshift. If the AMF parameters are

a

urate and the merger rate at z < 0:5 is not signi�
ant, the 
omoving density

of 
lusters in the Panorami
 Deep Fields should be approximately 
onstant over

the observed redshift range.

The 
omoving density of � > 35 
lusters dete
ted in all B

J

and R bands

is shown in Figure 5.13. No 
orre
tion for in
ompleteness has been applied to

the data at high redshift resulting a rapid de
line in the observed density at

z

�

>

0:5. The observed 
omoving density is 
onsistent with a 
onstant value of

� 3 � 10

�5

h

3

Mp


�3

at z < 0:5. The observed 
omoving density is a fa
tor of

3 greater than the observed density of ri
hness 
lass � 0 Abell 
lusters (Bah
all

1979, Hu
hra et al. 1990) but is similar to the 
omoving density of 
lusters

observed by Postman et al. (1996).

Approximately half the disparity between the estimates of the 
luster 
o-

moving density 
an be a

ounted for by in
ompleteness in the Abell 
atalogue

(Lumsden et al. 1996). Postman et al. (1996) a

ount for the remaining dis-

parity with Malmquist bias from the random s
atter of the redshift and ri
hness

estimates. If the distribution of errors of lnz is assumed to be Gaussian with

standard deviation �, the overestimate of the 
omoving density is given by

F =

�

estimated

�

true

= exp

�




2

�

2

2

�

(5.21)

(Postman et al. 1996) where 
 = dlnN=dlnz and N is the number of 
lusters.

The value of 
 is given by


 =

dlnN

dlnz

/

dlnV

dlnz

+

dlnf

dlnz

/

dlnV

dlnz

+

dlnf

dln�

dln�

dlnz

(5.22)

(Postman et al. 1996) where V is the 
omoving volume and f is the fra
tion of


lusters of ri
hness �. The value of

dlnf

dln�

is � �2:4 (Postman et al. 1996) while

the value of

dln�

dlnz


an be estimated from the data. Figure 5.14 shows plots of

ln�

lnz

for the 
lusters dete
ted by the survey. The slope of the data points is 
lose

to � 2:1 whi
h is the value determined by Postman et al. (1996). The values

of � determined in B

J

are more strongly 
orrelated with the redshift estimate
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Figure 5.13: Estimated 
luster number density as a fun
tion of redshift. The

number density estimates have not been 
orre
ted for in
ompleteness resulting in

the rapid de
line of the estimates at high redshifts.
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Figure 5.14: Plots of the 
luster ri
hness estimate as a fun
tion of redshift de-

rived from the 
luster 
andidates. The estimates have been normalised to the

best estimate of the 
luster ri
hness and redshift. A line with gradient 2:1 is a

reasonable �t to the B

J

data though the the best-�t to the R data is shallower.

than they are for the R band data and will have larger errors. This is almost


ertainly due to the larger k�
orre
tions in the B

J

band. Assuming � = 0:2 and

dlnV

dlnz

= 2:5, the value of F is � 1:15.

If the Abell 
atalogue is � 50% 
omplete for 30 < � < 50 
lusters and the

AMF overestimates the number of � > 35 
lusters by � 15%, the expe
ted


omoving density of � > 35 
lusters is � 2:3 � 10

�5

h

3

Mp


�3

rather than the

observed � 3� 10

�5

h

3

Mp


�3

. A di�eren
e of � 30% is probably not signi�
ant


onsidering the small number statisti
s of the sample. The di�eren
e 
ould also

be due to the ri
hness estimators of Abell, Corwin & Olowin (1989) and Lumsden

et al. (1992) and the AMF not being equivalent (though they are 
orrelated). The


omoving density is also strongly 
orrelated with ri
hness estimate and Figure 5.15

shows the 
omoving density of � > 40 
lusters is � 30% less than the estimate of

� > 35 
lusters. A small systemati
 error in any of the 
luster ri
hness estimators


ould be responsible for a � 30% error in the estimated 
omoving density.

An a

urate estimate of the 
omoving density of 
lusters will probably require

a large uniform imaging survey (su
h as the SDSS) followed by spe
tros
opi


observations. However, the Panorami
 Deep Field 
luster 
atalogue does provide
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Figure 5.15: Estimated � > 40 
luster number density as a fun
tion of redshift.

The 
luster number density is strongly 
orrelated with ri
hness resulting in the

number density of � > 40 being signi�
antly lower than the number density of

� > 35 
lusters.
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useful information on the 
omoving density of 
lusters. Comparisons with the

Abell 
atalogue show that the Abell 
atalogue is substantially in
omplete and the


omoving density of � > 35 (ri
hness 
lass 0) 
lusters is � 3�10

�5

h

3

Mp


�3

. Also,

while there is evolution of the 
luster galaxy luminosity fun
tion between z � 0:5

and the present epo
h, the estimated number density of 
lusters is 
onsistent with

a 
onstant value to z � 0:5.

5.11 The Cluster Correlation Fun
tion

The 
luster angular 
orrelation fun
tion has been determined with the estimator

!̂(�) =

DD � 2DR +RR

RR

(5.23)

where DD, DR and RR are the number of 
luster-
luster, 
luster-random and

random-random pairs separated by angle � � Æ�. The random obje
ts are 
opies

of the 
lusters whi
h are randomly positioned around the survey area and obey

the sele
tion 
riteria of the 
luster 
atalogue. The random 
opies are generated

in the same order the 
lusters were dete
ted and a 
luster 
ore 
annot be on the

edge of a drilled area or with 1h

�1

Mp
 of another random 
luster 
ore. To redu
e

random noise in the estimates of !(�), multiple random 
atalogues are generated

and the values of DR and RR are renormalised.

For the angular 
orrelation fun
tion to be meaningful, it must be 
ompared

with the spatial 
orrelation fun
tion. To do this, Limber's equation is used to

determine the angular 
orrelation from a model of the spatial 
orrelation fun
tion.

The reader is referred to the previous 
hapter or Brown, Webster & Boyle (2000)

for a dis
ussion of Limber's equation. The redshift distribution of the 
lusters is

required to do this a

urately and this has been determined by smoothing the

estimated 
luster redshifts with a Gaussian with � = 0:2z.

The 
orrelation fun
tions of R band sele
ted � > 35 
lusters in the SGP

and F855 �elds have been plotted in Figure 5.16. To prevent 
lusters asso
iated

with the z � 0:11 Broadhurst spike (Broadhurst et al. 1990) from biasing the


orrelation fun
tion estimates, only 
lusters with z > 0:15 are used to estimate

the 
orrelation fun
tion. Models of the spatial 
orrelation fun
tion with r

0

=

20h

�1

Mp
 (Bah
all & Soneria 1983, Postman, Hu
hra & Geller 1992, Miller et

al. 1999) and r

0

= 14h

�1

Mp
 (Ni
hol et al. 1992, Croft et al. 1997) with


lustering �xed in 
omoving 
oordinates have been plotted with the data. There

is reasonable agreement between the r

0

= 20h

�1

Mp
 model and the data though
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the s
atter of the data points is large. The observed 
lustering is signi�
antly

stronger than the r

0

= 14h

�1

Mp
 model for several angular s
ales.

The 
orrelation fun
tion of the B

J

sele
ted 
lusters is shown in Figure 5.17.

The observed 
lustering in the F855 �eld is stronger than r

0

� 20h

�1

Mp
 while

the SGP data di�ers signi�
antly from a power law. The di�eren
es between the


orrelation fun
tion determined with B

J

and R sele
ted 
lusters are due to the

small number of 
lusters used to measure the 
orrelation fun
tion and errors in

the � estimate produ
ing di�erent 
atalogues of 
lusters for ea
h band. As the

estimates of � are a stronger fun
tion redshift in B

J

than R, it is probable that

the B

J


orrelation fun
tion has larger errors (both random and systemati
) than

the R band 
orrelation fun
tion.

The di�eren
es in the estimates of the 
orrelation fun
tion in the di�erent

bands show that larger 
atalogues are required for an a

urate estimate of the


luster 
orrelation fun
tion at intermediate redshifts. As the expe
ted value of

!(1

Æ

) is � 0:1, it is not unexpe
ted that estimates of the 
orrelation fun
tion in

the two 5

Æ

� 5

Æ

�elds show large variations. However, while the estimates of the


orrelation fun
tion are not 
on
lusive, they support r

0

� 20h

�1

Mp
.

5.12 Comparison of the SGP and F855 �elds

A strong motivation for 
ompiling large 
atalogues of 
lusters is to use them to

tra
e large-s
ale stru
ture. The 
luster 
orrelation fun
tions for the SGP and F855

�elds dete
t stru
ture on s
ales of � 1

Æ

or � 10h

�1

Mp
 at z

�

>

0:2. This does not

ex
lude the possibility of larger stru
tures whi
h have not been dete
ted by the


orrelation fun
tion. There are signi�
ant di�eren
es between estimates of the

galaxy and 
luster auto
orrelation fun
tions in the SGP and F855 �elds (Brown,

Webster & Boyle 2000 and se
tion 5.11). Two possible 
auses of these di�eren
es

are dwarf galaxies asso
iated with relatively nearby 
lusters or stru
tures at z >

0:2 on s
ales

�

>

10h

�1

Mp
.

The distribution of R and B

J


luster 
andidates in the two �elds are plotted

in Figures 5.18 to 5.21. Clustering of the 
andidates is immediately apparent in

the images and stru
ture on s
ales of > 1

Æ

is observable. The most prominent

stru
tures are a large void in the western half of the F855 �eld and a 
luster

of 
andidates near the 
entre of the SGP. The void is diÆ
ult to explain if it

is 
onsidered to be a stru
ture several tens of Mp
 a
ross whi
h stret
hes from
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Figure 5.16: The R band � > 35 
luster 
orrelation fun
tion for the SGP and

F855 �elds. The estimates of the 
orrelation fun
tion have been 
orre
ted for

the integral 
onstraint where the amplitude of the 
orrelation fun
tion is derived

from the models of the spatial 
orrelation fun
tion.
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Figure 5.17: The B

J

� > 35 
luster 
orrelation fun
tions for the SGP and F855

�elds.

z � 0:1 to z � 0:5. However, if 
lusters tra
e �lamentry stru
tures, the void is

just a line-of-sight whi
h does not interse
t a �lament. It is probable that the

di�eren
es in the 
lustering of galaxies in the SGP and F855 �elds observed in

Chapter 4 and by Brown, Webster & Boyle (2000) are due to large-s
ale stru
ture

at 0:2 < z < 0:4 rather than the e�e
ts of relatively lo
al dwarf galaxies or


lusters. It is 
lear that a

urate studies of the 
lustering of strongly 
lustered

obje
ts (red galaxies, 
lusters) require �elds of view greater than 5

Æ

� 5

Æ

(or

� 60h

�1

Mp
� � 60h

�1

Mp
) to obtain representative samples.

5.13 Summary

A deep 
atalogue of galaxy 
lusters in the SGP and F855 �elds has been 
ompiled

using uniformly applied sele
tion 
riteria. Photometri
 redshifts and an Adaptive

Mat
hed Filter have been used to estimate 
luster redshifts and ri
hness. The

main 
on
lusions whi
h 
an be derived from the 
luster 
atalogue are

(i) Comparison of the 
luster dete
tions with the Abell 
atalogue indi
ates the

Abell 
atalogue is � 50% 
omplete for z < 0:2 ri
hness 
lass 0 
lusters.

(ii) The 
omoving density of 
lusters is approximately 
onstant at z < 0:6 if


luster galaxies undergo mild luminosity evolution (with 
 = 1). The estimated


omoving density of � > 35 (ri
hness 
lass � 0) 
lusters is � 3� 10

�5

h

3

Mp


�3

.

This 
ould be a � 30% overestimate of the density of ri
hness 
lass � 0 
lusters
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Figure 5.18: The B

J

z = 0:4 L


oarse

map for the SGP with the positions of all

L

fine

> 7:5 
luster 
andidates. North is to the top and east is to the left of

the image. Stru
ture 
an be 
learly observed with an ex
ess of 
lusters near the


entre of the �eld and a de�
it near the eastern edge of the �eld. Some peaks in

the likelihood map do not generate 
luster 
andidates as they are within r

max

of

other 
luster 
andidates.
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Figure 5.19: The R z = 0:4 L


oarse

map for the SGP with the positions of all

L

fine

> 7:5 
luster 
andidates. North is to the top and east is to the left of

the image. Stru
ture 
an be 
learly observed with an ex
ess of 
lusters near the


entre of the �eld and a de�
it near the eastern edge of the �eld.
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Figure 5.20: The B

J

z = 0:4 L


oarse

map for the F855 �eld with the positions of

all L

fine

> 7:5 
luster 
andidates. North is to the top and east is to the left of

the image. The slight in
rease of the L


oarse

values in the north western quarter

of the �eld is asso
iated with a de�
it of galaxies 
ompared with the entire �eld.

At z � 0:4, the width of the survey area is � 60h

�1

Mp
.
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Figure 5.21: The R z = 0:4 L


oarse

map for the F855 �eld with the positions of

all L

fine

> 7:5 
luster 
andidates. North is to the top and east is to the left of

the image. The slight in
rease of the L


oarse

values in the north western quarter

of the �eld is asso
iated with a de�
it of galaxies 
ompared with the entire �eld.

At z � 0:4, the width of the survey area is � 60h

�1

Mp
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as � isn't equivalent to Abell ri
hness 
lass (though it is 
orrelated) and the es-

timate of the 
omoving density is strongly dependent on �.

(iii) The 
lustering of the 
andidates is 
onsistent with a spatial 
orrelation

fun
tion with r

0

� 20h

�1

Mp
. Models of the spatial 
orrelation fun
tion with

r

0

� 14h

�1

Mp
 underestimate the 
lustering of the galaxy 
luster 
andidates.

(iv) The distribution of the 
luster 
andidates 
learly shows large-s
ale stru
ture

on s
ales 
omparable to the size of the �elds or � 60h

�1

Mp
 at z � 0:4.
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Chapter 6

The Clustering of AGN and

Galaxies

6.1 Introdu
tion

While the asso
iation of A
tive Gala
ti
 Nu
lei hosts with other galaxies has

been well established (Bah
all, S
hmidt & Gunn 1969, Yee & Green 1987, Hall &

Green 1998, Smith, Boyle & Maddox 1995), it has been un
lear if the AGN host

environment di�ers signi�
antly from other galaxies. A 
orrelation between AGN

a
tivity and host environment would provide 
onstraints on models for fuelling

AGN. As QSOs 
an be used to tra
e large-s
ale-stru
ture at z � 1 (Boyle et al.

1999), a measure of the QSO environment is required to estimate their bias with

respe
t to galaxies whi
h are used to tra
e large-s
ale-stru
ture at z < 1.

Several previous studies of AGN environments are summarised in Table 6.1.

The 
lustering of galaxies near radio-loud QSOs is 
onsistent with these AGN

o

upying ri
h environments similar to galaxy 
lusters (Yee & Green 1987, Hall

& Green 1998). In 
ontrast, studies of radio-quiet QSOs have not produ
ed


onsistent estimates of their environments (Boyle & Cou
h 1993, Ellingson, Yee

& Green 1991, Smith, Boyle & Maddox 1995, Smith, Boyle & Maddox 2000,

Teplitz, M
Lean & Malkan 1999). From the 
lustering studies, it would appear

that radio emission from QSOs may be triggered by ri
h galaxy environments

while radio-quiet QSO hosts 
ould be in poorer environments.

HST imaging of z < 0:35 QSOs (M
Lure et al. 1999), z < 0:15 X-ray sele
ted

AGN (S
hade, Boyle & Letawsky 2000) and z < 0:5 BL La
s (Urry et al. 2000)

indi
ates the majority of luminous AGN hosts have early-type morphologies. If
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the environment of radio-quiet AGN is similar to �eld galaxies then they are in

unusually poor environments 
ompared to most early-type galaxies. Using 
olour

sele
tion, it should be possible to measure the AGN-early-type and AGN-late-

type 
ross-
orrelation fun
tions and determine if radio-quiet AGN are in unusual

environments 
ompared to early-type galaxies and �eld galaxies.

6.2 Multi
olour imaging and photometri
 red-

shifts

A signi�
ant problem with most studies of the AGN environment is that they

have relied on small samples or single band imaging. Galaxy evolution and

k�
orre
tions result in a 
hanging morphologi
al mix of galaxies as a fun
tion of

limiting magnitude with single band imaging. Galaxy 
atalogues in bands bluer

than R are dominated by weakly 
lustered (blue) late-type galaxies at magnitudes

fainter than B

J

� 22 (Efstathiou et al. 1991). This being the 
ase, many studies

of the AGN environment at intermediate redshifts have probably measured the


ross-
orrelation of AGN with faint blue galaxies.

Multi
olour imaging provides signi�
ant advantages for the study of the AGN

host environment. Colours and photometri
 redshifts 
an be used to sele
t parti
-

ular galaxy types at faint magnitudes. As galaxy 
lustering is strongly 
orrelated

with 
olour (Brown, Webster & Boyle 2000, Chapter 4) and morphology (Loveday

et al. 1995), studying the 
ross-
orrelation of AGN with parti
ular galaxy types

should determine if AGN hosts are in unusual environments 
ompared with other

galaxies with the same morphology.

The relationship between redshift and multi
olour photometry was determined

with � 700 galaxies in the SGP and F855 �elds with redshifts in the NED

database. The relationship between the multi
olour photometry and the galaxy

redshifts was �tted with quadrati
 fun
tions using the method of Connolly et

al. (1995). Full details of the implementation of the photometri
 redshifts are

provided in Chapter 5. The 
olour 
riteria applied to the Panorami
 Deep Field

galaxy 
atalogue sele
t galaxies redder or bluer than a non-evolving Sb
 in B

J

�R.

The use of B

J

� R rather than shallower U � B

J

or R � I allows the sele
tion

of B

J

= 23:5 early-type galaxies at z � 0:5. The B

J

� R sele
tion 
riteria are

a fun
tion of redshift so photometri
 redshifts are used to determine the 
orre
t

value of B

J

� R when sele
ting galaxies. For the remainder of the 
hapter, the
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Table 6.1: A sample of studies of the AGN environment

Referen
e AGN Type Number AGN Galaxy Correlation

of Redshift Magnitude Estimate

AGN Range Limit

De Robertis, Yee & Hayhoe 1998 Seyferts 33 z < 0:04 M

R

< �19:5 r

0

� 5:4h

�1

Mp


Laurikainen & Salo 1995 Seyfert 1 - z < 0:05 B

J

< 21 r

0

� 5h

�1

Mp


Laurikainen & Salo 1995 Seyfert 2 - z < 0:05 B

J

< 21 r

0

> 5h

�1

Mp


Smith, Boyle & Maddox 1995 X-ray QSOs 169 z < 0:3 B

J

< 20:5 r

0

� 5h

�1

Mp


Ellingson, Yee & Green 1991 RQ QSOs 46 0:3 < z < 0:6 r � 23:5, g � 24 r

0

� 5h

�1

Mp


Smith, Boyle & Maddox 2000 X-ray QSOs 83 0:3 < z < 0:7 V = 23 r

0

� 3h

�1

Mp


This work UBR AGN 66 0:3 < z < 0:7 B

J

< 23:5 r

0

� 8h

�1

Mp


Boyle & Cou
h 1993 QSOs 27 0:9 < z < 1:7 R < 23 No 
orrelation

Teplitz, M
Lean & Malkan 1999 RQ QSOs 30 0:9 < z < 2:1 I; J;H � 21;K 2� 
orrelation

Croom & Shanks 1999 RQ QSOs 150 0:0 < z < 3:2 B

J

< 23 No 
orrelation

Yee & Green 1987 RL QSOs 10 0:3 < z < 0:5 22 < R < 22:9 r

0

� 9h

�1

Mp


Yee & Green 1987 RL QSOs 9 0:55 < z < 0:65 22 < R < 22:9 r

0

� 18h

�1

Mp


Wold et al. 2000 RL QSOs 21 0:50 < z < 0:82 V;R � 23:5; I r

0

� 11:7h

�1

Mp


Hall & Green 1998 RL QSOs 31 1:0 < z < 2:0 K

�
>

19 Ri
hness � 0 
lusters

1
2
0



early and late subsamples will refer to galaxies redder and bluer than the B

J

�R

sele
tion 
riteria.

The AGN sample (whi
h is des
ribed in Se
tion 6.4) has a similar absolute

magnitude range to S
hade, Boyle & Letawsky (2000) and if the AGN are in

similar host galaxies, then � 75% should be in host galaxies with earlier mor-

phologies than Sb
 galaxies. By 
omparing the AGN-galaxy 
ross-
orrelation

with the galaxy-galaxy 
orrelation of similar galaxy types, it should be possible

to determine if AGN hosts are in unusual environments. To test the reliability of

the 
olour sele
tion 
riteria, the 
olours of galaxies in the SGP with morpholo-

gies determined with HST imaging by Abraham et al. (1996) and Smail et al.

(1997) have been plotted in Figure 6.2. The diagram shows ellipti
al and lenti
-

ular galaxies are redder than the sele
tion 
riteria though the 
olours of spiral

galaxies show 
onsiderable s
atter.

6.3 The Clustering of Faint Galaxies

Estimates of the 
lustering of z � 0:5 galaxies are required if the environment of

AGN hosts is to be 
ompared to the \normal" galaxy environment. To make the


omparison valid, the same galaxy sele
tion 
riteria are applied to the study of

galaxy-galaxy 
lustering as AGN-galaxy 
lustering.

The estimate of the angular auto
orrelation fun
tion of galaxies is determined

with

!̂(�) =

DD � 2DR +RR

RR

(6.1)

(Landy & Szalay 1993) where DD, DR and RR are the number of galaxy-galaxy,

galaxy-random and random-random pairs at angular separation ��Æ�. The Landy

& Szalay (1993) estimator is only appli
able to the auto
orrelation fun
tion so

the early-late 
ross-
orrelation is determined with

!̂(�) =

EL

ER

� 1 (6.2)

where EL and ER are the number of early-late and early-random pairs at angular

separation �� Æ�. The estimates of !̂(�) are 
orre
ted for the integral 
onstraint

and the spatial 
orrelation fun
tion 
an be estimated with Limber's equation

(Limber 1954, see Chapter 4 for a summary).

The early and late subsample auto
orrelation fun
tions and the early-late


ross-
orrelation fun
tions have been determined in the SGP and F855 �elds.
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Figure 6.1: Comparison of photometri
 and spe
tros
opi
 redshifts for galaxies

with 
olours redder than non-evolving Sb
 galaxies. While some of the galaxies are

only dete
ted in B

J

and R, the 
orrelation between photometri
 and spe
tros
opi


redshift is still good.
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Figure 6.2: The 
olours and photometri
 redshifts of galaxies with morphologi
al


lassi�
ations from Abraham et al. (1996) and Smail et al. (1997). The 
urved

line is an estimate of the 
olour of a non-evolving Sb
 determined with a poly-

nomial �t to the k�
orre
tions from Coleman, Wu & Weedman (1980). Most

early-type galaxies are redder than the non-evolving Sb
.
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Plots of the 18:0 < B

J

< 23:5 angular 
orrelation fun
tions are shown in Fig-

ures 6.3 to 6.5. The amplitudes and values of the 
 as a fun
tion of magnitude

are summarised in Tables 6.2 to 6.4. As seen previously in Chapter 4, the value

of 
 and the amplitude of the 
lustering strongly depend on 
olour. The values

of the 
 di�er from those determined in Chapter 4 due to the use of di�erent

sele
tion 
riteria. At faint magnitudes, the estimates of 
 for the early-late 
ross-


orrelation fun
tion in the SGP and F855 �elds di�er signi�
antly. It is possible

that this is due to the 
ross-
orrelation fun
tion estimator having larger errors

than predi
ted by the Poisson estimate (Landy & Szalay 1993). Also, at faint

magnitudes the amplitude of the 
ross-
orrelation fun
tion is 
omparable to the

estimated errors of the dust extin
tion estimates of S
hlegel, Finkbeiner & Davis

(1998).

To determine the spatial 
orrelation fun
tion, an estimate of the redshift dis-

tribution is required. Estimates of the redshift distribution derived from lumi-

nosity fun
tions, k�
orre
tions and evolution models are subje
t to un
ertainties

as a range of models 
an reprodu
e the observed number 
ounts. Models whi
h

assume a shape for the redshift distribution (Baugh & Efstathiou 1993) are use-

ful for single band imaging of low redshift galaxies but are not as e�e
tive for

multi
olour sele
ted samples at higher redshifts where the sele
tion 
riteria and

k�
orre
tions skew the redshift distribution.

Photometri
 redshifts 
ontain information on the redshift distribution but

assume that galaxies with the same 
olours and magnitudes are at the same

redshifts. If the errors of the photometri
 redshifts are dominated by redshift dis-

tribution of galaxies with the same multi
olour photometry, it should be possible

to derive a redshift distribution using the measured errors of the photometri


redshifts. Figure 6.6 shows the observed redshift distribution of galaxies from

Glazebrook et al. (1995) dete
ted in the Panorami
 Deep Fields and a model

derived from their photometri
 redshifts. The photometri
 redshifts have been

smoothed by a Gaussian where � is equal to the rms of the errors of the photomet-

ri
 redshifts. At z < 0:05 the redshift distribution has been multiplied by z=0:05

to prevent an in�nite density of galaxies at z = 0. There is reasonable agreement

between the measured and model distributions, though the galaxy number 
ounts

are limited. While the exa
t redshift distribution has not been determined, it is

unlikely that large errors dominate the redshift distribution.

The estimated redshift distributions of the early and late subsamples are plot-
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Figure 6.3: The 18:0 < B

J

< 23:5 early subsample auto
orrelation fun
tion for

the SGP and F855 �elds.

Figure 6.4: The 18:0 < B

J

< 23:5 late subsample auto
orrelation fun
tion for

the SGP and F855 �elds. The 
lustering on small angular s
ales is an order of

magnitude weaker than the auto
orrelation fun
tion of early subsample galaxies.
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Table 6.2: The Early Subsample Angular Correlation Fun
tion

Field SGP F855

Magnitude Range N

gal


 !(1

0

)� 10

3

N

gal


 !(1

0

)� 10

3

18:0 � B

J

� 20:0 2206 1:70� 0:11 1352� 233 2599 1:75� 0:21 782� 196

18:0 � B

J

� 21:0 5187 1:79� 0:08 830� 83 5553 1:89� 0:14 554� 81

18:0 � B

J

� 22:0 11056 1:74� 0:04 510� 51 11303 1:91� 0:09 329� 34

18:0 � B

J

� 23:0 21833 1:81� 0:05 283� 28 21652 1:84� 0:07 194� 19

18:0 � B

J

� 23:5 29290 1:82� 0:06 221� 22 27915 1:87� 0:05 169� 17

1
2
6



Table 6.3: The Late Subsample Angular Correlation Fun
tion

Field SGP F855

Magnitude Range N

gal


 !(1

0

)� 10

3

N

gal


 !(1

0

)� 10

3

18:0 � B

J

� 20:0 3854 1:37� 0:27 443� 257 4648 1:53� 0:31 283� 87

18:0 � B

J

� 21:0 11952 1:40� 0:13 269� 25 13866 1:55� 0:15 154� 21

18:0 � B

J

� 22:0 37785 1:34� 0:10 120� 9 43047 1:41� 0:13 76� 7

18:0 � B

J

� 23:0 128278 1:28� 0:09 44� 8 134331 1:26� 0:16 39� 24

18:0 � B

J

� 23:5 207390 1:33� 0:10 28� 4 183347 1:31� 0:12 27� 6

1
2
7



Figure 6.5: The 18:0 < B

J

< 23:5 early-late 
ross-
orrelation fun
tion. The


ross-
orrelation fun
tion is signi�
antly weaker than the auto
orrelation of early

subsample galaxies.

Table 6.4: The Early-Late Angular Cross-Correlation Fun
tion

Field SGP F855

Magnitude Range 
 !(1

0

)� 10

3


 !(1

0

)� 10

3

18:0 � B

J

� 20:0 1:43� 0:25 430� 105 1:53� 0:35 194� 70

18:0 � B

J

� 21:0 1:67� 0:08 322� 30 1:52� 0:11 198� 20

18:0 � B

J

� 22:0 1:73� 0:06 183� 10 1:60� 0:07 102� 8

18:0 � B

J

� 23:0 1:76� 0:04 85� 4 1:56� 0:07 52� 3

18:0 � B

J

� 23:5 1:65� 0:04 56� 3 1:44� 0:07 40� 2
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Figure 6.6: A 
omparison of the observed and model redshift distributions of

galaxies from Glazebrook et al. (1995) whi
h were dete
ted in the Panorami
 Deep

Fields. The left panel shows all galaxy types while the right panel shows galaxies

with 
olours redder than Sb
 galaxies. While limited by the small number of

galaxies available, the model of the redshift distribution is similar to the observed

redshift distribution, with both peaking at similar redshifts.

ted in Figures 6.7 and 6.8. The large redshift errors for blue galaxies results in

the late subsample redshift distribution being signi�
antly broader than the early

subsample redshift distribution. The width of the distribution is 
onsistent with

late-type galaxies having smaller k�
orre
tions and a higher fra
tion of dwarf

galaxies than early-type galaxies. It should be noted that while the photometri


redshifts are 
omplete to B

J

= 23:5 for the early subsample, photometri
 red-

shifts for B

J

> 22:5 late subsample galaxies are in
omplete and this may slightly

skew the redshift distribution.

The amplitude of the early subsample auto
orrelation fun
tion in the SGP has

been plotted in Figure 6.9. To allow the 
omparison of the amplitude at di�erent

magnitudes, the value of 
 has been �xed to 1:8. Models with 
lustering �xed

in physi
al and 
omoving 
oordinates have been �tted to the B

J

= 22:5 data

point. The models have been �tted to this data point as it has a large number of

galaxy-galaxy pairs while avoiding systemati
 errors whi
h 
ould be present at the

faintest magnitudes of the sample. The models are a reasonable approximation to

the data though there are dis
repan
ies between the models and the data for very

bright and very faint galaxies. The �t parameters of r

0

= 6:9 � 0:2h

�1

Mp
 and
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Figure 6.7: The estimated redshift distribution of the early subsample in the SGP.

The 
urves range from 18:0 < B

J

< 20:0 to 18:0 < B

J

< 23:5 in half magnitude

steps.

Figure 6.8: The estimated redshift distribution of the late subsample in the SGP.

The 
urves range from 18:0 < B

J

< 20:0 to 18:0 < B

J

< 23:5 in half magnitude

steps.
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Figure 6.9: The amplitude of the auto
orrelation fun
tion of the early subsample

in the SGP. Models �tted to the B

J

= 22:5 data point with 
lustering �xed in


omoving and physi
al 
oordinates are shown. The median redshift of the sample

as a fun
tion of depth is listed at the top of the plot.

r

0

= 8:2 � 0:2h

�1

Mp
 for 
lustering �xed in 
omoving and physi
al 
oordinates

are 
omparable to estimates of the 
lustering of early-types in the lo
al Universe

(Loveday et al. 1995, Guzzo et al. 1997). However, it should be noted that

the errors quoted for r

0

are underestimates as the un
ertainties in the redshift

distribution and the e�e
ts of large-s
ale-stru
ture have not been 
onsidered.

Figure 6.10 plots the amplitude of the SGP late subsample auto
orrelation

fun
tion as a fun
tion of limiting magnitude. At small angular s
ales the 
luster-

ing of the late subsample is an order of magnitude weaker than the 
lustering of

the early subsample. Models �tted to the B

J

= 22:5 data point underpredi
t the


lustering at brighter magnitudes and overpredi
t the 
lustering at fainter mag-

nitudes. The observed 
lustering at bright magnitudes is 
onsiderably stronger

than the observed 
lustering of blue galaxies measured in Chapter 4. This is prob-

ably due to the use of redder sele
tion 
riteria and B

J

�R being 
orrelated with

but not equivalent to U � B

J

. The rapid de
rease of the amplitude of the late

subsample auto
orrelation fun
tion at faint magnitudes is probably due to the

faint blue galaxy population whi
h has a similar e�e
t on the 
orrelation fun
tion

of all B

J

galaxies (Chapter 4).
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Figure 6.10: The amplitude of the auto
orrelation fun
tion of the late subsam-

ple in the SGP. The models are shown with dotted lines at B

J

> 22:5 as the

photometri
 redshifts are in
omplete at faint magnitudes.

The amplitude of the early-late subsample 
ross-
orrelation fun
tion is plotted

in Figure 6.11. The models �tted to the B

J

= 22:5 data point have 
omparable

values of r

0

to the late subsample auto
orrelation fun
tion but at smaller angular

s
ales the 
lustering is 
onsiderably stronger as the value of 
 is signi�
antly

larger. The models do overpredi
t the 
lustering at faint magnitudes and this

may be due to the faint blue galaxy population.

6.4 The AGN Sample

The AGN sample 
onsists of UBR sele
ted B

J

< 20:5 broad emission line AGN

from La Fran
a et al. (1999). The survey area is the SGP �eld and while Fig-

ure 6.12 shows that the sky 
overage is not homogeneous, it is not strongly 
on-


entrated in one part of the �eld. AGN positions were determined with mat
hes to

the Panorami
 Deep Fields so astrometri
 errors would not a�e
t estimates of the

angular 
orrelation fun
tion at small angular s
ales. When an AGN was mat
hed

to multiple obje
ts, the astrometry, magnitudes and 
olours were 
ompared with

published values for the AGN.

The 0:3 < z < 0:7 
atalogue 
onsists of 66 QSOs and Seyfert 1s with
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Figure 6.11: The amplitude of the early-late 
ross-
orrelation fun
tion. The

models are shown with dotted lines at B

J

> 22:5 as the late sample photometri


redshifts are in
omplete over this magnitude range.

Figure 6.12: The distribution of the 0:3 < z < 0:7 AGN on the plane of the sky.

While the sky 
overage is not homogeneous, it is not strongly 
on
entrated in any

one region of the �eld.
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Figure 6.13: The absolute magnitudes and redshifts of the 0:3 < z < 0:7 AGN

sele
ted from the La Fran
a et al. (1999) 
atalogue. The absolute magnitudes

have been determined with 
 = 1, H

0

= 100kms

�1

Mp


�1

and k�
orre
tions

approximated by k(z) = �0:4z.

�24 < M

B

J

< �19. The B

J

absolute magnitudes and redshifts of the AGN

are plotted in Figure 6.13. The 
atalogue 
ontains 36 QSOs (M

B

J

< �21:5) and

30 Seyfert 1 galaxies. The range of absolute magnitudes is 
omparable to the

X-ray sele
ted AGN studied by S
hade, Boyle & Letawsky (1993) and if the host

galaxy morphologies are similar, then � 75% of the AGN sample are in hosts

earlier than Sb
 galaxies.

6.5 AGN-Galaxy Clustering

The estimator of the angular 
orrelation fun
tion used to study AGN-galaxy

asso
iations is

!̂

ag

(�) =

AG

AR

� 1 (6.3)

where AG and AR are the number of AGN-galaxy and normalised AGN-random

pairs separated by �� Æ�. The random data set 
onsists of multiple 
opies of the

galaxy 
atalogue with the positions randomised.

Estimates of the 
ross-
orrelation of AGN with the early and late subsamples
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are summarised in Table 6.5. The AGN-early 
ross-
orrelation is signi�
antly

stronger on s
ales

�

>

1

0

while on smaller s
ales the signal-to-noise is poor. Despite

the strength of the AGN-early 
ross-
orrelation, inspe
tion of Table 6.5 shows

most AGN-galaxy pairs are AGN-late pairs and the 
ross-
orrelation of AGN with

all galaxies should be similar to the AGN-late 
ross-
orrelation fun
tion. Figures

6.14 and 6.15 show the AGN-early and AGN-late 
ross-
orrelation fun
tions for

B

J

< 23:5 galaxies. The AGN-early 
ross-
orrelation is �tted well by a power law

with 
 = 1:8. A power law with 
 = 1:65 has been �tted to the AGN-late 
ross-


orrelation though the low signi�
an
e of the dete
ted signal results in a poor �t.

The AGN-late 
ross-
orrelation shows eviden
e of a possible artifa
t of � 0:01 at

large angular s
ales. This may be a result of the small size and inhomogeneous

sky 
overage of the QSO sample. Figure 6.16 
on�rms that the 
ross-
orrelation

of AGN with all galaxies is similar to the AGN-late 
ross-
orrelation fun
tion and

is mu
h weaker than the AGN-early 
ross-
orrelation fun
tion. As the fra
tion of

late-type galaxies in
reases with survey depth, the 
ross-
orrelation fun
tion of

AGN with all galaxies should de
rease with in
reasing magnitude. This may have

already been observed by Smith, Boyle and Maddox (1995, 2000) who �nd the

AGN-galaxy 
ross-
orrelation fun
tion de
reases from r

0

� 5h

�1

Mp
 for z < 0:3

QSOs to r

0

� 3h

�1

Mp
 for 0:3 < z < 0:7 QSOs.

Models of the spatial 
orrelation fun
tion have been �tted to the data us-

ing Limber's equation (Limber 1954). As the redshifts of the AGN are known,

Limber's equation is given by

!(�) =

n

X

i

�

Z

�

ag

(r; z)

dN

g

dz

dz

�

,

n

X

i

�

Z

dN

g

dz

dz

�

(6.4)

where n is the number of AGN, �

ag

(r; z) is the spatial 
ross-
orrelation fun
tion,

dN

g

dz

is the number of galaxies per unit redshift and r is the distan
e in physi
al


oordinates between an AGN at redshift z

i

and a galaxy at redshift z separated

by angle � on the sky.

The amplitude of the AGN-early 
orrelation fun
tion is plotted in Figure

6.17 along with models of the 
ross-
orrelation with evolution �xed in 
omoving


oordinates. The models �tted to the B

J

= 22:5 data point have values of r

0

more than 5� higher than the early subsample auto
orrelation fun
tion. This is


onsistent with AGN host galaxies being in environments ri
her than early-type

galaxies and is 
omparable to the environment of radio-loud QSOs at the same

redshift (Yee & Green 1987).
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Table 6.5: The 
ross-
orrelation fun
tion of AGN and galaxies at 0:3 < z < 0:7.

The values of !̂(�) have been 
orre
ted for the integral 
onstraint whi
h is � 10%

of the estimate of the 
orrelation fun
tion at 1

0

.

Magnitude Range Angle AG AR� 20 !̂(�)

AGN-Early

18:0 � B

J

� 22:5 7

00

� � < 14

00

6 63 0:91� 1:13

18:0 � B

J

� 22:5 14

00

� � < 28

00

13 274 �0:04� 0:35

18:0 � B

J

� 22:5 28

00

� � < 56

00

57 994 0:15� 0:15

18:0 � B

J

� 22:5 56

00

� � < 112

00

264 4077 0:30� 0:07

18:0 � B

J

� 22:5 112

00

� � < 224

00

853 15840 0:09� 0:04

18:0 � B

J

� 23:5 7

00

� � < 14

00

10 117 0:71� 0:73

18:0 � B

J

� 23:5 14

00

� � < 28

00

27 506 0:07� 0:20

18:0 � B

J

� 23:5 28

00

� � < 56

00

109 1858 0:18� 0:11

18:0 � B

J

� 23:5 56

00

� � < 112

00

483 7732 0:26� 0:06

18:0 � B

J

� 23:5 112

00

� � < 224

00

1613 30233 0:08� 0:03

AGN-Late

18:0 � B

J

� 22:5 7

00

� � < 14

00

15 288 0:04� 0:39

18:0 � B

J

� 22:5 14

00

� � < 28

00

51 1146 �0:10� 0:12

18:0 � B

J

� 22:5 28

00

� � < 56

00

254 4580 0:11� 0:07

18:0 � B

J

� 22:5 56

00

� � < 112

00

903 18264 �0:01� 0:03

18:0 � B

J

� 22:5 112

00

� � < 224

00

3600 71550 0:01� 0:02

18:0 � B

J

� 23:5 7

00

� � < 14

00

42 833 0:01� 0:16

18:0 � B

J

� 23:5 14

00

� � < 28

00

166 3211 0:04� 0:08

18:0 � B

J

� 23:5 28

00

� � < 56

00

725 13187 0:11� 0:04

18:0 � B

J

� 23:5 56

00

� � < 112

00

2663 52543 0:02� 0:02

18:0 � B

J

� 23:5 112

00

� � < 224

00

10587 207839 0:03� 0:01
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Figure 6.14: The AGN-early subsample angular 
ross-
orrelation fun
tion. The

data is shown with 1� error bars determined with Poisson statisti
s. Power law

�ts with 
 = 1:8 are a good approximation to the observed 
lustering.

Figure 6.15: The AGN-late subsample angular 
ross-
orrelation fun
tion. The


lustering is 
onsiderably weaker than the AGN-early 
ross-
orrelation fun
tion

and the signal-to-noise is poor. A power law with 
 = 1:65 has been �tted to the

data though the quality of the �ts is poor.
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Figure 6.16: The 
ross-
orrelation of AGN with all galaxies in the SGP. The


lustering is signi�
antly weaker than the AGN-early 
ross-
orrelation fun
tion

and is only slightly stronger than the AGN-late 
ross-
orrelation fun
tion.

Figure 6.17: The amplitude of the AGN-early angular 
ross-
orrelation fun
tion.

The amplitude of the 
lustering in
reases with magnitude as few bright galaxies

are at the same redshift as the QSO sample. Models with 
lustering �xed in


omoving and physi
al 
oordinates have been �tted to the B

J

= 22:5 data point.

The 
lustering is signi�
antly stronger than the auto
orrelation fun
tion of early-

type galaxies and similar to the 
lustering observed near radio-loud QSOs.
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Figure 6.18: The amplitude of the AGN-late 
ross-
orrelation fun
tion. Models of

the spatial 
orrelation fun
tion have been �tted to the B

J

= 22:5 data point. The


lustering is 
onsiderably weaker than the AGN-early 
ross-
orrelation though the

poor signal-to-noise of the AGN-late angular 
ross-
orrelation fun
tion results in

the estimates of r

0

having errors of � �2h

�1

Mp
. The models are shown with

dotted lines at B

J

> 22:5 as in
ompleteness a�e
ts the photometri
 redshift

estimates used to derive the redshift distribution at these magnitudes.

The amplitude of the AGN-late 
ross-
orrelation fun
tion is shown in Figure

6.18. As expe
ted, 
omparison of the data with Figure 6.17 
on�rms that the

AGN-late 
ross-
orrelation fun
tion is mu
h weaker than the AGN-early 
ross-


orrelation fun
tion. However, low signal-to-noise of the angular 
orrelation fun
-

tion results in the estimates of r

0

having 
onsiderable un
ertainty.

The errors of the estimates of !(�) are dominated by galaxies along the line-

of-sight whi
h are not asso
iated with the AGN. The signal and signi�
an
e of

the 
orrelation fun
tion 
an be improved if the number of unasso
iated galaxies

in
luded in the estimate of !(�) are redu
ed. Early-type galaxies have 
ompara-

tively small photometri
 redshift errors so it is possible to de�ne a narrow range of

photometri
 redshifts whi
h 
ould be asso
iated with the AGN. Figures 6.19 and

6.20 show the AGN-early 
ross-
orrelation fun
tion for galaxies with photometri


redshifts within 2� of the AGN redshift. Comparison of the two panels of Fig-

ure 6.20 shows the signal-to-noise of the 
ross-
orrelation fun
tion is signi�
antly

improved by in
luding photometri
 redshift 
onstraints.

The spatial AGN-early 
ross-
orrelation 
an be determined by deriving the
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Table 6.6: The 
ross-
orrelation of AGN with the early subsample with photo-

metri
 redshift 
onstraints applied to the data.

Magnitude Range Angle AG AR� 20 !̂(�)

18:0 � B

J

� 22:5 7

00

� � < 14

00

2 29 0:39� 1:81

18:0 � B

J

� 22:5 14

00

� � < 28

00

4 105 �0:22� 0:60

18:0 � B

J

� 22:5 28

00

� � < 56

00

33 443 0:50� 0:26

18:0 � B

J

� 22:5 56

00

� � < 112

00

117 1729 0:36� 0:13

18:0 � B

J

� 22:5 112

00

� � < 224

00

383 6955 0:11� 0:06

18:0 � B

J

� 22:5 224

00

� � < 448

00

1455 26358 0:11� 0:03

18:0 � B

J

� 23:5 7

00

� � < 14

00

6 72 0:67� 0:99

18:0 � B

J

� 23:5 14

00

� � < 28

00

16 277 0:16� 0:29

18:0 � B

J

� 23:5 28

00

� � < 56

00

78 1220 0:29� 0:14

18:0 � B

J

� 23:5 56

00

� � < 112

00

293 4652 0:27� 0:07

18:0 � B

J

� 23:5 112

00

� � < 224

00

993 18544 0:08� 0:03

18:0 � B

J

� 23:5 224

00

� � < 448

00

3854 71790 0:08� 0:02
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Figure 6.19: The angular 
ross-
orrelation of AGN and B

J

< 23:5 early subsample

galaxies with photometri
 redshift 
onstraints applied to the pair 
ounts. Poisson

statisti
s have been used to determine the 1� errors shown with the data points.

A power law with 
 = 1:8 is a good �t to the data.

Figure 6.20: Estimates of the 
ross-
orrelation of AGN and B

J

< 21:5 early sub-

sample galaxies without (left panel) and with (right panel) photometri
 redshift


onstraints. The improvement in the signal-to-noise and the power law �t to the

data is immediately apparent.
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Figure 6.21: The amplitude of the AGN-early 
ross-
orrelation fun
tion with

photometri
 redshift 
onstraints applied. The errors are signi�
antly redu
ed

and the best �ts to the faint data are slightly de
reased. However, the amplitude

of the 
lustering is similar to that estimated in Figure 6.17 and is 
onsistent with

AGN being in ri
h environments. The estimated median redshifts are for early

subsample galaxies that satisfy the photometri
 redshift 
onstraints rather than

the entire early subsample.

redshift distribution of galaxies within 2� of ea
h AGN when applying Limber's

equation. The amplitude of the AGN-early 
ross-
orrelation and models of the

spatial 
ross-
orrelation are shown in Figure 6.21. The �t to the B

J

= 22:5 data

point is marginally weaker than in Figure 6.17 and underpredi
ts the amplitude

of the 
orrelation fun
tion at bright magnitudes.

The variations of the measured 
lustering from the model 
ould be due to

systemati
 errors, small number statisti
s at low redshift or evolution of the AGN-

early 
lustering. Systemati
 errors are diÆ
ult to identify though it is probable

that they would perturb the shape of the angular 
orrelation from a power law. To

determine if small number statisti
s 
ould be signi�
antly biasing the estimate of

the 
ross-
orrelation fun
tion, the distribution of the number of AGN-early pairs

per AGN is plotted in Figure 6.22. The plot shows 4 AGN may have an ex
ess

of AGN-early pairs 
ompared with the rest of the sample.

B

J

and R images of the 4 AGN (Figures 6.23 and 6.24) show apparent over-

densities of galaxies but it isn't 
on
lusive that all 4 AGN are asso
iated with


lusters. There are no ROSAT (Voges et al. 2000) dete
tions of X-ray emission
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Figure 6.22: The distribution of AGN-early pairs with separations less than 56

00

.

While most of the AGN sample have less than 5 AGN-early pairs, the 4 AGN

with > 5 AGN-early pairs 
ontribute � 30% of the total number of AGN-early

pairs.
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Table 6.7: AGN with an ex
ess of AGN-galaxy pairs. Photometri
 redshift 
on-

straints have been applied to the estimate of AGN-early pairs but not to the

estimate of AGN-late pairs.

AGN Redshift M

B

J

AGN-Early AGN-Late

Pairs < 56

00

Pairs < 56

00

Q 0057-3020 0.394 -21.79 9 23

Q 0054-2608 0.604 -21.19 8 24

Q 0058-2856 0.322 -19.18 7 22

Q 0046-2609 0.435 -21.11 5 17

Total - - 29 86

All AGN - - 100 933

asso
iated with the 4 AGN. None of the 4 AGN were dete
ted by the NVSS

survey and they are presumably radio-quiet (< 5mJy at 1:4GHz). Table 6.7 lists

the number of AGN-galaxy pairs the 4 AGN 
ontribute along with the number

of AGN-galaxy pairs for the entire AGN sample. The 4 AGN, whi
h are 6% of

the AGN sample, 
ontribute � 30% of the < 56

00

AGN-early pairs and � 10%

of the < 56

00

AGN-late pairs. Laurikainen & Salo (1995) also found a small

fra
tion of their z < 0:05 Seyfert sample were in unusually ri
h environments

though most of these obje
ts were Seyfert 2s. If the 4 AGN are removed from the

sample, the amplitude of the 
ross-
orrelation fun
tion (shown in Figure 6.25)

de
reases signi�
antly and is 
omparable to the early subsample auto
orrelation

fun
tion. It is plausible that most AGN hosts are in environments similar to

normal galaxies with the same morphology while a small number of AGN are in


onsiderably ri
her environments.

Radio-loud AGN environments may be 
orrelated with ri
h environments 
om-

parable to galaxy 
lusters (Yee & Green 1987). To determine if radio-loud AGN
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Figure 6.23: B

J

band images of Q 0057-3020 (top-left), Q 0054-2608 (top-right),

Q 0058-2856 (bottom-left) and Q 0046-2609 (bottom-right). The images are

4:5

0

� 4:5

0

with north at the top and east to the left.
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Figure 6.24: R band images of Q 0057-3020 (top-left), Q 0054-2608 (top-right),

Q 0058-2856 (bottom-left) and Q 0046-2609 (bottom-right). The images are

4:5

0

� 4:5

0

with north at the top and east to the left.
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Figure 6.25: The amplitude of the AGN-early 
ross-
orrelation with the 4 AGN

from Table 6.7 removed from the sample. The amplitude of the 
orrelation fun
-

tion de
reases signi�
antly and is 
omparable to the early subsample auto
orre-

lation fun
tion.

signi�
antly bias the estimate of the AGN-galaxy 
orrelation, AGN within 20

00

of

NVSS sour
es and their AGN-galaxy pair 
ounts are listed in Table 6.8. The radio

emission asso
iated with the AGN is < 0:1Jy whi
h is 
onsiderably fainter than

the radio-loud QSO samples of Yee & Green (1987) and Hall & Green (1998).

The 5 AGN 
ontribute 3% of the AGN-early pairs and 7% of the AGN-late pairs

with separations < 56

00

. A series of R band images of the AGN in Figure 6.26 do

not show any eviden
e for the AGN being in unusually ri
h environments.

There may be a 
orrelation between AGN luminosity and host galaxy with

luminous AGN o

urring more frequently in early-type galaxies than Seyferts

(M
Lure et al. 1999). If this is the 
ase, the 
orrelation between galaxy morphol-

ogy and environment may result in a 
orrelation between AGN luminosity and en-

vironment. Figure 6.27 
ompares the amplitudes of the Seyfert 1 (M

B

J

< �21:5)

and QSO (M

B

J

> �21:5) 
ross-
orrelations with the early subsample. Fits to

the B

J

= 22:5 data point show QSOs are in slightly ri
her environments but the

signi�
an
e of the dete
tion is � 1�. The models also 
onsistently underestimate

the 
lustering at B

J

< 22:5.

Figures 6.21, 6.25 and 6.27 show eviden
e the amplitude of the AGN-early


ross-
orrelation weakening with in
reasing magnitude and redshift. To determine

if the AGN-early 
ross-
orrelation evolves over the observed redshift range, the
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Table 6.8: AGN within 20

00

of NVSS sour
es. Q 0040-2024 and Q 0057-2555 are within or near drilled regions of the �eld.

AGN Redshift M

B

J

S

1:4

Opti
al-Radio AGN-Early AGN-Late

(mJy) Position O�set Pairs < 56

00

Pairs < 56

00

Q 0101-2600 0.449 -21.41 52.6 2:6

00

2 23

Q 0058-2808 0.308 -19.32 39.7 12:6

00

0 20

Q 0040-2024 0.609 -23.13 38.0 3:0

00

0 0

Q 0057-2555 0.315 -20.92 6.5 5:5

00

1 5

Q 0051-2726 0.689 -22.83 6.4 4:0

00

0 13

1
4
8



Figure 6.26: R band images of AGN within 20

00

of NVSS sour
es. The AGN are

Q 0101-2600 (top-left), Q 0058-2808, Q 0040-2024, Q 0057-2555 and Q 0051-2726

(bottom-left). The images are 4:5

0

� 4:5

0

with north at the top and east to the

left. The AGN do not appear to be in unusually ri
h environments.
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Figure 6.27: The amplitude of the Seyfert 1 and QSO 
ross-
orrelation fun
-

tions. There is no eviden
e for a strong 
orrelation between AGN luminosity and

environment.

amplitude of the 
ross-
orrelation has been determined for 0:3 < z < 0:5 and

0:5 < z < 0:7 AGN. Figure 6.28 shows plots of the amplitude of the 
ross-


orrelation with models of the spatial 
orrelation. While the best �t values of r

0

are higher for 0:5 < z < 0:7 AGN, the signal-to-noise is poor and the values of r

0

are only � 1� higher than the r

0

values for 0:3 < z < 0:5 AGN.

It is possible that the strong 
lustering at bright magnitudes is not a property

of the AGN but of the galaxy sample with whi
h they are being 
orrelated.

The auto
orrelation fun
tion of early-type galaxies is a fun
tion of the absolute

magnitude and r

0

de
reases from � 7h

�1

Mp
 for M

B

J

� �21 galaxies to �

4h

�1

Mp
 for M

B

J

� �17 galaxies (Loveday et al. 1995). For a sample limited in

apparent magnitude, the absolute magnitude will 
hange with redshift resulting

in 
hanging 
lustering properties. The estimated median absolute magnitude of

early subsample galaxies whi
h are 
ross-
orrelated with 0:3 < z < 0:7 AGN

is shown in Figure 6.29. The median absolute magnitude of the galaxy sample

in
reases with limiting magnitude and it is possible that the stronger 
lustering

observed at bright magnitudes is due to the strong 
lustering of luminous early-

type galaxies. Unfortunately, is it diÆ
ult to di�erentiate between luminous and

faint early-type galaxies with photometri
 redshifts as galaxies with the same

multi
olour photometry will have the same redshift and magnitude estimates.
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Figure 6.28: The amplitude of the AGN-early 
ross-
orrelation fun
tion for 0:3 <

z < 0:5 and 0:5 < z < 0:7 AGN. No signi�
ant signal is dete
ted at B

J

< 22 for

the 0:5 < z < 0:7 AGN sample. There is no 
lear eviden
e for a di�eren
e in the

spatial 
orrelation fun
tion of the 2 samples.

Figure 6.29: The median absolute magnitude of early subsample galaxies whi
h

satisfy the photometri
 redshift 
onstraints with the 0:3 < z < 0:7 AGN sample.

The median absolute magnitude in
reases with survey depth. As the 
luster-

ing of early-type galaxies varies with absolute magnitude, the AGN-early 
ross-


orrelation would be expe
ted to de
rease with limiting magnitude if AGN are a

random sample of early-type galaxies.
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6.6 Summary

The environments of galaxies and 66 AGN at z � 0:5 have been measured using

photometri
 redshifts and 
olour 
riteria to sele
t galaxy types to B

J

� 23:5.

The key 
on
lusions are

(i) The 
lustering of early subsample galaxies is strong a
ross the observed

magnitude range with r

0

� 7h

�1

Mp
 and 
 � 1:8.

(ii) The auto
orrelation fun
tion of late subsample galaxies is weak and de
reases

to r

0

� 2h

�1

Mp
 at B

J

� 23:5.

(iii) The 
ross-
orrelation of �24 < M

B

J

< �19 AGN with the early subsample

is stronger than the auto
orrelation fun
tion of the early subsample. However,

the estimate of the 
orrelation fun
tion may be biased by � 6% of the AGN

sample whi
h 
ould be in ri
h environments. If these are removed from the

sample, the AGN-early 
ross-
orrelation fun
tion is 
omparable to the early

subsample auto
orrelation fun
tion.

(iv) The AGN-late 
ross-
orrelation fun
tion is very weak. As the fra
tion of

late-type galaxies in magnitude limited samples in
reases with survey depth,

the 
ross-
orrelation fun
tion of AGN with all galaxies should de
rease with

in
reasing magnitude. This may have already been observed by Smith, Boyle &

Maddox (1995, 2000).

(v) The 
orrelation between AGN luminosity and host environment is weak and

has not been dete
ted at a signi�
ant level in this work.

(vi) There is no signi�
ant evolution of the AGN-early 
ross-
orrelation fun
tion

over the observed redshift range. While the amplitude of the 
ross-
orrelation

does de
rease with magnitude, this may be a sele
tion e�e
t from the early

subsample.
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Chapter 7

The Evolution of Radio Galaxies

7.1 Introdu
tion

Evolution of radio sour
es is required to explain the observed number of radio

sour
es and the redshift distribution of radio sour
es with observed opti
al 
oun-

terparts (Condon 1984, Pea
o
k 1985). While the evolution of the radio lumi-

nosity fun
tion is well established (Dunlop & Pea
o
k 1990, Rowan-Robinson et

al. 1993), the physi
al pro
esses responsible for the evolution are not understood.

Radio-loud QSOs 
an be observed over a wide range of redshifts but histori
ally

it has been diÆ
ult to measure the environment and properties of QSO hosts.

Only re
ently has it been possible to pla
e 
onstraints on the distribution of mor-

phologies of AGN hosts at low redshift (M
Lure et al. 1999, S
hade, Boyle &

Letawsky 2000, Urry et al. 2000) and the environment of radio-quiet AGN at

z > 0:3 (Chapter 6).

Radio galaxies are relatively easy to study at low redshift as their radio mor-

phology and host galaxies are resolved with ground-based imaging (Matthews,

Morgan & S
hmidt 1964). Studies of low redshift radio galaxies have established

that they are in environments ri
her than the �eld (Longair & Seldner 1979,

Prestage & Pea
o
k 1988) and their ellipti
al host galaxies are typi
ally brighter

than L

�

(Sadler et al. 1999, Govoni et al. 2000). While radio emission from higher

redshift radio galaxies 
an be dete
ted by radio sky surveys in
luding the NVSS,

FIRST and Molonglo, the faint (B

J

� 23) opti
al 
ounterparts and their low sky

surfa
e density (� 5=2

Æ

) make it diÆ
ult to obtain large spe
tros
opi
 samples.

The properties of radio galaxies at z � 0:5 have therefore been determined with

relatively small numbers of obje
ts. Sin
e strong evolution is apparent at z

�

>

0:5,

this has resulted in poor 
onstraints on the physi
al pro
esses responsible for radio
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galaxy evolution.

With photometri
 redshifts and 
olour sele
tion, it is possible sele
t and esti-

mate the redshifts of B

J

�

<

23:5 early-type galaxies in the Panorami
 Deep Fields

(� 502

Æ

). By mat
hing early-type galaxies with sour
es from the NVSS, it is

possible to 
ompile a uniformly sele
ted 
atalogue of � 2� 10

2

radio galaxies to

measure the evolution of radio galaxy properties.

7.2 Sele
tion of Radio Galaxies

The radio galaxy sample 
onsists of Panorami
 Deep Field galaxies whi
h are

asso
iated with NVSS radio sour
es. As radio galaxies have early-type morpholo-

gies (Matthews, Morgan & S
hmidt 1964), 
olour sele
tion 
riteria are used to

sele
t a 
atalogue of B

J

< 23:5 early-type galaxies whi
h are then mat
hed to the

radio sour
es. B

J

�R 
olour and photometri
 redshifts are used to sele
t galax-

ies whi
h are redder than a non-evolving Sb
. This is the same as the sele
tion


riteria used in Chapter 6; Figure 6.2 demonstrates the sele
tion 
riteria sele
t

most early-type galaxies.

As the evolution of the radio galaxy population is to be studied, the 
riteria

used for mat
hing radio and opti
al sour
es 
an not be a fun
tion of redshift.

The 
ompleteness must be high so the luminosity fun
tion is not dominated by


orre
tions for in
ompleteness. Also, the 
ontamination of the sample should be

low so estimates of radio galaxy luminosity fun
tion and environment are not

dominated by galaxies whi
h are not asso
iated with radio sour
es.

The NVSS sour
e 
atalogues have 1� error estimates for the position of ea
h

sour
e. Figure 7.1, whi
h is a plot of the estimated errors of the radio sour
e

position as a fun
tion of 
ux, shows that the errors are a strong fun
tion of

radio 
ux. The positions of bright radio sour
es have 1� errors of � 1

00

while

the faintest (� 2:5mJy) sour
e positions have errors of

�

>

15

00

. The sky surfa
e

density of B

J

< 23:5 galaxies whi
h meet the 
olour sele
tion sele
tion 
riteria is

� 0:5=2

0

so � 40% of � 2:5mJy sour
es will have an unasso
iated opti
al galaxy

within 2� of the radio sour
e position. To prevent the 
atalogue being dominated

by spurious mat
hes to faint radio sour
es, the radio 
ux limit has been set to

5mJy whi
h is also the 
ompleteness limit of the NVSS 
atalogue.

An obvious 
riteria for sele
ting opti
al 
ounterparts to radio sour
es is to

mat
h obje
ts within � 3� of the radio sour
e 
entroid. This assumes that
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Figure 7.1: The 1� errors estimated for the NVSS radio sour
e positions as a

fun
tion of 
ux. NVSS point sour
es are shown with dots and extended sour
es

are shown with 
ir
les. The estimated error of the positions is strongly 
orrelated

with the obje
t 
ux.

the radio sour
e position and the opti
al position are not signi�
antly o�set.

Figure 7.2 shows radio and opti
al images of three radio sour
es with nearby


ounterparts where this assumption is not 
orre
t. While radio emission overlaps

the opti
al galaxy position for all three sour
es, the o�set between the NVSS

radio and opti
al 
entroids is > 5� as the peak of the radio emission is often

o�set from the opti
al galaxy.

Sele
tion 
riteria using only the angular separation between radio and opti
al

sour
es 
an sele
t a large fra
tion of all radio sour
es. However, for a �xed angular

s
ale, the proje
ted distan
e in
reases with redshift introdu
ing sele
tion e�e
ts

whi
h are a fun
tion of redshift. Large radio sour
es will be ex
luded at low

redshift but will be in
luded at high redshift where the angular size of the radio

sour
es is less than the sele
tion 
riteria.

As the opti
al 
ounterparts of radio sour
es are physi
al asso
iations, sele
tion


riteria based on the physi
al separation of the opti
al and radio sour
es 
an be

used to sele
t radio galaxies. While the NVSS 
atalogue does not 
ontain redshift

information, photometri
 redshifts 
an be used to estimate the redshifts of opti
al

galaxies and the proje
ted distan
e between the opti
al and radio sour
es. As the

size (in physi
al 
oordinates) of radio sour
es does not rapidly evolve between

z � 1 and z � 0 (Bu
halter et al. 1998), sele
tion 
riteria determined using a
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Figure 7.2: Radio (FIRST, White et al. 1997) and R band images of the positions

of galaxies near NVSS radio sour
es. All images are 1

0

� 1

0

with north at the top

and east to the left. The o�sets of the NVSS radio position and the opti
al

positions are 4:2

00

, 4:0

00

and 4:5

00

. None of the galaxies are within 5� of the radio

position though radio emission overlaps the galaxy position in the FIRST images.

While FIRST has signi�
antly better resolution than the NVSS, it is not used for

the radio galaxy survey as it does not in
lude the SGP.
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Figure 7.3: The proje
ted distan
es between radio sour
es and opti
al galaxies

with angular separations < 30

00

.

�xed proje
ted distan
e should not introdu
e sele
tion e�e
ts whi
h are a fun
tion

of redshift.

To determine the proje
ted distan
e used as the sele
tion 
riteria for opti
al


ounterparts, the distribution of proje
ted distan
es between NVSS sour
es and

opti
al galaxies within 30

00

of NVSS sour
es is plotted in Figure 7.3. The number

of opti
al 
ounterparts de
lines rapidly on s
ales < 20h

�1

kp
 after whi
h the

distribution has a long tail. Approximately 25% of the NVSS sour
es with opti
al

galaxies within 30

00

have more than 1 opti
al 
ounterpart whi
h is 
onsistent with

mu
h of the tail in Figure 7.3 being 
ontamination. To remove the 
ontamination,

opti
al galaxies > 20h

�1

kp
 from NVSS sour
es have been ex
luded from the

radio galaxy sample.

The 20h

�1

kp
 sele
tion 
riteria will ex
lude large luminous radio sour
es. This

should not a�e
t estimates of the evolution of radio sour
es as radio sour
e sizes

do not rapidly evolve (Bu
halter et al. 1998) but it will result in the luminosity

fun
tion being steeper at the bright end. Also, while 
ontamination has been re-

du
ed, it is still present in the radio galaxy 
atalogue. A portion of the 
atalogue

will be mat
hes of unasso
iated radio sour
es and opti
al galaxies. To prevent

these obje
ts from biasing the estimate of the luminosity fun
tion, a 
ontrol sam-

ple is 
onstru
ted by randomly repositioning the radio sour
es and mat
hing them

to the galaxy 
atalogue. This pro
ess is repeated 10 times so the 
ontrol sample

size is large enough to not be a signi�
ant sour
e of noise in the estimate of the
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Figure 7.4: The distribution of the radio galaxies on the plane of the sky. Stru
-

ture is evident in the distribution of radio galaxies and some of the underdensities

in the plots are 
oin
ident with voids in the distribution of 
luster 
andidates in

Figures 5.18 to 5.21.

luminosity fun
tion.

Approximately 5% of radio sour
es with opti
al 
ounterparts have 2 opti
al


ounterparts resulting in ambiguous redshift estimates. As this is a small fra
tion

of the total 
atalogue, reje
ting these obje
ts from the radio galaxy and 
ontrol

samples should only redu
e the 
ompleteness of the sample by 5% and not sig-

ni�
antly bias estimates of the evolution of radio galaxies. The estimates of the

spa
e density and luminosity fun
tion parameters are renormalised to a

ount for

the 5% of radio galaxies removed from the 
atalogue. The �nal 
atalogue of radio

galaxy 
andidates 
ontains 213 obje
ts while the 
ontrol sample (generated with

10 times as many radio sour
es) 
ontains 192 obje
ts.

The distribution of the radio galaxies on the plane of the sky is shown in

Figure 7.4. The radio galaxies are not randomly distributed a
ross the �elds and

some � 12

Æ

regions 
ontain no radio galaxy 
andidates. Near the north-western

edge of the SGP, this is due to interferen
e from starburst NGC 253. However,

several of the other regions appear to be asso
iated with underdensities of 
lusters

shown in Figures 5.18 to 5.21 and are probably voids in the distribution of radio

galaxies.

158



Figure 7.5: A 
omparison of photometri
 and spe
tros
opi
 redshifts of galaxies

whi
h have been mat
hed to the NVSS 
atalogue. The photometri
 redshifts for

radio galaxies are 15% larger than the redshifts of radio-quiet galaxies with the

same multi
olour photometry.

7.3 Redshift Distribution

Initial estimates for the redshifts of radio galaxies were obtained with the pho-

tometri
 redshift solutions determined for Chapter 5. Comparison of the photo-

metri
 redshifts of radio galaxies with spe
tros
opi
 redshifts showed that radio

galaxy redshifts were systemati
ally underestimated by � 15%. This is almost


ertainly due to radio-galaxies being more luminous than radio-quiet galaxies

(Sadler et al. 1999, Govoni et al. 2000). To 
orre
t for this, the photometri


redshifts of radio galaxies in this 
hapter have been in
reased by 15% and Fig-

ure 7.5 shows there is good agreement between the 
orre
ted photometri
 and

spe
tros
opi
 redshifts.

The B

J

and R Hubble diagrams for the opti
al 
ounterparts of NVSS sour
es

are shown in Figure 7.6. There is a strong 
orrelation between redshift and

magnitude though this is partially due to the use of photometri
 redshifts whi
h

result in obje
ts with the same multi
olour photometry having the same redshift

estimate. Comparison of R band plot in Figure 7.6 with the Hubble diagram
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of the 
ontrol sample (Figure 7.7) shows the radio galaxy sample is generally

brighter than the 
ontrol sample at a given photometri
 redshift. This is not

unexpe
ted as the 
ontrol sample (and 
ontamination of the radio galaxy sample)

in
ludes early spiral galaxies while radio galaxies are typi
ally mat
hed with more

luminous ellipti
al galaxies. The R band Hubble diagram shows eviden
e for

in
ompleteness at logz > �0:25 (z > 0:55) due to the B

J

magnitude limit. As

the apparent magnitude of a M

B

J

� �20 ellipti
al at z � 0:55 is B

J

� 23,

this is not unexpe
ted. As this in
ompleteness of the z > 0:55 radio galaxies


ould introdu
e biases into the estimates of radio galaxy evolution, the sample is

limited to redshifts z < 0:55. The redshift distributions of the radio-galaxies and

the 
ontrol sample are shown in Figure 7.8. The 
ontamination shows a small

peak at high redshift but the 
ontamination is

�

<

15% for all redshift bins and


ontamination should not bias estimates of the luminosity evolution.

7.4 Colour Distribution

The 
olour sele
tion 
riteria applied to the radio galaxy 
andidates will a�e
t

the sample 
ompleteness at some level. If a large fra
tion of radio galaxies have


olours bluer than the sele
tion 
riteria, signi�
antly un
ertainty is introdu
ed

into estimates of the luminosity fun
tion and its evolution.

The 
olours of galaxies in the radio galaxy and 
ontrol samples are shown as

a fun
tion of redshift in Figures 7.9 and 7.10. While most radio galaxies have red


olours, some do have 
olours similar to the sele
tion 
riteria. For 
omparison,

a plot of the 
olours of radio galaxies from the Dunlop et al. (1989) sample is

shown in Figure 7.11. While � 50% of the radio galaxies in Figure 7.11 have


olours bluer than the sele
tion 
riteria, most have been 
agged by Dunlop et al.

(1989) as having poor photometry (errors

�

>

0:5 magnitudes). Comparison of the

Figures 7.10 and 7.11 shows that the Dunlop et al. (1989) 
olours have larger

s
atter than the Panorami
 Deep Field 
olours. Of the 9 z < 0:8 radio galaxies

from Dunlop et al. (1989) with B

J

�R estimates with errors less than 0.5, 6 are

redder than the sele
tion 
riteria.

Figure 7.9 
ontains � 10% 
ontamination whi
h would be expe
ted to in-

trodu
e an ex
ess of blue galaxies as these 
omprise most of the faint galaxy

population. Figure 7.12 is a plot of the distribution of di�eren
e between the

radio galaxy 
olours and the 
olour sele
tion 
riteria. Contamination has been
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Figure 7.6: The B

J

and R Hubble diagrams of B

J

< 23:5 radio-galaxies in the

Panorami
 Deep Fields.

Figure 7.7: The B

J

and R Hubble diagrams of 
ontrol obje
ts.
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Figure 7.8: The redshift distributions of 0:10 < z < 0:55 radio galaxies and


ontrol obje
ts in the Panorami
 Deep Fields.

removed by subtra
ting the renormalised distribution of the 
ontrol sample. The

peak of the distribution is redder than the sele
tion 
riteria and the radio galaxy

sample is not dominated by blue galaxies. The shape of the distribution is a fun
-

tion of redshift as k�
orre
tions result in redder 
olours for ellipti
al galaxies as

a fun
tion of redshift.

The estimated restframe 
olours of the radio galaxy sample is plotted in Fig-

ure 7.13. Restframe 
olours have been estimated with linear extrapolations from

the E and Sb
 k�
orre
tions from Coleman, Wu and Weedman (1980). The peak

of the distribution is � 0:2 magnitudes redder than the B

J

� R = 1:01 sele
tion


riteria. For 
omparison, the distribution of radio galaxy 
olours from Govoni et

al. (2000) is shown in Figure 7.14. If the Govoni et al. sample is representative of

all radio galaxies, then � 85% of radio galaxies are sele
ted by the 
olour sele
tion


riteria. However, the distributions in Figures 7.13 and 7.14 are not identi
al and

a systemati
 ÆB

J

� R = 0:05 di�eren
e between the Govoni et al. (2000) and

Panorami
 Deep Field 
olours 
ould alter the 
ompleteness by � 5%. For the

remainder of the Chapter, the 
ompleteness is assumed to be 85%.
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Figure 7.9: The 
olours of radio galaxies as a fun
tion of photometri
 redshift.

The 
olour sele
tion 
riteria is shown with the 
urved line in the B

J

� R plot.

Most radio galaxies have B

J

� R 
olours signi�
antly redder than the sele
tion


riteria.

Figure 7.10: The 
olours of the 
ontrol sample as a fun
tion of photometri


redshift.
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Figure 7.11: The 
olours of Dunlop et al. (1989) radio galaxies as a fun
tion

of redshift. The 
olour sele
tion 
riteria used in this 
hapter is shown with the


urved line and B

J

�R 
olours have been estimated with B

J

�R = 0:82(B�R).

Radio galaxies with poor photometry are shown with 
ir
les while radio galaxies

with good photometry are shown with dots.

Figure 7.12: The distribution of the di�eren
e of the B

J

�R 
olours of the radio

galaxy sample and the 
olour sele
tion 
riteria. The peak of the distribution is

signi�
antly redder than the sele
tion 
riteria.

164



Figure 7.13: The restframe B

J

� R 
olours of the radio galaxy sample. The


ontrol sample has been subtra
ted from the distribution to remove the e�e
ts of


ontamination.

Figure 7.14: The restframe 
olours of Govoni et al. (1989) radio galaxies. The

B

J

� R 
olours have been estimated with B

J

� R = 0:88(B �R).
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7.5 The 1.4 GHz Luminosity Fun
tion

The radio power of the sour
es is estimated by

logP

1:4

(WHz

�1

) = logS

1:4

(mJy)�(1��

r

)log(1+z)+2logD

l

(Mp
)�17:08 (7.1)

where S

1:4

is the 1:4GHz radio 
ux, D

l

is the luminosity distan
e and �

r

is the

radio spe
tral index whi
h is assumed to be 0:7. The radio luminosity fun
tion is

estimated by

�(P

1:4

) =

X

i

1

V

max;i

(7.2)

(S
hmidt 1968) where V

max;i

is the maximum 
omoving volume in whi
h the ith

sour
e would be in
luded in the sample. The value of V

max;i

is given by

V

max;i

= �

i

Z

z

max

z

min

dV




dz

dz (7.3)

where �

i

is the 
ompleteness of the survey for sour
es with the properties of sour
e

i, z

min

and z

max

are the minimum and maximum redshifts where sour
e i would

be in
luded in the sample and V




is the 
omoving volume. The derivative of the


omoving volume is given by

dV




dz

=




H

0

D

2

M

E(z)


 (7.4)

where D

M

is the transverse 
omoving distan
e, 
 is the survey area and

E(z) �

p




M

(1 + z)

3

+ 


k

(1 + z)

2

+ 


�

: (7.5)

The values of z

min

and z

max

are set by the bright and faint 
ux limits (opti
al

and radio) for the sample and the lower and upper limits for the redshifts over

whi
h the luminosity fun
tion is determined.

The radio luminosity fun
tion of radio galaxies for 0:10 < z < 0:30 and

0:3 < z < 0:55 is shown in Figure 7.15 and listed in Table 7.1. The 0:10 < z < 0:30

spa
e density is slightly higher than the low redshift sample of Sadler, Jenkins

& Kotanyi (1989) and has a 
onsiderably higher spa
e density than the non-

evolving luminosity fun
tion of Mobasher et al. (1999). The disagreement with

Mobasher et al. (1999) is not unexpe
ted as the most luminous radio-galaxies in

the Mobasher sample are � 10

24

WHz

�1

. The spa
e density of 0:30 < z < 0:55

radio galaxies is signi�
antly higher than the 0:10 < z < 0:30 sample whi
h is


onsistent with evolution o

urring over the observed redshift range.
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Figure 7.15: The luminosity fun
tion of radio galaxies dete
ted in the Panorami


Deep Fields. The spa
e density of z > 0:1 radio galaxies is signi�
antly higher

than the estimates of spa
e density of z < 0:1 radio galaxies (Sadler, Jenkins

& Kotanyi 1989). For several luminosity bins, the estimate of the spa
e density

of 0:30 < z < 0:55 radio galaxies is signi�
antly higher than the estimates for

0:1 < z < 0:30 radio galaxies.
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Table 7.1: The Radio Galaxy Luminosity Fun
tion. Where k

L

6= 0, the radio

powers have been divided by the luminosity evolution to estimate the luminosity

fun
tion at z � 0.

Redshift Range k

L

LogP

1:4

N

gal

� (h

3

Mp


�3

dex

�1

)

0:10 < z < 0:30 0.0 23.05 16 2:1� 0:5� 10

�6

0:10 < z < 0:30 0.0 23.55 37 8:3� 1:3� 10

�5

0:10 < z < 0:30 0.0 24.05 35 4:4� 0:7� 10

�5

0:10 < z < 0:30 0.0 24.55 17 2:0� 0:5� 10

�5

0:10 < z < 0:30 0.0 25.05 10 1:1�

0:4

0:2

�10

�5

0:10 < z < 0:30 0.0 25.55 3 3:5�

3:5

1:2

�10

�4

0:30 < z < 0:55 0.0 24.05 85 6:5� 0:7� 10

�5

0:30 < z < 0:55 0.0 24.55 92 3:5� 0:4� 10

�5

0:30 < z < 0:55 0.0 25.05 29 9:3� 1:7� 10

�5

0:30 < z < 0:55 0.0 25.55 8 2:6�

1:2

0:5

�10

�6

0:30 < z < 0:55 0.0 26.05 4 1:4�

1:1

0:4

�10

�6

0:10 < z < 0:55 3.4 22.95 29 2:3� 0:4� 10

�6

0:10 < z < 0:55 3.4 23.45 120 9:3� 0:9� 10

�5

0:10 < z < 0:55 3.4 23.95 133 4:8� 0:5� 10

�5

0:10 < z < 0:55 3.4 24.45 48 1:2� 0:2� 10

�5

0:10 < z < 0:55 3.4 24.95 17 4:5� 1:1� 10

�5

0:10 < z < 0:55 3.4 25.45 5 1:4�

0:9

0:4

�10

�4
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To measure the evolution of the radio galaxy luminosity fun
tion, the data

has been �tted with a 2 power-law fun
tion

�(P )d(logP ) = C

�

"

�

P

�

(z)

P

�

�

+

�

P

�

(z)

P

�

�

#

�1

d(logP ) (7.6)

(Boyle, Shanks & Peterson 1988, Dunlop & Pea
o
k 1990). The evolution of the

luminosity fun
tion is assumed to be pure luminosity evolution where

P

�

(z) = P

�

(0)(1 + z)

k

L

(7.7)

(Boyle, Shanks & Peterson 1988). The best-�t values for the C

�

, P

�

(0), �, � and

k

L

are obtained by minimising

S = �2lnL (7.8)

(Marshall et al. 1983) where L is the likelihood. The value of S is given by

S = �2�

N

i=1

ln[�(P; z

i

)℄ + 2

Z Z

�(P; z)
(P; z)

dV

dz

dzdP (7.9)

(Marshall et al. 1983). Error estimates for the measured parameters are de-

termined by 
omputing �S for ea
h parameter in turn while allowing the other

values for the parameters to 
oat (Lampton, Margon & Bowyer 1976, Boyle,

Shanks & Peterson 1988). The errors quoted for the remainder of the 
hapter are

determined for �S = 1 whi
h is equivalent to 1�.

The best-�t estimate of the luminosity fun
tion is shown in Figure 7.16 and

the estimates of C

�

, P

�

(0), �, � and k

L

are listed in Table 7.2. To allow 
ompar-

ison with low redshift samples, the radio power of sour
es used to estimate the

spa
e density has been divided by the estimate of the luminosity evolution. The

luminosity fun
tion model agrees well with the data and the low redshift sample

of Sadler, Jenkins & Kotanyi (1989). The estimate of the luminosity parame-

ter, k

L

� 3:4, is similar to previous estimates of the evolution of radio galaxies

(Rowan-Robinson et al. 1993) and is similar to the evolution of opti
ally sele
ted

QSOs (Boyle, Shanks & Peterson 1988).

7.6 The Environment of Radio Galaxies

Radio galaxies and other radio-loud AGN are often dete
ted in environments


onsiderably ri
her than �eld galaxies (Yee & Green 1987, Prestage & Pea
o
k
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Figure 7.16: The luminosity fun
tion of radio galaxies at the 
urrent epo
h where

the luminosity at z � 0 has been estimated by dividing the radio power by

(1 + z)

3:4

. There is reasonable agreement between the model of the luminosity

fun
tion, the data and Sadler, Jenkins & Kotanyi (1989).

Table 7.2: The Radio Galaxy Luminosity Fun
tion Parameters

L.F. Parameter Best-Fit Estimate

C

�

1:4

(5:6� 4:0)� 10

�4

h

3

Mp


�3

P

�

1:4

(1:6� 1:0)� 10

24

WHz

�1

� �1:44� 0:08

� �0:43� 0:07

k

L

3:4� 1:4
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1988, Wurtz et al. 1997, Hall & Green 1998, Miller et al. 1999). However,

as radio galaxies 
an o

ur in poor environments (Rogstad & Ekers 1969), the

physi
al pro
esses responsible for radio emission are only 
orrelated with but not

ex
lusive to ri
h environments. If environment does have a signi�
ant e�e
t on

radio luminosity, evolution of the radio galaxy environment 
ould be responsible

for the evolution of the radio galaxy luminosity fun
tion. Several studies have

dete
ted evolution of radio galaxy and radio-loud AGN environments (Yee &

Green 1987, Hill & Lilly et al. 1991, Wurtz et al. 1997) but the sample sizes are

generally small and the dete
tions of evolution are asso
iated with

�

<

10 obje
ts.

The depth and area of the Panorami
 Deep Fields result in the environments

of � 180 0:1 < z < 0:55 radio galaxies being imaged and allow the a

urate

measurement of the evolution of radio galaxy environment.

The estimator of the angular 
orrelation fun
tion is

!̂

ag

(�) =

AG

AR

� 1 (7.10)

where AG and AR are the number of AGN-galaxy and normalised AGN-random

pairs separated by � � Æ�. If the spatial 
ross-
orrelation fun
tion is given by

�(r) =

�

r

0

r

�




(7.11)

then the angular 
orrelation fun
tion is given by

!(�) = A�

1�


: (7.12)

The relationship between the value of A and r

0

is given by Limber's equation

whi
h is dis
ussed Chapters 4 and 6. The redshift distributions of the galaxies

(in
luding radio-galaxies) are determined by smoothing the photometri
 redshift

distribution with a Gaussian where � is given by the estimated errors of the

photometri
 redshifts. As the galaxy 
orrelation fun
tion is strongly dependent

on morphology and 
olour (Chapters 4 & 6), galaxies bluer and redder than a non-

evolving Sb
 have been used to determine the angular 
ross-
orrelation fun
tion

of radio-galaxies and parti
ular galaxy types.

Estimates of the radio galaxy-galaxy 
ross 
orrelation fun
tion are listed in

Table 7.3. The 
ross-
orrelation with early subsample galaxies is 
onsistently

stronger than the 
ross-
orrelation with late subsample galaxies. The average en-

vironment of the radio galaxies in the SGP is also ri
her than the environment of

radio galaxies in the F855 �eld. Similar behaviour is seen for the auto
orrelation
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Figure 7.17: The distribution of radio galaxy-galaxy pairs with separations less

than 56

00

for early and late subsamples. The mean number of radio galaxy-late

pairs is higher than the number of radio galaxy-early pairs due to the higher sky-

surfa
e density of faint late subsample galaxies. There is no eviden
e of outliers

signi�
antly biasing the estimates of the pair-
ounts.

fun
tion of red galaxies in Chapter 4. To 
he
k estimates of the 
ross-
orrelation

have not been biased by 
ontamination or a small number of obje
ts, the distribu-

tion of radio galaxy-galaxy pairs with separations < 56

00

is plotted in Figure 7.17.

There is no eviden
e for outliers signi�
antly biasing estimates of the pair-
ounts.

As the late subsample is � 5 times the size of the early subsample, it dominates

the pair-
ounts and the 
ross-
orrelation of radio galaxies with all galaxies is mu
h

weaker than the 
ross-
orrelation with the early subsample.

The signal-to-noise of the 
ross-
orrelation with the early subsample is suf-

�
ient to estimate the value of 
. Estimates of the amplitude and 
 of the

radio galaxy-early 
ross-
orrelation fun
tion are listed in Table 7.4. Plots of the


ross-
orrelation fun
tion in Figure 7.18 show the power laws to be good approx-

imations to the data though there are signi�
ant deviations from the power law

�ts on s
ales > 0:1

Æ

. The vales of 
 are � 2:1 in both �elds though the amplitude

of the 
ross-
orrelation fun
tion is twi
e as high in the SGP as F855. While the

value of 
 is higher than the auto
orrelation fun
tion of the early subsample, it is


omparable to the auto
orrelation fun
tion of ellipti
al galaxies at z � 0 (Guzzo
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Table 7.3: The 
ross-
orrelation fun
tion of radio galaxies with other galaxies in

the SGP and F855 �elds

Magnitude Galaxy Angle SGP !̂(�) F855 !̂(�)

Range Subsample

18:0 � B

J

� 23:5 Early 7

00

� � < 14

00

2:48� 0:62 1:18� 0:46

18:0 � B

J

� 23:5 Early 14

00

� � < 28

00

1:56� 0:27 1:02� 0:22

18:0 � B

J

� 23:5 Early 28

00

� � < 56

00

0:85� 0:12 0:42� 0:09

18:0 � B

J

� 23:5 Early 56

00

� � < 112

00

0:36� 0:05 0:15� 0:04

18:0 � B

J

� 23:5 Early 112

00

� � < 224

00

0:14� 0:02 0:05� 0:02

18:0 � B

J

� 23:5 Late 7

00

� � < 14

00

0:36� 0:15 0:40� 0:15

18:0 � B

J

� 23:5 Late 14

00

� � < 28

00

0:25� 0:07 0:14� 0:07

18:0 � B

J

� 23:5 Late 28

00

� � < 56

00

0:13� 0:04 0:02� 0:03

18:0 � B

J

� 23:5 Late 56

00

� � < 112

00

0:11� 0:02 0:07� 0:02

18:0 � B

J

� 23:5 Late 112

00

� � < 224

00

0:06� 0:01 �0:02� 0:01

18:0 � B

J

� 23:5 All 7

00

� � < 14

00

0:73� 0:17 0:51� 0:15

18:0 � B

J

� 23:5 All 14

00

� � < 28

00

0:41� 0:07 0:29� 0:07

18:0 � B

J

� 23:5 All 28

00

� � < 56

00

0:22� 0:04 0:10� 0:03

18:0 � B

J

� 23:5 All 56

00

� � < 112

00

0:14� 0:02 0:07� 0:02

18:0 � B

J

� 23:5 All 112

00

� � < 224

00

0:06� 0:01 0:00� 0:01
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Table 7.4: The 
ross-
orrelation fun
tion of B

J

< 23:5 radio galaxies with early

subsample galaxies. The parameters for the angular 
orrelation fun
tion have

been determined with �ts to the data on angular s
ales < 0:1

Æ

.

Early Subsample SGP F855

Magnitude Range 
 !(1

0

)� 10

3


 !(1

0

)� 10

3

18:0 � B

J

� 21:0 2:04� 0:17 110� 18 2:50� 0:43 28� 12

18:0 � B

J

� 22:0 2:10� 0:11 114� 13 2:06� 0:22 42� 9

18:0 � B

J

� 23:0 2:18� 0:08 95� 10 2:02� 0:13 46� 6

18:0 � B

J

� 23:5 2:20� 0:07 87� 7 2:07� 0:13 40� 5

et al. 1997).

The 
ross-
orrelation of radio galaxies with the late subsample is shown in

Figure 7.19. The signal-to-noise is mu
h poorer than Figure 7.18 and power laws

have been �tted to the data with 
 �xed at 1.65, the value for the early-late


ross-
orrelation fun
tion (Chapter 6). While the �t to the SGP data is good,

the F855 data is poorly �tted by a power law. The 
ross-
orrelation fun
tion

is 
onsiderably weaker than the radio galaxy-early 
ross-
orrelation fun
tion on

most angular s
ales.

The amplitude of the angular 
ross-
orrelation fun
tion of radio galaxies with

the early subsample as a fun
tion of limiting magnitude is shown in Figure 7.21.

Models of the spatial 
orrelation fun
tion have been �tted to the the B

J

� 22:5

data points for the SGP and F855 �elds. The values of r

0

determined in the

SGP and F855 �elds di�er signi�
antly with stronger 
lustering observed in the

SGP. The 
lustering in both �elds is stronger than the 
lustering of �eld galaxies.

The environments of radio galaxies in the SGP are 
omparable to the average

environment of UBR sele
ted AGN in the same �eld (Chapter 6). However, if

the 4 AGN asso
iated with unusually ri
h environments are reje
ted from the

UBR sele
ted sample, the environments of radio galaxies are signi�
antly ri
her

than UBR sele
ted AGN. While the radio galaxy sample spans a large range of

redshifts, Figure 7.21 does not show eviden
e for a 
onsistent in
rease or de
rease
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Figure 7.18: The angular 
ross-
orrelation fun
tion of radio galaxies with the

early subsample.

Figure 7.19: The 
ross-
orrelation fun
tion of B

J

< 23:5 radio galaxies and late

type galaxies. While a power law is a good approximation to the SGP data, the

�t to the F855 data is poor. On small angular s
ales, the 
ross-
orrelation is an

order of magnitude weaker than the 
ross-
orrelation with the early subsample.
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Figure 7.20: The angular 
ross-
orrelation fun
tion of B

J

< 23:5 radio galaxies

with all galaxies.

in the ri
hness of the radio galaxy environments over the observed redshift range.

The amplitude of the angular 
ross-
orrelation fun
tion of radio galaxies with

late subsample galaxies as a fun
tion of limiting magnitude is shown in Fig-

ure 7.22. While the values of r

0

are smaller in the F855 �eld than the SGP, the

�ts to the F855 data are poor and it is possible that large systemati
 errors exist

in the estimates of the F855 
ross-
orrelation fun
tion amplitudes. The values of

r

0

are 
omparable to Figure 7.21 but the smaller value of 
 results in weaker 
lus-

tering at small s
ales. Ex
ept for the 2 faintest magnitude sli
es of the SGP plot,

the data in shows no eviden
e for the evolution of radio galaxy environments.

The la
k of evolution of the 
lustering is surprising as Yee & Green (1987),

Hill & Lilly et al. (1991) and Wurtz et al. (1997) 
laim dete
tions of evolution

of the environment of radio-galaxies and radio-loud AGN over a similar range of

redshifts. To 
on�rm that the evolution of the 
lustering is negligible, the 
ross-


orrelation with the early subsample has been determined for radio galaxies with

photometri
 redshifts 0:10 � z < 0:30 and 0:30 � z < 0:55. The amplitude of the

angular 
ross-
orrelation fun
tion as a fun
tion of magnitude for the two subsets

of radio galaxies is shown in Figures 7.24 and 7.25.

The environments of 0:10 � z < 0:30 radio galaxies are marginally ri
her

than 0:30 � z < 0:55 radio galaxies. However, the values of r

0

di�er by only

� 10% and it is entirely plausible that systemati
 errors in the galaxy sele
tion


riteria or redshift distribution model 
ould introdu
e a signal at this level. There

is no eviden
e for a positive 
orrelation between the ri
hness and redshift of
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Figure 7.21: The amplitude of the angular 
ross-
orrelation fun
tion of radio

galaxies with early subsample galaxies. The strength of the 
lustering does not


onsistently in
rease or de
rease with in
reasing magnitude or redshift.

Figure 7.22: The amplitude of the angular 
ross-
orrelation fun
tion of radio

galaxies with the late subsample. The strength of the 
lustering does not 
onsis-

tently in
rease or de
rease with in
reasing magnitude or redshift.
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Figure 7.23: The amplitude of the angular 
ross-
orrelation fun
tion of radio

galaxies and all galaxies. While the values of r

0

are 
omparable to the 
ross-


orrelation with early subsample galaxies, the smaller value of 
 results in � 50%

weaker 
lustering on s
ales < 1h

�1

Mp
.

radio galaxy environments. This does not ex
lude the possibility of a 
orrelation

between ri
hness and redshift for luminous (P > 10

26

WHz

�1

) radio galaxies (Hill

& Lilly 1991) as few luminous sour
es are 
ontained in this sample. However,

if there is a strong 
orrelation between ri
hness and redshift for luminous radio

galaxies, it is surprising that a weaker 
orrelation isn't present for fainter sour
es.

The la
k of a 
orrelation between ri
hness and redshift in this sample implies

that, for most radio galaxies, the evolution of the radio luminosity fun
tion is not

dire
tly 
aused by evolution of the ri
hness of the radio galaxy environment.

While there isn't a strong 
orrelation between the evolution of the luminosity

fun
tion and ri
hness, this does not ex
lude a 
orrelation between radio galaxy

luminosity at a given epo
h and environment. To determine if there is a 
orrela-

tion between radio luminosity and environment, the radio luminosity of galaxies

at the 
urrent epo
h has been estimated using the luminosity evolution estimate

from the Se
tion 7.5. The 
ross-
orrelation with early type galaxies has been

determined with P (z = 0) > 10

24:0

WHz

�1

and P (z = 0) < 10

24:0

WHz

�1

radio

galaxies. Plots of the amplitude of the angular 
ross-
orrelation fun
tion for the

2 subsamples are shown in Figures 7.26 and 7.27. In a given �eld, the estimates

of r

0

vary by � 10% between the bright and faint subsamples. There is no 
on-

sistent trend between environment and luminosity in the two �elds. If there is a


orrelation between radio power and environment, radio galaxy samples spanning
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0:10 � z < 0:30 Radio Galaxies

Figure 7.24: The amplitude of the angular 
ross-
orrelation fun
tion of 0:10 �

z < 0:30 radio galaxies and early subsample galaxies.

0:40 � z < 0:55 Radio Galaxies

Figure 7.25: The amplitude of the angular 
ross-
orrelation fun
tion of 0:30 �

z < 0:55 radio galaxies and early subsample galaxies.
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larger ranges of luminosity or 
ontaining� 10

2

obje
ts are required if a dete
tion

is to be made with the angular 
ross-
orrelation fun
tion.

7.7 Summary

The Panorami
 Deep Fields and the NVSS have been used to 
ompile a 
atalogue

of 0:1 < z < 0:55 B

J

< 23:5 radio galaxies. Radio 
uxes, multi
olour photometry

and photometri
 redshifts have been used to sele
t � 180 radio galaxies and to

measure the evolution of their luminosity and environments. The key 
on
lusions

are

(i) The evolution of the radio galaxy luminosity fun
tion 
an be approximated

by luminosity evolution where P (z) � P (0)(1+ z)

3:4

. The measured evolution of

the luminosity fun
tion is similar to previous estimates of the evolution of radio

sour
es (Rowan-Robinson et al. 1993) and is similar to the evolution of opti
ally

sele
ted AGN (Boyle, Shanks & Peterson 1988).

(ii) Radio galaxies are typi
ally found in environments ri
her than �eld galaxies.

Over the redshift range observed, the environments of radio galaxies are 
ompa-

rable to or slightly ri
her than the environments of early-type galaxies and UBR

sele
ted AGN.

(iii) While the radio luminosity fun
tion rapidly evolves from z � 0:1 to z � 0:55,

no signi�
ant evolution of the environment of radio galaxies was dete
ted.

(iv) There is no eviden
e for a 
orrelation between radio luminosity and envi-

ronment in the Panorami
 Deep Field sample. If a 
orrelation between ri
hness

and luminosity does exist, samples 
ontaining � 10

2

radio galaxies or spanning

a large range of luminosities are required to dete
t the 
orrelation.
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P (0) > 10

24:0

WHz

�1

Radio Galaxies

Figure 7.26: The amplitude of the angular 
ross-
orrelation fun
tion of P (0) >

10

24:0

WHz

�1

radio galaxies and early subsample galaxies.

P (0) < 10

24:0

WHz

�1

Radio Galaxies

Figure 7.27: The amplitude of the angular 
ross-
orrelation fun
tion of P (0) <

10

24:0

WHz

�1

radio galaxies and early subsample galaxies.
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Chapter 8

Con
lusions and Future

Prospe
ts

8.1 The Panorami
 Deep Fields

The Panorami
 Deep Fields are a deep wide-�eld multi
olour survey of two high

gala
ti
 latitude �elds. The size and depth of the �elds allows the a

urate

statisti
al measurement of the environments and evolution of galaxies and AGN.

The survey images have been 
onstru
ted by digitally sta
king s
ans of UK

S
hmidt photographi
 plates. The use of photographi
 plates provides a � 252

Æ

�eld-of-view (with low vignetting) and allows ar
hival material to be used for the

produ
tion of deep images. The su

essful 
oaddition of the s
ans requires a

u-

rate ba
kground subtra
tion and robust bad pixel reje
tion to a
hieve deep 
lean

images. SExtra
tor has been used to 
onstru
t and 
lassify the obje
t 
atalogue.

Photometry has been 
alibrated with deep CCD images and astrometry has been

determined with a solution derived from Ty
ho-2 stars.

The su

essful 
onstru
tion and use of the 
atalogue would not have been pos-

sible without visual inspe
tion of the data and the availability of published data

on the Internet. Visual inspe
tion is parti
ularly e�e
tive for �nding spurious

obje
ts in images (Chapter 2). Online databases (NED and CDS in parti
ular)

have been used to 
alibrate or 
on�rm the a

ura
y of obje
t 
lassi�
ations, as-

trometry, photometry, dust extin
tion, photometri
 redshifts, radio 
uxes, galaxy

sele
tion 
riteria and the 
luster 
atalogue. The s
ien
e derived from surveys is

signi�
antly improved by the availability of other data for the same �eld and this

must be 
onsidered when surveys are planned. For this reason, surveys and obje
t
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atalogues are mu
h more e�e
tive if they are available online. The Panorami


Deep Fields will be available online after the 
ompletion of this thesis.

8.2 Galaxy and Cluster Environments

The environments of galaxies and 
lusters have been measured from z � 0:4 until

the 
urrent epo
h with the Panorami
 Deep Fields. Despite the large �eld-of-view

of ea
h of the �elds, there are signi�
ant di�eren
es between the observed 
lus-

tering of galaxies. This is parti
ularly true for red early-type galaxies and galaxy


lusters, both of whi
h are strongly 
lustered in both �elds. The distribution of

galaxy 
lusters in the two �elds is 
onsistent with the di�eren
es being 
aused by

large-s
ale-stru
ture at z � 0:4 rather than smaller stru
tures at z � 0.

The strong 
orrelation between galaxy 
olour and environment has been mea-

sured by applying 
olour sele
tion 
riteria to the galaxy 
atalogue. The 
lustering

of blue U�B

J

sele
ted galaxies is weaker than any morphologi
ally sele
ted sam-

ple des
ribed in the published literature and is 
omparable to the 
lustering of

B

J

> 23 �eld galaxies. The weak 
lustering (r

0

�

<

3h

�1

Mp
) implies galaxy 
olour

and stellar population are more strongly 
orrelated with environment than galaxy

morphology.

Sin
e there is a strong 
orrelation between galaxy 
olour and environment,

single power-law models for the 
lustering of all galaxies are not meaningful. At

the very least, the 
lustering of galaxies is a fun
tion of 
olour (Chapter 4), lu-

minosity (Loveday et al. 1995) and redshift. To measure the 
orrelation fun
tion

as a fun
tion of these parameters, a large 
atalogue of galaxy redshifts and mul-

ti
olour photometry is required. This should be provided by wide-�eld surveys

in
luding 2dFGRS and SDSS.

The 
orrelation between galaxy 
olour and environment has signi�
ant impli-


ations for the study of the evolution of large-s
ale-stru
ture. Single band imaging


annot measure the evolution of 
lustering. Single band images will sele
t dif-

ferent galaxy populations as a fun
tion of redshift and 
hanges in the measured


lustering properties will be dominated by the 
orrelation between 
olour and en-

vironment. It should be possible to measure the evolution of galaxy 
lustering by

applying 
olour sele
tion 
riteria to multi
olour 
atalogues. However, red early-

type galaxies will require survey volumes 
onsiderably larger than the Panorami


Deep Fields (� 1000 � 60 � 60h

�3

Mp
) to prevent individual stru
tures bias-
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ing estimates of the 
orrelation fun
tion. While blue galaxies 
ould be used to

measure the evolution of 
lustering, 
onstraints on their luminosity evolution

and redshift distribution are poor (Ellis 1997). Both issues must be addressed

if galaxy 
lustering is to be used to 
onstrain galaxy evolution and 
osmologi
al

parameters.

8.3 AGN Evolution and Environments

The evolution of radio galaxies has been measured from z � 0:5 to the 
urrent

epo
h with the Panorami
 Deep Fields. Photometri
 redshifts, 
olour sele
tion

and mat
hes to the NVSS have been used to sele
t a 
atalogue of � 180 z < 0:55

radio galaxies. By sele
ting radio sour
es within a �xed proje
ted distan
e of red

galaxies, the sele
tion 
riteria for radio galaxies is not strongly 
orrelated with

redshift and it is possible to measure the evolution of radio galaxies. The evolution

of the radio galaxy luminosity fun
tion is 
onsistent with luminosity evolution

where the radio luminosity is given by L(z) � L(0)(1 + z)

3:4

. The observed

evolution is similar to previous estimates of the evolution of radio galaxies (Dunlop

& Pea
o
k 1990, Rowan-Robinson et al. 1993) and is similar to the evolution of

the QSO opti
al luminosity fun
tion. While it 
ould be argued the same physi
al

pro
esses are responsible for the luminosity evolution of di�erent AGN types, it

is plausible that the observed similarity is purely 
oin
idental.

The Panorami
 Deep Fields have been used to measure the environments of

UBR-sele
ted AGN and radio galaxies at intermediate redshifts. Colour sele
tion


riteria and photometri
 redshifts have been used to sele
t spe
i�
 galaxy-types

and to signi�
antly improve the signal-to-noise of the angular 
ross-
orrelation

fun
tion. UBR-sele
ted AGN and radio galaxies o

ur in signi�
antly ri
her

environments than �eld galaxies. However, this is not unexpe
ted as M

B

�

�21 AGN often o

ur in early-type hosts (S
hade, Boyle, Letawsky 2000) and

radio galaxies have bulge dominated morphologies (Matthews, Morgan & S
hmidt

1964). Most UBR sele
ted AGN hosts have environments similar to other galaxies

with the same morphology, but � 6% may be asso
iated with unusually ri
h

environments. While radio galaxies are in ri
her environments than most UBR-

sele
ted AGN, the observed 
lustering properties are similar to ellipti
al galaxies

at low redshift (Guzzo et al. 1997). The Panorami
 Deep Fields do not provide

eviden
e of AGN hosts being in unusual galaxy environments 
ompared with
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other galaxies with similar morphologies.

The environments of UBR-sele
ted AGN and radio galaxies do not exhibit

rapid evolution over the observed redshift range. Previous studies of AGN envi-

ronments at intermediate redshifts have 
laimed dete
tions of evolution (Yee &

Green 1987, Hill & Lilly et al. 1991, Wurtz et al. 1997) but the dete
tions have

usually relied on small number of obje
ts and have been derived from single-band

imaging. The evolution of the AGN luminosity fun
tion is not asso
iated with or


aused by rapid evolution ri
hness of AGN environments.

The luminosities of UBR-sele
ted AGN and radio galaxies are not strongly


orrelated with environment. It 
an be argued that the o

urren
e of radio galax-

ies in ri
her environments than UBR sele
ted AGN 
ould be due to a 
orrelation

between environment and radio luminosity. However, this argument assumes

uni�ed models of AGN are valid. While no 
orrelation was dete
ted between

opti
al luminosity and environment in Chapter 6, su
h a 
orrelation must o

ur

if AGN host environments are the same as galaxies with the same morphology,

as Seyferts o

ur more frequently in late-type galaxies than QSOs (M
Lure et al.

1999, S
hade, Boyle & Letawsky 2000). If this 
orrelation does exist, it should

be dete
table in larger samples of uniformly sele
ted AGN. It will be possible to

use the 2dFQRS and the Panorami
 Deep Fields to pla
e further 
onstraints on

the environments of UBR-sele
ted AGN.

The Panorami
 Deep Field estimate of the radio galaxy luminosity fun
tion

provides good 
onstraints on the evolution of radio galaxies at low redshift. How-

ever, at higher redshifts the 
onstraints are poor as they have been derived from

small samples or with redshifts derived from K band photometry (Dunlop & Pea-


o
k 1990). The te
hniques used to sele
t z < 0:5 radio galaxies in the Panorami


Deep Fields should also be appli
able to surveys of z � 1 radio galaxies with CCD

mosai
s. In parti
ular, it should be possible to use photometri
 redshifts, 
olour

sele
tion and proje
ted distan
e 
riteria to uniformly sele
t large samples of radio

galaxies over a wide range of redshifts.

While the environments of radio galaxies and AGN have been measured at

z < 0:5, the 
onstraints on their environments at higher redshifts (Hall & Green

1998) have only been determined with small samples and with low signal-to-noise.

While the environment does not evolve at z < 0:5, signi�
ant evolution may o

ur

at redshifts where the rate of galaxy formation and evolution is signi�
antly higher

than the 
urrent epo
h. The bias of QSOs with respe
t to galaxies must also be
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determined as a fun
tion of redshift if QSOs are to be used to tra
e large-s
ale-

stru
ture at z > 1 (Boyle et al. 1999).
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Appendix B

Cluster Candidates

The tables in this appendix provide a full list of the galaxy 
luster 
andidates

from Chapter 5. The AMF estimates of the redshift, ri
hness and likelihood are

listed for the B

J

, R and I bands (where available). If a previously identi�ed


luster is within a proje
ted distan
e of 0:25h

�1

Mp
 from the 
luster 
andidate,

the name and redshift from the NED database are provided. If a galaxy with

a spe
tros
opi
 identi�
ation is within 0:1h

�1

Mp
 of the 
luster position, the

redshift is listed with the supers
ript g.
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J0044-2803 00 44 16.6 -28 03 42 0.13 21.0 19.33

PDF J0044-2908 00 44 18.3 -29 08 02 0.17 26.0 23.79 0.16 23.0 24.45 0.15 23.0 23.94

PDF J0044-2748 00 44 31.0 -27 48 05 0.37 32.0 14.52

PDF J0044-2743 00 44 31.4 -27 43 58 0.33 35.0 11.39

PDF J0044-2705 00 44 32.8 -27 05 37 0.30 25.0 10.56

PDF J0044-2523 00 44 37.4 -25 23 47 0.25 32.0 15.14

PDF J0044-2541 00 44 43.3 -25 41 08 0.72 110.0 11.74

PDF J0044-2920 00 44 43.7 -29 20 06 0.24 21.0 10.19

PDF J0044-2735 00 44 48.9 -27 35 23 0.30 37.0 19.49 0.30 35.0 26.67 0.30 35.0 18.76

PDF J0044-2625 00 44 52.7 -26 25 42 0.16 21.0 10.86

PDF J0044-2800 00 44 56.1 -28 00 09 0.35 25.0 10.81

PDF J0044-2549 00 44 57.3 -25 49 26 0.56 62.0 15.02

PDF J0044-2528 00 44 58.9 -25 28 50 0.37 27.0 10.99

PDF J0044-2610 00 44 59.4 -26 10 04 0.18 22.0 13.02 0.18 21.0 15.09 0.18 22.0 14.76

PDF J0045-2647 00 45 03.8 -26 47 36 0.28 34.0 20.14

PDF J0045-2804 00 45 08.9 -28 04 20 0.17 23.0 17.19

PDF J0045-2635 00 45 14.0 -26 35 41 0.44 45.0 10.61

PDF J0045-2648 00 45 14.8 -26 48 53 0.27 50.0 36.21 0.28 41.0 36.51

PDF J0045-2923 00 45 17.4 -29 23 57 0.33 58.0 30.36 0.33 58.0 49.94 0.33 62.0 38.08 EIS J0045-2923

PDF J0045-2700 00 45 17.6 -27 00 51 0.18 25.0 12.46 0.24 23.0 11.53

PDF J0045-2810 00 45 19.6 -28 10 08 0.67 76.0 11.69

PDF J0045-2653 00 45 27.4 -26 53 53 0.28 28.0 14.23

PDF J0045-2902 00 45 39.9 -29 02 35 0.72 200.0 10.84

PDF J0045-2703 00 45 43.3 -27 03 26 0.41 42.0 11.95

PDF J0045-2851 00 45 59.6 -28 51 56 0.26 30.0 11.79

PDF J0045-3003 00 45 59.7 -30 03 41 0.72 110.0 11.69

PDF J0046-2751 00 46 02.2 -27 51 20 0.33 22.0 10.75 0.32 29.0 12.75

PDF J0046-2915 00 46 05.3 -29 15 28 0.20 34.0 30.84 0.24 30.0 27.28 0.19 25.0 20.68

PDF J0046-2824 00 46 07.3 -28 24 20 0.47 38.0 10.47

PDF J0046-2639 00 46 22.0 -26 39 14 0.37 29.0 13.85

PDF J0046-2746 00 46 41.7 -27 46 31 0.30 20.0 10.71

PDF J0046-2710 00 46 53.3 -27 10 16 0.23 20.0 12.36

PDF J0047-2718 00 47 07.6 -27 18 33 0.61 100.0 12.01

PDF J0047-2735 00 47 08.5 -27 35 03 0.39 49.0 12.83

PDF J0047-2725 00 47 10.9 -27 25 34 0.37 43.0 12.56 0.55 86.0 26.55
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J0047-2716 00 47 13.3 -27 16 55 0.46 54.0 22.49

PDF J0047-2636 00 47 13.9 -26 36 06 0.23 26.0 18.29 0.24 24.0 19.46

PDF J0047-2628 00 47 18.0 -26 28 41 0.39 26.0 11.54

PDF J0047-2728 00 47 21.9 -27 28 05 0.58 76.0 10.06

PDF J0047-2735 00 47 28.9 -27 35 07 0.31 26.0 17.24 0.35 43.0 17.60

PDF J0047-2956 00 47 37.4 -29 56 10 0.47 72.0 11.99 0.47 54.0 19.76

PDF J0047-2818 00 47 37.6 -28 18 01 0.49 39.0 12.02

PDF J0047-2704 00 47 41.8 -27 04 38 0.57 135.0 10.06 0.46 39.0 13.20

PDF J0047-3000 00 47 50.4 -30 00 44 0.47 68.0 11.74

PDF J0047-2910 00 47 53.4 -29 10 51 0.18 23.0 14.48

PDF J0048-2953 00 48 06.1 -29 53 21 0.47 39.0 11.11

PDF J0048-3006 00 48 11.0 -30 06 34 0.45 66.0 31.26 0.45 58.0 15.07

PDF J0048-2716 00 48 18.2 -27 16 41 0.60 190.0 11.98 0.60 64.0 10.68

PDF J0048-3008 00 48 18.6 -30 08 14 0.45 80.0 18.27

PDF J0048-2908 00 48 19.9 -29 08 27 0.43 42.0 16.96

PDF J0048-2911 00 48 48.1 -29 11 49 0.18 21.0 15.77

PDF J0048-2647 00 48 49.3 -26 47 04 0.27 23.0 10.84

PDF J0048-2657 00 48 54.3 -26 57 48 0.68 86.0 10.26

PDF J0049-2850 00 49 04.2 -28 50 49 0.26 25.0 15.47

PDF J0049-2707 00 49 16.2 -27 07 20 0.30 29.0 11.44 0.29 21.0 11.51

PDF J0049-2913 00 49 16.3 -29 13 31 0.55 68.0 18.07

PDF J0049-2811 00 49 19.0 -28 11 40 0.59 60.0 10.17

PDF J0049-2818 00 49 20.6 -28 18 16 0.39 37.0 16.54

PDF J0049-2852 00 49 21.1 -28 52 05 0.21 21.0 12.67

PDF J0049-2931 00 49 21.2 -29 31 16 0.10 50.0 110.44 0.10 45.0 105.56 0.10 46.0 103.48 0:11




ABELL S0084

PDF J0049-2813 00 49 28.3 -28 13 45 0.46 96.0 14.87

PDF J0049-2743 00 49 29.5 -27 43 39 0.54 120.0 11.13

PDF J0049-2817 00 49 30.1 -28 17 03 0.54 98.0 15.91

PDF J0049-2742 00 49 37.0 -27 42 50 0.65 100.0 15.70

PDF J0049-2909 00 49 39.2 -29 09 27 0.39 38.0 22.18

PDF J0049-2732 00 49 39.3 -27 32 57 0.48 54.0 10.42

PDF J0049-2833 00 49 40.6 -28 33 59 0.54 52.0 11.55

PDF J0049-2538 00 49 49.0 -25 38 19 0.56 58.0 13.49

PDF J0049-2801 00 49 49.4 -28 01 25 0.72 110.0 10.34

PDF J0049-2825 00 49 52.2 -28 25 45 0.40 56.0 15.37 0.40 64.0 38.77 0.46 74.0 21.83
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J0049-2843 00 49 53.4 -28 43 29 0.14 21.0 16.38

PDF J0049-3001 00 49 58.0 -30 01 26 0.53 115.0 12.96 0.49 54.0 18.74 [LP96℄ Cl0048-3018

PDF J0050-2800 00 50 06.2 -28 00 37 0.63 270.0 12.36

PDF J0050-2856 00 50 09.9 -28 56 43 0.31 27.0 16.81 0.38 45.0 14.28

PDF J0050-2755 00 50 19.5 -27 55 17 0.71 105.0 11.48

PDF J0050-2858 00 50 26.7 -28 58 48 0.14 21.0 16.49

PDF J0050-2527 00 50 27.7 -25 27 15 0.37 28.0 12.50 0.37 38.0 13.18

PDF J0050-2521 00 50 27.9 -25 21 04 0.41 43.0 10.33

PDF J0050-2813 00 50 32.0 -28 13 02 0.24 25.0 15.99 0.38 45.0 26.13 0.37 52.0 19.25

PDF J0050-2526 00 50 36.8 -25 26 02 0.37 45.0 13.99

PDF J0050-2805 00 50 47.2 -28 05 38 0.35 34.0 10.09

PDF J0050-2950 00 50 51.6 -29 50 48 0.39 44.0 12.20 0.39 28.0 13.29

PDF J0050-2806 00 50 56.5 -28 06 28 0.26 24.0 10.07

PDF J0051-3011 00 51 00.5 -30 11 26 0.35 23.0 10.07

PDF J0051-2523 00 51 07.9 -25 23 36 0.33 36.0 13.01 0.26 22.0 15.64 0.29 25.0 11.58

PDF J0051-3008 00 51 17.8 -30 08 34 0.27 30.0 10.72

PDF J0051-3017 00 51 19.4 -30 17 14 0.32 21.0 11.56 0.31 25.0 10.32

PDF J0051-2830 00 51 22.1 -28 30 25 0.12 64.0 128.24 0.11 56.0 125.04 0.11 60.0 126.46 0:05




ABELL 2829

PDF J0051-2714 00 51 33.1 -27 14 33 0.66 290.0 10.28

PDF J0051-2540 00 51 40.5 -25 40 32 0.21 32.0 28.25 0.17 29.0 25.00

PDF J0051-2521 00 51 40.8 -25 21 59 0.33 41.0 19.63

PDF J0051-2524 00 51 46.2 -25 24 27 0.30 52.0 33.40 0.30 43.0 37.83

PDF J0051-2847 00 51 48.0 -28 47 46 0.36 49.0 18.02 0.36 32.0 16.16 0.32 28.0 11.85

PDF J0051-3011 00 51 53.9 -30 11 54 0.24 36.0 20.64 0.25 31.0 19.54

PDF J0052-2535 00 52 02.5 -25 35 12 0.21 23.0 15.79

PDF J0052-2755 00 52 09.6 -27 55 50 0.48 70.0 10.46

PDF J0052-2856 00 52 10.5 -28 56 02 0.38 25.0 10.19

PDF J0052-2528 00 52 17.2 -25 28 36 0.32 45.0 21.92 0.29 37.0 31.37 0.19 26.0 18.85

PDF J0052-2748 00 52 26.5 -27 48 25 0.63 62.0 10.60

PDF J0052-2759 00 52 28.2 -27 59 33 0.51 150.0 21.07

PDF J0052-2519 00 52 31.9 -25 19 33 0.32 32.0 13.29 0.38 35.0 19.10

PDF J0052-2830 00 52 37.2 -28 30 54 0.45 76.0 17.58 0.45 48.0 20.97 0.45 48.0 13.53

PDF J0052-2953 00 52 49.4 -29 53 48 0.46 33.0 10.12

PDF J0052-3007 00 52 53.1 -30 07 49 0.61 80.0 14.10

PDF J0052-2907 00 52 59.4 -29 07 12 0.61 74.0 11.87
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J0053-2535 00 53 04.7 -25 35 38 0.40 35.0 15.94 0.43 44.0 10.60

PDF J0053-2543 00 53 11.9 -25 43 04 0.19 22.0 16.11 0.26 21.0 11.73

PDF J0053-2741 00 53 26.2 -27 41 01 0.31 42.0 20.09 0.38 42.0 22.76 0.43 78.0 22.45

PDF J0053-3000 00 53 27.4 -30 00 49 0.49 43.0 13.50

PDF J0053-3009 00 53 29.3 -30 09 04 0.33 24.0 11.85

PDF J0053-2519 00 53 30.3 -25 19 34 0.39 29.0 10.84

PDF J0053-3010 00 53 33.1 -30 10 43 0.25 26.0 10.48

PDF J0053-2800 00 53 44.8 -28 00 24 0.38 40.0 11.59 0.44 48.0 21.19

PDF J0053-3002 00 53 52.2 -30 02 53 0.48 76.0 10.91 0.52 60.0 16.32

PDF J0053-2533 00 53 55.8 -25 33 10 0.66 76.0 10.72

PDF J0053-2741 00 53 57.8 -27 41 51 0.61 210.0 11.71

PDF J0054-2705 00 54 01.5 -27 05 08 0.54 130.0 11.17

PDF J0054-2823 00 54 03.5 -28 23 55 0.32 33.0 14.66 0.38 37.0 21.92 0.30 23.0 11.47 0:25




[VMF98℄ 004

PDF J0054-2542 00 54 06.8 -25 42 15 0.28 24.0 10.94

PDF J0054-2956 00 54 16.9 -29 56 17 0.62 210.0 11.02

PDF J0054-2750 00 54 18.3 -27 50 05 0.26 60.0 44.23 0.30 49.0 46.80 0.38 72.0 33.67

PDF J0054-2543 00 54 21.5 -25 43 29 0.39 54.0 16.57 0.37 33.0 16.53

PDF J0054-2831 00 54 31.6 -28 31 20 0.35 37.0 11.88 0.44 30.0 10.55

PDF J0054-2814 00 54 40.9 -28 14 50 0.60 88.0 10.44

PDF J0054-2554 00 54 45.4 -25 54 12 0.26 23.0 11.51

PDF J0054-2811 00 54 59.6 -28 11 06 0.58 200.0 11.29

PDF J0055-2905 00 55 02.0 -29 05 08 0.63 78.0 12.49

PDF J0055-2745 00 55 06.8 -27 45 32 0.64 82.0 11.36

PDF J0055-3006 00 55 08.4 -30 06 10 0.12 25.0 21.62

PDF J0055-2826 00 55 14.8 -28 26 46 0.56 160.0 13.99

PDF J0055-2842 00 55 14.9 -28 42 26 0.49 60.0 11.93

PDF J0055-2553 00 55 18.3 -25 53 21 0.20 20.0 13.60 0.28 23.0 17.17 0.24 23.0 15.43

PDF J0055-2623 00 55 24.3 -26 23 27 0.13 68.0 124.24 0.11 60.0 122.87 0.11 60.0 117.30 0:11




APMCC 119

PDF J0055-3006 00 55 25.6 -30 06 59 0.13 43.0 39.81 0.13 36.0 33.87

PDF J0055-2601 00 55 25.8 -26 01 11 0.21 22.0 12.00

PDF J0055-2830 00 55 27.9 -28 30 53 0.60 78.0 12.84

PDF J0055-2720 00 55 28.8 -27 20 47 0.63 250.0 10.38

PDF J0055-2847 00 55 32.0 -28 47 47 0.09 23.0 24.93 0.11 20.0 18.08 ABELL S0100

PDF J0055-2531 00 55 32.7 -25 31 04 0.50 40.0 10.11

PDF J0055-2710 00 55 39.7 -27 10 03 0.65 78.0 12.63
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J0055-2818 00 55 46.5 -28 18 30 0.48 88.0 14.34 0.54 76.0 21.92

PDF J0055-2932 00 55 47.8 -29 32 19 0.39 52.0 15.14

PDF J0055-2853 00 55 49.0 -28 53 08 0.46 62.0 27.99

PDF J0055-2553 00 55 56.8 -25 53 44 0.48 32.0 11.19 0.48 49.0 11.70

PDF J0055-2719 00 55 58.4 -27 19 06 0.45 44.0 10.29

PDF J0056-2948 00 56 03.3 -29 48 23 0.24 29.0 17.96 [LP96℄ Cl0054-3005

PDF J0056-2946 00 56 09.0 -29 46 44 0.36 45.0 26.57 0.36 32.0 10.85

PDF J0056-2604 00 56 11.7 -26 04 26 0.25 23.0 12.17

PDF J0056-2625 00 56 12.2 -26 25 53 0.10 24.0 17.43 0:04

g

PDF J0056-2837 00 56 20.6 -28 37 01 0.31 25.0 10.85

PDF J0056-2552 00 56 20.6 -25 52 28 0.53 98.0 39.21 0.36 31.0 11.84

PDF J0056-2904 00 56 26.9 -29 04 39 0.14 35.0 41.21 0.14 31.0 38.73 0.10 25.0 31.07 ABELL S0105

PDF J0056-2604 00 56 28.2 -26 04 50 0.27 23.0 13.57

PDF J0056-3004 00 56 30.3 -30 04 51 0.15 64.0 84.44 0.14 50.0 70.09 0.12 42.0 55.09 0:11




ABELL 2844

PDF J0056-2547 00 56 31.5 -25 47 06 0.24 31.0 19.69 0.25 27.0 18.69

PDF J0056-2730 00 56 32.1 -27 30 12 0.18 37.0 36.94 0.18 25.0 28.58 0.18 35.0 35.37 0:56




ABELL 2843

PDF J0056-2820 00 56 37.1 -28 20 30 0.39 45.0 12.00 0.39 46.0 25.12

PDF J0056-2922 00 56 42.5 -29 22 22 0.56 68.0 15.03

PDF J0056-2938 00 56 46.7 -29 38 26 0.18 35.0 38.68 0.18 29.0 33.82 0.18 29.0 30.98

PDF J0056-2740 00 56 56.6 -27 40 29 0.47 80.0 14.99 0.47 70.0 33.17 0.47 52.0 11.13 0:56




J1888.16CL

PDF J0056-2536 00 56 56.9 -25 36 45 0.39 70.0 21.26 0.39 52.0 26.94 0.39 39.0 10.39

PDF J0056-2546 00 56 57.1 -25 46 39 0.46 78.0 39.45 0.32 31.0 13.02

PDF J0057-2822 00 57 03.4 -28 22 57 0.49 50.0 10.92

PDF J0057-2948 00 57 06.0 -29 48 43 0.14 30.0 24.05 0.16 28.0 24.66 0.15 21.0 17.27

PDF J0057-2839 00 57 07.7 -28 39 51 0.21 25.0 16.69 0.29 25.0 17.03 0.21 20.0 13.34

PDF J0057-3012 00 57 08.7 -30 12 38 0.10 20.0 14.00

PDF J0057-2747 00 57 09.8 -27 47 28 0.37 60.0 16.78 0.37 54.0 26.54 0.38 58.0 21.63

PDF J0057-2754 00 57 11.9 -27 54 53 0.46 39.0 11.29

PDF J0057-2822 00 57 14.6 -28 22 06 0.35 42.0 14.97 0.45 48.0 18.65

PDF J0057-2754 00 57 19.4 -27 54 28 0.50 84.0 11.15

PDF J0057-2617 00 57 20.0 -26 17 08 0.11 40.0 69.95 0.12 40.0 71.18 0.10 36.0 64.97 0:11




ABELL 0122

PDF J0057-2702 00 57 21.4 -27 02 30 0.68 90.0 13.88

PDF J0057-2737 00 57 24.4 -27 37 08 0.56 49.0 10.05

PDF J0057-3007 00 57 33.3 -30 07 39 0.48 78.0 29.90

PDF J0057-2807 00 57 34.7 -28 07 14 0.11 23.0 20.07
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J0057-2540 00 57 35.4 -25 40 00 0.39 43.0 11.08

PDF J0057-2856 00 57 42.1 -28 56 42 0.42 42.0 10.48

PDF J0057-2724 00 57 53.7 -27 24 18 0.20 24.0 15.93 0.20 20.0 13.97 0.19 21.0 13.46

PDF J0057-2839 00 57 54.7 -28 39 46 0.48 38.0 10.66

PDF J0057-2715 00 57 55.2 -27 15 14 0.64 82.0 14.32

PDF J0057-2634 00 57 57.4 -26 34 24 0.39 68.0 21.95 0.44 64.0 29.99 0.44 74.0 20.07

PDF J0058-3012 00 58 11.6 -30 12 32 0.36 41.0 23.60 0.44 70.0 19.91

PDF J0058-2944 00 58 12.3 -29 44 29 0.28 21.0 13.79

PDF J0058-2821 00 58 12.7 -28 21 36 0.39 29.0 11.25 0.35 32.0 10.10

PDF J0058-2723 00 58 25.3 -27 23 50 0.62 150.0 41.49 0.64 185.0 21.12

PDF J0058-2841 00 58 26.7 -28 41 22 0.45 49.0 18.67

PDF J0058-2636 00 58 27.0 -26 36 24 0.39 28.0 10.88

PDF J0058-2842 00 58 28.6 -28 42 36 0.45 70.0 14.05

PDF J0058-2819 00 58 35.1 -28 19 29 0.49 50.0 15.92

PDF J0058-2819 00 58 44.5 -28 19 53 0.37 48.0 16.91

PDF J0058-2759 00 58 47.3 -27 59 15 0.27 52.0 38.77 0.29 32.0 28.18 0.36 58.0 26.51

PDF J0058-2607 00 58 47.9 -26 07 54 0.42 76.0 23.00 0.42 50.0 27.86 0.42 50.0 16.25

PDF J0058-2953 00 58 48.9 -29 53 54 0.43 78.0 16.82

PDF J0058-2955 00 58 50.9 -29 55 57 0.57 140.0 31.51

PDF J0058-3014 00 58 57.5 -30 14 30 0.37 46.0 14.39 0.38 46.0 27.23 0.37 40.0 13.39

PDF J0059-2946 00 59 01.8 -29 46 02 0.62 88.0 15.28

PDF J0059-2859 00 59 14.6 -28 59 24 0.26 36.0 23.76 0.27 35.0 31.69 0.19 26.0 21.93

PDF J0059-2754 00 59 15.1 -27 54 39 0.63 100.0 20.14 0.63 100.0 10.98

PDF J0059-2845 00 59 21.4 -28 45 22 0.52 120.0 15.37 0.38 29.0 12.67 0.39 47.0 12.39

PDF J0059-2631 00 59 22.1 -26 31 44 0.47 34.0 10.16

PDF J0059-2813 00 59 27.3 -28 13 35 0.26 25.0 11.12

PDF J0059-2952 00 59 38.3 -29 52 57 0.25 28.0 14.95 0.24 21.0 13.09

PDF J0059-2852 00 59 46.2 -28 52 18 0.17 20.0 12.39

PDF J0059-3003 00 59 46.5 -30 03 39 0.27 35.0 21.83 0.27 36.0 30.15 0.26 24.0 12.94

PDF J0059-2523 00 59 53.5 -25 23 12 0.48 82.0 12.66

PDF J0059-2820 00 59 53.9 -28 20 32 0.19 23.0 17.95 0.30 30.0 23.68 0.30 32.0 18.00

PDF J0100-2919 01 00 02.9 -29 19 54 0.30 39.0 25.55 0.26 27.0 25.80 0.20 24.0 20.23 [LP96℄ Cl0058-2936

PDF J0100-2846 01 00 06.6 -28 46 04 0.27 49.0 38.05 0.20 32.0 39.41 0.20 29.0 29.91

PDF J0100-2832 01 00 07.7 -28 32 27 0.39 42.0 21.56

PDF J0100-2630 01 00 08.1 -26 30 47 0.43 58.0 12.96 0.47 68.0 34.27
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J0100-2831 01 00 17.0 -28 31 11 0.23 20.0 10.47

PDF J0100-2623 01 00 18.8 -26 23 20 0.58 62.0 13.64

PDF J0100-3011 01 00 19.4 -30 11 24 0.30 32.0 15.39 0.30 34.0 24.95 0.39 42.0 14.31 [LP96℄ Cl0058-3029

PDF J0100-3003 01 00 24.6 -30 03 33 0.49 54.0 16.90

PDF J0100-2634 01 00 30.5 -26 34 01 0.62 88.0 18.60

PDF J0100-2718 01 00 33.1 -27 18 09 0.73 130.0 12.82 0.38 37.0 12.33

PDF J0100-2944 01 00 34.8 -29 44 57 0.54 46.0 11.44

PDF J0100-2946 01 00 44.4 -29 46 59 0.32 31.0 10.76

PDF J0100-2955 01 00 45.0 -29 55 14 0.43 66.0 14.23 0.45 64.0 30.65

PDF J0100-2705 01 00 45.3 -27 05 19 0.49 44.0 10.62

PDF J0100-2818 01 00 48.1 -28 18 43 0.21 29.0 18.34 0.32 39.0 27.15 0.20 27.0 18.40

PDF J0100-2956 01 00 48.9 -29 56 28 0.43 49.0 13.08

PDF J0100-2901 01 00 52.8 -29 01 36 0.24 22.0 12.69

PDF J0100-2931 01 00 52.9 -29 31 42 0.20 23.0 10.90

PDF J0100-2725 01 00 55.8 -27 25 05 0.67 86.0 10.25

PDF J0101-2831 01 01 15.2 -28 31 50 0.21 56.0 46.99 0.21 52.0 53.43 0.17 33.0 34.53

PDF J0101-2840 01 01 17.7 -28 40 54 0.32 58.0 28.50 0.31 56.0 46.77 0.31 54.0 30.83

PDF J0101-2800 01 01 22.4 -28 00 03 0.46 44.0 16.53

PDF J0101-2918 01 01 29.9 -29 18 48 0.18 34.0 29.93 ABELL S0114

PDF J0101-2613 01 01 31.7 -26 13 12 0.65 98.0 19.34

PDF J0101-2755 01 01 35.1 -27 55 04 0.22 20.0 11.61 0.25 23.0 13.36

PDF J0101-2535 01 01 38.4 -25 35 39 0.42 56.0 12.17

PDF J0101-2915 01 01 39.1 -29 15 28 0.20 35.0 38.40 0.20 30.0 25.66

PDF J0101-2606 01 01 40.4 -26 06 10 0.29 30.0 14.59 0.28 27.0 18.65

PDF J0101-2536 01 01 53.0 -25 36 25 0.33 37.0 17.38

PDF J0102-2538 01 02 15.1 -25 38 00 0.29 32.0 15.79 0.27 24.0 13.38

PDF J0102-2614 01 02 16.0 -26 14 42 0.24 31.0 20.55 0.26 26.0 18.37

PDF J0102-2944 01 02 19.2 -29 44 36 0.64 94.0 17.51

PDF J0102-2546 01 02 26.7 -25 46 37 0.52 44.0 10.07

PDF J0102-2919 01 02 36.1 -29 19 23 0.14 21.0 23.16 0.14 20.0 21.93

PDF J0102-2540 01 02 44.6 -25 40 46 0.17 24.0 15.48 0.29 37.0 22.92

PDF J0102-2925 01 02 57.4 -29 25 04 0.24 27.0 15.86

PDF J0102-2911 01 02 58.1 -29 11 03 0.30 80.0 79.21 0.30 68.0 87.88 0.27 60.0 59.81 ABELL S0119

PDF J0103-2528 01 03 09.2 -25 28 42 0.32 34.0 10.53

PDF J0103-2518 01 03 13.9 -25 18 22 0.51 50.0 16.06
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J0103-2547 01 03 16.2 -25 47 39 0.36 29.0 15.47

PDF J0103-2540 01 03 17.5 -25 40 38 0.32 48.0 25.73 0.37 54.0 37.13 0.21 28.0 20.46

PDF J0103-2852 01 03 19.1 -28 52 49 0.26 26.0 19.72

PDF J0103-2851 01 03 32.2 -28 51 56 0.19 21.0 15.91

PDF J0103-2820 01 03 35.0 -28 20 34 0.29 27.0 13.95 0.29 22.0 16.77 0.29 25.0 12.85

PDF J0103-2752 01 03 47.3 -27 52 04 0.39 47.0 14.18 0.39 37.0 22.09 0.44 58.0 17.85

PDF J0104-2936 01 04 06.7 -29 36 19 0.13 20.0 13.87

PDF J0104-2836 01 04 15.9 -28 36 53 0.30 25.0 15.27 0.36 34.0 11.02

PDF J0104-2547 01 04 22.2 -25 47 46 0.37 30.0 12.44

PDF J0104-2830 01 04 51.0 -28 30 32 0.44 38.0 14.21

PDF J0105-2520 01 05 25.4 -25 20 39 0.22 36.0 30.65 0.21 32.0 34.23 0.21 27.0 22.51

PDF J0105-2537 01 05 45.4 -25 37 27 0.45 34.0 11.09

PDF J0105-2548 01 05 46.5 -25 48 10 0.37 47.0 18.47 0.38 44.0 30.56 0.35 41.0 19.53

PDF J0105-2905 01 05 55.0 -29 05 15 0.13 24.0 25.61

PDF J0106-2624 01 06 10.5 -26 24 19 0.39 41.0 10.43

PDF J1032-0244 10 32 43.2 -02 44 01 0.39 42.0 10.09 0.39 36.0 18.92

PDF J1032+0210 10 32 53.3 +02 10 21 0.13 27.0 25.64 0.17 24.0 24.16 0.11 22.0 21.12

PDF J1033-0134 10 33 08.3 -01 34 45 0.23 28.0 18.42 0.24 30.0 23.63 0.21 23.0 13.51

PDF J1033-0221 10 33 13.1 -02 21 45 0.21 38.0 33.25 0.22 34.0 30.87 0.11 21.0 18.59

PDF J1033-0127 10 33 19.8 -01 27 20 0.45 52.0 18.43

PDF J1033-0151 10 33 23.1 -01 51 15 0.44 94.0 25.52 0.45 58.0 29.07 0.46 68.0 14.40

PDF J1033+0203 10 33 24.6 +02 03 45 0.57 45.0 10.39

PDF J1033+0139 10 33 33.0 +01 39 50 0.50 84.0 11.94 0.49 35.0 11.68

PDF J1033+0200 10 33 41.1 +02 00 02 0.10 20.0 16.58

PDF J1033-0040 10 33 44.7 -00 40 45 0.13 20.0 14.63

PDF J1033-0157 10 33 52.7 -01 57 26 0.30 38.0 18.83 0.28 28.0 18.79 0.28 27.0 10.69

PDF J1033-0039 10 33 56.2 -00 39 30 0.22 33.0 19.00 0.21 32.0 22.37

PDF J1034-0215 10 34 00.9 -02 15 10 0.18 48.0 46.17 0.23 44.0 42.56 0.13 37.0 33.79

PDF J1034-0105 10 34 17.6 -01 05 54 0.44 52.0 11.41

PDF J1034-0050 10 34 17.6 -00 50 14 0.24 30.0 12.94

PDF J1034-0057 10 34 19.3 -00 57 14 0.29 31.0 14.59 0.29 23.0 12.99

PDF J1034-0219 10 34 27.3 -02 19 17 0.31 33.0 20.89

PDF J1034-0112 10 34 35.7 -01 12 54 0.48 38.0 12.32

PDF J1034-0216 10 34 42.2 -02 16 49 0.12 23.0 14.16

PDF J1034-0213 10 34 53.7 -02 13 31 0.11 21.0 10.97
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J1034+0130 10 34 55.5 +01 30 46 0.57 47.0 11.40

PDF J1034-0230 10 34 57.0 -02 30 26 0.44 37.0 14.18

PDF J1035-0214 10 35 23.4 -02 14 46 0.15 22.0 17.33 0.16 20.0 17.11

PDF J1035-0001 10 35 26.9 -00 01 59 0.48 62.0 31.35 0.49 90.0 18.07

PDF J1036+0102 10 36 03.1 +01 02 19 0.63 56.0 11.68

PDF J1036+0136 10 36 09.7 +01 36 58 0.39 24.0 11.42

PDF J1036-0222 10 36 14.6 -02 22 11 0.12 28.0 22.67 0.12 29.0 28.90 0.12 28.0 25.47

PDF J1036-0124 10 36 31.2 -01 24 03 0.30 25.0 11.47

PDF J1036-0206 10 36 32.8 -02 06 31 0.23 28.0 16.07

PDF J1036+0136 10 36 42.7 +01 36 58 0.49 47.0 18.27

PDF J1036-0232 10 36 44.2 -02 32 30 0.58 54.0 12.41

PDF J1036-0057 10 36 47.7 -00 57 15 0.64 230.0 10.50

PDF J1036+0151 10 36 49.2 +01 51 48 0.62 84.0 18.34

PDF J1036-0209 10 36 55.8 -02 09 25 0.23 23.0 14.35 0.26 27.0 10.98

PDF J1037+0146 10 37 00.8 +01 46 02 0.42 38.0 17.98

PDF J1037-0041 10 37 24.0 -00 41 10 0.12 25.0 21.05 0.09 20.0 20.85 0.09 20.0 19.39

PDF J1037+0133 10 37 37.1 +01 33 15 0.34 39.0 14.96 0.43 43.0 19.20 0.47 76.0 14.85

PDF J1038-0228 10 38 03.5 -02 28 23 0.17 27.0 17.35

PDF J1038-0126 10 38 18.4 -01 26 32 0.59 58.0 14.61

PDF J1038-0113 10 38 34.9 -01 13 20 0.14 20.0 15.40 0.13 20.0 18.65

PDF J1038+0139 10 38 36.5 +01 39 02 0.46 70.0 12.92

PDF J1038+0136 10 38 48.0 +01 36 08 0.59 50.0 11.62

PDF J1038-0115 10 38 49.7 -01 15 24 0.14 25.0 17.31

PDF J1039-0215 10 39 02.9 -02 15 36 0.15 27.0 18.74 0.18 21.0 15.13

PDF J1039+0117 10 39 09.5 +01 17 35 0.12 27.0 28.25 0.12 26.0 24.60

PDF J1039+0207 10 39 17.6 +02 07 29 0.38 62.0 22.13 0.38 60.0 43.04 0.38 80.0 30.80

PDF J1039+0114 10 39 17.7 +01 14 42 0.13 29.0 25.96

PDF J1039-0135 10 39 21.1 -01 35 12 0.43 80.0 16.90

PDF J1039-0052 10 39 21.1 -00 52 18 0.19 24.0 15.97

PDF J1039+0101 10 39 22.7 +01 01 30 0.12 45.0 59.22 0.11 38.0 48.54 0.12 42.0 51.41

PDF J1039-0105 10 39 22.7 -01 05 55 0.39 52.0 15.48

PDF J1039-0202 10 39 27.6 -02 02 00 0.26 30.0 11.17 0.38 46.0 20.30 0.48 76.0 11.06

PDF J1039-0056 10 39 29.3 -00 56 50 0.20 20.0 13.14 0.21 25.0 14.36

PDF J1039+0211 10 39 37.4 +02 11 12 0.39 44.0 10.78

PDF J1039+0003 10 39 44.2 +00 03 21 0.64 78.0 16.48
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J1039+0022 10 39 49.1 +00 22 44 0.40 31.0 10.48

PDF J1039+0205 10 39 53.9 +02 05 01 0.42 90.0 21.80

PDF J1039+0210 10 39 57.2 +02 10 47 0.60 74.0 21.06

PDF J1040+0159 10 40 03.8 +01 59 14 0.44 82.0 21.02 0.39 60.0 44.01 0.44 86.0 21.53

PDF J1040+0045 10 40 10.5 +00 45 50 0.64 60.0 11.81

PDF J1040-0107 10 40 40.2 -01 07 09 0.26 24.0 12.28

PDF J1040+0129 10 40 50.1 +01 29 08 0.49 35.0 10.46

PDF J1040+0056 10 40 50.1 +00 56 33 0.28 29.0 14.04 0.28 23.0 13.62 0.28 35.0 17.17

PDF J1040+0153 10 40 55.0 +01 53 03 0.39 43.0 12.17 0.36 33.0 19.02

PDF J1041-0044 10 41 05.0 -00 44 04 0.12 38.0 41.13 0.12 33.0 36.41 0.10 34.0 37.98

PDF J1041-0103 10 41 05.0 -01 03 27 0.22 43.0 34.57 0.26 33.0 25.44 0.21 36.0 26.58

PDF J1041+0127 10 41 16.5 +01 27 04 0.36 30.0 17.18 0.37 47.0 14.69

PDF J1041-0226 10 41 18.2 -02 26 20 0.10 22.0 17.99 0.10 23.0 20.20 0.09 20.0 17.78

PDF J1041+0116 10 41 23.1 +01 16 46 0.62 58.0 12.19

PDF J1041+0209 10 41 24.7 +02 09 08 0.60 60.0 12.37

PDF J1041-0102 10 41 31.4 -01 02 12 0.25 40.0 19.02

PDF J1041+0128 10 41 39.5 +01 28 18 0.40 84.0 30.38 0.40 62.0 44.32

PDF J1041+0110 10 41 39.6 +01 10 10 0.10 26.0 19.84 0.09 20.0 16.90

PDF J1041-0237 10 41 44.6 -02 37 53 0.21 66.0 78.63 0.21 64.0 91.16 0.28 82.0 63.28

PDF J1041+0211 10 41 46.1 +02 11 12 0.54 50.0 14.26

PDF J1041+0103 10 41 46.2 +01 03 34 0.35 27.0 13.11

PDF J1041+0132 10 41 49.4 +01 32 01 0.44 150.0 48.03

PDF J1041-0037 10 41 49.5 -00 37 03 0.14 26.0 24.24 0.14 24.0 21.62

PDF J1041+0036 10 41 57.7 +00 36 45 0.60 170.0 10.88 0.63 76.0 17.22

PDF J1042-0201 10 42 06.0 -02 01 35 0.47 33.0 13.21

PDF J1042-0140 10 42 09.3 -01 40 34 0.42 39.0 12.69

PDF J1042-0008 10 42 12.6 -00 08 11 0.13 29.0 28.32 0.16 30.0 26.87 0.16 36.0 31.81 0:14




RX J1042.3-0008

PDF J1042+0120 10 42 15.8 +01 20 04 0.60 54.0 12.38

PDF J1042+0105 10 42 17.5 +01 05 37 0.30 27.0 13.02

PDF J1042-0057 10 42 29.1 -00 57 15 0.23 24.0 15.71 0.33 34.0 23.96 0.30 34.0 14.85

PDF J1042-0047 10 42 34.0 -00 47 22 0.44 54.0 10.53 0.36 24.0 11.47 0.36 38.0 11.02

PDF J1042+0144 10 42 35.6 +01 44 48 0.50 54.0 15.68

PDF J1042+0124 10 42 35.6 +01 24 11 0.38 38.0 16.77

PDF J1042+0207 10 42 37.3 +02 07 54 0.49 42.0 12.64

PDF J1042+0030 10 42 40.6 +00 30 34 0.64 82.0 17.76 0.60 110.0 12.38

T
a
b
l
e
B
.
1
0
:
C
l
u
s
t
e
r
C
a
n
d
i
d
a
t
e
C
a
t
a
l
o
g
u
e

2
0
4



Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J1042-0152 10 42 45.6 -01 52 06 0.11 21.0 22.21

PDF J1042-0143 10 42 47.3 -01 43 02 0.18 21.0 14.96

PDF J1042+0023 10 42 57.1 +00 23 58 0.32 31.0 18.08 0.30 32.0 14.55

PDF J1042+0025 10 42 58.7 +00 25 37 0.45 120.0 25.53

PDF J1043+0125 10 43 00.4 +01 25 00 0.60 58.0 13.14

PDF J1043-0039 10 43 00.4 -00 39 56 0.25 24.0 12.45 0.23 24.0 12.68

PDF J1043+0115 10 43 11.9 +01 15 56 0.56 44.0 10.25

PDF J1043+0050 10 43 15.2 +00 50 47 0.14 34.0 44.18 0.15 30.0 39.40 0.13 35.0 45.26

PDF J1043-0234 10 43 18.6 -02 34 10 0.29 29.0 11.74

PDF J1043+0018 10 43 21.8 +00 18 37 0.48 78.0 12.37 0.52 39.0 10.38

PDF J1043-0011 10 43 21.8 -00 11 04 0.20 25.0 11.13

PDF J1043+0006 10 43 28.4 +00 06 14 0.20 34.0 26.56 0.16 24.0 22.05 0.14 31.0 25.56

PDF J1043-0007 10 43 33.4 -00 07 46 0.30 22.0 13.50

PDF J1043+0016 10 43 40.0 +00 16 58 0.09 22.0 18.41

PDF J1043-0239 10 43 43.4 -02 39 57 0.59 54.0 11.43

PDF J1043-0016 10 43 44.9 -00 16 01 0.39 26.0 10.50

PDF J1043-0209 10 43 46.7 -02 09 01 0.31 24.0 10.85

PDF J1043-0056 10 43 48.3 -00 56 26 0.24 35.0 24.73 0.24 30.0 26.94 0.20 27.0 20.48

PDF J1043+0058 10 43 53.1 +00 58 12 0.09 38.0 40.22 0.10 33.0 34.90

PDF J1043+0107 10 43 54.8 +01 07 16 0.10 28.0 22.47 ABELL 1080

PDF J1043+0034 10 43 58.1 +00 34 17 0.44 43.0 14.23

PDF J1043-0213 10 43 58.2 -02 13 33 0.59 48.0 10.79

PDF J1044+0053 10 44 06.3 +00 53 15 0.09 35.0 31.34

PDF J1044-0039 10 44 06.4 -00 39 31 0.33 29.0 18.60 0.32 37.0 15.89

PDF J1044+0027 10 44 09.6 +00 27 16 0.43 36.0 12.02

PDF J1044-0012 10 44 09.7 -00 12 18 0.15 21.0 13.46

PDF J1044+0010 10 44 12.9 +00 10 46 0.30 33.0 10.28 0.30 28.0 12.28

PDF J1044-0238 10 44 13.1 -02 38 42 0.30 27.0 16.86

PDF J1044+0005 10 44 21.2 +00 05 25 0.52 42.0 10.91

PDF J1044-0003 10 44 32.7 -00 03 14 0.43 84.0 56.88 [LP96℄ Cl1042+0013

PDF J1044-0048 10 44 37.7 -00 48 36 0.26 24.0 12.68 0.33 21.0 10.52

PDF J1044-0015 10 44 45.9 -00 15 11 0.23 37.0 27.39 0.12 20.0 18.50 0.13 26.0 23.32 J1834.03TC

PDF J1044-0150 10 44 46.0 -01 50 03 0.32 30.0 10.28

PDF J1044-0000 10 44 49.2 -00 00 45 0.30 58.0 34.08 0.21 40.0 27.61 0:38




F1835.02CL

PDF J1044-0104 10 44 57.5 -01 04 16 0.38 43.0 11.82 0.33 36.0 11.71
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J1044-0001 10 44 59.1 -00 01 35 0.26 44.0 29.27

PDF J1045-0006 10 45 05.7 -00 06 57 0.32 43.0 19.61 [LP96℄ Cl1043+0009

PDF J1045-0029 10 45 12.3 -00 29 37 0.40 52.0 28.43 J1834.05BC

PDF J1045-0106 10 45 17.3 -01 06 20 0.31 31.0 11.95 0.31 28.0 16.97

PDF J1045+0005 10 45 22.2 +00 05 49 0.42 52.0 10.63

PDF J1045-0023 10 45 22.2 -00 23 02 0.24 39.0 27.96

PDF J1045-0216 10 45 27.3 -02 16 01 0.19 22.0 10.51

PDF J1045-0015 10 45 28.8 -00 15 11 0.26 26.0 13.77 0:04

g

PDF J1045-0228 10 45 29.0 -02 28 24 0.28 22.0 12.78

PDF J1045-0235 10 45 30.7 -02 35 49 0.29 26.0 14.56

PDF J1045-0023 10 45 33.8 -00 23 02 0.13 26.0 20.18 0.15 31.0 22.85

PDF J1045-0112 10 45 33.8 -01 12 31 0.26 20.0 11.03

PDF J1045+0121 10 45 35.4 +01 21 42 0.56 140.0 12.93 0.60 80.0 21.89

PDF J1045+0128 10 45 35.4 +01 28 18 0.45 29.0 10.18

PDF J1045-0040 10 45 35.4 -00 40 46 0.25 41.0 21.77

PDF J1045-0121 10 45 35.5 -01 21 10 0.28 27.0 12.35

PDF J1045-0212 10 45 37.2 -02 12 43 0.19 21.0 13.94

PDF J1045-0136 10 45 40.4 -01 36 51 0.50 86.0 12.33

PDF J1045+0138 10 45 42.0 +01 38 37 0.42 31.0 10.07

PDF J1045-0109 10 45 42.1 -01 09 38 0.47 66.0 11.46

PDF J1045-0030 10 45 45.3 -00 30 27 0.42 54.0 11.63

PDF J1045+0202 10 45 47.0 +02 02 57 0.61 86.0 22.08

PDF J1045-0033 10 45 51.9 -00 33 45 0.59 54.0 10.46

PDF J1045-0045 10 45 58.5 -00 45 18 0.70 220.0 11.84

PDF J1046+0044 10 46 00.1 +00 44 11 0.60 72.0 12.28

PDF J1046-0145 10 46 05.2 -01 45 55 0.43 68.0 11.69

PDF J1046-0143 10 46 08.5 -01 43 51 0.30 36.0 19.26

PDF J1046-0017 10 46 10.0 -00 17 40 0.62 260.0 16.59 [LP96℄ Cl1044-0004

PDF J1046+0122 10 46 18.3 +01 22 07 0.36 50.0 13.91 0.36 37.0 15.00 ABELL 1092

PDF J1046-0036 10 46 21.6 -00 36 13 0.24 33.0 18.02

PDF J1046+0041 10 46 23.2 +00 41 17 0.66 70.0 12.98

PDF J1046-0156 10 46 23.4 -01 56 38 0.18 22.0 11.84 0.18 31.0 21.88

PDF J1046-0103 10 46 26.6 -01 03 02 0.31 33.0 15.82 0.40 38.0 18.34 0.27 25.0 11.82

PDF J1046-0119 10 46 26.6 -01 19 56 0.59 170.0 11.74

PDF J1046+0112 10 46 28.2 +01 12 38 0.47 36.0 11.45
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J1046+0210 10 46 28.2 +02 10 22 0.63 105.0 29.58

PDF J1046-0004 10 46 31.5 -00 04 03 0.38 44.0 10.94

PDF J1046-0055 10 46 33.2 -00 55 11 0.43 74.0 13.27

PDF J1046-0116 10 46 33.2 -01 16 38 0.55 94.0 11.66

PDF J1046-0056 10 46 34.8 -00 56 26 0.54 42.0 10.15

PDF J1046-0000 10 46 36.4 -00 00 45 0.37 28.0 10.98

PDF J1046+0042 10 46 38.0 +00 42 56 0.67 350.0 11.64

PDF J1046+0127 10 46 38.1 +01 27 29 0.17 40.0 43.85 0.17 38.0 48.76 0.11 35.0 44.86

PDF J1046+0020 10 46 39.7 +00 20 40 0.56 135.0 12.54

PDF J1046-0204 10 46 39.9 -02 04 28 0.55 39.0 10.50

PDF J1046-0128 10 46 41.5 -01 28 11 0.19 21.0 10.79

PDF J1046+0035 10 46 44.6 +00 35 31 0.67 78.0 11.76

PDF J1046-0019 10 46 44.7 -00 19 44 0.35 32.0 18.22 0.30 29.0 11.08

PDF J1046+0110 10 46 49.6 +01 10 09 0.28 27.0 10.14

PDF J1046-0155 10 46 49.8 -01 55 24 0.38 47.0 14.60 0.38 35.0 19.67 0.38 42.0 11.92

PDF J1046-0041 10 46 52.9 -00 41 10 0.24 26.0 13.82

PDF J1046-0214 10 46 53.1 -02 14 47 0.34 31.0 12.41

PDF J1046-0021 10 46 54.6 -00 21 23 0.28 35.0 18.55

PDF J1046-0025 10 46 54.6 -00 25 30 0.45 36.0 11.09 0:47




F1835.22CR

PDF J1047-0054 10 47 01.2 -00 54 47 0.64 92.0 12.73

PDF J1047-0200 10 47 03.0 -02 00 45 0.35 43.0 15.83 0.44 49.0 23.47 0.44 54.0 10.29

PDF J1047+0002 10 47 04.4 +00 02 32 0.22 42.0 26.01

PDF J1047-0115 10 47 04.5 -01 15 24 0.39 54.0 13.94

PDF J1047-0117 10 47 11.1 -01 17 27 0.64 125.0 36.79

PDF J1047+0001 10 47 12.7 +00 01 17 0.23 24.0 16.86

PDF J1047-0008 10 47 12.7 -00 08 35 0.39 25.0 10.33

PDF J1047-0028 10 47 16.0 -00 28 48 0.39 29.0 11.73 0:08

g

PDF J1047+0206 10 47 17.7 +02 06 15 0.47 72.0 12.33 0.59 88.0 25.77 0.59 105.0 10.28

PDF J1047-0131 10 47 17.8 -01 31 04 0.32 42.0 17.39 0.33 30.0 15.48

PDF J1047-0124 10 47 19.4 -01 24 03 0.25 35.0 14.53 0.27 33.0 15.11

PDF J1047-0104 10 47 24.3 -01 04 40 0.47 80.0 14.65 0.53 90.0 42.71

PDF J1047-0219 10 47 37.7 -02 19 43 0.17 23.0 16.77

PDF J1047-0223 10 47 37.7 -02 23 01 0.18 28.0 21.10 0.14 20.0 13.17

PDF J1047-0003 10 47 39.1 -00 03 39 0.57 150.0 11.63

PDF J1047-0023 10 47 39.1 -00 23 51 0.41 46.0 11.15 0.41 33.0 13.67 0:35




F1835.28BR
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J1047-0158 10 47 40.9 -01 58 17 0.41 30.0 11.05

PDF J1047-0015 10 47 45.7 -00 15 36 0.51 49.0 16.17

PDF J1047-0129 10 47 50.7 -01 29 25 0.39 31.0 10.81

PDF J1047-0242 10 47 50.9 -02 42 24 0.15 23.0 14.73 0.21 27.0 18.54

PDF J1047-0055 10 47 57.3 -00 55 11 0.59 60.0 14.60

PDF J1048-0140 10 48 00.7 -01 40 33 0.27 32.0 17.81 0.30 33.0 20.89

PDF J1048+0049 10 48 10.4 +00 49 08 0.33 28.0 14.49

PDF J1048-0231 10 48 10.7 -02 31 16 0.11 21.0 11.02

PDF J1048+0007 10 48 13.7 +00 07 53 0.61 58.0 11.38

PDF J1048+0033 10 48 15.3 +00 33 03 0.46 39.0 14.36

PDF J1048-0019 10 48 20.3 -00 19 19 0.61 62.0 14.73

PDF J1048+0003 10 48 21.9 +00 03 21 0.56 45.0 10.01

PDF J1048-0130 10 48 22.1 -01 30 14 0.24 27.0 15.57 0.29 22.0 14.39 0.24 22.0 11.46

PDF J1048-0059 10 48 23.7 -00 59 43 0.43 34.0 13.11

PDF J1048-0101 10 48 25.3 -01 01 22 0.50 80.0 11.04

PDF J1048+0108 10 48 31.8 +01 08 06 0.22 25.0 15.04 0.21 20.0 15.25 0.21 25.0 16.90

PDF J1048+0013 10 48 33.5 +00 13 40 0.44 80.0 16.49 0.45 50.0 19.50 0.44 58.0 11.62

PDF J1048-0239 10 48 42.1 -02 39 06 0.19 37.0 30.01 0.16 40.0 36.24 0.19 31.0 21.50

PDF J1049+0021 10 49 04.8 +00 21 30 0.44 46.0 14.58

PDF J1049-0036 10 49 11.5 -00 36 38 0.51 48.0 12.88

PDF J1049-0115 10 49 11.5 -01 15 23 0.33 46.0 25.27

PDF J1049-0219 10 49 13.4 -02 19 18 0.55 50.0 13.37

PDF J1049-0008 10 49 18.0 -00 08 35 0.15 20.0 11.12 0.15 20.0 12.31

PDF J1049-0117 10 49 18.1 -01 17 52 0.23 26.0 17.10 0.26 29.0 15.30

PDF J1049+0002 10 49 19.7 +00 02 07 0.60 64.0 14.08

PDF J1049-0004 10 49 24.6 -00 04 03 0.64 98.0 24.07

PDF J1049-0114 10 49 33.0 -01 14 34 0.55 90.0 31.09

PDF J1049-0110 10 49 36.3 -01 10 02 0.65 270.0 11.94

PDF J1049+0008 10 49 37.8 +00 08 18 0.60 80.0 22.70

PDF J1049-0013 10 49 37.8 -00 13 07 0.68 92.0 18.20

PDF J1049-0032 10 49 41.1 -00 32 05 0.49 48.0 16.28

PDF J1049-0216 10 49 57.9 -02 16 25 0.27 34.0 17.59 0.44 76.0 33.08 0.38 54.0 13.65

PDF J1049-0226 10 49 59.6 -02 26 43 0.35 32.0 15.09

PDF J1050+0141 10 50 02.6 +01 41 05 0.67 86.0 14.36

PDF J1050-0115 10 50 02.7 -01 15 23 0.57 96.0 43.14
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Cluster RA De
lination B

J

AMF R AMF I AMF NED Previous ID

(J2000) (J2000) z � L z � L z � L z

PDF J1050-0107 10 50 04.3 -01 07 58 0.60 72.0 11.47

PDF J1050+0120 10 50 07.5 +01 20 28 0.53 68.0 10.33

PDF J1050-0140 10 50 12.6 -01 40 07 0.30 29.0 18.48 0.45 68.0 11.90

PDF J1050-0206 10 50 12.7 -02 06 06 0.34 43.0 24.65

PDF J1050+0123 10 50 22.4 +01 23 46 0.67 100.0 21.41

PDF J1050-0154 10 50 24.2 -01 54 08 0.38 46.0 14.78

PDF J1050-0207 10 50 25.9 -02 07 20 0.31 36.0 15.73

PDF J1050-0153 10 50 34.1 -01 53 44 0.33 48.0 35.35 0.39 56.0 16.55

PDF J1050-0202 10 50 35.8 -02 02 23 0.29 21.0 10.93

PDF J1050+0015 10 50 37.2 +00 15 43 0.64 130.0 38.76

PDF J1050-0137 10 50 37.4 -01 37 14 0.33 36.0 13.50

PDF J1050-0235 10 50 37.6 -02 35 22 0.20 32.0 33.28 0.21 30.0 36.96 0.29 38.0 23.82 0:17




ABELL 1111

PDF J1050-0144 10 50 39.0 -01 44 39 0.43 49.0 17.50 0.43 64.0 10.97

PDF J1050-0020 10 50 52.0 -00 20 08 0.59 52.0 11.74

PDF J1050-0030 10 50 55.3 -00 30 26 0.48 33.0 10.19

PDF J1050-0112 10 50 55.4 -01 12 54 0.18 20.0 11.74

PDF J1051-0148 10 51 00.5 -01 48 47 0.28 20.0 10.29

PDF J1051-0157 10 51 18.7 -01 57 51 0.29 26.0 11.32

PDF J1051+0010 10 51 26.6 +00 10 22 0.63 76.0 17.01

PDF J1051-0152 10 51 40.1 -01 52 54 0.31 26.0 13.12

PDF J1051-0129 10 51 43.3 -01 29 24 0.49 39.0 12.55

PDF J1051+0004 10 51 49.7 +00 04 36 0.17 26.0 14.98

PDF J1051-0155 10 51 50.0 -01 55 22 0.21 23.0 10.73

PDF J1051+0032 10 51 59.6 +00 32 38 0.62 68.0 10.15

PDF J1052-0202 10 52 06.5 -02 02 47 0.49 52.0 19.75

PDF J1052-0118 10 52 08.0 -01 18 40 0.33 50.0 22.15 0.33 39.0 26.02 0.14 28.0 19.50

PDF J1052-0138 10 52 16.3 -01 38 52 0.46 37.0 14.50

PDF J1052-0113 10 52 19.5 -01 13 19 0.23 45.0 31.11 0.23 41.0 31.67

PDF J1052+0033 10 52 24.3 +00 33 52 0.73 84.0 10.64
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Appendix C

Radio Galaxies

The tables in this appendix provide a full list of the radio galaxies identi�ed

in Chapter 7. NVSS sour
e names, opti
al position, multi
olour photometry,

photometri
 redshift and the o�set between the radio and opti
al positions are

provided. Obje
ts with photometri
 redshifts z > 0:55 and multiple mat
hes to

NVSS sour
es are listed in the tables but were not used for the estimates of radio

galaxy evolution or environments in Chapter 7.
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NVSS Sour
e RA De
lination S

1:4

mJy B

J

U � B

J

B

J

� R R� I z Opti
al-Radio

(J2000) (J2000) O�set

NVSS J004407-294749 00 44 07.8 -29 47 49.6 95.7 23.17 - 2.34 - 0.584 1:8

00

NVSS J004432-285648 00 44 32.9 -28 56 48.7 8.3 22.33 - 2.28 1.26 0.528 1:7

00

NVSS J004443-300604 00 44 43.6 -30 06 04.5 5.6 21.93 - 2.29 1.02 0.477 1:6

00

NVSS J004514-292851 00 45 14.5 -29 28 51.3 16.0 22.08 - 2.60 0.75 0.507 2:6

00

NVSS J004607-282258 00 46 07.7 -28 22 58.9 5.7 21.64 - 2.09 0.76 0.420 2:6

00

NVSS J004633-290140 00 46 33.9 -29 01 40.3 7.2 18.69 0.97 1.77 0.84 0.196 3:3

00

NVSS J004637-295330 00 46 37.7 -29 53 30.9 37.2 20.48 0.66 1.61 0.88 0.289 7:1

00

NVSS J004649-300728 00 46 49.5 -30 07 28.8 29.2 22.76 - 2.03 - 0.492 1:9

00

NVSS J004702-271742 00 47 02.8 -27 17 42.7 7.7 21.88 - 2.69 0.84 0.505 3:1

00

NVSS J004722-273110 00 47 23.0 -27 31 10.7 17.4 22.08 - 2.77 1.11 0.549 0:9

00

NVSS J004724-292200 00 47 24.9 -29 22 00.4 8.1 22.81 - 2.78 1.24 0.628 5:1

00

NVSS J004752-284404 00 47 52.1 -28 44 04.3 39.8 23.06 - 2.07 - 0.544 1:0

00

NVSS J004808-281052 00 48 08.5 -28 10 52.2 14.3 22.62 - 2.76 1.48 0.627 2:8

00

NVSS J004827-290603 00 48 27.3 -29 06 03.5 15.5 18.83 0.96 1.76 - 0.200 5:8

00

NVSS J004831-294209 00 48 31.4 -29 42 09.6 7.7 22.39 - 2.04 1.92 0.556 2:7

00

NVSS J004836-272942 00 48 36.2 -27 29 42.9 6.9 20.53 1.32 2.20 1.14 0.361 5:2

00

NVSS J004925-300237 00 49 25.6 -30 02 37.6 8.4 19.67 0.31 1.43 1.07 0.223 1:1

00

NVSS J004940-274236 00 49 40.3 -27 42 36.8 9.4 22.42 - 2.23 1.44 0.543 5:4

00

NVSS J004954-282535 00 49 54.8 -28 25 36.0 8.9 21.03 - 2.48 0.86 0.415 1:9

00

NVSS J005049-280410 00 50 49.3 -28 04 10.5 33.8 21.82 - 2.40 0.14 0.442 0:8

00

NVSS J005106-262601 00 51 06.6 -26 26 01.5 5.0 22.22 - 2.12 0.51 0.461 4:8

00

NVSS J005115-283132 00 51 15.6 -28 31 32.7 53.8 17.38 0.74 1.43 0.74 0.101 14:0

00

NVSS J005116-272046 00 51 16.4 -27 20 46.6 12.9 21.24 - 2.19 0.74 0.398 3:3

00

NVSS J005127-282923 00 51 27.5 -28 29 23.6 77.8 18.08 0.74 1.41 0.84 0.125 2:8

00

NVSS J005128-282927 00 51 28.0 -28 29 27.1 77.8 17.64 0.58 1.47 0.97 0.103 10:4

00

NVSS J005132-282451 00 51 32.5 -28 24 51.8 92.1 17.44 0.74 1.47 0.79 0.102 9:1

00

NVSS J005209-263055 00 52 09.6 -26 30 55.6 10.1 22.21 - 2.22 0.31 0.462 2:4

00

NVSS J005216-253042 00 52 16.2 -25 30 43.0 11.0 21.69 - 2.63 0.69 0.476 2:8

00

NVSS J005223-284110 00 52 23.9 -28 41 10.3 7.8 23.50 - 2.53 1.37 0.683 3:4

00

NVSS J005241-284123 00 52 41.6 -28 41 23.2 6.6 20.58 - 2.21 0.73 0.350 6:3

00

NVSS J005302-254756 00 53 02.4 -25 47 56.2 22.0 22.11 - 2.62 1.22 0.543 4:3

00

NVSS J005304-281614 00 53 04.9 -28 16 14.0 9.9 23.06 - 2.02 - 0.592 2:9

00

NVSS J005321-291450 00 53 21.2 -29 14 50.0 47.5 21.03 0.02 1.85 1.00 0.356 1:6

00

NVSS J005400-265727 00 54 00.9 -26 57 27.7 16.6 21.43 -0.17 2.17 0.93 0.418 1:8

00

NVSS J005401-282116 00 54 01.1 -28 21 16.0 9.5 20.74 - 2.28 1.02 0.379 2:7
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NVSS J005422-292727 00 54 22.3 -29 27 27.8 19.9 19.33 0.65 1.75 0.53 0.226 8:4

00

NVSS J005422-294003 00 54 22.4 -29 40 03.6 18.0 22.04 - 2.01 1.51 0.487 3:3

00

NVSS J005437-253356 00 54 37.8 -25 33 56.6 5.3 21.72 - 2.33 1.07 0.466 3:3

00

NVSS J005440-253943 00 54 40.7 -25 39 43.5 7.0 18.26 0.44 1.42 0.81 0.134 3:8

00

NVSS J005512-270947 00 55 12.5 -27 09 47.3 11.3 19.86 0.61 1.54 0.70 0.239 0:9

00

NVSS J005513-275207 00 55 13.3 -27 52 07.8 19.1 22.66 - 2.23 1.70 0.588 3:6

00

NVSS J005515-253859 00 55 15.7 -25 38 59.7 7.8 20.65 - 2.04 0.86 0.343 1:2

00

NVSS J005531-272330 00 55 31.0 -27 23 30.2 6.5 21.82 - 2.42 0.87 0.473 1:5

00

NVSS J005542-275056 00 55 42.1 -27 50 56.1 6.2 23.19 -1.61 2.46 - 0.713 4:7

00

NVSS J005548-283605 00 55 48.6 -28 36 05.6 10.4 21.30 - 1.91 1.11 0.388 4:6

00

NVSS J005608-262505 00 56 08.2 -26 25 05.9 163.7 21.72 - 2.16 0.18 0.414 1:7

00

NVSS J005609-283403 00 56 09.3 -28 34 03.6 48.4 18.03 0.82 1.67 0.82 0.126 3:9

00

NVSS J005613-285535 00 56 13.7 -28 55 35.8 8.0 17.90 0.92 1.60 0.92 0.121 1:3

00

NVSS J005630-272950 00 56 30.1 -27 29 50.2 86.1 19.55 0.74 1.66 0.78 0.231 0:5

00

NVSS J005642-254144 00 56 42.3 -25 41 44.3 68.7 22.91 - 2.62 1.75 0.666 0:7

00

NVSS J005642-264707 00 56 42.5 -26 47 07.6 22.9 20.04 - 2.38 0.78 0.334 3:7

00

NVSS J005648-254337 00 56 48.0 -25 43 37.3 8.6 22.52 - 2.37 0.93 0.534 2:5

00

NVSS J005650-295814 00 56 50.9 -29 58 14.4 9.3 18.79 0.60 1.53 0.71 0.172 2:3

00

NVSS J005656-254628 00 56 56.4 -25 46 28.5 16.2 22.10 - 2.53 1.08 0.522 3:2

00

NVSS J005700-260928 00 57 00.9 -26 09 28.5 5.3 22.47 - 2.36 0.93 0.528 0:6

00

NVSS J005708-254409 00 57 08.8 -25 44 09.9 12.2 21.88 - 2.89 0.44 0.504 2:2

00

NVSS J005722-290718 00 57 22.9 -29 07 18.7 6.8 21.40 - 2.26 0.85 0.421 5:1

00

NVSS J005725-264837 00 57 25.5 -26 48 37.8 9.5 19.57 0.41 1.44 0.61 0.211 7:6

00

NVSS J005725-264825 00 57 25.7 -26 48 25.5 9.5 18.42 0.59 1.51 0.77 0.150 6:2

00

NVSS J005742-253315 00 57 42.8 -25 33 15.8 238.4 21.46 - 1.88 1.09 0.398 1:5

00

NVSS J005756-252237 00 57 57.0 -25 22 37.1 301.9 18.92 0.78 1.67 0.77 0.198 0:9

00

NVSS J005820-251826 00 58 20.9 -25 18 26.6 19.1 19.82 1.62 2.11 0.73 0.291 3:5

00

NVSS J005823-290429 00 58 23.3 -29 04 29.0 17.7 18.93 0.99 1.84 0.69 0.214 1:0

00

NVSS J005832-292616 00 58 32.7 -29 26 16.0 56.2 23.37 - 3.30 1.13 0.736 2:4

00

NVSS J005833-263225 00 58 33.3 -26 32 25.9 25.1 22.90 - 2.37 0.81 0.563 1:2

00

NVSS J005848-280107 00 58 48.5 -28 01 07.6 19.2 19.71 0.99 1.93 0.67 0.265 2:5

00

NVSS J005909-285944 00 59 09.3 -28 59 44.5 448.2 17.79 0.94 1.76 0.76 0.117 8:5

00

NVSS J005916-253849 00 59 16.4 -25 38 49.9 6.6 20.08 - 2.24 0.60 0.317 2:2

00

NVSS J005936-252153 00 59 36.9 -25 21 53.9 8.4 21.15 - 2.28 0.90 0.406 1:6

00

NVSS J005945-300925 00 59 45.6 -30 09 25.8 8.9 21.30 - 2.57 0.88 0.447 2:6
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NVSS J005953-281829 00 59 53.3 -28 18 29.1 5.1 20.31 - 1.97 1.22 0.323 3:7

00

NVSS J010001-291946 01 00 01.1 -29 19 47.0 19.0 19.61 - 1.86 0.70 0.254 3:0

00

NVSS J010004-261116 01 00 04.2 -26 11 16.8 12.6 21.23 - 1.98 1.04 0.388 2:6

00

NVSS J010006-283210 01 00 07.0 -28 32 10.1 16.9 20.44 - 2.09 1.14 0.343 5:1

00

NVSS J010010-260655 01 00 10.8 -26 06 55.3 5.3 22.47 - 2.25 1.30 0.540 4:5

00

NVSS J010022-272342 01 00 22.9 -27 23 42.1 9.1 22.81 - 2.30 1.33 0.582 4:2

00

NVSS J010031-263352 01 00 31.0 -26 33 52.7 98.8 22.08 - 2.36 1.96 0.567 1:8

00

NVSS J010049-274023 01 00 49.1 -27 40 23.9 20.0 20.18 1.63 2.11 0.97 0.320 2:9

00

NVSS J010102-285847 01 01 02.4 -28 58 47.2 18.7 19.73 1.11 2.10 0.80 0.286 7:3

00

NVSS J010114-284018 01 01 14.1 -28 40 18.5 18.9 20.48 - 2.17 0.52 0.334 3:8

00

NVSS J010129-272201 01 01 29.9 -27 22 01.7 8.6 19.60 1.18 1.92 0.82 0.261 1:1

00

NVSS J010132-275444 01 01 32.3 -27 54 44.8 18.4 22.73 -2.20 2.59 0.99 0.581 0:4

00

NVSS J010204-294203 01 02 04.1 -29 42 03.8 26.9 21.83 - 2.32 0.53 0.448 4:5

00

NVSS J010213-253731 01 02 13.0 -25 37 31.3 6.3 20.79 - 2.15 0.55 0.355 4:4

00

NVSS J010312-251801 01 03 12.5 -25 18 01.5 16.6 21.43 - 2.15 1.07 0.422 3:3

00

NVSS J010312-251754 01 03 12.7 -25 17 54.9 16.6 21.90 - 2.66 0.38 0.481 4:1

00

NVSS J010319-254035 01 03 19.8 -25 40 35.1 8.2 20.02 1.46 1.81 0.54 0.272 4:3

00

NVSS J010325-282000 01 03 26.0 -28 20 00.6 12.4 19.48 1.16 1.78 0.66 0.238 1:9

00

NVSS J010401-300107 01 04 01.4 -30 01 07.2 6.1 20.76 - 2.46 0.55 0.383 2:7

00

NVSS J010407-293621 01 04 07.5 -29 36 21.7 5.8 17.94 0.82 1.49 0.92 0.123 6:3

00

NVSS J010437-300452 01 04 37.9 -30 04 52.7 12.0 20.68 - 2.09 0.85 0.350 4:1

00

NVSS J010448-261250 01 04 48.5 -26 12 50.1 8.2 22.42 - 2.55 1.06 0.551 4:2

00

NVSS J010449-283024 01 04 49.9 -28 30 24.7 8.9 21.79 - 2.81 1.03 0.522 5:3

00

NVSS J010451-251725 01 04 51.6 -25 17 25.1 10.0 20.51 - 1.92 0.98 0.324 5:7

00

NVSS J010453-262221 01 04 53.4 -26 22 21.0 18.7 21.49 - 2.23 0.66 0.418 0:4

00

NVSS J010456-294043 01 04 56.9 -29 40 43.7 30.2 19.88 1.57 2.10 0.73 0.293 1:5

00

NVSS J010520-252310 01 05 20.9 -25 23 10.9 8.3 18.71 1.10 1.72 0.74 0.192 2:6

00

NVSS J010525-263145 01 05 25.1 -26 31 45.0 5.0 20.77 - 1.65 0.84 0.312 4:2

00

NVSS J010528-281043 01 05 28.2 -28 10 43.3 10.9 19.08 1.05 1.56 0.67 0.195 4:6

00

NVSS J010542-295443 01 05 42.5 -29 54 43.1 7.0 20.85 - 2.09 0.49 0.351 1:9

00

NVSS J010545-254752 01 05 45.3 -25 47 52.4 34.5 19.90 - 2.21 0.68 0.305 1:3

00

NVSS J010545-295032 01 05 45.6 -29 50 32.8 12.3 21.17 - 2.21 0.69 0.392 1:8

00

NVSS J010547-285729 01 05 47.8 -28 57 29.2 18.2 19.01 0.74 1.60 0.78 0.196 0:7

00

NVSS J010607-280934 01 06 07.2 -28 09 34.9 10.9 22.88 -1.33 2.06 - 0.509 0:3

00

NVSS J010610-262430 01 06 10.7 -26 24 30.7 63.9 20.23 - 2.21 0.86 0.330 1:3
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NVSS J010625-284917 01 06 25.9 -28 49 17.5 12.1 21.60 - 2.59 0.63 0.461 4:6

00

NVSS J010633-285054 01 06 33.5 -28 50 54.2 12.0 20.46 0.80 1.97 0.83 0.320 2:5

00

NVSS J103241+013423 10 32 41.1 +01 34 23.7 9.2 22.70 - 2.24 1.75 0.597 1:2

00

NVSS J103409+021224 10 34 09.0 +02 12 24.5 9.2 20.21 0.30 1.98 0.73 0.303 4:1

00

NVSS J103414+000521 10 34 14.6 +00 05 21.1 254.8 19.14 0.58 1.39 0.70 0.180 4:6

00

NVSS J103419-002032 10 34 19.1 -00 20 32.4 5.0 18.23 0.33 1.23 0.70 0.120 2:6

00

NVSS J103424-021103 10 34 24.4 -02 11 03.1 123.5 20.17 0.52 1.65 0.57 0.267 1:1

00

NVSS J103431+012354 10 34 31.2 +01 23 54.8 15.9 22.54 - 2.40 1.23 0.559 1:3

00

NVSS J103453+003637 10 34 53.9 +00 36 37.7 139.1 22.16 - 2.25 0.91 0.488 0:8

00

NVSS J103456-001004 10 34 56.9 -00 10 04.5 6.3 21.37 - 2.09 0.67 0.395 3:5

00

NVSS J103520+012022 10 35 20.9 +01 20 22.8 5.5 22.65 - 1.99 1.24 0.526 3:6

00

NVSS J103525-000140 10 35 25.4 -00 01 40.8 7.8 21.58 - 2.34 0.79 0.441 4:5

00

NVSS J103526-012513 10 35 26.2 -01 25 13.7 7.3 21.24 - 2.13 0.83 0.394 2:1

00

NVSS J103551-004245 10 35 52.0 -00 42 46.0 6.1 21.84 - 2.69 0.92 0.506 0:7

00

NVSS J103608+013719 10 36 09.0 +01 37 20.0 11.0 21.39 - 2.31 0.73 0.420 1:5

00

NVSS J103619-001955 10 36 19.7 -00 19 55.8 8.4 20.35 - 1.94 0.76 0.309 0:8

00

NVSS J103622+011119 10 36 22.9 +01 11 19.8 5.8 21.83 - 2.54 1.14 0.502 2:1

00

NVSS J103647-004056 10 36 47.2 -00 40 56.5 12.9 18.81 0.75 1.49 0.79 0.169 2:6

00

NVSS J103700+014539 10 37 00.5 +01 45 39.1 44.7 22.18 - 2.62 0.90 0.526 4:2

00

NVSS J103736-004117 10 37 36.9 -00 41 17.6 29.4 17.89 0.59 1.62 0.70 0.116 7:9

00

NVSS J103741-012800 10 37 41.0 -01 28 00.2 81.8 21.55 - 2.19 0.81 0.424 4:2

00

NVSS J103749-000522 10 37 49.2 -00 05 22.7 32.0 21.26 - 1.81 1.11 0.375 2:3

00

NVSS J103829-002934 10 38 29.0 -00 29 34.0 5.3 20.68 - 2.46 0.80 0.386 4:5

00

NVSS J103834+011923 10 38 34.8 +01 19 23.2 6.8 20.62 1.25 2.03 0.91 0.340 1:7

00

NVSS J103836+011800 10 38 36.7 +01 18 00.8 321.4 19.49 0.74 1.50 1.01 0.205 6:9

00

NVSS J103843-020736 10 38 43.4 -02 07 36.3 6.6 21.41 - 2.40 0.93 0.440 4:0

00

NVSS J103849-013925 10 38 50.0 -01 39 25.9 10.9 20.69 - 1.68 0.26 0.301 3:9

00

NVSS J103853-024059 10 38 53.9 -02 40 59.1 5.8 22.47 - 2.07 1.42 0.529 1:0

00

NVSS J103855-015043 10 38 55.6 -01 50 43.9 9.9 20.92 - 2.25 0.74 0.378 4:2

00

NVSS J103908-023923 10 39 08.7 -02 39 23.2 26.5 20.53 0.08 1.65 0.34 0.288 5:9

00

NVSS J103911+013801 10 39 11.2 +01 38 01.0 24.0 21.24 - 2.05 0.68 0.381 1:0

00

NVSS J103920+010514 10 39 20.4 +01 05 14.9 8.3 18.40 0.66 1.77 0.91 0.183 6:4

00

NVSS J103938+003046 10 39 38.4 +00 30 46.6 8.4 17.96 0.52 1.54 0.81 0.117 1:4

00

NVSS J103944-021128 10 39 44.2 -02 11 28.5 29.7 22.65 - 2.73 1.22 0.605 3:5

00

NVSS J103956-024043 10 39 57.0 -02 40 43.6 5.3 22.10 - 2.13 0.77 0.463 2:1
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NVSS J104005+012303 10 40 05.8 +01 23 03.8 5.3 21.70 - 2.25 1.24 0.465 2:6

00

NVSS J104014-023504 10 40 14.9 -02 35 04.1 17.3 22.11 - 2.69 0.84 0.525 1:1

00

NVSS J104020+010505 10 40 20.3 +01 05 05.9 11.2 22.26 - 1.95 - 0.441 2:7

00

NVSS J104037+004222 10 40 37.8 +00 42 22.3 15.9 21.44 - 2.37 1.04 0.445 0:9

00

NVSS J104039+013703 10 40 39.7 +01 37 03.8 5.6 19.48 1.57 2.04 0.84 0.266 5:5

00

NVSS J104044+020533 10 40 44.8 +02 05 33.8 20.0 21.82 - 2.65 0.52 0.479 2:0

00

NVSS J104105-004337 10 41 05.2 -00 43 37.5 27.0 18.71 0.82 1.41 0.91 0.153 3:1

00

NVSS J104105-004324 10 41 05.5 -00 43 24.7 27.0 18.86 0.82 1.46 0.79 0.169 10:6

00

NVSS J104106+011904 10 41 06.3 +01 19 04.4 11.0 22.05 - 2.56 1.20 0.528 0:2

00

NVSS J104118+001047 10 41 18.2 +00 10 47.9 6.3 21.59 - 2.44 0.85 0.455 4:7

00

NVSS J104121-022301 10 41 21.5 -02 23 01.9 7.9 18.92 0.70 1.87 0.66 0.216 2:1

00

NVSS J104122+020902 10 41 22.9 +02 09 02.4 250.4 21.49 - 2.35 1.06 0.449 2:5

00

NVSS J104129-003800 10 41 29.1 -00 38 00.6 47.5 17.67 0.63 1.65 0.82 0.105 1:2

00

NVSS J104131-002733 10 41 31.9 -00 27 33.2 13.7 17.66 0.71 1.67 0.90 0.105 4:7

00

NVSS J104139-005416 10 41 39.0 -00 54 16.2 20.6 22.27 - 2.80 1.31 0.583 4:3

00

NVSS J104159-020144 10 41 59.6 -02 01 45.0 48.6 19.79 - 2.19 0.87 0.301 3:5

00

NVSS J104212+015212 10 42 12.5 +01 52 12.2 28.5 19.50 1.45 1.94 0.80 0.257 1:5

00

NVSS J104216+012003 10 42 16.2 +01 20 03.1 23.5 21.62 - 1.89 1.56 0.438 1:3

00

NVSS J104231+003906 10 42 31.5 +00 39 06.9 9.8 21.46 - 2.37 0.57 0.426 5:2

00

NVSS J104241-000946 10 42 41.7 -00 09 46.1 12.5 22.91 - 2.68 1.03 0.611 1:4

00

NVSS J104246-022757 10 42 46.9 -02 27 57.6 7.8 22.57 - 2.11 1.54 0.552 1:0

00

NVSS J104250+003354 10 42 51.0 +00 33 54.7 5.8 21.49 - 2.13 0.71 0.409 3:4

00

NVSS J104301+010654 10 43 01.6 +01 06 54.7 10.9 19.54 1.02 2.00 0.85 0.266 6:6

00

NVSS J104302+005047 10 43 02.3 +00 50 47.9 56.9 19.71 1.01 2.14 0.66 0.286 7:3

00

NVSS J104335+011629 10 43 35.8 +01 16 29.2 99.2 19.61 0.44 1.72 0.59 0.239 5:5

00

NVSS J104335-000733 10 43 35.9 -00 07 34.0 20.8 21.02 - 2.33 0.68 0.393 4:8

00

NVSS J104339-000013 10 43 39.8 -00 00 13.9 5.7 19.11 0.34 1.35 - 0.168 5:7

00

NVSS J104346+010042 10 43 46.0 +01 00 42.5 13.0 23.08 - 2.39 1.31 0.617 3:9

00

NVSS J104348-012400 10 43 48.0 -01 24 00.3 8.7 20.70 - 2.15 0.67 0.351 4:1

00

NVSS J104352+000603 10 43 52.4 +00 06 03.5 7.5 22.24 - 3.01 0.82 0.570 3:4

00

NVSS J104412-023831 10 44 12.6 -02 38 31.6 5.8 19.75 - 1.83 0.60 0.257 1:9

00

NVSS J104414-015147 10 44 14.3 -01 51 48.0 6.8 19.65 0.99 1.79 0.70 0.249 5:7

00

NVSS J104415-010946 10 44 15.8 -01 09 46.9 15.6 21.24 - 1.91 - 0.358 1:5

00

NVSS J104455+005655 10 44 55.1 +00 56 55.7 16.6 17.88 0.52 1.52 0.83 0.113 2:4

00

NVSS J104509-015843 10 45 09.4 -01 58 43.3 9.7 22.06 - 2.49 0.98 0.507 1:3
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NVSS J104513-004929 10 45 13.4 -00 49 29.9 7.4 21.34 - 2.72 0.63 0.454 3:5

00

NVSS J104513+014557 10 45 13.8 +01 45 57.4 10.1 21.09 - 2.72 0.83 0.444 2:1

00

NVSS J104516-010607 10 45 16.5 -01 06 07.3 12.5 20.53 - 2.07 0.72 0.332 2:2

00

NVSS J104525+001241 10 45 25.0 +00 12 41.5 10.6 22.35 - 2.29 0.61 0.492 1:2

00

NVSS J104537+000116 10 45 37.3 +00 01 16.6 14.7 20.53 - 2.36 0.93 0.369 3:1

00

NVSS J104603-023015 10 46 03.8 -02 30 15.2 10.6 22.55 - 2.95 0.74 0.585 0:6

00

NVSS J104603+014907 10 46 03.8 +01 49 07.4 18.3 21.47 - 2.47 0.81 0.446 1:5

00

NVSS J104626-005030 10 46 26.1 -00 50 31.0 6.8 21.67 - 2.36 0.57 0.441 5:7

00

NVSS J104630-001212 10 46 30.7 -00 12 12.7 6.5 21.34 - 2.19 0.84 0.409 3:4

00

NVSS J104632-011338 10 46 32.4 -01 13 38.5 133.7 19.23 0.84 1.53 0.61 0.203 2:4

00

NVSS J104633-021713 10 46 33.1 -02 17 13.2 38.1 18.49 0.79 1.66 0.72 0.176 2:1

00

NVSS J104650-000109 10 46 50.8 -00 01 09.6 35.6 22.22 - 2.02 0.56 0.453 5:5

00

NVSS J104650-000115 10 46 51.0 -00 01 15.1 35.6 20.90 - 2.46 0.89 0.405 0:4

00

NVSS J104658-014727 10 46 58.4 -01 47 27.2 11.5 21.94 - 2.03 1.83 0.503 2:5

00

NVSS J104723-021849 10 47 23.7 -02 18 49.7 30.3 20.51 - 1.96 0.64 0.319 4:0

00

NVSS J104733+001526 10 47 33.5 +00 15 26.5 49.7 23.27 - 2.47 1.47 0.660 0:6

00

NVSS J104738-022259 10 47 38.6 -02 22 59.5 214.4 19.79 0.42 1.71 0.61 0.249 4:4

00

NVSS J104744+013637 10 47 44.3 +01 36 37.9 28.9 23.49 - 2.16 - 0.574 5:2

00

NVSS J104754+012900 10 47 54.8 +01 29 00.4 9.6 18.87 1.09 1.96 0.79 0.224 6:3

00

NVSS J104801-013014 10 48 01.9 -01 30 14.4 5.4 17.70 - 1.27 0.80 0.105 3:0

00

NVSS J104805+000858 10 48 05.9 +00 08 58.2 47.8 22.69 - 2.80 0.87 0.591 0:8

00

NVSS J104828+003938 10 48 28.7 +00 39 38.4 5.2 18.06 0.24 1.31 0.87 0.117 12:3

00

NVSS J104829-020008 10 48 29.5 -02 00 08.9 22.1 18.71 1.04 1.78 0.78 0.198 2:2

00

NVSS J104850-011227 10 48 50.0 -01 12 27.6 5.9 21.06 - 2.31 0.77 0.396 2:5

00

NVSS J104905-015747 10 49 05.4 -01 57 47.7 9.0 21.84 - 1.92 0.87 0.424 1:6

00

NVSS J104910-003640 10 49 10.6 -00 36 40.3 18.2 23.14 - 2.81 1.59 0.697 3:4

00

NVSS J104923+000027 10 49 23.2 +00 00 27.6 23.2 22.12 - 2.64 0.71 0.513 0:2

00

NVSS J104926-000347 10 49 26.5 -00 03 47.7 6.7 20.30 - 2.17 0.76 0.328 4:5

00

NVSS J104926+005609 10 49 26.5 +00 56 09.5 33.9 18.26 0.50 1.60 0.71 0.148 1:1

00

NVSS J104928-022730 10 49 28.6 -02 27 30.0 8.2 18.72 0.83 1.75 0.83 0.195 1:9

00

NVSS J104933-002741 10 49 33.9 -00 27 41.9 15.3 23.40 - 2.19 1.25 0.625 1:6

00

NVSS J104935-011408 10 49 36.0 -01 14 08.3 5.2 22.29 - 1.90 - 0.438 3:9

00

NVSS J104958-022624 10 49 58.3 -02 26 24.1 14.7 22.65 - 2.55 0.93 0.564 2:2

00

NVSS J105026-020426 10 50 26.9 -02 04 26.0 14.4 21.68 - 1.93 1.28 0.431 3:1

00

NVSS J105036-023616 10 50 36.5 -02 36 16.3 14.5 17.61 0.73 1.77 0.59 0.108 2:3

00
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NVSS Sour
e RA De
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mJy B

J

U � B

J

B

J

� R R� I z Opti
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(J2000) (J2000) O�set

NVSS J105037-004724 10 50 37.5 -00 47 24.7 125.7 22.86 - 2.34 - 0.541 4:5

00

NVSS J105045+004542 10 50 45.6 +00 45 42.2 6.4 19.82 1.17 1.88 0.73 0.268 4:4

00

NVSS J105047+010739 10 50 47.4 +01 07 39.4 30.4 23.25 - 2.25 1.39 0.627 0:8

00

NVSS J105101-001738 10 51 01.2 -00 17 39.0 16.5 20.27 - 1.98 0.90 0.311 2:4

00

NVSS J105103-021259 10 51 03.6 -02 12 59.8 6.6 22.77 - 2.02 0.67 0.509 2:7

00

NVSS J105112-011510 10 51 12.4 -01 15 10.5 23.7 20.50 - 2.29 0.74 0.353 1:4

00

NVSS J105120-014259 10 51 20.6 -01 42 59.1 6.3 20.08 1.66 2.04 0.78 0.302 3:4

00

NVSS J105126-014403 10 51 26.2 -01 44 03.1 17.2 22.83 - 2.87 0.79 0.607 2:5

00

NVSS J105138-011921 10 51 38.5 -01 19 21.1 5.2 17.94 0.81 1.53 0.70 0.126 1:9

00

NVSS J105150+011351 10 51 50.7 +01 13 51.0 10.1 23.19 - 2.43 0.76 0.594 1:8

00

NVSS J105158+005045 10 51 59.0 +00 50 45.4 13.8 20.67 - 2.58 0.63 0.391 1:4

00

NVSS J105159+005047 10 51 59.5 +00 50 47.8 13.8 18.66 0.86 1.59 1.27 0.154 9:5

00

NVSS J105227-014108 10 52 27.1 -01 41 08.4 23.3 21.71 - 2.20 0.55 0.427 3:7

00

T
a
b
l
e
C
.
7
:
R
a
d
i
o
G
a
l
a
x
y
C
a
t
a
l
o
g
u
e

2
1
7


