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Abstract

The Panoramic Deep Fields are a deep multicolour survey of two ~ 250°
fields at high galactic latitude. The survey images have been constructed by
digitally stacking scans of UK Schmidt plates. Deep images (B; ~ 23.5) with
low contamination have been obtained by subtracting the background from the
individual plates scans and using bad pixel rejection during the stacking. The
size and depth of the fields allow the accurate statistical measurement of the
environments and evolution of galaxies and AGN.

The clustering of galaxies and galaxy clusters has been measured from z ~
0.4 until the current epoch. The clustering properties of galaxies are strongly
correlated with colour and blue U — B selected galaxies exhibit weaker clustering
than any morphologically selected sample. The weak clustering (ry < 3h~*Mpc)
of blue galaxies implies galaxy colour and stellar population are more strongly
correlated with environment than galaxy morphology. Despite the large fields-
of-view, the clustering of red galaxies and clusters varies significantly between
the two fields and the distribution of clusters is consistent with this being due to
large-scale-structure at z ~ 0.4.

The evolution and environments of AGN have been measured at intermediate
redshifts with the Panoramic Deep Fields. Photometric redshifts, colour selection
and the NVSS have been used to compile a catalogue of ~ 180 0.10 < z < 0.55
radio galaxies. The evolution of the radio galaxy luminosity function is consistent
with luminosity evolution parameterised by L(z) ~ L(0)(1 + z)*>*. The environ-
ments of UBR selected AGN and radio galaxies have been measured at z ~ 0.5
using the Panoramic Deep Field galaxy catalogue. By applying photometric red-
shifts and colour selection criteria to the galaxy catalogue, it has been possible
to increase the signal-to-noise of the angular correlation function and measure
the cross-correlation with specific galaxy types. Most AGN host environments
are comparable to the environments of galaxies with the same morphology. How-
ever, ~ 6% of UBR selected AGN are in significantly richer environments. No
significant correlation between AGN luminosity and environment was detected in
the Panoramic Deep Fields. The richness of AGN environments is not strongly
correlated with redshift and the rapid evolution of the AGN luminosity function

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

Introduction

1.1 Wide Field Surveys

Wide field surveys are an extremely powerful tool for determining the large-
scale structure and evolution of the universe. The ability of these surveys to
compile large catalogues of objects (~ 10°) allows the accurate measurement of
astronomical phenomena with high statistical certainty. This is not possible with
narrow “pencil-beam” surveys (field-of-view < 10") which contain small numbers
of objects and may be biased by individual structures such as galaxy clusters.

Historically, most wide field surveys have been based on photographic plates
taken with Schmidt Telescopes (e.g. POSS-I). The results of these surveys have
often been determined by visual searches for objects (e.g. The Abell Catalogue,
Abell 1958) which can result in biases. Machine measurements of photographic
plates (Kibblewhite et al. 1984, MacGillivray & Stobie 1984) can remove errors
associated with visual searches of plates and be used to uniformly select objects
over wide survey areas. However, single photographic plates have a non-linear
response to photon counts, background variations, limited depth (B, ~ 22) and
cosmetic flaws.

CCD cameras provide a solution to many of the problems encountered with
photographic plates. They have high quantum efficiency, linear response to pho-
ton counts and their cosmetic flaws are comparatively easy to remove from the
data. While several wide field CCD surveys are in progress (SDSS, ESO Imaging
Survey, Millennium Galaxy Catalogue), they have smaller survey areas than pho-
tographic surveys or are several years from completion. This is due to the < 1°
field-of-view of current CCD mosaics which is considerably smaller than the 6°x 6°

field-of-view of photographic plates from the UK or Palomar Schmidt Telescopes.



Optimally, for wide field surveys one would want a field-of-view comparable to a
Schmidt plate with a linear detector.

The coaddition of scans of photographic plates can be used to obtain deep
imaging of wide fields with many of the characteristics normally associated with
CCD imaging. For sky-limited plates, the response to intensity is approximately
linear near the sky background (Bland-Hawthorn, Shopbell & Malin 1993, Knox
et al. 1998). It is therefore possible to coadd scans of photographic plates to
obtain deeper images. Since the same techniques can be used to coadd CCD
images and plate scans (Schwartzenberg, Phillipps & Parker 1996, Chapter 2), it
is possible to apply bad-pixel rejection algorithms to remove cosmetic flaws which

are typically found in individual plate scans.

1.2 Digital stacking of Photographic Material

It has only been practical to stack digitised photographic scans since the 1980s
when computing power and disk space made it practical to process images larger
than 1Gb. Most stacks documented in the literature are summarised in Table
1.2. All have used photographic material (plates or films) from the UK Schmidt
Telescope. While the field-of-view of individual scans is 6° x 6°, most stacks have
used smaller areas due to limits imposed by disk space or software used to process
the data.

Most stacks in Table 1.2 have been used to study low surface brightness objects
or to select stellar and quasi-stellar objects using colour selection criteria. This
takes advantage of the improved signal-to-noise and wide field-of-view of stacked
plates while not being compromised by the low resolution (> 2.5") of photographic
material. While faint z > 0.1 galaxies dominate stacked Schmidt plates, only
McNally, Peacock & Hawkins (1995) have attempted to measure galaxy angular
correlation function using the Hawkins (1994, 1995) B stack. The capability of
stacked plates to compile large, deep, multicolour galaxy catalogues has not been

explored by previous work.

1.3 Galaxy Clustering

Correlations between galaxy properties and clustering are well established (Davis

& Geller 1976, Loveday et al. 1995) but the physical processes responsible for



Table 1.1: A Sample of Recent Wide Field Optical Surveys

Survey Magnitude Area  Telescope Material

Limits (0°)  Aperture
Couch et. al (1990) By ~ 244, Rp ~22.9 ~ 80 3.9m Plates
DSS 1 B; ~20.5 All Sky 1.2m Scanned Plates
DSS 2 R~ 215 All Sky 1.2m Scanned 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) By ~ 22 4300 1.2m Scanned Plates
Millennium Galaxy Cataloguef B~ 24 30 2.5m CcCD
Postman et. al (1998) I~24 16 4m CCD
SDSST g~ 225, 1r~223 u, 1,z 10000 2.5m CCD Drift Scan
SDSS (Southern Strip)? g=253,1r=251,u,i,z 225 2.5m CCD Dirift Scan
Zaritsky et. al (1997) I~ 2257 140 1.5m CCD Drift Scan

1 In progress




Table 1.2: Stacks of Scanned Plates/Films

Reference Magnitude Area Number of Pixel

Limits (0°) Plates Scale

Hawkins (1994, 1995) B; > 24.0 25 65 1.1”
Hawkins (1994, 1995) R>225 25 65 1.1"
Hawkins (1994, 1995) 1>205 25 30 1.1"
Hawkins (1994, 1995) U>225 25 7 1.1"
Hawkins (1994, 1995) V>210 25 3 1.1"
Katsiyannis et al. (1998) R~ 225 38 13 2.0"
Kemp & Meaburn (1995) B; ~ 2357 16 8 2.0"
Knox et al. (1998) B,<235 006 <16 0.7
Knox, Hawkins & Hambly (1999) By ~225 38 4 x4 0.7"
Knox, Hawkins & Hambly (1999) R~ 212 38 4 x4 0.7"
La Franca et al. (1999) U~ 220 38 3 L.1"
La Franca et al. (1999) By ~230 38 5 1.1"
La Franca et al. (1999) R~ 215 38 5 L.1"
Marston (1988) By~2357 1 8 17"
Schwartzenberg, Phillipps & Parker (1996) R ~ 22.5 2 6 0.7"
Panoramic Deep Fields U~ 22 ~ 50 2&5 0.7"
Panoramic Deep Fields B; ~235 ~ 50 9& 13 0.7"
Panoramic Deep Fields R~ 22 ~ 50 8 & 24 0.7"
Panoramic Deep Fields I~20 ~ 50 5& 10 0.7"




the correlations are poorly understood. At low redshift, the correlation between
galaxy clustering and morphology has been known for several decades (Davis &
Geller 1976). The strong clustering of red early-type galaxies is not unexpected as
they are typically more massive than field galaxies but it is also plausible that rich
environments change the colours and morphologies of galaxies (Barger et al. 1996,
Baugh, Cole & Frenk 1996, Poggianti et al. 1999). As colour and morphology both
depend on the galaxy evolution, it is useful to measure galaxy environments as a
function of these properties to constrain models of galaxy formation and evolution.
Colour provides information on stellar populations and dust extinction which are
related to the history of star formation within a galaxy (Tinsley 1978, Barger
et al. 1996). Morphology, generally a classification derived from the projected
distribution of observed optical emission from a galaxy, does provide information
on the evolution of galaxies (Ellis 1998). However, the physical processes which
produce the observed galaxy morphological types are not well determined (Ellis
1998). Previous studies have not determined whether galaxy stellar population

or morphology is the property primarily correlated with galaxy environment.

The evolution of galaxy clustering is strongly influenced by the process of
galaxy formation (Frenk et al. 1990, Baugh et al. 1999). For this reason, there
have been numerous studies of z 2 0.1 galaxies which attempt to measure the
evolution of the clustering (e.g. Maddox, Efstathiou & Sutherland 1996, Brunner,
Szalay, & Connolly 2000). Most galaxy catalogues have been selected with flux
limits in a single band, so morphology and colour information are not available.
The estimates of the clustering at z 2 0.2 are strongly dependent on the selec-
tion criteria used and I band selected catalogues measure significantly stronger
clustering than B band selected catalogues. As early-type galaxies have large
k-corrections, deep B band images are dominated by late-type galaxies which are
weakly clustered at z ~ 0. However, the observed clustering of B > 22 galaxies is
weaker than the clustering of any morphologically selected population of galaxies
at low redshift (Efstathiou et al. 1991, Brown, Webster & Boyle 2000).

The process of galaxy formation and evolution is often studied in the cluster
environment as clusters are readily identified and observed over a large range of
redshifts. Also, unlike field galaxies, redshifts are not required for each cluster
member to estimate its distance and therefore its intrinsic properties. While this
has allowed the detailed study of small samples of 0.3 < 2z < 1.0 clusters (Post-
man, Lubin & Oke 1998, Poggianti et al. 1999), the space density and clustering



properties of z > 0.1 clusters are not well determined. The space density and clus-
tering properties are predicted by models of galaxy and cluster formation (Kaiser
1986, Jenkins et al. 1998) but it has been difficult to constrain these properties

as deep wide fields are required to obtain suitable cluster catalogues.

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 sources (Condon 1984, Peacock 1985). The
evolution of the radio galaxy luminosity function is comparable to the evolution
of optically selected AGN (Dunlop & Peacock 1990, Rowan-Robinson et al. 1993)
and it is plausible the same physical processes are responsible for the evolution of
the optical and radio AGN luminosity function. However, measurements of the
space density of radio galaxies have generally relied on small samples of objects
or redshifts derived from K band photometry so constraints on the evolution are
poor.

The environments of Active Galactic Nuclei (AGN) have been studied for sev-
eral decades to determine whether AGN occur in particular galaxy environments
(Bahcall, Schmidt & Gunn 1969). Several studies of AGN have detected envi-
ronments richer than the field (e.g. Yee & Green 1987). Radio-loud AGN in
particular appear to be found in rich environments similar to galaxy clusters (Yee
& Green 1987, Prestage & Peacock 1988). However, as radio galaxies and many
Mp ~ —22 radio-quiet AGN hosts have early-type morphologies (Matthews, Mor-
gan & Schmidt 1964, McLure et al. 1999, Schade, Boyle & Letawsky 2000, Urry
et al. 2000), it is not unexpected that AGN occur in environments richer than
the field. At present, it is not clear if AGN hosts have the same clustering prop-
erties as other galaxies with similar morphologies or if they occur in unusually
rich environments.

If there is a correlation between AGN luminosity and environment, then the
rapid evolution of the AGN luminosity function may be caused by rapid evolution
of the AGN environment. Several studies of radio-loud AGN find AGN occur in
increasingly rich environments with redshift (Yee & Green 1987, Hill & Lilly et
al. 1991. Wurtz et al. 1997) but the statistical detection of evolution often relies
on the signal from <5 AGN.

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



at intermediate redshifts (e.g. Ellingson, Yee & Green 1991, Smith, Boyle &
Maddox 2000), there is little consistency between estimates of the AGN envi-
ronment at z > 0.3. This is due to the small numbers of AGN used to study
the 2 2 0.3 AGN environment and the estimates of the angular cross-correlation
function being dominated by unassociated galaxies along the line-of-sight. In
addition, studies of the AGN environment suffer the same problems as studies
of the galaxy environment. In particular, deep images are often dominated by
weakly clustered late-type galaxies so a small signal (and signal-to-noise) is not

unexpected.

1.5 Overview of thesis

This thesis describes the construction, calibration and application of a deep wide-
field multicolour catalogue, the Panoramic Deep Fields. Chapters 2 and 3 describe
the construction and calibration of the Panoramic Deep Fields. Comparisons of
object classifications, astrometry and photometry with published catalogues are
also discussed in Chapters 2 and 3.

Chapters 4 and 5 present estimates of the galaxy and cluster environment
from z ~ 0.4 until the current epoch. In Chapter 4, the clustering of galaxies is
measured as a function of colour and selection criteria are used to measure the
same population of galaxies as a function of redshift. In Chapter 5, a catalogue
of distant clusters is constructed to measure the space density and distribution
of clusters.

The environments of UBR selected AGN and radio galaxies at z ~ 0.5 are
measured in Chapters 6 and 7. Chapter 7 also describes the construction of a
deep catalogue of uniformly selected radio galaxies which are used to measure the
evolution of radio galaxies. Photometric redshifts and colour selection criteria
are used to improve the signal-to-noise of estimates of the AGN environment.
The colour selection criteria are also used to measure the cross-correlation with

particular galaxy types and to measure the evolution of AGN environments.



Chapter 2

Digital Stacking

The digitisation of photographic material offers clear advantages for quantitative
analysis of images. It allows accurate calibration and parameterisation of survey
data and individual scans can be added for faint object searches (Marston 1988,
Schwartzenberg 1996, Hawkins et al. 1998). Image detection and classification
can also be automated, removing many of the biases of manually selected cata-
logues. This has already been achieved with CCD imaging, but digital stacking is
still a relatively new technique with photographic plates. Digital stacking of plate
scans offers 2 clear advantages over deep CCD imaging: efficient use of telescope
time for wide field imaging (Bland-Hawthorn, Shopbell & Malin 1993) and the
use of archival material (Hawkins et al. 1998, Knox et al. 1998).

A serious disadvantage of photographic material is that its response to light
is non-linear. However, over a limited dynamic range the response of the photo-
graphic material is approximately linear (Bland-Hawthorn et al. 1993, Knox et
al. 1998). For sky limited plates the linear regime includes the sky background
and faint images, allowing the stacking of digital scans to achieve deep limiting

magnitudes.

2.1 Plate material

The plates used to produce the Panoramic Deep Fields have been taken for a
range of projects since the late 1970s. All exposures were approximately centred
on B1950.0 00753’ —28°03' (the SGP) or 10740’ 00°00’ (F855). Exposures were
sky-limited and have exposure times between 60 and 100 minutes. Lists of the
plates used for the digital stacking are provided in Table 2.1. The filter and

emulsion combinations used for each of the bands are listed in Table 2.1.



Table 2.1: UKST plates used for the Panoramic Deep Fields. Details of the plate

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

(www.aao.gov.au).

Field Band Plates

SGP U U6326, U6380

SGP B, J3497, J3554, J9764, J9765, J9766, J9770, J9771, J13857,
J14605

SGP  Rp  R4676, OR9563, R9594, OR9595, OR9671, R9672, R11336,
OR16297

SGP I 14338, 16523, 110545, 110604, 110615

F855 U UX7709, UX7714, UX9173, UX16600, UX16932

F855 By  J6800, J6954, J7743, J9241, J9309, J16076, J17417, J17477,
J17916, J17917, J17921, J17929

F855 Rp  ORI10854, OR12420, OR12489, OR13020, OR14220, OR15308,
OR15323, OR15330, OR15357, OR17061, OR17089, OR17412,
OR17429, OR17561, OR17863, OR17874, OR17501, OR17504,
OR17506, OR17507, OR17536, OR17550, OR17879, OR17911

F'855 I 16910, 117448, 117460, 117478, 117518, 117521, 117521,

117523, 117528, 117541




Table 2.2: Filter and Emulsion combinations used in the Panoramic Deep Fields

Plate Prefix Band Emulsion Filter  Fields

U U IITaJ UuG1 SGP
UX U IIlaJor 4415 UG 1 SGP & F855
J B; IITaJ GG 395 SGP & F855
OR R [ITaF OG 590 SGP & F855
R R [ITaF RG 630 SGP

| I IVN RG 715 SGP & F855

2.2 SuperCOSMOS scans

The SuperCOSMOS machine at Royal Observatory Edinburgh is a plate scanning
machine capable of scanning an entire UKST plate in 2 hours, producing 2.1 Gb of
data. The SuperCOSMOS scans have 15um resolution with 10um pixels (Hambly
& Miller 1997) with the corresponding pixel scale for UKST plates being 0.67".
As stellar images from the UKST have FWHM of > 2.5” the data is adequately
sampled. More detailed discussions of the SuperCOSMOS plate scanning machine
are provided by Miller et al. (1992) and Hambly (1998).

The pixel data for each plate was provided in 16 subregions (before 1999)
or in large 2.1 Gb files. The data has been converted from the SuperCOSMOS
“lane” format into FITS files by Nigel Hambly’s mm2fits fortran code. This code
also converts the data from measured plate scan transmissions into approximate

arbitrary intensities using the equation

Log,,t = vLog;, (% + c> , (2.1)
where ¢ and ¢ are the intensity and transmission. The transmission constants t.
and t, correspond to the maximum and minimum possible transmissions while ¢
and 7 are parameters which describe the nonlinear response of transmission to

intensity. The resulting values of ¢ have a linear response to intensity near the
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sky background. The data has also been regridded with respect to a “master”

plate so images on each plate are accurately aligned.

2.3 Data Reduction

2.3.1 Background Subtraction

Before coaddition of the data, background subtraction must be performed. Un-
less this is done, the local sky background for each image on each plate will
differ, resulting in suboptimal performance of bad pixel rejection and coaddition
algorithms. While vignetting introduces the largest variation of background, the
most problematic variations of the background are introduced by plate fogging
and plate flaws. If background subtraction is not performed, the flaws may not
be rejected by the bad pixel rejection algorithm as the difference between the
sky background on each plate may be larger than the pixel values of the plate
flaws. An example of a serious flaw in a coadded image produced with bad pixel
rejection but with poor background subtraction is shown in Figure 2.1.

The most obvious method of mapping the background is to use a large scale
median filter. This method is accurate for regions without bright stars but it
is extremely CPU intensive. Producing a 256 x 256 pixel median filter of a
6800 x 6800 pixel image uses approximately 7 hours of CPU time on a SparcUltra
5 (Bryn Jones private communication). As a scan of a single UKST plate is
32256 x 32256 pixels, the time required to produce a median map would be
several days.

A method of speeding up the background mapping using a median filter is
to only calculate a value for small regions rather than for every pixel. The ap-
proximate median can also be calculated from only a fraction of the pixels within
the large scale filter rather than every pixel. This method reduces the CPU time
required by more than an order of magnitude. Calculating the background for
32 x 32 pixel regions using a median filter sampling every 4th pixel reduces the
CPU time required by almost 2 orders of magnitude. This allows the background
map (with a 160 x 160 filter) of an entire UKST plate to be produced in less than
2 hours. The filter will degrade the images of objects comparable to or larger
than the filter size. However, almost all the object images larger than the filter
size are brighter than B; ~ 16 and are not included in the galaxy samples used in

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

11



Figure 2.1: A coadded stack where proper sky subtraction has not been applied.
The vignetting at the edges of the plate is obvious. A large flaw can also be seen

towards the top left of the image.
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steep gradients which are found near bright stars. However, these regions of the
plate are typically of low quality and would not be used even with a more robust
background subtraction. Once the background map has been determined, it is

subtracted from the original image.

2.3.2 Drilling

A small number of large (> 100 x 100 pixel) plate flaws are rescaled by the
background subtraction resulting in poor bad pixel rejection and artifacts in the
stacked data. To prevent this occurring, these regions are removed manually
(drilled) with IRAF’s! imreplace task to replace flawed regions with pixel values
of —10000. This is well below the pixel values of good data and the flawed regions
can be rejected during the stacking by setting the low threshold option of IRAF’s
imcombine task to > —10000 and < 0. With stacks of more than 5 plates the

increase in background noise in the effected regions is less than ~ 10%.

2.3.3 Intensity Scaling

Before coaddition can take place, the images must be scaled such that the mea-
sured intensities of the objects in each plate are approximately equal. To do this
a multiplicative scaling is applied to the images once the background has been
subtracted. To determine the rescaling required, the fluxes of objects within
a central 2000 x 2000 pixel region are determined using SExtractor (Bertin &
Arnouts 1996). Only objects with signal-to-noise ratios between 10 and 30 are
used for the scaling to prevent noise and saturated objects biasing the scaling
factor. The flux ratios between each object and the same object on a master
plate are then determined. The multiplicative scalings are then determined from

the median of flux ratios.

2.3.4 Coaddition

Several coadditions of the SGP and F855 plate data have been performed by
the SuperCOSMOS group which are deeper than single plate scans but do suf-

fer significant flaws. The original stack of the SGP used an unweighted average

'IRAF is distributed by the National Optical Astronomy Observatories, which are operated
by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.
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of data in transmission space which results in increased depth but does not re-
ject plate flaws, satellite trails and other features which appear in single plates.
This is a particular problem for automated measurements of galaxy clustering
where small errors may significantly effect measurements of two-point correlation
function. Flaws overlapping object detections can alter magnitudes, colours and

classifications resulting in increased contamination of catalogues.

Knox et al. (1998) describe several techniques for the coaddition of Super-
COSMOS scans of UKST plates. They use a 300 x 300 pixel region of 16 plate
scans to test the techniques and find a weighted average with average sigma clip-
ping results in high signal-to-noise and good bad-pixel rejection for a stack of
16 plate scans. However, only the F855 field has more than 16 scans in a single
band (R) and average sigma clipping is poor at rejecting noise for small number
of plates. Also, the use of a small region allows a single value for the background
to be used for each scan rather than having to produce a larger background map
for the entire field. If single values of the background are used for large regions,
the residual variations of the background are comparable to the pixel values of

plate flaws.

A stack by the SuperCOSMOS group of the F855 field using the methods
of Knox et al. (1998) and single sky background values for 32256 x 1280 pixel
regions (corresponding to SuperCOSMOS scan “lanes”) is shown in Figure 2.1.
A large plate flaw is clearly visible at the top left despite the use of bad-pixel
rejection algorithms. The flaw is broken up into multiple objects as the rejection
algorithm works when the flaw has large pixel values and fails for smaller values.
If bad-pixel rejection algorithms are to be successfully applied to stacks of plate

scans, effective background subtraction is required.

SuperCOSMOS scans of TechPan films have been stacked by Schwartzenberg
(1996) with the aim of detecting low surface brightness galaxies. He used a
256 x 256 pixel median filter to subtract the background on each plate with the
median stacking in “intensity” space to produce the final image. The “inten-
sity” space described in Schwartzenberg (1996) is actually equal to the density
subtracted from the background. This is a very close approximation to inten-
sity space near the sky background and the intensities of low surface brightness
galaxies. Schwartzenberg used median stacking as the depth achieved is similar
to average stacking but with more robust bad pixel rejection than sigma-clipping

for the small number of plates used.
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Figure 2.2: Noise distribution of a region of plate 117448 without obvious sources.
A Gaussian fit 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: Stacking Methods

Method Noise Bad pixel Cosmetics
(pixel values) Rejection (e.g. satellite trails)
SuperCOSMOS 134.7 Av. Sigma Clip (30) Yes
Weighted mean 145.1 min-max (3,3) No
Weighted mean 144.5 Sigma Clip (20) No
Unweighted mean 150.1 min-max (2,2) No
Weighted mean 135.5 none Yes
Median 163.6 none No

Several methods for stacking SuperCOSMOS scans were compared to evaluate
their effectiveness. The sample of data used was the F855 B; band data which
consists of 12 plate scans. The results are summarised in Table 2.3. All stacking
methods have had intensity scaling performed to the original data. The weighted

mean minimises the noise in a stack of n scans by weighting the i-th scan by

1/0?
72?:11/0]2, (2.2)

where o; is the background noise. The ability of each stacking method to remove

W; =

plate flaws and other spurious objects was determined by manually comparing
single plate scans and the stacked data (see Figure 2.3). The weighted mean with
min-max rejection and sigma clipping provides good signal to noise and robust
bad pixel rejection. The min-max rejection was chosen for the Panoramic Deep
Field stacks as it is effective for small numbers of plates. The F855 B, stack
with sky subtraction and min-max rejection, shown in Figure 2.4, is a significant
improvement on the original stack shown in Figure 2.1.

Bland-Hawthorn, Shopbell & Malin (1993) and Knox et al. (1998) state that
the noise distribution in intensity space may not be Poissonian due to the non-

linear relationship between photographic density and intensity. To determine if
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Figure 2.3: A comparison of a single plate scan (J6954) and a stack of the same
1000 x 1000 pixel region. The stack uses a weighted average with min-max rejec-
tion. The single plate scans shows a significant gradient in the sky background,
plate flaws and a satellite trail. The stacked data is considerably deeper and no

contamination from J6954 is in the stacked data set.
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Figure 2.4: A coadded stack where sky background subtraction and min-max
bad pixel rejection have been applied. The stack uses the same set of plates as
Figure 2.1. The image has been scaled so black and white are > 20 above and
below the sky background. While the image scaling will make plate flaws more
obvious than in Figure 2.1, there are no plate flaws and the sky background is

constant over most of the field-of-view.
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Figure 2.5: Noise distribution of a region of the I band stack using a weighted
mean with min-max rejection. The line is a a Gaussian fit to the distribution. The
location of the peak is slightly less than 1000 due to the background subtraction

overestimating the background on all the original plates.

this is the case, the noise distribution of single plates was measured and then
fitted with a Gaussian, as shown in Figure 2.2. It can be clearly seen that the
noise distribution is fitted extremely well by a Gaussian implying that the noise
distribution in intensity space is accurately modelled by a normal distribution.
Therefore, stacking in intensity space should not result in a large systematic

errors.

To determine if any significant bias has been introduced stacking of the scans
in intensity space, the noise distribution has been plotted in Figure 2.5. To
prevent a spike in the noise distribution caused by imcombine converting floats
to integers by rounding towards zero, the subtracted background of each scan was
increased from 0 to 1000 before stacking. The noise distribution is fitted well by a
Gaussian though the peak of the function is slightly offset from 1000. This is seen
in all the images and the offset is < 5% of the background noise of the stacked

scans. The overestimate of the background is not unexpected as the estimate of
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Table 2.4: Stellar FWHM estimates determined with unsaturated stellar objects

Field Stellar FWHM
U B; R I

SGpP 29" 317 29" 29"
F855 28" 3.0" 27" 2.7

Table 2.5: Limiting magnitudes estimated with 50 detections within a 2.8"” radius

aperture.

Field Detection thresholds
U B R 1

SGP 227 239 227 204
F'855 22.6 23.7 229 208

the background is derived from the data which includes stars and galaxies. As
the overestimate of the background depends on the sky surface density of sources,
the overestimate is the same for all scans of the same region in the same band.
Therefore, the overestimate of the background does not cause a significant error

in the stacking of the data.
Tables 2.4 and 2.5 summarise the stellar FWHM and limiting magnitudes of

the stacked scans. Calibration of the photometry used to determine the limiting
magnitudes is discussed in Chapter 3. The seeing in all the stacks is ~ 2.8"” which
is comparable to the seeing in the single plate scans. The depth of the data has
been significantly improved by stacking the scans and the limiting magnitudes

are 2 1 magnitude deeper than single scans.
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2.4 Source Extraction

Source extraction was performed using SExtractor (Bertin & Arnouts 1996) ver-
sion 2.1.16. SExtractor has several advantages over other source extraction codes
as it is easy to install, runs reasonably quickly, has reliable image classification
(Smith 1998) and documentation. SExtractor 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.

Source extraction parameters were set to at least 5 connected pixels with the
pixel threshold set to 1.80 above the local background level. The choice of these
parameters provides a deep catalogue without serious contamination, provided
there has been effective bad pixel rejection. The choice of pixel connection algo-
rithm has a significant effect on the level of contamination (Irwin 1985). A pixel
connection algorithm which connects pixels horizontally, vertically and diagonally
results in significantly more contamination than an algorithm which connects pix-

els horizontally and vertically.

SExtractor connects horizontally and vertically which improves on the COS-
MOS and SuperCOSMOS image detection software (Beard, MacGillivray &
Thanish 1990) which connects diagonally aligned pixels (Hambly private com-
munication). The SuperCOSMOS pixel connection algorithm resulted in the
signal-to-noise cutoff being set to a high level (~ 8c) to prevent contamination by
spurious objects. The detection of faint spurious objects by COSMOS has been
previously noted by Couch et. al (1990). The use of a high signal-to-noise thresh-
old is reasonable when detecting sources in SuperCOSMOS scans of single plates
where large quantities of signal-to-noise ~ 4 spurious images exist. These images
are not present in robustly coadded data and a lower signal-to-noise threshold is

therefore appropriate.

The completeness of the SExtractor catalogues as a function of limiting mag-
nitude is shown in Figure 2.6. The completeness was estimated by adding artifical
stellar objects to subsets of the data with IRAF’s mkobject task. SExtractor was
then used to compile object catalogue and the fraction of artifical objects detected
by SExtractor was measured. The 80% completeness limits of the catalogues are
slightly brighter than the limiting magnitudes in Table 2.5 as the estimates in

Table 2.5 do not take into account seeing or confusion.
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Figure 2.6: The completeness of the SExtractor catalogues as a function of magni-
tude. The completeness was estimated with stellar objects generated with IRAF’s

mkobject task.

2.4.1 Astrometry

Accurate astrometry is extremely important if spectroscopic candidates are to be
observed by automated instruments such as 2dF. Internal astrometric accuracy
of < 0.5"” is required for 2dF (Bailey & Glazebrook 1999) if no significant light
loss is to occur.

The original SuperCOSMOS image format data contains astrometry for all the
objects detected by the SuperCOSMOS software. The stated accuracy of the Su-
perCOSMOS astrometric solution is < 0.3” (Hambly et al. 1998) though larger
(> 1") systematic errors have been observed in COSMOS and SuperCOSMOS
scans (Savage & Cannon 1995, Hunstead private communication). Systematic
errors may originate from the use of bright (B < 10) stars from the Hippar-
cos/Tycho catalogue (ESA 1997) as the basis of the astrometry solution. These
stars have diffraction spikes and halos which are detected by the source extrac-
tion software resulting in reduced accuracy for image positions. Also, on UKST
plates, the halos are only centred on bright stars when they are near the plate
centre. This introduces a systematic error as a function of distance from the plate
centre. For these reasons, it was decided that a new astrometric solution would
be determined.

The astrometric solution is determined with Tycho-2 catalogue stars (Hog et
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al. 2000) and the astrom package. To reduce errors which could be introduced
by bright stars and large proper motions, only B > 12.5 stars moving less than
0.05"per yr are used to determine the solution. The average of the residuals
~ 0.5"” though a plot of the residuals as a function of plate position (Figure 2.7)
shows the residuals are typically < 0.3” near the centre of the field.

To determine if there are any significant systematic errors in the astrometric
solution, Panoramic Deep Field astrometry has been compared with the APM,
FIRST (White et al. 1997) and NVSS (Condon et al. 1998). Plots of the resid-
uals as a function of position are shown in Figures 2.8 and Figures 2.9. There is
good agreement between the APM and Panoramic Deep Field astrometry with
residuals typically less than ~ 0.05”. The small size of the residuals is not un-
expected as the APM derived astrometry is from scans of UK Schmidt plates
calibrated with Tycho catalogue stars. Comparison with the FIRST catalogue
shows larger residuals and evidence for Panoramic Deep Field astrometry being
offset 0.22"” +0.05 west and 0.07” +0.05 south of the FIRST astrometric solution.
Comparison of Panoramic Deep Field positions with NVSS sources in Figure 2.10
also shows evidence for small systematic offsets though their significance is < 30.
While individual radio sources are often offset from there optical counterparts,
it is improbable that there is an alignment of radio sources over the entire field.
Systematic errors between optical and radio astrometry are not uncommon (Sav-
age & Cannon 1995) and the offsets presented here are equivalent to a fraction of
a pixel in the FIRST, NVSS and Panoramic Deep Field images.

2.4.2 Object Classification

SExtractor uses a neural network for star-galaxy separation which, though some-
what experimental, has been found to be robust (Smith 1998). A detailed de-
scription of the neural network scheme used is provided by Bertin & Arnouts
(1995). The neural network consists of an input layer, a hidden layer and an
output layer. Each layer consists of nodes which are linked to nodes in the other
layers by weighted synapses. The input and hidden layers consist of as many
nodes as there are input parameters while the output layer consists of a single
node which produces the classification output.

The input parameters are 8 isophotal areas, the maximum intensity and the
seeing. The weights of each of the synapses was determined by training the

network with ~ 10° artificial stars and galaxies with seeing between 0.025” and
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Figure 2.7: Plots of the residuals between the Tycho-2 and Panoramic Deep Field

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

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

the median of the residuals determined in 10° regions.
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Figure 2.9: The median of the residuals between FIRST and F855 astrometry
determined with 10° regions. The residuals have been multiplied by 3600 for
clarity. While individual FIRST positions are only accurate to ~ 17, the reference

frame used to derive the FIRST positions is accurate to 0.05” (White et al. 1997).
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Figure 2.10: The median of the residuals between NVSS and Panoramic Deep
Field astrometry with 20° regions. The residuals have been multiplied by 3600
for clarity. Only NVSS point sources with estimated position errors less than
1" have been included. The Panoramic Deep Field astrometry is offset from the
NVSS by 0.33 +0.16 east and 0.42 £+ 0.14 south in the SGP and 0.16 4+ 0.14 west
and 0.39 £ 10.4 south in F855.
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SExtractor Classification
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Figure 2.11: SExtractor image classifications as a function of Instrumental magni-
tude. The dip at instrumental magnitude —15 is due to SExtractor being unable
to classify stars outside the linear regime of the plate response. At faint magni-
tudes the classification scheme breaks down as faint objects have low signal to

noise.

5.5". For the sets of artificial objects, the network is run forwards producing a set
of outputs. The weights of the synapses are then adjusted layer by layer backward
to adjust the outputs towards the correct values. This process is run up to ~ 10°
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 astronomical telescope with a linear detector.

The star-galaxy classifier was trained on equal numbers of stars and galaxies
so the classification can not be directly interpreted as the probability of an ob-
ject being stellar or non-stellar. The cut-off value must be determined using a
comparison with expected number counts, CCD images and faint spectroscopic
samples. The reliability of the star-galaxy classification is significantly improved
by using classifications in multiple bands. Objects with SExtractor classification
scores greater than 0.7 in 3 bands, 0.80 in 2 bands or 0.90 in a single band are

classified as stellar objects.

While SExtractor can perform object classification on data near the plate

limit where the pixel value scales linearly with intensity, for saturated objects
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Figure 2.12: B; and R images of a small region of the F855 field. All objects
brighter than the U, B;, R or I magnitude limits are circled. Objects classified
as stellar are labelled with crosses. Spurious objects generated by the diffraction

spikes and halo of the bright star can be seen.

(R < 18) the object classification starts to break down (see Figure 2.11). To
prevent contamination of the galaxy catalogue, bright objects are reclassified as
stellar if they are within the stellar locus in peak intensity versus instrumental
magnitude space and area versus instrumental magnitude space. Figure 2.12, a
region of the F855 field with image classifications overlaid, shows that most bright

stars are correctly classified by the classification scheme.

To determine the reliability of the classification scheme, object classifications
were compared with deep imaging and spectroscopic samples. The results of the
classification comparisons are summarised in Table 2.6. The reliability of the clas-
sification scheme derived from COSMOS scans and spectroscopic identifications
by Colless et al. (1990) differ significantly despite the samples being the same set
of 21 < By < 22.5 objects. This is due to errors in the star-galaxy separation
by COSMOS with AAT plates obtained in < 2" seeing. As similar errors could
be in other samples of ground-based imaging, the discussion of the reliability of

classification scheme is restricted to spectroscopic samples and HST imaging.

Approximately 90% of stellar objects with spectroscopic identifications are

correctly classified in the Panoramic Deep Fields. This improves to 2 95% for
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By < 20 QSOs from the Veron-Cetty & Veron (2000) catalogue. The reliability of
classifications derived from HST data (Abraham et al. 1996, Smail et al. 1997) are
poorer but suffer from small number statistics. Approximately 85% of 20 < B; <
23.5 galaxies in the Panoramic Deep Fields with spectroscopic identifications from
Colless et al. (1990) and Glazebrook et al. (1995) are correctly classified. The
reliability of the classifier is somewhat better for objects from the NED database
as it contains many By < 20 objects from the Las Campanas (Schectman et al.
1996) and APM (Loveday et al. 1992) redshift surveys.

2.5 Summary

A deep wide-field multicolour survey of two fields has been compiled by coadding
SuperCOSMOS scans of UK Schmidt photographic plates. By subtracting the
background before coaddition of the scans, it has been possible to apply bad
pixel rejection algorithms to the data so clean object catalogues can be obtained.
Several algorithms for coadding the scans were tested and a weighted average
with min-max rejection was found to provide high signal-to-noise with robust bad
pixel rejection. As faint objects are in the linear regime of the plate response, it
has been possible to use SExtractor to detect and classify objects in the survey.
By combining image classifications from multiple bands, it has been possible to

reliably classify B; < 22.5 objects imaged in ~ 3" seeing.

29



0¢

Table 2.6: Comparison of Panoramic Deep Field classification with published object classifications. COSMOS AAT and HST data use

classifications derived from imaging data while all the other datasets use spectroscopic identifications.

Sample Published Stellar Classification Published Extended Classification
PDF PDF PDF PDF
Stellar Extended Extended Stellar

classification classification classification classification

Colless et al. (1990) 17 0 39 6

COSMOS AATT 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 - -

T COSMOS classifier reliability ~ 85% (Colless et al. 1990)




Chapter 3

Photometric Calibration

3.1 CCD photometry

Accurate photometric calibration is critical in a survey where colour criteria are
applied to the selection of objects. This is particularly important for the clustering
of colour selected galaxies and photometric redshifts. In order to calibrate the
Panoramic Deep Fields, deep CCD sequences of the two fields have been obtained.

Photometric calibration data of the SGP consists of BV RI CCD images ob-
tained by Bruce Peterson with the Mount Stromlo and Siding Spring Observato-
ries’ (MSSSO) 40-inch telescope and and U band photometry from Croom et al.
(1999). The 40-inch detector was a 2048 x 2048 thinned Tek CCD with ~ 75%
quantum efficiency in R band dropping to ~ 60% in B band. The pixel scale
of 0.6” resulted in a ~ 20" x 20" field of view in coadded frames. This allowed
accurate photometry of & 100 stars and galaxies in each band in the field.

Photometric calibration data for the F855 field consists of I band data ob-
tained by the author with the MSSSO 40-inch and UBV R’ photometry from
Osmer et al. (1998). Other photometry is available for the F855 field (Glaze-
brook et al. 1994, Glazebrook et al. 1995, Bryn Jones private communication)
but the Osmer et al. data has a wider field-of-view resulting in a better calibra-
tion of 16 < B, < 20 stars. The availability of V' band photometry also allows a
colour correction to be applied to the calibration of the B; data.

CCD images were reduced and coadded using IRAF routines ccdproc,
imalign and imcombine. Flatfield images were produced by combining unshifted
images to produce high signal-to-noise flatfield images. However, the SGP [ band
flatfield produced from the data had halos near the locations of bright stars while
a flatfield produced from sky flats did not have any of the fringing patterns ob-
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Table 3.1: Summary of MSSSO 40-inch observations.

Field Band Integration RMS of fit Seeing Mag

Time (secs) to standards Limit
SGP B 29 x 900 0.017 2.3" ~ 23.5
SGP V 10 x 900 0.013 2.3" ~ 22.0
SGP R 9 x 900 0.012 2.3" ~ 22.5
F'855 I 20 x 600 0.038 2.1 ~ 21.7

served in the images taken during darktime. As the I band photometry was of
unknown quality, I band photometry from Caldwell & Schechter (1996) was used
to calibrate the SGP I band data.

To correct for atmospheric extinction, offsets were determined by comparing
instrumental magnitudes determined with SExtractor of 2 100 objects in each
image. The fluxes (with errors) and positions of objects in the combined images
were also determined with SExtractor. As the seeing in most of the CCD images
is comparable to the Panoramic Deep Fields, object classifications from the CCD
data were not used for the photometric calibration. An astrometric solution for
the CCD data was determined using faint stellar objects from the APM catalogue
and astrom package.

Magnitude zero-points, extinction and colour terms (where possible) relating
instrumental magnitudes for the 40-inch 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-inch were obtained
with the MAG_BEST option of SExtractor (Bertin & Arnouts 1996). As shown
in Table 3.1, the fits to the standard star magnitudes had RMS errors for between
0.01 and 0.04 magnitudes.

The R' filter of Osmer et al. (1998) has a similar effective wavelength (6615A)
to R (6625A) but has a shorter red tail. The difference between R and R’ pho-
tometry has been found by Martini & Osmer (1998) to be small for “all but

the reddest objects”. To determine if this statement is correct, the relationship
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between B — R and B — V colours for stars from Landolt (1992), the MSSSO
40-inch, Croom et al. (1999) and the DMS (Osmer et al. 1998) have been plotted
in Figure 3.1. The MSSSO 40-inch and DMS photometry have similar colours
which is consistent with R’ magnitudes being similar to R for most objects. All
three sets of CCD photometry have stellar loci which are redder than Landolt
(1992). Unless there is a systematic error in all 3 sets of CCD photometry, this
is indicative of the BV R stellar locus being redder for faint (R > 16) stars than
R < 15 Landolt standards.

3.2 Colour Equations

Photographic plates do not have an ideal response to intensity and photographic
magnitudes are not necessarily the same as Johnson-Cousins magnitudes. To
calibrate photographic plates with Johnson-Cousins photometry, a correction is
required which is usually a function of object colour. As the median colour of
a sample is a function of limiting magnitude, an incorrect colour equation can
result in a zero-point error which changes with magnitude.

To calibrate the Panoramic Deep Fields in the B; band, estimates of the B

magnitudes were determined using the colour equation
B;=B-028B-V) -01<B-V<16 (3.1)

(Blair & Gilmore 1982). A comparison of B; magnitudes determined with the
CCD data and the calibrated Panoramic Deep Fields is shown in Figure 3.2. For
most objects the agreement between the datasets is good and there is no evidence
of a significant systematic offset between the CCD data and the photographic
data. However, to prevent variable stars and AGN from possibly skewing the
calibration of the Panoramic Deep Fields, B, — R < 0.4 objects were excluded
from the calibrating data.

For photographic R band data there are several different colour equations
available in the literature which are summarised in Table 3.2. To determine if a
colour equation is required for the Panoramic Deep Fields, the difference between
calibrated photographic R and Cousins R has been plotted as a function of pho-
tographic B; — R in Figure 3.3. It is clear from the plot that the photographic
and Cousins R band photometry are similar for B; — R < 1.6 but photographic
R is larger than Cousins R for very red objects. The colour equation of Couch

& Newell (1980) is a poor fit to the data over the observed magnitude range. As
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Figure 3.1: Comparison of B— R, B— R’ and B —V colours of R < 20 stellar ob-
jects for different sets of photometry. The approximate colours of main-sequence
stars are given by B — R = 1.54(B — V) (Metcalfe et al. 1991, Croom 1997)
and this has been subtracted from the B — R or B — R’ values. The relationship
between the colours differs significantly between the CCD photometry and the
photoelectric standards of Landolt (1992).
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Figure 3.2: The difference between B; magnitude estimates from CCD data
(MSSSO 40-inch and Osmer et al. 1998) and the Panoramic Deep Fields. Solid
symbols are stellar objects and open circles are galaxies. The values of the B; — R
colour have been determined with the Panoramic Deep Field data. The difference
between the Bj; estimates is small for both fields and there is no evidence for a

large systematic error in the data.
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Table 3.2: Photographic R colour equations. The value of 0 R is Cousins R minus
photographic R.

Emulsion & Filter Colour Equation Notes & Reference
I11-aF+RG630 dR = (0.00 £0.05) x (R—1I)  Blair & Gilmore (1982)
4415+0GH90 OR = (—-0.033 £0.01) x (R —1) Morgan & Parker (1997)
HI-aF+RG630 dR = 0.0058 x (B — R)+0.008 Couch & Newell (1980)

[1I-aF+0G590/RG630  6R = (0.00 £0.01) x (B; —R) By — R < 1.6, This work

photographic and Cousins R are very similar for most objects in the survey, R
will be used to describe photographic R for this work.

The colour equations for U and I determined by Blair & Gilmore (1982) have
colour terms ~ 0. Figure 3.4 shows plots of the difference between CCD and
photographic photometry in the U and I bands as a function of colour. There
is no evidence for a measurable colour term for the I band data though U band
shows discrepancies for very blue and red objects. This could be due to the
transmission curve of the photographic U differing from Johnson-Cousins U and
the variability of blue AGN. To prevent very red and blue objects from skewing
the calibration of the U band photometry, only 0.0 < U — B; < 1.6 objects have

been used to calibrate the Panoramic Deep Fields.

3.3 Photometric Calibration of Panoramic Deep

Fields

Photometric calibration of the Panoramic Deep Fields was determined with the
CCD data and published photometry described in the previous section. The
calibration of objects in the linear regime of the plate response can be determined
with a zero-point. This was determined by finding the median value of the offsets
between the calibrated 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 difference between photographic and Cousins R as a function of
photographic B; — R colour for 16 < R < 20 objects. Solid symbols are stellar
objects and open circles are galaxies. The line is the colour equation of Couch &
Newell (1980) with B; — R = 0.82(B — R).

and a more complex function must be fitted. Photometric calibration of satu-
rated stars was determined by fitting a polynomial to the relation between the
Panoramic Deep Field instrumental magnitude and the calibrated magnitude for
objects classified as stellar in the Panoramic Deep Fields. The CCD photometry
contains few bright stars so bright stars from Landolt (1992) and the General Cat-
alogue of Photometric Data (Mermilliod, Mermilliod & Hauck 1997) were used
to constrain the fits at B; < 15. While this is considerably brighter than any
objects studied in this work, the inclusion of bright stars constrains the fit and
prevents bright objects from having spuriously faint magnitude estimates. Satu-
rated and unsaturated stars were used to better constrain the polynomial fit at
faint magnitudes and the intercept between the polynomial fit and the zero-point
is used to estimate the brightest magnitude where stars are in the linear regime

of the plate response.

After the calibration of the data has been performed, the plots of the fit
between the instrumental and calibrated magnitudes are visually inspected. It
is not unusual for outliers to skew the fit, especially at bright magnitudes where

relatively small numbers of objects are available. If a star is observed to be
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Figure 3.4: The difference between U and I band photometry from CCD imaging
and photography as a function of colour. Dots are stellar objects while open
circles are galaxies. The U band CCD data is from Osmer et al. (1998) and the
I band data is 40-inch imaging of the F'855 field. There are significant differences
between the U band photometry estimates for very blue objects. The [ band data
does not show evidence for a large colour term though the galaxy photometry has

significantly larger errors than the photometry of stars.
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> 30 from locus of stars used to calibrate the photometry, it is removed from
the calibrating data set and the calibration is rerun. The final calibration curves
for the SGP and F855 fields are shown in Figures 3.5 and 3.6.

In addition to the calibration determined with CCD photometry, 2 corrections
need to be applied to calibrate data. The first is a correction to the magnitudes
to compensate for vignetting at the edges of the field. As sky subtraction was
used during the coaddition of the scans, it is not possible to use the intensity
of the sky background to estimate the vignetting correction (Hambly 1998b).
Vignetting estimates for the UKST are available from Tritton (1983) and Dawe &
Metcalfe (1982) but neither contain a table of estimated values. Several vignetting
corrections were determined with polynomials fits to data read from graphs. The
availability of Dawe & Metcalfe (1982) on ADS allowed the use of the DEXTER
Java applet to read data, increasing the accuracy of the fit.

The vignetting correction is only accurate for unsaturated objects as the sat-
uration level of plates (relative to the background) and the resulting instrumental
magnitudes of bright stars is a function of radius from the plate centre. Unfor-
tunately, comparing photometry of faint objects isn't possible as there are no
large accurate catalogues of faint of galaxy photometry at various radii from the
field centres. However, the galaxy correlation function can be used to evaluate
vignetting correction as the vignetting results in an apparent excess of galaxies
in the plate centre and an excess of clustering at large angular scales. If the in-
correct vignetting correction is applied, the value of v of the angular correlation
function will rapidly decrease with magnitude due to an excess of galaxy pairs
at large angular scales. Of the vignetting functions tested, the vignetting for
unhypered plates including geometric effects and backscattering from the emul-
sion from Dawe & Metcalfe (1982) resulted in the smallest variations of v with

magnitude. The polynomial fit for the vignetting correction is given by
dm x 10*° = 35180r 4 30777r% — 565> + 3.97r* — 0.00574r° (3.2)

where r is the radius from the plate centre in millimetres. At large radii there
are large differences between the published vignetting estimates and, as shown in
Figure 3.7, the vignetting increases rapidly. It it therefore probable that there are
large systematic errors in the vignetting correction beyond 160mm (3.0°) from the
plate centre. For this reason, only objects with vignetting corrections less than
0.06 were used to calibrate the Panoramic Deep Field photometry.

Galaxy magnitude estimates are corrected for dust extinction using the dust
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Figure 3.5: Photometric calibration of the SGP. Grey points are stellar objects
and dark points are galaxies. The straight line (with gradient fixed to 1) is a fit
for the calibration of galaxies and faint objects while the curved line is for the
calibration of bright stars. The group of galaxies above the calibration line in the
I band data are objects missclassified as stars by Caldwell & Schechter (1996)

resulting in overestimates of their magnitudes.
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Figure 3.6: Photometric calibration of F855. Grey points are stellar objects and
dark points are galaxies. The straight line is a fit for the calibration of galaxies

and faint objects while the curved line is for the calibration of bright stars.
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Figure 3.7: The correction for the vignetting as a function of radius from the plate
centre. The line is a fit to a plot from Dawe & Metcalfe (1982) for unhypered
plates including geometric effects and backscattering from the emulsion. The
dotted line at 0.06 magnitudes is the maximum vignetting correction allowed for

objects used to calibrate the photometry.

42



Extinction

0.1
0

("g)v

Declination from Field Centre

Figure 3.8: A plot of the dust extinction across the SGP and F855 fields using
E(B — V) estimates from Schlegel, Finkbeiner & Davis (1998). The dust ex-

tinction in F855 (I ~ 45°) is significantly larger and shows more structure than

the SGP. The extinction in F855, if left uncorrected, would introduce spurious

structure on large angular scales.

maps of Schlegel, Finkbeiner & Davis (1998). Figure 3.8 shows that there are sig-
nificant variations in the dust extinction in F855 which could introduce spurious
large-scale structure into the catalogue. In contrast, the dust extinction in the
SGP is restricted to the range 0.01 < E(B — V) < 0.03 which is comparable to
the estimated errors of the E(B — V') estimates (0.028). The dust map estimates
of the extinction are therefore only applied to the F855 field while a constant
value of E(B — V) = 0.015 is used to correct for dust extinction in the SGP.

3.4 Comparison of Galaxy Number Counts and

Colours

A systematic error in the photometry in one of the fields should produce a notice-
able difference in the number counts compared with the other field and previous
work. Figure 3.9 shows a comparison of number counts in the two fields and with
previous wide-field photographic surveys. The number counts for the two fields
are in good agreement with each other in all 4 bands. However, at B; < 19 and

Bj; > 21 the number counts are slightly higher than those measured by Mad-
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Figure 3.9: A plot of the galaxy number counts as a function of magnitude (after
correction for dust extinction). Data from both fields is compared with number
counts from the APM survey (Maddox et al. 1990), Koo (1988) and Infante &
Pritchet (1992). I band counts have been moved 1 magnitude to the left and U
band counts have been moved 2 magnitudes to the right for clarity. Error bars are

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

dox et al. (1990) and Infante & Pritchet (1992). It is plausible that systematic
errors could be altering the number counts 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 systematically overestimated resulting
in underestimates of the number counts 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 systematic error in the number counts of Infante &
Pritchet (1992). This conclusion is supported by B band number counts by Met-
calfe et al. (2001) which are significantly higher than those of Infante & Pritchet
(1992).
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An error in the vignetting correction would introduce a systematic error which
would be a function of radius from the plate centre. This error would be observed
as a changing density of galaxies as a function of radius from the plate centre. To
see if such an error exists in the data, the angular cross-correlation of the plate
centre and galaxies has been determined and plotted in Figure 3.10. There is
no consistent error as a function of plate radius for either field. There are also
significant differences between angular cross-correlation determined with 20.5 <
Bj < 21.5and 22.5 < B; < 23.5 galaxies. As an error in the vignetting correction
should produce the same error for all magnitudes, it is reasonable to assume that
errors in the vignetting correction are not significant in the Panoramic Deep
Fields. However, as a precaution, estimates of the angular correlation function
are only determined with galaxies where the vignetting correction is less than 0.1

magnitudes.

If there is a systematic offset of the photometry in a single band in one of the
fields, it should be possible to observe this in colour-colour diagrams of galaxies.
Inspection of the the diagrams showed an R — I offset of 0.1 magnitudes between
the SGP and F855 fields. As there is no apparent offset in the B; — R colours of
galaxies in the two fields, the error is presumably in 7 band. Caldwell & Schechter
(1996) compared their photometry with other I band data in the SGP and find
good agreement between their photometry and other published data. For this
reason, it was decided to change the zero-point of the I band photometry in
the F855 field by —0.1 magnitudes so galaxy colours are consistent in both fields.
Figure 3.11 shows plots of the galaxy colours in the two fields after corrections for
dust extinction and the F855 I band zero-point have been applied. The position
of the loci in the 2 sets of diagrams are consistent with there being no large errors

in the determination of the zero-points for the two fields.

A further check of the photometry is the median colour of galaxies as a function
of magnitude. Table 3.3 lists the median colour of galaxies in each field for a series
of magnitude slices. The median colours of galaxies differ by < 0.1 at bright
magnitudes and < 0.05 at faint magnitudes except for U — B;. The discrepancy
in U— B disappears if the median colour is only determined with weakly clustered
blue galaxies. It is therefore possible that the differences in median U — B colour

of all galaxies are caused by red galaxies associated with large-scale-structure.

45



=
o

w(6)
[} 0.05

-0.05

-0.1

o

w(8)
0 0.05

-0.05

-0.1

Figure 3.10: The angular cross-correlation of galaxies with the centre of each
field. If the vignetting correction was producing a significant error, the values
of the cross-correlation would be comparable for bright and faint galaxies. The

low values of the cross-correlation are consistent with the errors of the vignetting

SGP Galaxy overdensity as a function of radius 20.50 < By < 21.50

T T T T
J y, . .
0 1 2 3
8 (Degrees)
F855 Galaxy overdensity as a function of radius 20.50 < By < 21.50
[ 1 2 3
8 (Degrees)

correction being small.
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Figure 3.11: Galaxy colour-colour diagrams for the SGP and F855 fields. Galaxy

magnitudes and colours have been corrected for dust extinction and a possible
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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; <18 U—-DBy All 0.07  0.01
18<B; <19 U-—-DBy All 0.05 0.14
19<B; <20 U-DBy All 0.05 0.13
I6<R<17 B;—R All 1.25 1.36
1T<R<18 B;—R All 1.31 1.41
I8<R<19 B;—R All 1.42 1.47
19<R<20 B;—R All 1.53  1.52
15<I<16 R-1 All 0.90  0.89
16<I<17 R-1 All 0.84 081
17<I<18 R-1 All 0.799  0.76
18<I<19 R-1 All 0.83 081
19<I<20 R-1 All 0.87  0.88
17<B;<18 U-B; <04 -0.03 -0.06
18<B; <19 U-B; <04 -0.04 -0.03
19<B; <20 U-B; <04 -0.03 -0.02
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3.5 Comparison with Other Photometry

Panoramic Deep Field photometry was compared with photometry from Caldwell
& Schechter (1996), Croom et al. (1999), Prandoni et al. (1999) and Smith &
Boyle (in preparation) to determine if there were any significant zero-point errors
in either field. Comparisons of the UB;RI photometry in the SGP with Croom
et al. (1999) and Prandoni et al. (1999) are shown Figure 3.12. Offsets between
the Panoramic Deep Field photometry and the CCD photometry are < 0.05
magnitudes. There is evidence of the offset changing as a function 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
much larger range of magnitudes.

A systematic error in the photometry as a function of magnitude should pro-
duce a significant gradient in the stellar locus as a function of magnitude. Fig-
ure 3.13 shows colour-magnitude diagrams for U — B; and u — g photometry from
Croom et al. (1999), Newberg et al. (1999), Osmer et al. (1998), Smith & Boyle
(in preparation). The colour of the stellar locus is a function of magnitude in all
4 diagrams though the gradient of the locus varies from diagram to diagram. It is
difficult to compare Newberg et al. (1999) with the other diagrams as the filters
are different from the other diagrams. However, it is clear that the DMS has a
shallower slope than Croom et al. (1999) and Smith & Boyle (in preparation). It
is unclear from the diagrams which gradient is correct and it is also probable that
the shape of the locus is a function of galactic latitude and longitude (Newberg
et al. 1999, Croom private communication). For comparison with the CCD data,
the stellar locus of the SGP field is plotted in Figure 3.14. The colour of the locus
does change with magnitude but has a slightly shallower slope than Croom et al.
(1999).

Panoramic Deep Field photometry for the F855 field is compared with pho-
tometry from Smith & Boyle (in preparation) and DENIS (Epchtein et al. 1994)
in Figure 3.15. There is an offset between the DENIS and Panoramic Deep Field
photometry which is approximately equal to the correction 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 Panoramic Deep Field and Smith & Boyle photometry are in good
agreement for U and R though there is a ~ 0.08 offset in Bj.

The survey of Caldwell & Schechter (1996) imaged a ~ 2000° area of the
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Figure 3.12: Comparison of SGP Panoramic Deep Field photometry with CCD
photometry from Croom et al. (1999) and Prandoni et al. (1999). The dashed

line is the median offset between the sets of photometry.
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SGP and allows comparison of the photometry near the centre and edge of the
field. The two panels of Figure 3.16 show a comparison of photometry near the
centre and edge of the field. The photometry near the edge of the field has
vignetting > 0.1 magnitudes. The median offset between the Panoramic Deep
Field and Caldwell & Schechter photometry at the edge of the SGP field is ~ 0.02
magnitudes. This is consistent with there being no large systematic errors in the
photometry as a function of radius from the field centre. However, the magnitude
range studied here is limited and large systematic errors have been observed for

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

3.6 Summary

The Panoramic Deep Fields have been calibrated with UBV RI CCD imaging.
Colour equations have been applied to the data and the magnitude estimates are
equivalent to U, B;, V and I for most objects. The only exceptions are objects
with very red or blue colours where errors of several tenths of a magnitude are
detected. Comparisons of the galaxy number counts and colours are consistent
with there being no large systematic offset of the photometry between the two
fields. Finally, comparisons of the Panoramic Deep Field photometry with several
catalogues of CCD photometry show no evidence for errors larger than ~ 0.1

magnitudes in the estimated zero-points of the UB;RI photometry.
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Chapter 4

The Clustering of Colour

Selected Galaxies

4.1 Introduction

The galaxy two-point correlation function is commonly used to measure the struc-
ture of the galaxy environment from high redshift until the present epoch. The
clustering properties of galaxies in the local Universe are well measured by large
representative surveys of the galaxy population (Maddox, Efstathiou & Suther-
land 1996). Catalogues of galaxies selected by morphology show large variations
of the galaxy correlation function with late type galaxies having considerably
weaker clustering 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 conclusive. Pencil-beam surveys with CCDs and photo-
graphic plates from 4m telescopes have measured the amplitude of the B > 22
correlation function; however, estimates vary by & 100% (Infante & Pritchet
1995). Also, while B > 22 surveys show evidence for a rapid decline of the ampli-
tude of the correlation function (Efstathiou et al. 1991, Infante & Pritchet 1995,
Roche et al. 1996), I band imaging surveys to similar depths show no evidence
for a rapid decrease of the correlation function amplitude (Postman et al. 1998).

The small areas of previous studies of the faint galaxy correlation function are
a possible source of the discrepancy. Large individual structures and voids in the
Universe could bias estimates of the correlation function if the field-of-view of the

survey is small. The use of single band data to select catalogues of galaxies could
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Figure 4.1: A flux weighted map of R < 22 galaxies in the SGP. The dark blocks
are regions which have been removed from the catalogue. The corners of both
fields have been removed to prevent objects with significant vignetting entering
the catalogue. Some of the Abell clusters in the field can be seen as overdense

regions.

suffer from biases as the morphological mix of galaxies will change as a function
of limiting magnitude. It is probable that the differing amplitudes of the B and
I band correlation functions are due to faint B band data being dominated by
weakly clustered blue galaxies (Efstathiou et al. 1991) while the I band data has

a larger fraction of early type galaxies.

4.2 Estimation of the Angular Correlation

Function

The galaxy two-point correlation function, w(#), measures the mean excess surface
density of pairs at angular separation # compared with the expected number of
pairs if galaxies were randomly distributed. The most commonly used estimator

of the angular correlation function is

o) = == -1 (4.1)



where DD and DR are the number of galaxy-galaxy and galaxy-random object
pairs at angular separations 6 4+ 0f. The random objects are typically copies
of real objects distributed randomly across the field-of-view. To reduce errors,
multiple random copies of each object can be made and the estimate of DR
renormalised. However, the DD /DR estimator is subject to first-order errors in
the galaxy density contrast (Hamilton 1993) making it unsuitable for measuring
weak clustering at large angular scales. An estimator with lower variance than
DD/DR is required, the estimator

DD -2DR+ RR

w(#) 7R

(4.2)

(Landy & Szalay 1993) where RR is the number of random-random object pairs
at angular separations 6+4660. The value of w(0) is determined for different angular
scale bins with the values of DD, DR and RR being determined with pairs of
individual objects at small angular scales and weighted pairs of cells containing
multiple objects at large angular scales. The use of cells to determine the angular
correlation function reduces the computational time required to several hours and
does not introduce significant errors.

The estimator of the angular correlation function satisfies the integral con-

straint,
/ / 2(0)5€, 59 ~ 0 (4.3)

(Groth and Peebles 1977), resulting in an underestimate of the angular correlation

function. To remove this bias from the correlation function, the term

o(0)e = é / / (0)502 5% (4.4)

is added to the estimate of the correlation function. The term, w(f)q does require
an assumption of the form of the correlation function to correctly estimate the
value of correlation function. However, previous work with smaller fields of view
and at brighter limiting magnitudes shows that the angular correlation is well
approximated by a power law at angular scales less than 1° (Maddox, Efstathiou
& Sutherland 1996).

A further source of bias in estimates of the correlation function is contam-
ination of the catalogue by randomly distributed objects such as stars. If the
fraction of the catalogue contaminated by stars is f, the estimate of the cor-
relation function is reduced by a factor of (1 — f)? at all angular separations.

As mentioned previously, comparison with spectroscopic samples indicates the
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star galaxy separations if & 85% reliable at magnitude brighter than B; < 22.
At fainter magnitudes, the contamination of the catalogue by stars is negligible
as galaxies consist more than 2 80% of the object number counts at B; > 23
(Glazebrook et al. 1995).

4.3 Modelling the Spatial Correlation Function

For this work, the spatial correlation function is assumed to be a power law of

the form,
.

&(r,z) = (7"_[)) ' (14 z) G+9, (4.5)
(Efstathiou et al. 1991) where 7 is the spatial separation in physical coordinates,
z is the redshift and ry, 7 and € are constants. If € = 0 the clustering is fixed
in physical coordinates while if € = v — 3 the clustering is fixed in comoving
coordinates. This parameterisation of the evolution of the spatial correlation
function is not valid at all redshifts but is a good approximation at z < 1 (Baugh et
al. 1999). For galaxies selected with images in a single broadband, typical values
of the parameters of £(r,z) are ro ~ 5h 'Mpe, v ~ 1.7 (Maddox, Efstathiou &
Sutherland 1996) and € ~ —1.

For a power law spatial correlation function, the resulting angular correlation

function is a power law with

w(f) = ﬁWBTJQUV) (4.6)

(Baugh & Efstathiou 1993) where B is a constant. The value of B is given by

B:/Ooog(z) (d%””)fdz/{/ow d%z)dzr (47)

o) = Zat TR (@) (14 2) 0, (48)

x is the coordinate distance at redshift z, dN/dz is the number of galaxies per

where

unit redshift detected by the survey and
F(z)* =14+ Qu(Hoz/c)% (4.9)

The value of x is given by

c * dz
v = Fo/o e (4.10)
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where

E(2) = /(14 2)3 + Q1+ 2)2 + Q4. (4.11)

For values of z < 0.5, the value of B is more strongly dependent on ry, 7 and the
galaxy redshift distribution than the cosmological model. This is not unexpected
as the value of x for z = 0.4 varies by less than 10% between Q) = 1 and
@y = 0.2 models of the Universe. As B does not strongly depend on cosmology
at z < 0.5, only a single cosmological model is used with Hy = 75kms™*Mpc*,
Qy =0.2 and 2, =0.

There are two approaches to modelling the galaxy redshift distribution which
are often used in the literature. The first approach uses an accurate description
of the local luminosity function of different galaxy types, plus models of galaxy
evolution and k-corrections for each type, and attempts to model the observed
number counts and redshift distribution where data is available (i.e. Roche et al.
1996). This model includes the physics of galaxy evolution, however, it contains
large numbers of free parameters and different models can readily reproduce the
observed number counts. The second approach, which is applied to our single
band imaging data, assumes a functional form for the redshift distribution and
uses the observed number counts and redshift surveys to constrain the model
(Baugh & Efstathiou 1993). This approach produces a good model of the redshift
distribution but contains no physics of galaxy evolution and is limited by the
depth of redshift surveys.

For a complete sample of galaxies brighter than magnitude m, the number of

galaxies detected per unit redshift is given by

dN(z) ) 2 3/2
= A(m)z“exp (— [71‘412’%(”1)] ) (4.12)
where
A(m) = % (4.13)

(Baugh & Efstathiou 1993), N(m) is the galaxy number counts, 2 is the survey
area and z,, is the median redshift of the galaxy sample. As the value of B
depends on the galaxy redshift distribution and not the galaxy number counts,
the most important free parameter is z,, which is a function of band and limiting
magnitude.

The median redshift as a function of limiting magnitude is obtained from a

polynomial fit 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 function of survey depth for
U, B;, R and I bands. The median redshift for the U band is derived using a
median galaxy colour of U — B; ~ 0.3. Magnitude limits for the SGP and F855

are shown with the large filled and open circles respectively.

redshift this is derived from the local galaxy luminosity function while at higher
redshifts the median redshifts determined directly from the survey data are used.

Local luminosity functions are assumed to be Schechter functions with o = —1.00,
My, = —19.5 — Slogh (4.14)
Loveday et al. (1992) and
M, = —20.5 — 5logh. (4.15)

Changing the value of a to —1.3 reduces the estimate of the median redshift by
~ 15% resulting in a similar decrease of the estimate of ry. Galaxy k-corrections
are approximated by kp(z) = 2z and kgr(z) = 0.5z. At z 2 0.2, median redshifts
as a function 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) which were derived
from the CFHT redshift survey (Lilly et al. 1995). The median redshift of the
U band data is determined with the B; model and by assuming a median colour
of U — By ~ 0.2. The functions for median redshift as a function of limiting

magnitude are shown in Figure 4.2.
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4.4 The Angular Correlation Function at Large

Angular Scales

The 5° x 5° field-of-view of each field allows the measurement of the faint galaxy
correlation function at large angular scales. At By ~ 23.5 and R ~ 22, the median
redshift of the data is z ~ 0.4 and a break in the spatial correlation function at
~ 15h~"Mpc in comoving coordinates (Maddox, Efstathiou & Sutherland 1996)
corresponds to an angular scale of ~ 1°.

It is possible to measure the angular correlation for each field to ~ 5° but at
large angular scales the estimate of the correlation function will be dominated
by individual structures. To determine the range of angular scales where the
correlation function is representative, the estimates of the angular correlation
functions for the SGP and F855 fields are compared. This provides a more reliable
estimate than subsamples of the data as each subsample would have smaller field-
of-view than the original data, resulting in overestimates of the errors at large
angular scales.

The B; < 23.5 and R < 22 correlation functions for each field are shown in
Figures 4.3 and 4.4. As the integral constraint depends of ~, the data has been
fitted with power laws with fixed v to allow comparison of the 2 fields estimates
of w(#). For both fields the integral constraint is less than the amplitude of the
correlation function at 1°. A power law matches the data well and there is no
evidence of a break from a power law on all angular scales. However, on angular
scales 2 2°, the estimates of w(#) for both fields are within 20 of 0. It is therefore
possible that the break in the correlation function is present at 15k 'Mpc in

comoving coordinates but can not be detected with this dataset.

4.5 The Correlation Function as a Function of
Limiting Magnitude

The large fields-of-view used for this study reduce the errors associated with large
structures along the line-of-sight. Also, the input catalogue of up to 2.5 x 10°
galaxies results in small random errors in estimates of w(f). Previous measures
of the correlation function in U, By and R have been restricted to fields-of-view
less than ~ 2° x 2° (Infante & Pritchet 1995). At the present time, only the
band survey by Postman et al. (1998) has a comparable field-of-view with greater
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17.0<Bj<23.5 Galaxy Angular Correlation Function
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Figure 4.3: The B; < 23.5 angular correlation function for the SGP and F855
fields. Power law fits to the SGP and F'855 data are shown with solid and dashed
lines respectively. The data in each field is fitted well by a power law and most
data points are within 20 of each other. There is no evidence of a break in the
correlation function on any of the scales measured though w(f) at > 1° is only
~ 20 more than 0. It is also possible both correlation functions could be biased

by large structures on scales > 1°.
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15.5<R<22.0 Galaxy Angular Correlation Function
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Figure 4.4: The R < 22 angular correlation function for the SGP and F855 fields.
Power law fits to the SGP and F855 data are shown with solid and dashed lines
respectively. The data for each field is fitted well by a power law and there is no
evidence of a break in the correlation function on scales less than ~ 2°. However,

unlike the B; < 23.5 data, there is an offset between the data in the two fields.

depth than this work.

Previous measurements of « indicate that it may vary with band and survey
depth (Infante & Pritchet 1995, Postman et al. 1998) though most values in the
literature are between 1.6 and 1.8. The consistent data reduction method used
for this work should allow the accurate comparison of v as a function of band and
survey depth.

Estimates of the value of w(1’) and 7 derived from power law fits to the data
are shown in Table 4.1. The amplitude of the correlation function is determined
at 1’ rather than 1° as the amplitude and ~ are not independent and estimates
of w(1°) depend strongly on 7. The values of v show a weak trend towards
smaller values with magnitude and bluer survey bands. As there is a correlation
between galaxy colour and morphology (see Figure 4.9) and late type galaxies
have shallower values of v than early type galaxies, this trend is not unexpected.

While the value of v does not differ by more then ~ 20 between the two fields,
the amplitude of the correlation function varies by ~ 100% at bright magnitudes.
While variations of amplitude could be caused by zero point errors, the error re-
quired is approximately 0.4 magnitudes in all bands at bright magnitudes with it

decreasing to ~ 0 at B; ~ 23. This is inconsistent with the photometric calibra-
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Table 4.1: Galaxy number counts and the parameters for w(f) determined with

power law fits to data between 10" and 0.3°.

Field (Area) SGP (15.640°) F855 (13.580°)
Magnitude Range Nyai ¥ w(1l') x 103 Nyai v w(l') x 103
18.0<U <£20.0 4309 1.39+0.18 418 £ 151 4913 1.53+£0.27 239 + 52
180<U <£21.0 16379 1.65+£0.10 196 £ 16 16695 1.84£0.10 125+ 16
180< U £22.0 80502 1.47+0.10 63+4 82965 1.47+0.15 37+5

18.0< B; £20.0 59267 1.58£0.15 930 £ 85 0486 1.76 £0.17 335 £ 62
180< B; <210 15372 1.60+0.12 28032 15149 1.72+0.12 196 + 27

180< B; £22.0 45519 1.53+0.07 122+7 43743 1.66+0.11 90+ 8
18.0< By <225 82919 1.48+0.09 72+£5 76149 1.60£0.07 56 £4
180< By £23.0 144577 1.53+0.07 45+2 123325 1.47+0.08 382
180< By £235 230024 1.46+0.07 281 184717 1.49%0.05 31+2
16.5 < R <185 4330 1.68+0.10 586 % 80 4294 1.82%0.17 397 + 82
165 <R <195 13752 1.72£0.07 346 £ 50 12841 1.81£0.13 232+ 32
16.5 < R <205 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 <220 174385 1.57£0.05 54+£2 173295 1.60+£0.05 43+2
165 <R <225 - - - 234957 1.65+0.07 32+2
16.5 <I <185 9812 1.73+0.07 322 £ 26 8913 1.824+0.15 254 + 41
165 <I <195 32178 1.67 £ 0.06 156 +11 28365 1.79+£0.12 115+ 14
16.5 <1 <20.0 04737 1.71£0.05 108 £8 48743 1.80+0.08 93 £8
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tion, the galaxy number counts in Figure 3.9 and the colour-colour diagrams. A
systematic error could be present in the data but it seems unlikely that it could

effect w(1’') without causing large variations of 7.

If the values of w(1’) do not have significant systematic errors, a possible cause
of the variations is that the two fields measure different populations of galaxies
with different clustering properties. The SGP, which has stronger clustering than
F855, contains “sheets” perpendicular to the line-of-sight (Broadhurst et al. 1990)
and smaller structures including 11 Abell clusters (Abell, Corwin & Olowin 1989).
Of these clusters, 8 appear to be associated with a structure at z ~ 0.11 identified
by Broadhurst et al. (1990). Mg, ~ —19.5 (M*) galaxies at z ~ 0.11 have an
apparent magnitude of B; ~ 18 and this population of galaxies is too small to
significantly bias estimates of the B; > 20 correlation function. However, it is
possible that the cluster population of Mz, & —16 galaxies could bias estimates
of the correlation function if they are a significant fraction of the observed galaxy

number counts.

To test if the z = 0.11 clusters do significantly effect the correlation func-
tion, the correlation function has been determined with 2° x 2° (~ 10h™*Mpc x
10h~'Mpc) regions surrounding the clusters removed from the data. As the clus-
ters are not uniformly distributed across the field-of-view, the size of the catalogue
is reduced by ~ 60%. Table 4.2 lists the amplitude of the By and R band corre-
lation functions for the SGP field without the clusters and F855 for comparison.
The amplitude of the correlation function has decreased significantly compared
with the original estimates for the SGP. While most noticeable at bright magni-
tudes, the effect is also significant at fainter magnitudes where the contribution
from nearby clusters might be expected to be small. This is consistent with
Mp, & —16 galaxies within the clusters significantly effecting estimates of the
faint galaxy correlation function. However, details of the relationship between

clusters and the observed clustering will be explored in Chapter 5.

For the following discussion of the amplitude as a function of limiting magni-
tude, the estimates of the SGP correlation function including the z = 0.11 clusters
are used. While it is probable relatively nearby clusters do effect estimates of the
correlation function, there is no clear justification for excluding them. Also, ex-
cluding the regions surrounding the clusters significantly reduces the number of
galaxy pairs used to determine the correlation function, significantly increasing

random errors.
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Table 4.2: Measured parameters for w(6) determined from power law fits to data
between 10” and 0.3°. Clusters at z ~ 0.11 have been removed from the SGP sam-

ple to reduce the effect dwarf galaxies may have on the estimate of the correlation

function.
Field SGP (no z = 0.11 clusters) F855
Magnitude Range ~ Nyu o w(l’) x 103 Nyal o w(l’) x 103

18.0< B; £20.0 1742 1.95£0.35 930 £ 85 o486 1.76 £0.17 335 £ 62
18.0< B, <£21.0 5487 1.76 £0.20 200+44 15149 1.7240.12 196 £ 27

18.0< B; £22.0 16679 1.72+£0.12 108+11 43743 1.66+0.11 90+ 8
180< By £225 30886 1.61£0.17 608 76149 1.60=+0.07 o6 £4
180< B; <230 54549 1.54+£0.15 364 123325 1.47+0.08 382
180< By <235 87453 1.56+0.16 22+3 184717 1.49+0.05 31+2

165 < R <185 1460 2.16£0.14 339 £170 4294 1.82+£0.17 397 £ 82
165 <R <195 4974 1.84+0.18 223+£30 12841 1.81+0.13 232+ 32
16.5 <R <205 14481 1.76 £0.13 1444+12 37069 1.80=£0.08 130+ 12
165 <R <215 41767 1.67+0.11 656 102373 1.70+0.07 61+4
165 <R <220 65168 1.71+0.10 49+2 173295 1.60=+0.05 43+ 2
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Correlation Function Amplitude vs Survey Depth
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Figure 4.5: The I band correlation function amplitude. The measurements of the
amplitude are consistent with the data of Postman et al. (1998) which is shown
with crosses. The data from Postman et al. (1998) has been corrected for the

assumption that v = 1.7.

Figures 4.5 to 4.8 plot the I, R, B; and U band angular correlation function
amplitudes as a function of limiting magnitude. The amplitude of the correlation
function has been determined with fixed values of 7 to reduce the dependence
of the amplitude on . As the values of the angular correlation function differ
significantly between each field, no attempt has been made to fit the data. Instead,
a model has been plotted with clustering fixed in comoving coordinates and ry =
5h~*Mpec. The value of 7 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 correlation function for
the SGP, F855 and Postman et al. (1998). The measured clustering in the SGP
is in good agreement with Postman et al. (1998), while F855 measures slightly
weaker clustering. The model of the clustering is also a reasonable estimate of
the observed clustering across the magnitude range observed. Figures 4.6 to 4.8
show the R, B; and U band clustering to be significantly weaker than the I
band clustering for galaxies with a similar range of redshifts. Comparison with
the results of Infante & Pritchet (1995) show the SGP has similar clustering in
By and weaker clustering in R. Infante & Pritchet (1995) may measure stronger
clustering than F855 as their field is located in the NGP which has similar large
scale structures as the SGP (Broadhurst et al. 1990).
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Correlation Function Amplitude vs Survey Depth
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Figure 4.6: The R band correlation function amplitude. While the redshift range

is similar to the I band data, the galaxy clustering is significantly weaker.
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Figure 4.7: The B, band correlation function amplitude. As with the R band
data, the amplitude of the correlation function is significantly weaker than the I
band correlation function. At magnitudes fainter than B; ~ 22, the correlation
function rapidly decreases with limiting magnitude. There is also a decrease in the
discrepancy between the SGP and F855 measurements with increasing limiting

magnitude.
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Correlation Function Amplitude vs Survey Depth
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Figure 4.8: The U band correlation function amplitude. The amplitude of the
correlation function is consistently weaker than the fit to the I band data shown

with the dashed line.

While the ry = 5.0h"!Mpc model is a good fit to the SGP R < 20 and B, < 21
data, at fainter magnitudes a rapid decline in the amplitude of the correlation
function is observed. The rapid decline of the faint correlation function has been
observed previously by Efstathiou et al. (1991), Infante & Pritchet (1995) and
Roche et al. (1996). Obviously, the R and B, band data are sampling a different
population of galaxies to the I band sample. To be consistent with galaxy redshift
surveys, the B; ~ 23 galaxies must be dominated by a population of weakly
(rp ~ 2.0h"Mpc) clustered 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 colours due to the large k-corrections of early-type galaxies
(Coleman, Wu & Weedman 1980). As shown in Figure 4.9, the local population
of blue (U — B, < 0) galaxies is dominated by late-type galaxies. Measurements
of the galaxy clustering in the local universe with morphology-selected catalogues
show the clustering of late-type galaxies is considerably weaker than early-type
galaxies (Davis & Geller 1976, Loveday et al. 1995). If the colours and clustering
of z ~ 0.4 late and early type galaxies are similar to z ~ 0 galaxies, the decrease
in the amplitude of the B; angular correlation function could be a selection effect.
While it is impossible to determine the morphologies of the B; > 21 galaxies with

this catalogue, it should be possible to use colour selection to select early and late
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Galaxy Colour—Colour Plot
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Figure 4.9: The colours of RC3 catalogue (de Vaucouleurs et al. 1991) galaxies
by morphological type. Photometry is from Prugniel & Heraudeau (1998) while
morphological classification of galaxies is from de Vaucouleurs et al. (1991). The
correlation between morphology and colour can be clearly seen with late type

galaxies generally having bluer colours than early types.

type galaxies over a range of redshifts.

4.6 The Correlation Function of Colour Selected

Galaxies

The obvious colour selection criteria for galaxies is a single colour cut in the
deepest bands available (B; and R). However, as shown in Figure 4.10, the colour
of individual galaxy types varies with redshift. Even with a single colour cut, the
blue subsample will generally select later type galaxies than the red subsample and
blue subsamples generally show weak clustering (Infante & Pritchet 1995, Roche
et al. 1996). A B; — R cut that varies with magnitude may select the same
population over a range of redshifts but the selection criteria would depend on
the cosmological parameters used. Also, colour selection of a fraction of galaxies
(i.e. the reddest 20% of the catalogue) may not be effective due to the changing
morphological mix of galaxies with magnitude.

Selection of galaxies with two or more colour criteria should allow the selection

of galaxy types over a large range of redshifts without strong dependence on
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Galaxy Colours
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Figure 4.10: The colour selection criteria for the red and blue subsamples. Colours
of early, late and irregular type galaxies at 2 =0, 2 = 0.2, 2z = 0.5 and z = 0.8
from Fukugita, Shimasaku & Ichikawa (1995) are shown. The colour selection
criteria for each subsample are shown with the dot-dash line. The blue subsample
consists of galaxies below and to the left of the line while the red subsample
consists 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 selects

early type galaxies.

Colour—Colour Diagram 18.00 < B; < 19.50 Colour—Colour Diagram 19.50 < B < 21.50

N T

| ‘ Red Subsample

Blue Subsample

Figure 4.11: Galaxy colour-colour diagrams for the SGP shown with the selection

criteria for the two subsamples.
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Figure 4.12: A plot of the red and blue subsample number counts for the SGP
and F855.

cosmological parameters. Figure 4.10 shows the predicted colours of early, late
and irregular type 0 < z < 0.8 galaxies from Fukugita, Shimasaku & Ichikawa
(1995). Colour selection criteria for a red and blue subsample are also shown.
The samples are limited to B; < 21.6 due to the U = 22 magnitude limit of the
catalogues and the U —B; > 0.4 selection criteria. As most B; < 21.6 galaxies are
at redshifts z < 0.3, most galaxies in the subsamples are selected with the U — B,
selection criteria. Galaxies with U — B; lower limits and B; — R upper limits
have been included in the subsamples to prevent incompleteness. Figure 4.11
shows the colours of galaxies in the SGP with the subsample selection criteria.
The location of the B; < 19.5 galaxy locus is similar to that for RC3 catalogue
galaxies in Figure 4.9 though at B; > 19.5 there is an increasing fraction of
very blue galaxies. Galaxy number counts for the 2 subsamples are shown in
Figure 4.12. While the SGP does include significantly more clusters than F855
at low redshift, there is good agreement between the number counts across the
magnitude range observed.

While the selection criteria are relatively simple, it can be clearly seen that
the red and blue subsample should select early and late type galaxies respectively.
The blue subsample should also contain most of the galaxies with significant star
formation rates while the red subsample should contain more passive galaxies.
As shown in Figure 4.13, comparison with the spectroscopic catalogue of Colless
et al. (1990) shows that most of the [OIT] 3727A emitters detected in the SGP
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Figure 4.13: A colour-colour diagram of B; < 21.5 galaxies in the SGP and
F'855 with spectroscopic observations by Colless et al. (1990). Lower limits in
U — By are shown with arrows. A trend towards bluer colours with [OIT] 3727A
emission can be observed with strong [OII] 3727A emitters restricted to the blue

subsample.

and F855 are included in the blue subsample. To measure the clustering of star-
forming galaxies Cole et al. (1994) selected galaxies with [OII] 3727A equivalent
widths greater than 19A; all galaxies matching this selection criteria would be
included in the blue subsample for both fields. Interestingly, the galaxies without
[OI1] 3727A emission do not show such an obvious trend with similar numbers
in both subsamples. However, the small number of galaxies without [OII] 3727A
emission results in these galaxies comprising less than 15% of the total of blue

galaxies.

The B; < 21.5 angular correlation functions of the blue and red subsamples of
F'855 are shown in Figure 4.14. Visual inspection shows the significant difference
in clustering strength and the value of v for the two subsamples with the red
subsample being strongly clustered and having a higher value of 7. This trend is
consistent with measurements of the angular correlation functions of morphology
selected catalogues where v ~ 1.8 for early-type galaxies and v ~ 1.5 for late-type
galaxies (Loveday et al. 1995).

Estimates of v and w(1’) as a function of limiting magnitude are listed in
Table 4.3. The z ~ 0.11 clusters in the SGP have been retained in the data
as there is no obvious justification for rejecting them from the sample. While ~

differs significantly between the two subsamples, the values of v are within 1o
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Table 4.3: Measured parameters for w(f) for the red and blue subsamples determined from power law fits to data between 10" and
0.3°.

Field SGP F855

Sample Magnitude Range Nyai o w(l") x 103 Nyal y w(l") x 103

Blue 18.0 < B; £20.0 2963 145£0.51 2124£3200 3354 141£0.58 17042710
Blue 18.0 < B, <£21.0 9079 1.49+0.18 138 £27 9228 1.61£0.38 110 £ 39
Blue 180<B; £21.5 15579 1.57+£0.20 86 £19 14329 1.51+0.32 75+ 32

Red 18.0 < B; £20.0 1993 1.65£0.22 1339+278 1851 2.09+£0.17 954 £ 210
Red 18.0< B, £21.0 9552 1.69+0.12 78273 5424 1.89+0.13 480 £ 82
Red 18.0< B; £21.5 9317 1.72£0.08 616 =51 9922 1.83+0.14 319+ 44




Bj<21.5 Galaxy Angular Correlation Function
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Figure 4.14: The B; < 21.5 angular correlation function for the red and blue

subsamples of F855. The red subsample shows stronger clustering and a higher

value of v, consistent with the strong clustering of elliptical and early type galaxies

in the local universe.

of being constant as a function of limiting magnitude. The values of w(1’) for
the blue subsamples are remarkably similar for the SGP and F855. However, the
red subsamples show large differences with the amplitude of the clustering in the
SGP being ~ 100% larger than F855.

To model the spatial correlation function, a model of the redshift distribution
for the red and blue subsamples is required. Luminosity functions for galaxies
selected by morphology are available but it is not clear if luminosity is more or
less strongly correlated with colour than morphology. The U — B; < 0.2 and
U — By > 0.2 galaxy luminosity functions of Metcalfe et al. (1998) are therefore
used. Approximate k—corrections of k(z) = 3z and k(z) = z are used for the red
and blue subsample respectively. The Metcalfe et al. (1998) luminosity functions
are used rather than the redshift distribution model as the steep slope of faint
end of the luminosity functions results in skewed redshift distributions.

Plots of the estimated median redshift for the red and blue luminosity func-
tions are shown in Figures 4.15 and 4.16. The SGP and/or F855 overlap the B,
magnitude limited redshift surveys of Colless et al. (1990) and Ratcliffe et al.
(1998) which have been used to measure the median redshifts of the red and blue
subsamples as a function of magnitude. In addition, ~ 700 galaxy redshifts are
available from the NASA/IPAC Extragalactic Database (NED) and these have
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Figure 4.15: The median redshift as a function of magnitude for the red subsam-
ple. Data points from B; band magnitude limited surveys are shown with circles
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 correlation function 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 approrimate median redshift as a function 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
function of limiting magnitude with v fixed at 1.8. A model of the early type
galaxy correlation function with ry = 5.9 'Mpc (Loveday et al. 1995) and
clustering fixed in physical coordinates (e = 0) is also shown. Clustering fixed
in physical coordinates would be applicable to galaxies in gravitationally bound
clusters. The model, shown with the dashed line, does not fit either set of data
but this is not unexpected as the SGP and F855 fields exhibit significantly differ-
ent clustering amplitudes. However, the clustering in both fields is consistently
stronger than the clustering of all B, galaxies in F855. This is consistent with

the red subsample being dominated by strongly clustered early type galaxies.

Figure 4.18 plots the amplitude of the blue subsample correlation function
derived from power law fits with v fixed to 1.5. Unlike the red subsample, the
amplitudes derived from the SGP and F855 data agree at all magnitudes. If dwarf
galaxies are increasing the amplitude of the SGP correlation function, this implies
that they are red galaxies such as dwarf ellipticals within the clusters. A model

with extremely weak clustering (ry = 2h~'Mpc) fixed in comoving coordinates
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Figure 4.16: The median redshift as a function of magnitude for the blue subsam-
ple. Data points from B; band magnitude limited surveys are shown with circles
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 correlation function use wider magnitude bins,

the estimates of the median redshift in this plot are higher than in Figure 4.18.
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Figure 4.17: The amplitude of the clustering of the red subsamples as a function
of magnitude. The value of 7 has been fixed to 1.8. The clustering strength in the
two fields differs by ~ 100% at all magnitudes. Both fields show strong clustering,

consistent with the red subsamples being dominated by early type galaxies.
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Figure 4.18: The amplitude of the clustering for the blue subsamples as a function
of magnitude. The value of v has been fixed to 1.5. The blue galaxies are
extremely weakly clustered with a similar spatial correlation function to faint
Bj galaxies. As the B; ~ 23 number counts are dominated by blue galaxies
(Guhathakurta, Tyson & Majewski 1990), this is strong evidence for star forming

galaxies being weakly clustered from z ~ 0.4 until the present epoch.
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is also shown in Figure 4.18. The amplitude of the clustering is similar to that
estimated for faint galaxies by Efstathiou (1995) and 2z ~ 0.5 galaxies by Le Févre
et al. (1996). The model slightly underestimates the strength of the clustering
and a model with stronger clustering, ry = 3h~'Mpc, is a better fit to the data.
This is significantly weaker than ry ~ 4.4h~'Mpc, the measured clustering of late
type galaxies in the local Universe (Loveday et al. 1995). The only large sample of
low z galaxies with similar properties (ro ~ 3h™'Mpc, 7 ~ 1.8) are galaxies with
[OII] or Ha emission lines with large equivalent widths from the Stromlo-APM
survey (Loveday, Tresse & Maddox 1999). However, the Stromlo-APM sample
has significantly stronger clustering than the blue subsample or faint blue galaxies
on scales < 2h 'Mpc.

An underestimate of the redshift by 2 50% could explain the weak clustering
at B; ~ 20 but this would be difficult to reconcile with the redshift data in
Figure 4.16. Altering the assumed cosmological parameters can change estimates
of spatial correlation function but the effect is negligible at z ~ 0 and is less
than 30% at z = 0.2. A plausible explanation is that the clustering of galaxies
is more strongly correlated with colour and stellar population than morphology.
This would explain why no local population of galaxies selected by morphology
displays the weak clustering of faint blue galaxies. This may also be the first
detection of large population of galaxies at low redshift with similar clustering

properties to faint blue galaxies.

4.7 Summary

The Panoramic Deep Fields have been used to study the clustering of galaxies
from 2z ~ 0 to z ~ 0.4. The key conclusions are:

(i) The galaxy spatial correlation function is a power law on comoving scales
less than 15k 'Mpec. At larger scales, the correlation function is consistent with
a power law though a break in the correlation function is not inconsistent with
the data.

(ii) Despite the large fields-of-view, there are significant differences in the
measured amplitude of the clustering; with the possible exception of blue galaxies.
It is clear that fields larger than 1000° are required to accurately measure the
clustering of B ~ 22 galaxies.

(iii) Dwarf galaxies in relatively nearby clusters (z ~ 0.11) may effect estimates
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of faint galaxy correlation function. The effect is colour dependent with the
clustering of red galaxies varying significantly between the 2 fields observed.

(iv) The clustering properties of galaxies strongly depend on the band used
to select the catalogue. Bluer bands show weaker clustering than red bands
and there is a rapid decline of the amplitude of the B; correlation function at
faint magnitudes. It is probably inappropriate to fit a simple clustering model
to correlation functions derived from single band imaging due to the changing
morphological mix with magnitude.

(v) The clustering properties of galaxies strongly depend on colour. Such
behaviour is consistent with colour being correlated with morphological type.
Red galaxies (early types) exhibit stronger clustering with larger values of v than
blue galaxies (late and irregular types).

(vi) Blue galaxies have extremely weak clustering with 7y < 32 !Mpc. This
is considerably weaker than the clustering of late type galaxies and is consistent
with the clustering of galaxies being more strongly correlated with colour and
stellar population than morphology.

(vii) The clustering of B; < 21.5 blue galaxies is comparable to B; > 23 blue
galaxies. This is strong evidence for star forming galaxies being weakly clustered

from z ~ 0.4 until the present epoch.
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Chapter 5

A Survey for Distant Clusters

5.1 Introduction

Clusters are thought to trace the locations of the largest overdensities of baryonic
and dark matter in the early Universe (van Albada 1961, Peebles 1970, Frenk
et al. 1990). Therefore their number density, distribution and evolution place
strong constraints on structure formation and cosmological models. The strong
clustering of galaxy clusters at the present epoch allows them to be used as
tracers of large-scale structure on distance scales where the amplitude of the
galaxy autocorrelation function is negligible (Dalton et al. 1994). While recent
studies of high redshift clusters have placed constraints on the epoch of cluster
formation (Postman, Lubin & Oke 1998), the constraints on the number density

and autocorrelation function of intermediate redshift clusters (z ~ 0.5) are poor.

Several large catalogues of z < 0.2 clusters selected from Schmidt telescope
plates have been used to determine cluster properties at the current epoch (Abell
1958, Abell, Corwin & Olowin 1989, Lumsden et al. 1992, Dalton et al. 1997)
but there are no equivalent spectroscopic samples at higher redshifts. Smaller
spectroscopic samples of z 2 0.4 clusters do exist but are not suitable for studies
of large-scale structure as they were selected visually from fields-of-view < 2° x 2°.
(Gunn, Hoesell & Oke 1986, Couch et al. 1991). The Panoramic Deep Fields allow
the selection of clusters to z ~ 0.5 over two 5° x 5° fields. The large size of the
fields results in a catalogue of clusters suitable for statistically significant studies

of the evolution and distribution of clusters as a function of redshift.
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5.2 Methods for Identifying Clusters

The cluster selection method will significantly affect the type, completeness and
depth of the samples selected. Most catalogues of clusters selected from photo-
graphic material rely on visual inspection and the application of a set of selection
criteria (Abell 1958, Gunn, Hoessel & Oke 1986, Abell, Corwin & Olowin 1989,
Couch et al. 1991). Selection criteria include searching for excess galaxy counts
in small regions or cells (Couch et al. 1991). However, the resulting catalogues
can suffer from non-uniformity due to the varying quality of visual inspection
and variations of plate quality. These errors can be reduced if multiple observers
inspect plates for clusters (Abell, Corwin & Olowin 1989) or by obtaining photo-
metric calibration of the plates using CCD photometry or galaxy number counts
(Gunn, Hoessel & Oke 1986, Couch et al. 1991)

A more uniform method for selecting clusters is to apply the selection crite-
ria automatically to a machine readable galaxy catalogue (Lumsden et al. 1992,
Lidman & Peterson 1996, Dalton et al. 1997). For photometrically calibrated
datasets, this also allows galaxy magnitudes to be included in the selection cri-
teria. As the apparent magnitude of the cluster galaxies is correlated with the
cluster distance, an appropriate weighting scheme can also be used to derive an
approximate cluster distance. However, spurious clusters are often detected by
automated cell counts near bright stars or at the edges of spiral galaxies where
the arms are broken up into multiple objects (Couch et. al 1991, Olsen et al.
1998).

A particularly useful method for detecting high redshift clusters is the detec-
tion of sky background variations (Dalcanton 1996) from the integrated light of
(undetected) cluster galaxies. The advantage of this method is that 2m—class
telescopes can be used to select z ~ 1 clusters. However, the technique requires
extremely well flat-fielded images such as those provided by CCD drift scans. If
suitable data is used, the success rate for the method is high with ~ 80% of cluster
candidates being high redshift clusters (Zaritsky et. al 1997). Unfortunately, this
method is not applicable to the Panoramic Deep Fields as the median subtraction
of the sky background will reduce any signal present from high redshift clusters.

A recent development for the detection of clusters is the use of matched filters
(Postman et. al 1996, Olsen et. al 1998, Kepner et al. 1999). The filter assumes
a cluster galaxy luminosity function and a radial profile for the number density of

cluster 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 (0°)  Candidates
Abell (1958) By~ 20 - 2712 Visual Inspection
Abell, Corwin & Olowin (1989) By ~ 20 All Sky 4073 Visual Inspection
Couch et. al (1991) By ~244 Rp~229 ~380 112 Visual Cell Counts
Dalton et al. (1997) B; =205 4300 957 Automated Algorithm
Gunn, Hoessel & Oke (1986) Various 154.7 418 Visual Cell Counts?
Lidman & Peterson (1996) I ~227 13 105 Automated Cell counts
Lumsden et al. (1992) B; =205 1600 737 Weighted Cell Counts
Olsen et. al (1998) I~23.0 2.5 39 Matched Filter
Postman et. al (1996) V ~238,[~225 5.1 107 Matched Filter

Zaritsky et. al (1997) I ~ 2257 140 ~ 300 Background Variations




produced with the peaks corresponding to clusters which have properties similar
to the filter. As the apparent luminosity function and radial profile changes with
redshift, it is possible to determine approximate cluster redshifts (Az < 0.2) with
a matched filter. The matched filter of Kepner et al. (1999) significantly improves
on previous filters by allowing the inclusion of spectroscopic and photometric
redshift information. As galaxies in the Panoramic Deep Fields are imaged in
up to 4 bands, the Kepner et al. filter has been employed to uniformly select a
catalogue of distant clusters in the SGP and F855 fields.

5.3 The Adaptive Matched Filter

The Adaptive Matched Filter (AMF) method applied here is almost identical to
that described 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
discussion of the AMF.

The AMF assumes the number density of observed galaxies per solid angle

(d?) per apparent luminosity (dl) at angle 6 from a redshift z. cluster is given by
Nmodet (0, 1; zc) = [ (1) + An(0,1; z.)|dQdl (5.1)

where ny and An. are the number densities due to the field and cluster. The
number density of field galaxies can be directly determined from the observed
galaxy number counts. The value of A is an estimate of the cluster richness in
units of luminosity and n. is the product of the radial profile and luminosity

function of cluster galaxies;

no(0,1: ) = Su(r) (%)2 6o(L) (%) (5.2)

where 7 is the projected radius and L is the absolute luminosity. The values of r

and L are related to the observed # and [ by

10, 20) = ffﬂjc (5.3)
and ( ) )
— 4 1 + Zc DM
L=4 (71( > > I (5.4)

where D), is the transverse comoving distance (Hogg 1999) and K (z) is the k-
correction at redshift z. The cluster galaxy luminosity function is modelled with

a Schechter function,

¢e(L)dL o (L/L*) e YL a(L/LY), (5.5)
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and the model radial profile is a modified Plummer law given by

2 2

S, (r) = { @72, 007~ G, ) o S Tmaq (5.6)

(r) = .
0 T > Timaz,

where X0 is set by the normalisation. The cluster radial and flux filters are

normalised by .
/ Ye(r)2mrdr =1 (5.7)
0
and

/00 ¢e(L)LdL = L*. (5.8)

resulting in the luminosity of the cluster being given by

AL* = A / S ()2 / " ou(L)LL. (5.9)
0 0

At the location of the ith galaxy, the apparent local overdensity due to a
cluster, Ad;, is given by

nt ne(0;, 1 z.)dQdl
5, = Ze . 5.10
n' ny(l;)dQdl (5.10)

The apparent overdensity of the cluster as measured from the data is given by
Adata - Zéz (511)
The estimate of the overdensity from the model is given

A odel = A/ /6(9,[;zc)nc(H,l;zC)del. (5.12)
lmin
Equating Ague and A,oger provides a solution for A:

A= 20
[ on.

From the model, a variety of likelihood functions can be derived which are

(5.13)

dependent on assumptions made about the distribution of galaxies. Full details
of the derivations of the likelihood functions are given in Appendix C of Kepner et
al. (1999). A cluster is identified by finding the values of 2z, and A which maximise
the likelihood. For matched filters this is done by finding the maximum value of
the likelihood for a series of possible cluster redshifts, z., by taking the derivative
of the log of the likelihood (£) with respect to A and finding the value of A where

c

g 14
ax = (5:14)
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(Postman et al. 1996, Kepner at al. 1999). The estimated cluster redshift and A
are the values which return the maximum value of L.

Kepner at al. (1999) derive two log likelihood equations. The first assumes
that if the galaxy catalogue is binned, the number of galaxies in each bin can be
described by a Gaussian distribution. This is an approximation but the resulting
likelihood is easy to compute. If the noise of the likelihood signal is dominated
by field galaxies, the resulting coarse estimate of £ is given by

. 2
Lovuree = — / Mdata = (0 + Ane)l” 1) (5.15)

ny

where 144, 13 a sum of Dirac delta functions corresponding to the galaxy locations.

If all terms independent of A are dropped from this expression, then

Leoarse = 2N coarse D 6 — 2N coarse / nedQdl + A / on.dQdl (5.16)
where S 60— [ nedSl
0, — |n
Acoarse = L ° . 5.17
| on.dQdl ( )

Kepner et al. (1999) do not include [ n.dQdl as this is considered to be small
compared to the other terms. However, when this form of likelihood was applied
to the Panoramic Deep Fields, this term was found to be comparable to the other
terms in the equation. Retaining this term also results in the background value
of Acoarse being ~ 0 at all redshifts rather than increasing with redshift.

The second likelihood function, Ly,., assumes that if the galaxy catalogue
is binned, the number of galaxies in each bin can be described by a Poisson

distribution. The resulting likelihood function,

*Cfine - _AfineNc + Zln(l + Afineéi)a (518)

is considerably more difficult to solve as

)
Ne= 2 T A

: (5.19)
fine(si

where IV, is the expected number of observable galaxies in a A = 1 cluster;

N[
l

min

/ n.dQd. (5.20)
0

As Lyiye can only be solved numerically, Leoqrse 1s used to identify clusters and

L ¢ine 1s used to determine cluster parameters.
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By including photometric redshifts, a third filter is applied to the data which
uses known limits of each galaxy’s redshift. Consider a galaxy catalogue where
the ith galaxy has an estimated redshift z; with error estimate of 0. The redshift
information can be included in the AMF by simply evaluating the redshift z.
filter for galaxies which satisfy |z; — z.| < wo?, where w is a constant. If w is
set to a high value, no redshift information is included in the AMF. However, if
w ~ 1, a significant fraction of cluster galaxies are excluded from the AMF and
the value of A has to be corrected. To include redshift information while keeping
the correction to A negligible, w has been set to 2 for the selection of clusters in

the Panoramic Deep Fields.

5.4 Photometric Redshifts

While photometric redshifts have been primarily used to study z > 1 galaxies
(e.g Fernandez-Soto, Lanzetta & Yahil 1999), they can also be used to provide
strong constraints on the redshift distribution of z < 1 galaxies. Where the
galaxies being studied are fainter than spectroscopic samples, spectra of low-
redshift galaxies and evolution models are used to extrapolate the colours of
higher redshift objects (Fernandez-Soto, Lanzetta & Yahil 1999). This requires
assumptions about galaxy evolution and cosmological parameters which may not
necessarily be correct.

For samples which are brighter than spectroscopic samples, it is possible to use
the observed galaxy photometry and redshifts to determine the relationship for
photometric redshifts (Connolly et al. 1995, Brunner et al. 1997, Brunner, Szalay
& Connolly 2000). This avoids the need to use (model) spectra and evolution to
determine the expected colours of galaxies as a function of redshift. However, it
may be biased by the selection effects of the original redshift surveys.

Approximately 700 galaxy redshifts in the SGP and F855 fields are available
from the NED database. The redshift and magnitude ranges are 0.0 < z < 0.8
and B; < 24 which allows the calibration of the relationship between redshift
and colour across the observed magnitude range. At bright magnitudes most of
the spectroscopic IDs are from the Las Campanas (Schectman et al. 1996) and
APM (Loveday et al. 1992) surveys while at B; > 20 most of the redshifts are
from Broadhurst et al. (1988), Colless et al. (1990) and Glazebrook et al. (1995).
The relationship between the multicolour photometry and the galaxy redshift
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Figure 5.1: The colours of galaxies with known redshifts in the Panoramic Deep
Fields.
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Figure 5.2: The colours and photometric redshifts of galaxies in the SGP field.

was determined by fitting quadratic functions to the data. The relationship was
determined for UB;RI, UB;R, B;RI and B;R photometry as only a small
fraction of the catalogue is detected in all 4 bands. Figure 5.1 shows that the
spectroscopic surveys do not have uniform coverage of colour-redshift space. In
particular, there are few z 2 0.2 galaxies with red U — B colours. Because of
this, B;RI photometry has been used to estimate the redshifts of galaxies where
By — R > 1.5 in preference to UBj;RI photometric redshifts which may have
systematic errors. To check for artifacts in the photometric redshift estimates,
the colours and photometric redshifts of galaxies have been plotted in Figure 5.2.
A “boomerang” is produced by the B; and R magnitude limits but no other
artifacts are immediately apparent in the plots.

Figures 5.3 and 5.4 show plots of the photometric redshifts and the spectro-
scopic redshifts for galaxies in the two fields. It is clear from Figure 5.4 that the
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Figure 5.3: Comparison of photometric and spectroscopic redshifts for galaxies

with 3 or more colours (including B, and R).

errors for B; R photometric redshifts are considerably larger than those of derived
from photometry in 3 or more bands. However, the B;R photometric redshifts
do place good constraints on redshifts of red (B; — R > 1.5) galaxies and upper
limits can be determined for the redshifts of blue galaxies. This is useful as it
lowers the background for AMF, allowing poorer and higher redshift clusters to
be successfully detected. Error estimates for the photometric redshifts have been
determined by the measuring the rms of the residuals as a function of photometric
redshift.
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Figure 5.4: Comparison of photometric and spectroscopic redshifts for galaxies
with B; and R photometry. The errors are generally larger than for photometric
redshifts determined from photometry in 3 or more bands. However, there is a
reasonable correlation between the photometric and spectroscopic redshifts of red
(By — R > 1.5) galaxies and limits can be determined for the redshifts of blue

galaxies.
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5.5 Implementing the AMF

The successful implementation of the AMF requires accurate estimates of the
radial profile and cluster luminosity function. The cluster radial profile and lu-
minosity function parameters used in this chapter are listed in Table 5.5. Where
possible, cluster parameters are drawn from the literature to allow comparison
with previous cluster surveys. It should be noted that the parameters are esti-
mates for “typical” clusters and the radial profiles and luminosity functions of
individual clusters can vary from these values (Colless 1989, Lubin & Postman
1996, Driver, Couch & Phillipps 1998). The variation of cluster parameters will
introduce some uncertainty into estimates of the redshift and richness.

The cluster parameters have mostly been determined for clusters at low red-
shift while the Panoramic Deep Fields image galaxies at up to z ~ 0.6. While
k—corrections have been included in the AMF, they are only approximations
which are valid for non-evolving ellipticals. Spirals comprise a significant fraction
of cluster members (Dressler 1980) so the k—corrections will overestimate the av-
erage k—correction for all cluster members. Also, the cluster luminosity function
evolves by 6 My ~ —0.3 between z = 0 and z ~ 0.5 (Smail et al. 1997). To correct
for these effects, approximations for the “evolution” have been included in the
AMF and the estimates are listed in Table 5.5. The parameterisation is simple
but is sufficient to prevent the redshift estimates having significant systematic
errors (see Section 5.6).

It is possible to estimate the number of field galaxies for the AMF using lumi-
nosity functions but this requires accurate photometry, dust extinction estimates,
luminosity functions, k—corrections and evolution models. This is difficult to im-
plement and has only been implemented in simulated catalogues (Kepner et al.
1999). A simpler method of determining the number of background galaxies is to
directly measure it from the galaxy catalogue. This will only slightly overestimate
the number of field galaxies as the contribution of rich clusters to the total galaxy
number counts is small (Tully 1987). The number of field galaxies as a function
of luminosity and redshift is determined by finding the number of galaxies at a
given luminosity which satisfy the redshift criteria.

Cluster candidates are identified from maps of L.ourse and Acperse Which are
determined for a series of redshifts for each band and field. At each redshift,
the values of L ourse and Agourse are evaluated for a series of positions across the

field. The spacing of the positions is equivalent to 0.1A~'*Mpc for the highest
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Table 5.2: Filter Parameters

Parameter Value Reference or Notes

Q 1

Teore 0.1h " *Mpc Postman et al. (1996)

Tmaa 1.0h~'Mpc Postman et al. (1996)

a 1.1 Postman et al. (1996)

M —19.4 + 5logh Estimate from Colour-Magnitude
Mg, —19.9 + 5logh Colless (1989)

My, —21.0 + 5logh Driver, Couch & Phillipps (1998)
My —21.6 + Slogh Postman et al. (1996)
k—corrections M31 Coleman, Wu & Weedman (1980)
Evolution omy = —1.62

Evolution dmp, = —1.02

Evolution omp = —0.4z

Evolution omy = —0.2z

Luminosity Range 0.05L* < L(z) < 10L*

Lecoarse % range 0.10 <2 <0.75

AZcoarse 0.05

L fine 7 range 0.05 < z < 0.80

AZfine 0.01

w 2

Det. Threshold

Det. Threshold

Det. Threshold (1 band)
Det. Threshold (> 2 bands)
Det. Threshold

Leoarse > 10
Acoarse > 10
L ine > 10
Lfine > 7.5
Afine > 15
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redshift slice. As there are drilled regions in the fields, the undrilled area within a
projected 7,4, of each position is determined resulting in the running time being

increased significantly.

Near drilled regions, the number of galaxies within r,,,, of a given position
is significantly reduced and this results in increased noise in the L.yqrsc maps.
To reduce the probability of L..use noise spikes entering the catalogue, L purse
and Acpqrse are only determined for positions where > 75% of cluster galaxies can
be included in the AMF. Low redshift galaxies with spuriously high photometric
redshifts and luminosities can bias the estimates of L.,qrse and produce spurious
clusters. Also, the fraction of dwarf galaxies varies significantly from cluster to
cluster (Driver, Couch & Phillips 1998) and the AMF luminosity function can
be a poor fit to the data. To prevent very bright and faint objects from biasing
estimates of the cluster redshifts, the AMF is only evaluated with 0.05L* < L <
10L* galaxies. As this decreases the number of galaxies used to estimate L ,qse

and Acoerse, it also increases the speed of the AMF code.

The completed Leourse and Agpqrse maps are saved to FITS format files with
cfitsio functions (Pence 1999) before Ly, and Ay, are evaluated. This allows
small changes of the filter parameters without requiring the time-consuming re-
evaluation of the maps. An example of an L.,qsc map for the SGP is shown in

Figure 5.5.

Clusters are identified by searching for peaks in the L.,q.s¢ maps and evalu-
ating Lyine and Agip.. While the value of Lepgrse and L. are correlated with
the cluster richness, they are also correlated with the redshift and poor low red-
shift clusters can have higher values of L., sc than rich high redshift clusters.
To prevent poor clusters and groups excluding rich clusters at higher redshifts,
threshold values of Acoarse and Ay are used to exclude low redshift groups from

the catalogue.

The edges of clusters can have values of L.ogrse and Agpqrse which are above
the threshold values. If the centre of the cluster is within a drilled area, the
edge can be detected instead of the cluster core. As this results in incorrect
cluster parameters, these objects should be excluded from the cluster catalogue.
To prevent these objects entering the cluster catalogue, Ly, and Agpe are only

evaluated for peaks which are not on the edges of drilled regions.

To prevent low probability cluster candidates excluding high probability clus-

ter candidates, peaks in the L.,q,5. map are searched for in reverse order of L. 4 se-
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Figure 5.5: The z = 0.1 L.parse filter image for the SGP field. The four most
significant detections (from top centre to bottom right) are Abell Clusters 122,
118, 2829 and S0084. The white blocks are regions drilled from the catalogue.
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If the Lyiye and Ay, values are above the threshold values, a cluster candidate is
recorded in the catalogue. A region within projected r,,,, of the cluster candidate
is then flagged and is treated as a drilled region by the cluster finding software.
If the values of Ly, and Age do not satisfy the selection criteria, a 5 pixel ra-
dius region surrounding the failed candidate is flagged and is treated as a drilled
region by the cluster finding software. The cluster detection software searches for
clusters until there are no remaining peaks in the L.oqrse and Agperse maps which
satisfy the selection criteria.

The lists of cluster candidates in each band are produced in a format similar to
SExtractor object catalogues so cluster candidate astrometry is determined with
the same software that is used for the object catalogues. Cluster candidates in
the different bands are then matched by searching for candidates with projected
distances within 0.25h2 *Mpc of each other. Candidates with L tine values below
the single band threshold are rejected if they are not matched to a candidate
detected in another band. The final catalogue contains 519 cluster candidates

which are listed in Appendix B.

5.6 Redshift Accuracy

Estimates of the errors of redshift estimates derived from matched filter can be
determined by adding artificial clusters to real or fake datasets (Postman et al.
1996, Kepner et al. 1999). However, the redshift errors are typically underesti-
mates as real clusters rarely have the properties of artificial clusters, which are
usually generated using idealised cluster luminosity functions and radial profiles
(e.g. Kepner et al. 1999).

To test the accuracy of cluster redshift estimates, the redshift estimates are
compared with spectroscopic redshifts of galaxies and clusters from the NED
database. Several of the clusters are from the relatively shallow Abell catalogue
(Abell, Corwin & Olowin 1989) though a significant fraction are from the deep
catalogue of Couch et. al. (1991). Figure 5.6 shows a comparison of the redshift
estimates and spectroscopic redshifts for clusters in the F855 and SGP fields.
There is good agreement between the estimated and spectroscopic redshifts, with
almost all clusters within 0.1 of the spectroscopic redshift. This is larger than
the Az ~ 0.05 errors from simulations by Kepner et al. (1999) but this is not

unexpected as the simulations used idealised clusters and deeper images.
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Figure 5.6: A comparison of the estimated redshifts of clusters and spectroscopic

redshifts from the NED database. There is reasonable agreement between the

estimated and measured redshifts. The outlier with “spectroscopic” redshift 0.56
is Abell 2843 which has a redshift listed in the NED database but no reference
to the source of the redshift. The U band is shallow and has relatively large

k—corrections resulting in few high redshift cluster detections.
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5.7 Detection Limits

The detection limits for clusters can be evaluated by adding artificial clusters to
datasets but they probably overestimate the detection limits. An upper limit for
the detection of clusters can be found by using cluster detections to determine the
minimum value of A which satisfies the cluster selection criteria at a given redshift.
Plots of the detection limits derived by this method in B;, R and I are shown in
Figure 5.7. Asexpected, the R band is the most effective band for selecting distant
clusters, with A ~ 35 clusters being detectable at z ~ 0.45. The estimates of the
depth derived from Figure 5.7 can be compared with the estimated comoving
density of clusters given in Figures 5.13 and 5.15. The estimates have not been
corrected for incompleteness and rapidly decline at redshifts similar to the limits
estimated from Figure 5.7.

A useful estimate of the depth of the catalogue is its ability to detect dis-
tant clusters from published catalogues. Clusters with projected positions within
0.5h 'Mpec of clusters identified by Couch et al. (1991) are listed in Table 5.3.
The Couch et al. (1991) catalogue was selected from AAT B, and Ry plates ~ 1
magnitude fainter than the Panoramic Deep Fields. Approximate Abell richness
classes have been determined with the significance and redshifts of the Couch et
al. (1991) detections and Figure 3 from Couch et al. (1991). All clusters except
J1834.08 BL, which is in a drilled region, have been matched to cluster candidates.
All the clusters are within 0.1 of the spectroscopic redshifts. Couch et al. (1991)
note that J1834.03TC is probably a projection effect. Inspection of the individual
Bj; and R cluster candidates shows that they are offset by the ~ 5’ from each
other and the published position of J1834.03TC.

5.8 Bj, R and I Cluster Properties

With the correct luminosity function, k—corrections and parameterisation of the
cluster evolution, the estimated redshift and richness of the clusters in each band
should be the same. If the estimates of the redshifts and richness are system-
atically different from band-to-band, it is probable that at least one of the filter
parameters is incorrect. Figure 5.8 shows a comparison of redshift estimates for
clusters from the B;, R and [ selected catalogues. There is a good correlation
between the redshift estimates and no large systematic errors are evident.

Figure 5.9 compares estimates of the cluster richness in B;, R and [ for a range
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Figure 5.7: The estimated detection limits for clusters in B;, R and [ for the
AMF.
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Table 5.3: Identifications of Clusters from Couch et al. (1991)

Cluster Spectroscopic z  Abell Richness B; AMFz R AMFz R A
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
J1834.08 BL 0.44 < 0F - - -

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

x Couch et al. note this is probably a projection effect. See text for details.

* Cluster not detected in R band by Couch et al..

B, band z estimate

0.8

0.6

0.4

0.2

Redshift Comparison

0 0.2 0.4

R band z estimate

0.6

0.8

R band z estimate

0.8

0.6

0.4

0.2

Redshift Comparison

0.2

0.4

| band z estimate

0.6

Figure 5.8: Plots of the comparing the B;, R and I band redshift estimates.
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Figure 5.9: A comparison of the richness estimates of clusters derived from the

By, R and [ bands.

of redshifts. The richness estimates are correlated for low redshift clusters though
the B, and I richness estimates are significantly higher than the R estimates for
high redshift clusters. All of these clusters have Ly, < 15 and most have values
of Lyine less than 10 in the B; and I bands. It is therefore probable that these
clusters have A estimates with comparatively large errors. Also, as these clusters
are at the limits of the B, and [ data, it is possible that Malmquist bias is

producing the observed offsets in the richness estimates for high redshift clusters.

5.9 Comparison with the Low z Catalogues

The correct interpretation of results derived from the catalogue requires compar-
ison with low redshift cluster surveys. This being the case, it is useful to compare
properties with the Abell (Abell 1958, Abell, Corwin & Olowin 1989) and APM
cluster catalogues (Dalton et al. 1994).

Figures 5.10 and Figures 5.11 plot the estimated redshift distributions of the
Abell, APM and Panoramic Deep Field catalogues. The Panoramic Deep Field
catalogue is considerably deeper than the Abell and APM catalogues due to the
use of coadded plate scans and the AMF with photometric redshifts. The median
redshift of the Panoramic Deep Field cluster candidates is ~ 0.3 compared with
~ 0.15 for the Abell and APM catalogues. It should be noted that while the
Abell and APM catalogues have similar redshift distributions, the APM catalogue
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Figure 5.10: Spectroscopic redshift distributions for a sample of the Abell cata-
logue (Huchra et al. 1990) and the APM catalogue (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 cluster diameters and
the apparent magnitudes of the brightest cluster members to estimate the red-
shift. Dalton et al. (1994) use their cluster detection algorithm and the apparent

magnitude of one of brightest cluster members to estimate redshifts.

contains poorer clusters than the Abell catalogue.

The richness distribution of clusters with estimated redshifts less than 0.2 is
shown in Figure 5.12. The richness estimates of Abell clusters are also plotted
in Figure 5.12, which shows the completeness of the Abell catalogue rapidly de-
creases below A ~ 40. The range of A values for a single Abell richness class is
large and richness class 0 clusters have B; A estimates between ~ 30 and ~ 50.
Large errors for richness estimates of Abell clusters have also been determined by
Lumsden et al. (1992) and it is probable that the dispersion of A values is real
rather than being caused by errors in the A estimates. Several cluster candidates
from the APM (Dalton et al. 1994) and Edinburgh-Durham (Lumsden et al.
1992) catalogues are also within the survey area and APMCC 119, APMCC 120
and EDCC 505 are detected. APMC 121 and EDCC 509 are not detected though
visual inspection of the published candidate positions indicates these clusters (if

real) must be very poor.

102



B, Cluster Redshift Distribution

80

60

Sol
z ¥
o

oL

«

o

0
z
R Cluster Redshift Distribution

Q

<] T T T

ol 4

o
N
Ser
o

oL

«

o

]
z
| Cluster Redshift Distribution

Q

<] T T T

ol 4

o
N
er -
o

20
T

Figure 5.11: Plots of the estimated redshift distributions for the clusters detected
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candidates and the dotted line is the redshift distribution of cluster candidates in
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A ~ 60 cluster which appears to be missing from the Abell catalogue is associated
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5.10 Comoving Density of Clusters

One of the primary reasons for obtaining deep cluster catalogues is to study the
comoving density of clusters as a function of redshift. If the AMF parameters are
accurate and the merger rate at z < 0.5 is not significant, the comoving density
of clusters in the Panoramic Deep Fields should be approximately constant over
the observed redshift range.

The comoving density of A > 35 clusters detected in all B, and R bands
is shown in Figure 5.13. No correction for incompleteness has been applied to
the data at high redshift resulting a rapid decline in the observed density at
2z 2 0.5. The observed comoving density is consistent with a constant value of
~ 3 x 107 °h*Mpc™ at z < 0.5. The observed comoving density is a factor of
3 greater than the observed density of richness class > 0 Abell clusters (Bahcall
1979, Huchra et al. 1990) but is similar to the comoving density of clusters
observed by Postman et al. (1996).

Approximately half the disparity between the estimates of the cluster co-
moving density can be accounted for by incompleteness in the Abell catalogue
(Lumsden et al. 1996). Postman et al. (1996) account for the remaining dis-
parity with Malmquist bias from the random scatter of the redshift and richness
estimates. If the distribution of errors of Inz is assumed to be Gaussian with
standard deviation o, the overestimate of the comoving density is given by

Aestimated 7202
F o= cmared 5.21
Atrue P 2 ( )

(Postman et al. 1996) where v = dlnN/dlnz and N is the number of clusters.
The value of v is given by

dInN

dinz
dinV  dinf

> dlnz + dlnz
dinV  dinf dlnA

X I T dnA dinz

"y:

(5.22)

(Postman et al. 1996) where V' is the comoving volume and f is the fraction of

clusters of richness A. The value of £ is ~ —2.4 (Postman et al. 1996) while
dl

dlr;’z\ can be estimated from the data. Figure 5.14 shows plots of

% for the clusters detected by the survey. The slope of the data points is close

to ~ 2.1 which is the value determined by Postman et al. (1996). The values

the value of

of A determined in Bj; are more strongly correlated with the redshift estimate
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Figure 5.13: Estimated cluster number density as a function of redshift. The

number density estimates have not been corrected for incompleteness resulting in
the rapid decline of the estimates at high redshifts.
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Figure 5.14: Plots of the cluster richness estimate as a function of redshift de-

rived from the cluster candidates. The estimates have been normalised to the

best estimate of the cluster richness and redshift. A line with gradient 2.1 is a

reasonable fit to the B; data though the the best-fit to the R data is shallower.

than they are for the R band data and will have larger errors. This is almost
certainly due to the larger k—corrections in the B; band. Assuming ¢ = 0.2 and

MV — 2.5, the value of F is ~ 1.15.

If the Abell catalogue is ~ 50% complete for 30 < A < 50 clusters and the
AMF overestimates the number of A > 35 clusters by ~ 15%, the expected
comoving density of A > 35 clusters is ~ 2.3 x 107°h*Mpc™ rather than the
observed ~ 3 x 107°h*Mpc™2. A difference of ~ 30% is probably not significant
considering the small number statistics of the sample. The difference could also
be due to the richness estimators of Abell, Corwin & Olowin (1989) and Lumsden
et al. (1992) and the AMF not being equivalent (though they are correlated). The
comoving density is also strongly correlated with richness estimate and Figure 5.15
shows the comoving density of A > 40 clusters is ~ 30% less than the estimate of
A > 35 clusters. A small systematic error in any of the cluster richness estimators

could be responsible for a ~ 30% error in the estimated comoving density.

An accurate estimate of the comoving density of clusters will probably require
a large uniform imaging survey (such as the SDSS) followed by spectroscopic

observations. However, the Panoramic Deep Field cluster catalogue does provide
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Figure 5.15: Estimated A > 40 cluster number density as a function of redshift.
The cluster number density is strongly correlated with richness resulting in the

number density of A > 40 being significantly lower than the number density of
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useful information on the comoving density of clusters. Comparisons with the
Abell catalogue show that the Abell catalogue is substantially incomplete and the
comoving density of A > 35 (richness class 0) clusters is ~ 3x 107°h3Mpc ™. Also,
while there is evolution of the cluster galaxy luminosity function between z ~ 0.5
and the present epoch, the estimated number density of clusters is consistent with

a constant value to z ~ 0.5.

5.11 The Cluster Correlation Function

The cluster angular correlation function has been determined with the estimator

_ DD -2DR+RR
N RR

where DD, DR and RR are the number of cluster-cluster, cluster-random and

w()

(5.23)

random-random pairs separated by angle # 4+ 66. The random objects are copies
of the clusters which are randomly positioned around the survey area and obey
the selection criteria of the cluster catalogue. The random copies are generated
in the same order the clusters were detected and a cluster core cannot be on the
edge of a drilled area or with 1A~Mpc of another random cluster core. To reduce
random noise in the estimates of w(#), multiple random catalogues are generated
and the values of DR and RR are renormalised.

For the angular correlation function to be meaningful, it must be compared
with the spatial correlation function. To do this, Limber’s equation is used to
determine the angular correlation from a model of the spatial correlation function.
The reader is referred to the previous chapter or Brown, Webster & Boyle (2000)
for a discussion of Limber’s equation. The redshift distribution of the clusters is
required to do this accurately and this has been determined by smoothing the
estimated cluster redshifts with a Gaussian with o = 0.2z.

The correlation functions of R band selected A > 35 clusters in the SGP
and F855 fields have been plotted in Figure 5.16. To prevent clusters associated
with the z ~ 0.11 Broadhurst spike (Broadhurst et al. 1990) from biasing the
correlation function estimates, only clusters with z > 0.15 are used to estimate
the correlation function. Models of the spatial correlation function with ry =
20h~'Mpc (Bahcall & Soneria 1983, Postman, Huchra & Geller 1992, Miller et
al. 1999) and ry = 14h~'Mpc (Nichol et al. 1992, Croft et al. 1997) with
clustering fixed in comoving coordinates have been plotted with the data. There

is reasonable agreement between the ry = 20h~'Mpc model and the data though
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the scatter of the data points is large. The observed clustering is significantly
stronger than the ry = 14h~'Mpc model for several angular scales.

The correlation function of the B selected clusters is shown in Figure 5.17.
The observed clustering in the F855 field is stronger than ry ~ 20h 'Mpc while
the SGP data differs significantly from a power law. The differences between the
correlation function determined with B; and R selected clusters are due to the
small number of clusters used to measure the correlation function and errors in
the A estimate producing different catalogues of clusters for each band. As the
estimates of A are a stronger function redshift in B; than R, it is probable that
the B correlation function has larger errors (both random and systematic) than
the R band correlation function.

The differences in the estimates of the correlation function in the different
bands show that larger catalogues are required for an accurate estimate of the
cluster correlation function at intermediate redshifts. As the expected value of
w(1°) is ~ 0.1, it is not unexpected that estimates of the correlation function in
the two 5° x 5° fields show large variations. However, while the estimates of the

correlation function are not conclusive, they support ry ~ 20k *Mpc.

5.12 Comparison of the SGP and F855 fields

A strong motivation for compiling large catalogues of clusters is to use them to
trace large-scale structure. The cluster correlation functions for the SGP and F855
fields detect structure on scales of ~ 1° or ~ 10h~'*Mpc at 2z 2 0.2. This does not
exclude the possibility of larger structures which have not been detected by the
correlation function. There are significant differences between estimates of the
galaxy and cluster autocorrelation functions in the SGP and F855 fields (Brown,
Webster & Boyle 2000 and section 5.11). Two possible causes of these differences
are dwarf galaxies associated with relatively nearby clusters or structures at z >
0.2 on scales 2 10h~*Mpc.

The distribution of R and B; cluster candidates in the two fields are plotted
in Figures 5.18 to 5.21. Clustering of the candidates is immediately apparent in
the images and structure on scales of > 1° is observable. The most prominent
structures are a large void in the western half of the F855 field and a cluster
of candidates near the centre of the SGP. The void is difficult to explain if it

is considered to be a structure several tens of Mpc across which stretches from
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Figure 5.16: The R band A > 35 cluster correlation function for the SGP and

F&55 fields.

The estimates of the correlation function have been corrected for

the integral constraint where the amplitude of the correlation function is derived

from the models of the spatial correlation function.

111



0.15 < z < 0.40 B, Clusters — SGP Field 0.15 < z < 0.40 B, Clusters — F855 Field

10

10

0=1.0, A=0.0, Hy=75.0 kms™'Mpc™" ] f I 0=1.0, A=0.0, Hy=75.0 kms™'Mpc™" ]
Model ry=20.0 h! Mpc, ¥=2.10, e=-0.90 - Model ry=20.0 h! Mpc, ¥=2.10, e=-0.90 -
40 Clusters 1 3{ Clusters 1

I

w(8)
w(8)

0.1
0.1

J.01
—o-»' N
J.01

1 P | n n n PR S R
1 10
8 (Degrees) 8 (Degrees)

Figure 5.17: The By A > 35 cluster correlation functions for the SGP and F855
fields.

z ~ 0.1 to z ~ 0.5. However, if clusters trace filamentry structures, the void is
just a line-of-sight which does not intersect a filament. It is probable that the
differences in the clustering of galaxies in the SGP and F855 fields observed in
Chapter 4 and by Brown, Webster & Boyle (2000) are due to large-scale structure
at 0.2 < z < 0.4 rather than the effects of relatively local dwarf galaxies or
clusters. It is clear that accurate studies of the clustering of strongly clustered
objects (red galaxies, clusters) require fields of view greater than 5° x 5° (or

~ 60h~'Mpcx ~ 60h~Mpc) to obtain representative samples.

5.13 Summary

A deep catalogue of galaxy clusters in the SGP and F855 fields has been compiled
using uniformly applied selection criteria. Photometric redshifts and an Adaptive
Matched Filter have been used to estimate cluster redshifts and richness. The
main conclusions which can be derived from the cluster catalogue are

(i) Comparison of the cluster detections with the Abell catalogue indicates the
Abell catalogue is ~ 50% complete for z < 0.2 richness class 0 clusters.

(ii) The comoving density of clusters is approximately constant at z < 0.6 if
cluster galaxies undergo mild luminosity evolution (with € = 1). The estimated
comoving density of A > 35 (richness class ~ 0) clusters is ~ 3 x 10~°h3Mpc ™2,

This could be a ~ 30% overestimate of the density of richness class ~ 0 clusters
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Figure 5.18: The B; z = 0.4 Loarse map for the SGP with the positions of all
Line > 7.5 cluster candidates. North is to the top and east is to the left of
the image. Structure can be clearly observed with an excess of clusters near the
centre of the field and a deficit near the eastern edge of the field. Some peaks in
the likelihood map do not generate cluster candidates as they are within 7,4, of

other cluster candidates.
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Figure 5.19: The R z = 0.4 L.oarse map for the SGP with the positions of all
Line > 7.5 cluster candidates. North is to the top and east is to the left of
the image. Structure can be clearly observed with an excess of clusters near the

centre of the field and a deficit near the eastern edge of the field.
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Figure 5.20: The B; z = 0.4 Loarse map for the F855 field with the positions of
all Line > 7.5 cluster candidates. North is to the top and east is to the left of
the image. The slight increase of the L.qrse values in the north western quarter
of the field is associated with a deficit of galaxies compared with the entire field.

At z ~ 0.4, the width of the survey area is ~ 60h 'Mpc.
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Figure 5.21: The R z = 0.4 L oarse map for the F855 field with the positions of
all Line > 7.5 cluster candidates. North is to the top and east is to the left of
the image. The slight increase of the L.oqrse values in the north western quarter
of the field is associated with a deficit of galaxies compared with the entire field.

At z ~ 0.4, the width of the survey area is ~ 60h 'Mpc
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as A isn’t equivalent to Abell richness class (though it is correlated) and the es-
timate of the comoving density is strongly dependent on A.

(iii) The clustering of the candidates is consistent with a spatial correlation
function with ro ~ 20h~'*Mpc. Models of the spatial correlation function with
ro ~ 14h~'*Mpc underestimate the clustering of the galaxy cluster candidates.
(iv) The distribution of the cluster candidates clearly shows large-scale structure

on scales comparable to the size of the fields or ~ 60h~*Mpc at z ~ 0.4.
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Chapter 6

The Clustering of AGN and

Galaxies

6.1 Introduction

While the association of Active Galactic Nuclei hosts with other galaxies has
been well established (Bahcall, Schmidt & Gunn 1969, Yee & Green 1987, Hall &
Green 1998, Smith, Boyle & Maddox 1995), it has been unclear if the AGN host
environment differs significantly from other galaxies. A correlation between AGN
activity and host environment would provide constraints on models for fuelling
AGN. As QSOs can be used to trace large-scale-structure at z > 1 (Boyle et al.
1999), a measure of the QSO environment is required to estimate their bias with

respect to galaxies which are used to trace large-scale-structure at z < 1.

Several previous studies of AGN environments are summarised in Table 6.1.
The clustering of galaxies near radio-loud QSOs is consistent with these AGN
occupying rich environments similar to galaxy clusters (Yee & Green 1987, Hall
& Green 1998). In contrast, studies of radio-quiet QSOs have not produced
consistent estimates of their environments (Boyle & Couch 1993, Ellingson, Yee
& Green 1991, Smith, Boyle & Maddox 1995, Smith, Boyle & Maddox 2000,
Teplitz, McLean & Malkan 1999). From the clustering studies, it would appear
that radio emission from QSOs may be triggered by rich galaxy environments

while radio-quiet QSO hosts could be in poorer environments.

HST imaging of z < 0.35 QSOs (McLure et al. 1999), z < 0.15 X-ray selected
AGN (Schade, Boyle & Letawsky 2000) and z < 0.5 BL Lacs (Urry et al. 2000)

indicates the majority of luminous AGN hosts have early-type morphologies. If
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the environment of radio-quiet AGN is similar to field galaxies then they are in
unusually poor environments compared to most early-type galaxies. Using colour
selection, it should be possible to measure the AGN-early-type and AGN-late-
type cross-correlation functions and determine if radio-quiet AGN are in unusual

environments compared to early-type galaxies and field galaxies.

6.2 Multicolour imaging and photometric red-

shifts

A significant problem with most studies of the AGN environment is that they
have relied on small samples or single band imaging. Galaxy evolution and
k—corrections result in a changing morphological mix of galaxies as a function of
limiting magnitude with single band imaging. Galaxy catalogues in bands bluer
than R are dominated by weakly clustered (blue) late-type galaxies at magnitudes
fainter than B; ~ 22 (Efstathiou et al. 1991). This being the case, many studies
of the AGN environment at intermediate redshifts have probably measured the
cross-correlation of AGN with faint blue galaxies.

Multicolour imaging provides significant advantages for the study of the AGN
host environment. Colours and photometric redshifts can be used to select partic-
ular galaxy types at faint magnitudes. As galaxy clustering is strongly correlated
with colour (Brown, Webster & Boyle 2000, Chapter 4) and morphology (Loveday
et al. 1995), studying the cross-correlation of AGN with particular galaxy types
should determine if AGN hosts are in unusual environments compared with other
galaxies with the same morphology.

The relationship between redshift and multicolour photometry was determined
with ~ 700 galaxies in the SGP and F855 fields with redshifts in the NED
database. The relationship between the multicolour photometry and the galaxy
redshifts was fitted with quadratic functions using the method of Connolly et
al. (1995). Full details of the implementation of the photometric redshifts are
provided in Chapter 5. The colour criteria applied to the Panoramic Deep Field
galaxy catalogue select galaxies redder or bluer than a non-evolving Sbhc in B; — R.
The use of B; — R rather than shallower U — B; or R — I allows the selection
of By = 23.5 early-type galaxies at z ~ 0.5. The B; — R selection criteria are
a function of redshift so photometric redshifts are used to determine the correct

value of By — R when selecting galaxies. For the remainder of the chapter, the
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Table 6.1: A sample of studies of the AGN environment

Reference AGN Type  Number AGN Galaxy Correlation
of Redshift Magnitude Estimate

AGN Range Limit
De Robertis, Yee & Hayhoe 1998  Seyferts 33 z < 0.04 Mpr < —19.5 rg ~ 5.4h~Mpc
Laurikainen & Salo 1995 Seyfert 1 - 2 < 0.05 By <21 ro ~ 5h™ Mpe
Laurikainen & Salo 1995 Seyfert 2 - 2 < 0.05 By <21 ro > 5h™ ' Mpe
Smith, Boyle & Maddox 1995 X-ray QSOs 169 z2<0.3 By <20.5 rg ~ 5h™ Mpe
Ellingson, Yee & Green 1991 RQ QSOs 46 0.3<2<06 r~235 g~24 ro ~ 5h~'Mpc
Smith, Boyle & Maddox 2000 X-ray QSOs 83 0.3 <2z<0.7 V =23 ro ~ 3h~'Mpc
This work UBR AGN 66 0.3 <2<07 By <235 ro ~ 8h™1Mpc
Boyle & Couch 1993 QSOs 27 0.9 <z<17 R <23 No correlation
Teplitz, McLean & Malkan 1999 RQ QSOs 30 09<z<21 I,JJH ~21, K 20 correlation
Croom & Shanks 1999 RQ QSOs 150 0.0<z<32 By <23 No correlation
Yee & Green 1987 RL QSOs 10 03<2<05 22<R<229 ro ~ 9~ Mpec
Yee & Green 1987 RL QSOs 9 050 <2<0.65 22<R<229 rg ~ 18R~ 'Mpc
Wold et al. 2000 RL QSOs 21 050<2<082 V,R~2351 ro ~ 11.7h ™ Mpec
Hall & Green 1998 RL QSOs 31 1.0<2<20 Kz 19 Richness ~ 0 clusters




early and late subsamples will refer to galaxies redder and bluer than the B; — R
selection criteria.

The AGN sample (which is described in Section 6.4) has a similar absolute
magnitude range to Schade, Boyle & Letawsky (2000) and if the AGN are in
similar host galaxies, then ~ 75% should be in host galaxies with earlier mor-
phologies than Sbc galaxies. By comparing the AGN-galaxy cross-correlation
with the galaxy-galaxy correlation of similar galaxy types, it should be possible
to determine if AGN hosts are in unusual environments. To test the reliability of
the colour selection criteria, the colours 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 elliptical and lentic-
ular galaxies are redder than the selection criteria though the colours of spiral

galaxies show considerable scatter.

6.3 The Clustering of Faint Galaxies

Estimates of the clustering of z ~ 0.5 galaxies are required if the environment of
AGN hosts is to be compared to the “normal” galaxy environment. To make the
comparison valid, the same galaxy selection criteria are applied to the study of
galaxy-galaxy clustering as AGN-galaxy clustering.

The estimate of the angular autocorrelation function of galaxies is determined

with

5(6) DD —-2DR+ RR
w —=

RR
(Landy & Szalay 1993) where DD, DR and RR are the number of galaxy-galaxy,

galaxy-random and random-random pairs at angular separation 6+06¢. The Landy

(6.1)

& Szalay (1993) estimator is only applicable to the autocorrelation function so

the early-late cross-correlation is determined with

() = g—é 1 (6.2)

where EL and E'R are the number of early-late and early-random pairs at angular
separation 6 + 60. The estimates of @w(f) are corrected for the integral constraint
and the spatial correlation function can be estimated with Limber’s equation
(Limber 1954, see Chapter 4 for a summary).

The early and late subsample autocorrelation functions and the early-late

cross-correlation functions have been determined in the SGP and F&55 fields.
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Figure 6.1: Comparison of photometric and spectroscopic redshifts for galaxies
with colours redder than non-evolving Sbc galaxies. While some of the galaxies are
only detected in B; and R, the correlation between photometric and spectroscopic

redshift is still good.
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Galaxy Morphologies
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Figure 6.2: The colours and photometric redshifts of galaxies with morphological
classifications from Abraham et al. (1996) and Smail et al. (1997). The curved
line is an estimate of the colour of a non-evolving Shc determined with a poly-
nomial fit to the k—corrections from Coleman, Wu & Weedman (1980). Most

early-type galaxies are redder than the non-evolving Sbc.
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Plots of the 18.0 < B; < 23.5 angular correlation functions are shown in Fig-
ures 6.3 to 6.5. The amplitudes and values of the v as a function of magnitude
are summarised in Tables 6.2 to 6.4. As seen previously in Chapter 4, the value
of v and the amplitude of the clustering strongly depend on colour. The values
of the v differ from those determined in Chapter 4 due to the use of different
selection criteria. At faint magnitudes, the estimates of vy for the early-late cross-
correlation function in the SGP and F855 fields differ significantly. It is possible
that this is due to the cross-correlation function estimator having larger errors
than predicted by the Poisson estimate (Landy & Szalay 1993). Also, at faint
magnitudes the amplitude of the cross-correlation function is comparable to the
estimated errors of the dust extinction estimates of Schlegel, Finkbeiner & Davis
(1998).

To determine the spatial correlation function, an estimate of the redshift dis-
tribution is required. Estimates of the redshift distribution derived from lumi-
nosity functions, k—corrections and evolution models are subject to uncertainties
as a range of models can reproduce the observed number counts. Models which
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 effective for
multicolour selected samples at higher redshifts where the selection criteria and

k—corrections skew the redshift distribution.

Photometric redshifts contain information on the redshift distribution but
assume that galaxies with the same colours and magnitudes are at the same
redshifts. If the errors of the photometric redshifts are dominated by redshift dis-
tribution of galaxies with the same multicolour photometry, it should be possible
to derive a redshift distribution using the measured errors of the photometric
redshifts. Figure 6.6 shows the observed redshift distribution of galaxies from
Glazebrook et al. (1995) detected in the Panoramic Deep Fields and a model
derived from their photometric redshifts. The photometric redshifts have been
smoothed by a Gaussian where o is equal to the rms of the errors of the photomet-
ric redshifts. At z < 0.05 the redshift distribution has been multiplied by z/0.05
to prevent an infinite density of galaxies at z = 0. There is reasonable agreement
between the measured and model distributions, though the galaxy number counts
are limited. While the exact 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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SGP Early autocorrelation function 18.00 < B; < 23.50 F855 Early autocorrelation function 18.00 < By < 23.50
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Figure 6.3: The 18.0 < B; < 23.5 early subsample autocorrelation function for
the SGP and F855 fields.
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Figure 6.4: The 18.0 < B; < 23.5 late subsample autocorrelation function for
the SGP and F855 fields. The clustering on small angular scales is an order of

magnitude weaker than the autocorrelation function of early subsample galaxies.
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Table 6.2: The Early Subsample Angular Correlation Function

Field SGP F'855

Magnitude Range Ny v w(l) x 10> Ny 7y w(l') x 10?

9¢1

18.0< B, <£20.0 2206 1.70£0.11 13524233 2599 1.75+£0.21 782=£196
18.0 < B; <21.0 5187 1.79+£0.08 830 £83 5553 1.89+£0.14 554 £ 81
18.0 < B; <£22.0 11056 1.74£0.04 510£51 11303 1.91+0.09 329 £ 34
18.0 < B; <£23.0 21833 1.81+£0.05 283 £28 21652 1.84+£0.07 194 £ 19
18.0 < B; <£23.5 29290 1.82+£0.06 221 £22 27915 1.87+0.05 169 £ 17




Lc1

Table 6.3: The Late Subsample Angular Correlation Function

Field SGP F855

Magnitude Range Nyal y w(l’) x 103 Nyal y w(l’) x 103
18.0< B; <20.0 3854 1.37+£0.27 443 £+ 257 4648 1.53+0.31 283 £ 87
18.0< B; <21.0 11952 1.40 £0.13 269 £ 25 13866 1.55 4 0.15 154 £+ 21
18.0< B; <22.0 37785 1.34+0.10 1209 43047 1.41+0.13 (==
18.0< B; <23.0 128278 1.284+0.09 444+ 8 134331 1.26+£0.16 39+ 24
18.0< B; <235 207390 1.33+0.10 284 183347 1.314+0.12 27+ 6




SGP Early—Late cross—correlation function 18.00 < B, < 23.50 F855 Early—Late cross—correlation function 18.00 < B, < 23.50
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Figure 6.5: The 18.0 < B, < 23.5 early-late cross-correlation function. The
cross-correlation function is significantly weaker than the autocorrelation of early

subsample galaxies.

Table 6.4: The Early-Late Angular Cross-Correlation Function

Field SGP E'855

Magnitude Range ¥ w(l') x 103 v w(1l’) x 103

180< B; <200 143+£0.25 430£105 1.53+0.35 194 £ 70
18.0< B; <21.0 1.67+£0.08 322+30 1.52£0.11 198 £ 20
18.0< B; <£22.0 1.73+£0.06 183 £ 10 1.60 +£0.07 102 £8
18,0 < B; <£23.0 1.76 £0.04 85£4 1.56£0.07 22+3
18.0 < B; <235 1.65+0.04 56 £3 1.44+£0.07 40 £ 2
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Galaxy Redshift Distribution Early Type Redshift Distribution
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Figure 6.6: A comparison of the observed and model redshift distributions of
galaxies from Glazebrook et al. (1995) which were detected in the Panoramic Deep
Fields. The left panel shows all galaxy types while the right panel shows galaxies
with colours redder than Sbc 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 significantly broader than the early
subsample redshift distribution. The width of the distribution is consistent with
late-type galaxies having smaller k—corrections and a higher fraction of dwarf
galaxies than early-type galaxies. It should be noted that while the photometric
redshifts are complete to B; = 23.5 for the early subsample, photometric red-
shifts for B, > 22.5 late subsample galaxies are incomplete and this may slightly
skew the redshift distribution.

The amplitude of the early subsample autocorrelation function in the SGP has
been plotted in Figure 6.9. To allow the comparison of the amplitude at different
magnitudes, the value of v has been fixed to 1.8. Models with clustering fixed
in physical and comoving coordinates have been fitted to the B, = 22.5 data
point. The models have been fitted to this data point as it has a large number of
galaxy-galaxy pairs while avoiding systematic errors which could be present at the
faintest magnitudes of the sample. The models are a reasonable approximation to
the data though there are discrepancies between the models and the data for very

bright and very faint galaxies. The fit parameters of 7y = 6.9 & 0.22~'Mpc and
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Early Type Redshift Distribution
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Figure 6.7: The estimated redshift distribution of the early subsample in the SGP.

The curves range from 18.0 < B; < 20.0 to 18.0 < By < 23.5 in half magnitude
steps.

Late Type Redshift Distribution

10°
T

dN
5x10*
T

z

Figure 6.8: The estimated redshift distribution of the late subsample in the SGP.

The curves range from 18.0 < B; < 20.0 to 18.0 < B; < 23.5 in half magnitude
steps.
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Early Type Correlation Function Amplitude vs Survey Depth
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Figure 6.9: The amplitude of the autocorrelation function of the early subsample
in the SGP. Models fitted to the B, = 22.5 data point with clustering fixed in
comoving and physical coordinates are shown. The median redshift of the sample

as a function of depth is listed at the top of the plot.

ro = 8.2 £ 0.2h 'Mpc for clustering fixed in comoving and physical coordinates
are comparable to estimates of the clustering of early-types in the local Universe
(Loveday et al. 1995, Guzzo et al. 1997). However, it should be noted that
the errors quoted for ry are underestimates as the uncertainties in the redshift

distribution and the effects of large-scale-structure have not been considered.

Figure 6.10 plots the amplitude of the SGP late subsample autocorrelation
function as a function of limiting magnitude. At small angular scales the cluster-
ing of the late subsample is an order of magnitude weaker than the clustering of
the early subsample. Models fitted to the B; = 22.5 data point underpredict the
clustering at brighter magnitudes and overpredict the clustering at fainter mag-
nitudes. The observed clustering at bright magnitudes is considerably stronger
than the observed clustering of blue galaxies measured in Chapter 4. This is prob-
ably due to the use of redder selection criteria and By — R being correlated with
but not equivalent to U — B;. The rapid decrease of the amplitude of the late
subsample autocorrelation function at faint magnitudes is probably due to the
faint blue galaxy population which has a similar effect on the correlation function

of all B, galaxies (Chapter 4).
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Late Type Correlation Function Amplitude vs Survey Depth

—— T r 1 T T 1 r T T T
z,,=0.14 z,,=0.19 z,,=0.26 z,,=0.33

w(1 arcmin)
0.1

0.01
T

0=0.2, A=0.0, Hy=75.0 kms™ 'Mpc™"
Model r0=3.8 h! Mpc, v=1.40, e=—1.60
_— = | Model r0=4.9 |h_1 Mpc, 'y=1.4|-0, e= 0.00

. . 11
20 21 22 23 24
BJ

Figure 6.10: The amplitude of the autocorrelation function of the late subsam-
ple in the SGP. The models are shown with dotted lines at B, > 22.5 as the

photometric redshifts are incomplete at faint magnitudes.

The amplitude of the early-late subsample cross-correlation function is plotted
in Figure 6.11. The models fitted to the B; = 22.5 data point have comparable
values of 7y to the late subsample autocorrelation function but at smaller angular
scales the clustering is considerably stronger as the value of 7 is significantly
larger. The models do overpredict the clustering at faint magnitudes and this

may be due to the faint blue galaxy population.

6.4 The AGN Sample

The AGN sample consists of UBR selected B; < 20.5 broad emission line AGN
from La Franca et al. (1999). The survey area is the SGP field and while Fig-
ure 6.12 shows that the sky coverage is not homogeneous, it is not strongly con-
centrated in one part of the field. AGN positions were determined with matches to
the Panoramic Deep Fields so astrometric errors would not affect estimates of the
angular correlation function at small angular scales. When an AGN was matched
to multiple objects, the astrometry, magnitudes and colours were compared with
published values for the AGN.

The 0.3 < 2z < 0.7 catalogue consists of 66 QSOs and Seyfert 1s with
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Early—Late Correlation Function Amplitude vs Survey Depth
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Figure 6.11: The amplitude of the early-late cross-correlation function. The
models are shown with dotted lines at B; > 22.5 as the late sample photometric

redshifts are incomplete over this magnitude range.
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Figure 6.12: The distribution of the 0.3 < z < 0.7 AGN on the plane of the sky.
While the sky coverage is not homogeneous, it is not strongly concentrated in any

one region of the field.
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Figure 6.13: The absolute magnitudes and redshifts of the 0.3 < z < 0.7 AGN
selected from the La Franca et al. (1999) catalogue. The absolute magnitudes
have been determined with Q = 1, Hy = 100kms 'Mpc ! and k—corrections
approximated by k(z) = —0.4z.

—24 < Mg, < —19. The B, absolute magnitudes and redshifts of the AGN
are plotted in Figure 6.13. The catalogue contains 36 QSOs (Mg, < —21.5) and
30 Seyfert 1 galaxies. The range of absolute magnitudes is comparable to the
X-ray selected AGN studied by Schade, Boyle & Letawsky (1993) and if the host
galaxy morphologies are similar, then ~ 75% of the AGN sample are in hosts

earlier than Sbc galaxies.

6.5 AGN-Galaxy Clustering

The estimator of the angular correlation function used to study AGN-galaxy

associations is

Wag(0) = % -1 (6.3)
where AG and AR are the number of AGN-galaxy and normalised AGN-random
pairs separated by 6 4+ d6. The random data set consists of multiple copies of the
galaxy catalogue with the positions randomised.

Estimates of the cross-correlation of AGN with the early and late subsamples
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are summarised in Table 6.5. The AGN-early cross-correlation is significantly
stronger on scales 2 1’ while on smaller scales the signal-to-noise is poor. Despite
the strength of the AGN-early cross-correlation, inspection of Table 6.5 shows
most AGN-galaxy pairs are AGN-late pairs and the cross-correlation of AGN with
all galaxies should be similar to the AGN-late cross-correlation function. Figures
6.14 and 6.15 show the AGN-early and AGN-late cross-correlation functions for
Bj < 23.5 galaxies. The AGN-early cross-correlation is fitted well by a power law
with v =1.8. A power law with v = 1.65 has been fitted to the AGN-late cross-
correlation though the low significance of the detected signal results in a poor fit.
The AGN-late cross-correlation shows evidence of a possible artifact of ~ 0.01 at
large angular scales. This may be a result of the small size and inhomogeneous
sky coverage of the QSO sample. Figure 6.16 confirms that the cross-correlation
of AGN with all galaxies is similar to the AGN-late cross-correlation function and
is much weaker than the AGN-early cross-correlation function. As the fraction of
late-type galaxies increases with survey depth, the cross-correlation function of
AGN with all galaxies should decrease with increasing magnitude. This may have
already been observed by Smith, Boyle and Maddox (1995, 2000) who find the
AGN-galaxy cross-correlation function decreases from 7y ~ 5h *Mpc for z < 0.3
QSOs to 1y ~ 3h *Mpc for 0.3 < z < 0.7 QSOs.

Models of the spatial correlation function have been fitted to the data us-
ing Limber’s equation (Limber 1954). As the redshifts of the AGN are known,

Limber’s equation is given by

=3 [ utr 9] /Z D] 64

where n is the number of AGN, ,,(r, z) is the spatial cross-correlation function,
dN,

—.> is the number of galaxies per unit redshift and r is the distance in physical
coordinates between an AGN at redshift z; and a galaxy at redshift z separated
by angle # on the sky.

The amplitude of the AGN-early correlation function is plotted in Figure
6.17 along with models of the cross-correlation with evolution fixed in comoving
coordinates. The models fitted to the B; = 22.5 data point have values of r
more than 50 higher than the early subsample autocorrelation function. This is
consistent with AGN host galaxies being in environments richer than early-type
galaxies and is comparable to the environment of radio-loud QSOs at the same

redshift (Yee & Green 1987).
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Table 6.5: The cross-correlation function of AGN and galaxies at 0.3 < z < 0.7.
The values of @(#) have been corrected for the integral constraint which is ~ 10%

of the estimate of the correlation function at 1’.

Magnitude Range Angle AG AR x 20 ()
AGN-Early

18.0 < B; <225 <0< 14" 6 63 0.914+1.13
18.0 < B; <225 14" <9 < 28" 13 274 —0.04 £0.35
18.0 < B; <225 28" < 0 < 56" o7 994 0.154+0.15
180< B; <225 56" <60<112" 264 4077 0.30 + 0.07
180 < B; <225 112" <0 < 224" 853 15840 0.09 4+ 0.04
18.0 < By <235 <0< 14" 10 117 0.714+0.73
18.0 < By <235 14" <0 < 28" 27 506 0.07 +0.20
18.0 < By <235 28" < 0 < 56" 109 1858 0.18+0.11
180 < B; <235 56" <6<112" 483 7732 0.26 4+ 0.06

180 < By <235 112" <6< 224" 1613 30233 0.08 £0.03

AGN-Late
18.0 < B; <225 7 <0< 14" 15 288  0.04+£0.39
180< By <225 14"<60 <28 51 1146 —0.10£0.12
180< By <225 28" <6< 56" 254 4580  0.11 £0.07

180 < B; <225 56" <6<112" 903 18264 —0.01 £0.03
18.0< B; <225 112" <60 < 224" 3600 71550 0.01 £ 0.02

18.0 < B; <£23.5 7<0< 14" 42 833 0.01 £0.16
18.0 < B; <£23.5 14" <9 < 28" 166 3211 0.04 £0.08
18.0 < B; <£23.5 28" < 9 < 56" 725 13187 0.11 £0.04

180< B; <235 56" <6<112" 2663 52543 0.02 £ 0.02
18.0< B; <235 112" <60 < 224" 10587 207839 0.03£0.01
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AGN-Early Correlation Function 18.00 < B; < 22.50
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Figure 6.14: The AGN-early subsample angular cross-correlation function. The
data is shown with 1o error bars determined with Poisson statistics. Power law

fits with v = 1.8 are a good approximation to the observed clustering.
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Figure 6.15: The AGN-late subsample angular cross-correlation function. The
clustering is considerably weaker than the AGN-early cross-correlation function
and the signal-to-noise is poor. A power law with v = 1.65 has been fitted to the

data though the quality of the fits is poor.
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AGN—Galaxy Correlation Function 18.00 < B; < 22.50
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Figure 6.16: The cross-correlation of AGN with all galaxies in the SGP. The

clustering is significantly weaker than the AGN-early cross-correlation function

and is only slightly stronger than the AGN-late cross-correlation function.
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Figure 6.17: The amplitude of the AGN-early angular cross-correlation function.

The amplitude of the clustering increases with magnitude as few bright galaxies

are at the same redshift as the QSO sample.

Models with clustering fixed in

comoving and physical coordinates have been fitted to the B; = 22.5 data point.

The clustering is significantly stronger than the autocorrelation function of early-

type galaxies and similar to the clustering observed near radio-loud QSOs.
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AGN—Late Correlation Function Amplitude vs Survey Depth
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Figure 6.18: The amplitude of the AGN-late cross-correlation function. Models of
the spatial correlation function have been fitted to the B; = 22.5 data point. The
clustering is considerably weaker than the AGN-early cross-correlation though the
poor signal-to-noise of the AGN-late angular cross-correlation function results in
the estimates of 7y having errors of ~ £2h~'Mpc. The models are shown with
dotted lines at B; > 22.5 as incompleteness affects the photometric redshift

estimates used to derive the redshift distribution at these magnitudes.

The amplitude of the AGN-late cross-correlation function is shown in Figure
6.18. As expected, comparison of the data with Figure 6.17 confirms that the
AGN-late cross-correlation function is much weaker than the AGN-early cross-
correlation function. However, low signal-to-noise of the angular correlation func-

tion results in the estimates of ry having considerable uncertainty.

The errors of the estimates of w(f) are dominated by galaxies along the line-
of-sight which are not associated with the AGN. The signal and significance of
the correlation function can be improved if the number of unassociated galaxies
included in the estimate of w(f) are reduced. Early-type galaxies have compara-
tively small photometric redshift errors so it is possible to define a narrow range of
photometric redshifts which could be associated with the AGN. Figures 6.19 and
6.20 show the AGN-early cross-correlation function for galaxies with photometric
redshifts within 20 of the AGN redshift. Comparison of the two panels of Fig-
ure 6.20 shows the signal-to-noise of the cross-correlation function is significantly

improved by including photometric redshift constraints.

The spatial AGN-early cross-correlation can be determined by deriving the
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Table 6.6: The cross-correlation of AGN with the early subsample with photo-

metric redshift constraints applied to the data.

Magnitude Range Angle AG AR x 20 w(0)
18.0< By <225 <0< 14" 2 29 0.39 £1.81
18.0< By <225 14" <0 < 28" 4 105 —0.22 £0.60
18.0< By <225 28" < 0 < 56" 33 443 0.50 £0.26
180< B; <225 56" <0<112" 117 1729 0.36 £0.13
180< B; <225 112"<60<224" 383 6955 0.11 £ 0.06

18.0 < By <225 224" <6 < 448" 1455 26358 0.11 +£0.03

18.0 < By <235 <0< 14" 6 72 0.67 £ 0.99
180 < B; <235 14"<0 <28 16 277 0.16 £0.29
18.0< B; <235 28" <60 <56" 78 1220 0.29+£0.14
18.0< B; <235 56" <6<112" 293 4652 0.27 £ 0.07

180 < B; <235 112"<6 < 224" 993 18544 0.08£0.03
18.0 < By <235 224" <9 < 448" 3854 71790 0.08 £0.02
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Figure 6.19: The angular cross-correlation of AGN and B; < 23.5 early subsample
galaxies with photometric redshift constraints applied to the pair counts. Poisson

statistics have been used to determine the 1o errors shown with the data points.
A power law with v = 1.8 is a good fit to the data.
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AGN—Early Correlation Function 18.00 < B; < 21.50
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Figure 6.20: Estimates of the cross-correlation of AGN and B; < 21.5 early sub-

data is immediately apparent.

sample galaxies without (left panel) and with (right panel) photometric redshift
constraints. The improvement in the signal-to-noise and the power law fit to the
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Figure 6.21: The amplitude of the AGN-early cross-correlation function with
photometric redshift constraints applied. The errors are significantly reduced
and the best fits to the faint data are slightly decreased. However, the amplitude
of the clustering is similar to that estimated in Figure 6.17 and is consistent with
AGN being in rich environments. The estimated median redshifts are for early
subsample galaxies that satisfy the photometric redshift constraints rather than

the entire early subsample.

redshift distribution of galaxies within 20 of each AGN when applying Limber’s
equation. The amplitude of the AGN-early cross-correlation and models of the
spatial cross-correlation are shown in Figure 6.21. The fit to the B; = 22.5 data
point is marginally weaker than in Figure 6.17 and underpredicts the amplitude

of the correlation function at bright magnitudes.

The variations of the measured clustering from the model could be due to
systematic errors, small number statistics at low redshift or evolution of the AGN-
early clustering. Systematic errors are difficult to identify though it is probable
that they would perturb the shape of the angular correlation from a power law. To
determine if small number statistics could be significantly biasing the estimate of
the cross-correlation function, 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 excess
of AGN-early pairs compared with the rest of the sample.

By and R images of the 4 AGN (Figures 6.23 and 6.24) show apparent over-
densities of galaxies but it isn’t conclusive that all 4 AGN are associated with

clusters. There are no ROSAT (Voges et al. 2000) detections of X-ray emission
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Figure 6.22: The distribution of AGN-early pairs with separations less than 56" .
While most of the AGN sample have less than 5 AGN-early pairs, the 4 AGN
with > 5 AGN-early pairs contribute ~ 30% of the total number of AGN-early

pairs.
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Table 6.7: AGN with an excess of AGN-galaxy pairs. Photometric redshift con-
straints have been applied to the estimate of AGN-early pairs but not to the
estimate of AGN-late pairs.

AGN Redshift  Mp, AGN-Early AGN-Late
Pairs < 56" Pairs < 56"

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

associated with the 4 AGN. None of the 4 AGN were detected 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 contribute along with the number
of AGN-galaxy pairs for the entire AGN sample. The 4 AGN, which are 6% of
the AGN sample, contribute ~ 30% of the < 56” AGN-early pairs and ~ 10%
of the < 56" AGN-late pairs. Laurikainen & Salo (1995) also found a small
fraction of their z < 0.05 Seyfert sample were in unusually rich environments
though most of these objects were Seyfert 2s. If the 4 AGN are removed from the
sample, the amplitude of the cross-correlation function (shown in Figure 6.25)
decreases significantly and is comparable to the early subsample autocorrelation
function. 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

considerably richer environments.

Radio-loud AGN environments may be correlated with rich environments com-

parable to galaxy clusters (Yee & Green 1987). To determine if radio-loud AGN
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Figure 6.23: B; band images of 3 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" x 4.5" 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" x 4.5" with north at the top and east to the left.
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Figure 6.25: The amplitude of the AGN-early cross-correlation with the 4 AGN
from Table 6.7 removed from the sample. The amplitude of the correlation func-
tion decreases significantly and is comparable to the early subsample autocorre-

lation function.

significantly bias the estimate of the AGN-galaxy correlation, AGN within 20” of
NVSS sources and their AGN-galaxy pair counts are listed in Table 6.8. The radio
emission associated with the AGN is < 0.1Jy which is considerably fainter than
the radio-loud QSO samples of Yee & Green (1987) and Hall & Green (1998).
The 5 AGN contribute 3% of the AGN-early pairs and 7% of the AGN-late pairs
with separations < 56”. A series of R band images of the AGN in Figure 6.26 do

not show any evidence for the AGN being in unusually rich environments.

There may be a correlation between AGN luminosity and host galaxy with
luminous AGN occurring more frequently in early-type galaxies than Seyferts
(McLure et al. 1999). If this is the case, the correlation between galaxy morphol-
ogy and environment may result in a correlation between AGN luminosity and en-
vironment. Figure 6.27 compares the amplitudes of the Seyfert 1 (Mp, < —21.5)
and QSO (Mp, > —21.5) cross-correlations with the early subsample. Fits to
the B; = 22.5 data point show QSOs are in slightly richer environments but the
significance of the detection is ~ 1o. The models also consistently underestimate

the clustering at B; < 22.5.
Figures 6.21, 6.25 and 6.27 show evidence the amplitude of the AGN-early

cross-correlation weakening with increasing magnitude and redshift. To determine

if the AGN-early cross-correlation evolves over the observed redshift range, the
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Table 6.8: AGN within 20” of NVSS sources. Q 0040-2024 and Q 0057-2555 are within or near drilled regions of the field.

AGN Redshift Mg, S14 Optical-Radio AGN-Early AGN-Late
(mJy) Position Offset Pairs < 56” Pairs < 56"

Q 0101-2600  0.449  -21.41 52.6 2.6” 2 23
Q 0058-2808  0.308  -19.32  39.7 12.6" 0 20
Q 0040-2024  0.609  -23.13 38.0 3.0” 0 0
Q 0057-2555  0.315  -20.92 6.5 5.5" 1 5
Q 0051-2726  0.689  -22.83 6.4 4.0" 0 13




Figure 6.26: R band images of AGN within 20” of NVSS sources. 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" x 4.5" with north at the top and east to the

left. The AGN do not appear to be in unusually rich environments.
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Figure 6.27: The amplitude of the Seyfert 1 and QSO cross-correlation func-
tions. There is no evidence for a strong correlation between AGN luminosity and

environment.

amplitude of the cross-correlation 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 cross-
correlation with models of the spatial correlation. While the best fit values of rg
are higher for 0.5 < z < 0.7 AGN, the signal-to-noise is poor and the values of rg
are only ~ 1o higher than the r values for 0.3 < z < 0.5 AGN.

It is possible that the strong clustering at bright magnitudes is not a property
of the AGN but of the galaxy sample with which they are being correlated.
The autocorrelation function of early-type galaxies is a function of the absolute
magnitude and ry decreases from ~ Th 'Mpc for My, ~ —21 galaxies to ~
4h~'Mpc for Mp, ~ —17 galaxies (Loveday et al. 1995). For a sample limited in
apparent magnitude, the absolute magnitude will change with redshift resulting
in changing clustering properties. The estimated median absolute magnitude of
early subsample galaxies which are cross-correlated with 0.3 < z < 0.7 AGN
is shown in Figure 6.29. The median absolute magnitude of the galaxy sample
increases with limiting magnitude and it is possible that the stronger clustering
observed at bright magnitudes is due to the strong clustering of luminous early-
type galaxies. Unfortunately, is it difficult to differentiate between luminous and
faint early-type galaxies with photometric redshifts as galaxies with the same

multicolour photometry will have the same redshift and magnitude estimates.
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Figure 6.28: The amplitude of the AGN-early cross-correlation function for 0.3 <
2 < 0.5 and 0.5 < z < 0.7 AGN. No significant signal is detected at B; < 22 for

the 0.5 < z < 0.7 AGN sample. There is no clear evidence for a difference in the

spatial correlation function of the 2 samples.
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Figure 6.29: The median absolute magnitude of early subsample galaxies which
satisfy the photometric redshift constraints with the 0.3 < z < 0.7 AGN sample.
The median absolute magnitude increases with survey depth. As the cluster-
ing of early-type galaxies varies with absolute magnitude, the AGN-early cross-
correlation would be expected to decrease 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
photometric redshifts and colour criteria to select galaxy types to B; ~ 23.5.
The key conclusions are

(i) The clustering of early subsample galaxies is strong across the observed
magnitude range with ry ~ 7h 'Mpc and v ~ 1.8.

(ii) The autocorrelation function of late subsample galaxies is weak and decreases
to rg ~ 2h *Mpc at By ~ 23.5.

(iii) The cross-correlation of —24 < Mp, < —19 AGN with the early subsample
is stronger than the autocorrelation function of the early subsample. However,
the estimate of the correlation function may be biased by ~ 6% of the AGN
sample which could be in rich environments. If these are removed from the
sample, the AGN-early cross-correlation function is comparable to the early
subsample autocorrelation function.

(iv) The AGN-late cross-correlation function is very weak. As the fraction of
late-type galaxies in magnitude limited samples increases with survey depth,
the cross-correlation function of AGN with all galaxies should decrease with
increasing magnitude. This may have already been observed by Smith, Boyle &
Maddox (1995, 2000).

(v) The correlation between AGN luminosity and host environment is weak and
has not been detected at a significant level in this work.

(vi) There is no significant evolution of the AGN-early cross-correlation function
over the observed redshift range. While the amplitude of the cross-correlation
does decrease with magnitude, this may be a selection effect from the early

subsample.
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Chapter 7

The Evolution of Radio Galaxies

7.1 Introduction

Evolution of radio sources is required to explain the observed number of radio
sources and the redshift distribution of radio sources with observed optical coun-
terparts (Condon 1984, Peacock 1985). While the evolution of the radio lumi-
nosity function is well established (Dunlop & Peacock 1990, Rowan-Robinson et
al. 1993), the physical processes responsible for the evolution are not understood.
Radio-loud QSOs can be observed over a wide range of redshifts but historically
it has been difficult to measure the environment and properties of QSO hosts.
Only recently has it been possible to place constraints on the distribution of mor-
phologies of AGN hosts at low redshift (McLure et al. 1999, Schade, 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 & Schmidt 1964). Studies of low redshift radio galaxies have established
that they are in environments richer than the field (Longair & Seldner 1979,
Prestage & Peacock 1988) and their elliptical host galaxies are typically brighter
than L, (Sadler et al. 1999, Govoni et al. 2000). While radio emission from higher
redshift radio galaxies can be detected by radio sky surveys including the NVSS,
FIRST and Molonglo, the faint (B; ~ 23) optical counterparts and their low sky
surface density (~ 5/0°) make it difficult to obtain large spectroscopic samples.
The properties of radio galaxies at z ~ 0.5 have therefore been determined with
relatively small numbers of objects. Since strong evolution is apparent at z 2 0.5,

this has resulted in poor constraints on the physical processes responsible for radio
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galaxy evolution.

With photometric redshifts and colour selection, it is possible select and esti-
mate the redshifts of B; < 23.5 early-type galaxies in the Panoramic Deep Fields
(~ 500°). By matching early-type galaxies with sources from the NVSS, it is
possible to compile a uniformly selected catalogue of ~ 2 x 10? radio galaxies to

measure the evolution of radio galaxy properties.

7.2 Selection of Radio Galaxies

The radio galaxy sample consists of Panoramic Deep Field galaxies which are
associated with NVSS radio sources. As radio galaxies have early-type morpholo-
gies (Matthews, Morgan & Schmidt 1964), colour selection criteria are used to
select a catalogue of B; < 23.5 early-type galaxies which are then matched to the
radio sources. By — R colour and photometric redshifts are used to select galax-
ies which are redder than a non-evolving Sbc. This is the same as the selection
criteria used in Chapter 6; Figure 6.2 demonstrates the selection criteria select
most early-type galaxies.

As the evolution of the radio galaxy population is to be studied, the criteria
used for matching radio and optical sources can not be a function of redshift.
The completeness must be high so the luminosity function is not dominated by
corrections for incompleteness. Also, the contamination of the sample should be
low so estimates of radio galaxy luminosity function and environment are not
dominated by galaxies which are not associated with radio sources.

The NVSS source catalogues have 1o error estimates for the position of each
source. Figure 7.1, which is a plot of the estimated errors of the radio source
position as a function of flux, shows that the errors are a strong function of
radio flux. The positions of bright radio sources have lo errors of ~ 1” while
the faintest (~ 2.5mJy) source positions have errors of 2 15”. The sky surface
density of B; < 23.5 galaxies which meet the colour selection selection criteria is
~ 0.5/0" s0 ~ 40% of ~ 2.5mJy sources will have an unassociated optical galaxy
within 20 of the radio source position. To prevent the catalogue being dominated
by spurious matches to faint radio sources, the radio flux limit has been set to
5mJy which is also the completeness limit of the NVSS catalogue.

An obvious criteria for selecting optical counterparts to radio sources is to

match objects within ~ 30 of the radio source centroid. This assumes that
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Figure 7.1: The 1o errors estimated for the NVSS radio source positions as a
function of flux. NVSS point sources are shown with dots and extended sources
are shown with circles. The estimated error of the positions is strongly correlated

with the object flux.

the radio source position and the optical position are not significantly offset.
Figure 7.2 shows radio and optical images of three radio sources with nearby
counterparts where this assumption is not correct. While radio emission overlaps
the optical galaxy position for all three sources, the offset between the NVSS
radio and optical centroids is > 50 as the peak of the radio emission is often

offset from the optical galaxy.

Selection criteria using only the angular separation between radio and optical
sources can select a large fraction of all radio sources. However, for a fixed angular
scale, the projected distance increases with redshift introducing selection effects
which are a function of redshift. Large radio sources will be excluded at low
redshift but will be included at high redshift where the angular size of the radio

sources is less than the selection criteria.

As the optical counterparts of radio sources are physical associations, selection
criteria based on the physical separation of the optical and radio sources can be
used to select radio galaxies. While the NVSS catalogue does not contain redshift
information, photometric redshifts can be used to estimate the redshifts of optical
galaxies and the projected distance between the optical and radio sources. As the
size (in physical coordinates) of radio sources does not rapidly evolve between

z ~ 1 and z ~ 0 (Buchalter et al. 1998), selection criteria 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 sources. All images are 1’ x 1’ with north at the top
and east to the left. The offsets of the NVSS radio position and the optical
positions are 4.2”, 4.0” and 4.5”. None of the galaxies are within 50 of the radio
position though radio emission overlaps the galaxy position in the FIRST images.
While FIRST has significantly better resolution than the NVSS, it is not used for
the radio galaxy survey as it does not include the SGP.
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Figure 7.3: The projected distances between radio sources and optical galaxies

with angular separations < 30”.

fixed projected distance should not introduce selection effects which are a function
of redshift.

To determine the projected distance used as the selection criteria for optical
counterparts, the distribution of projected distances between NVSS sources and
optical galaxies within 30" of NVSS sources is plotted in Figure 7.3. The number
of optical counterparts declines rapidly on scales < 20h~'kpc after which the
distribution has a long tail. Approximately 25% of the NVSS sources with optical
galaxies within 30” have more than 1 optical counterpart which is consistent with
much of the tail in Figure 7.3 being contamination. To remove the contamination,
optical galaxies > 20h 'kpc from NVSS sources have been excluded from the

radio galaxy sample.

The 20h~tkpc selection criteria will exclude large luminous radio sources. This
should not affect estimates of the evolution of radio sources as radio source sizes
do not rapidly evolve (Buchalter et al. 1998) but it will result in the luminosity
function being steeper at the bright end. Also, while contamination has been re-
duced, it is still present in the radio galaxy catalogue. A portion of the catalogue
will be matches of unassociated radio sources and optical galaxies. To prevent
these objects from biasing the estimate of the luminosity function, a control sam-
ple is constructed by randomly repositioning the radio sources and matching them
to the galaxy catalogue. This process is repeated 10 times so the control sample

size is large enough to not be a significant source 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. Struc-
ture is evident in the distribution of radio galaxies and some of the underdensities
in the plots are coincident with voids in the distribution of cluster candidates in

Figures 5.18 to 5.21.

luminosity function.

Approximately 5% of radio sources with optical counterparts have 2 optical
counterparts resulting in ambiguous redshift estimates. As this is a small fraction
of the total catalogue, rejecting these objects from the radio galaxy and control
samples should only reduce the completeness of the sample by 5% and not sig-
nificantly bias estimates of the evolution of radio galaxies. The estimates of the
space density and luminosity function parameters are renormalised to account for
the 5% of radio galaxies removed from the catalogue. The final catalogue of radio
galaxy candidates contains 213 objects while the control sample (generated with

10 times as many radio sources) contains 192 objects.

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 across the fields and
some ~ 10° regions contain no radio galaxy candidates. Near the north-western
edge of the SGP, this is due to interference from starburst NGC 253. However,
several of the other regions appear to be associated with underdensities of clusters
shown in Figures 5.18 to 5.21 and are probably voids in the distribution of radio

galaxies.
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Figure 7.5: A comparison of photometric and spectroscopic redshifts of galaxies
which have been matched to the NVSS catalogue. The photometric redshifts for
radio galaxies are 15% larger than the redshifts of radio-quiet galaxies with the

same multicolour photometry.

7.3 Redshift Distribution

Initial estimates for the redshifts of radio galaxies were obtained with the pho-
tometric redshift solutions determined for Chapter 5. Comparison of the photo-
metric redshifts of radio galaxies with spectroscopic redshifts showed that radio
galaxy redshifts were systematically underestimated by ~ 15%. This is almost
certainly due to radio-galaxies being more luminous than radio-quiet galaxies
(Sadler et al. 1999, Govoni et al. 2000). To correct for this, the photometric
redshifts of radio galaxies in this chapter have been increased by 15% and Fig-
ure 7.5 shows there is good agreement between the corrected photometric and

spectroscopic redshifts.

The B; and R Hubble diagrams for the optical counterparts of NVSS sources
are shown in Figure 7.6. There is a strong correlation between redshift and
magnitude though this is partially due to the use of photometric redshifts which
result in objects with the same multicolour 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 control sample (Figure 7.7) shows the radio galaxy sample is generally
brighter than the control sample at a given photometric redshift. This is not
unexpected as the control sample (and contamination of the radio galaxy sample)
includes early spiral galaxies while radio galaxies are typically matched with more
luminous elliptical galaxies. The R band Hubble diagram shows evidence for
incompleteness at logz > —0.25 (z > 0.55) due to the B; magnitude limit. As
the apparent magnitude of a Mp, ~ —20 elliptical at z ~ 0.55 is By ~ 23,
this is not unexpected. As this incompleteness of the z > 0.55 radio galaxies
could introduce 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 control sample are shown in Figure 7.8. The contamination shows a small
peak at high redshift but the contamination is < 15% for all redshift bins and

contamination should not bias estimates of the luminosity evolution.

7.4 Colour Distribution

The colour selection criteria applied to the radio galaxy candidates will affect
the sample completeness at some level. If a large fraction of radio galaxies have
colours bluer than the selection criteria, significantly uncertainty is introduced
into estimates of the luminosity function and its evolution.

The colours of galaxies in the radio galaxy and control samples are shown as
a function of redshift in Figures 7.9 and 7.10. While most radio galaxies have red
colours, some do have colours similar to the selection criteria. For comparison,
a plot of the colours 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
colours bluer than the selection criteria, most have been flagged by Dunlop et al.
(1989) as having poor photometry (errors 2 0.5 magnitudes). Comparison of the
Figures 7.10 and 7.11 shows that the Dunlop et al. (1989) colours have larger
scatter than the Panoramic Deep Field colours. Of the 9 z < 0.8 radio galaxies
from Dunlop et al. (1989) with B; — R estimates with errors less than 0.5, 6 are
redder than the selection criteria.

Figure 7.9 contains ~ 10% contamination which would be expected to in-
troduce an excess of blue galaxies as these comprise most of the faint galaxy
population. Figure 7.12 is a plot of the distribution of difference between the

radio galaxy colours and the colour selection criteria. Contamination has been
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Figure 7.6: The B; and R Hubble diagrams of B; < 23.5 radio-galaxies in the

Panoramic Deep Fields.
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Figure 7.7: The B; and R Hubble diagrams of control objects.
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Figure 7.8: The redshift distributions of 0.10 < z < 0.55 radio galaxies and

control objects in the Panoramic Deep Fields.

removed by subtracting the renormalised distribution of the control sample. The
peak of the distribution is redder than the selection criteria and the radio galaxy
sample is not dominated by blue galaxies. The shape of the distribution is a func-
tion of redshift as k—corrections result in redder colours for elliptical galaxies as

a function of redshift.

The estimated restframe colours of the radio galaxy sample is plotted in Fig-
ure 7.13. Restframe colours have been estimated with linear extrapolations from
the E and Sbe k—corrections from Coleman, Wu and Weedman (1980). The peak
of the distribution is ~ 0.2 magnitudes redder than the B; — R = 1.01 selection
criteria. For comparison, the distribution of radio galaxy colours 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 selected by the colour selection
criteria. However, the distributions in Figures 7.13 and 7.14 are not identical and
a systematic 6B; — R = 0.05 difference between the Govoni et al. (2000) and
Panoramic Deep Field colours could alter the completeness by ~ 5%. For the

remainder of the Chapter, the completeness is assumed to be 85%.
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Figure 7.9: The colours of radio galaxies as a function of photometric redshift.

The colour selection criteria is shown with the curved line in the B; — R plot.

Most radio galaxies have B; — R colours significantly redder than the selection

criteria.
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Figure 7.10: The colours of the control sample as a function of photometric
redshift.
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Figure 7.11: The colours of Dunlop et al. (1989) radio galaxies as a function

of redshift. The colour selection criteria used in this chapter is shown with the

curved line and By — R colours have been estimated with B; — R = 0.82(B — R).

Radio galaxies with poor photometry are shown with circles while radio galaxies

with good photometry are shown with dots.
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Figure 7.12: The distribution of the difference of the B; — R colours of the radio

galaxy sample and the colour selection criteria. The peak of the distribution is

significantly redder than the selection criteria.
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Figure 7.13: The restframe B; — R colours of the radio galaxy sample. The
control sample has been subtracted from the distribution to remove the effects of

contamination.
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Figure 7.14: The restframe colours of Govoni et al. (1989) radio galaxies. The
Bj — R colours have been estimated with B, — R = 0.88(B — R).
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7.5 The 1.4 GHz Luminosity Function
The radio power of the sources is estimated by
logP 4(WHz™) = logS; 4(mJy) — (1 —a, )log(1+2) + 2log D;(Mpc) — 17.08 (7.1)

where Sy 4 is the 1.4GHz radio flux, D; is the luminosity distance and «, is the
radio spectral index which is assumed to be 0.7. The radio luminosity function is

estimated by

®(Pa) =Y lem (7.2)

(Schmidt 1968) where V},4,; is the maximum comoving volume in which the ith

source would be included in the sample. The value of V. ; is given by

Zmaw d‘/c
Vmax,i =1 / d> dz (73)

where 7; is the completeness of the survey for sources with the properties of source
Uy Zmin and Zpq. are the minimum and maximum redshifts where source 7 would
be included in the sample and V, is the comoving volume. The derivative of the

comoving volume is given by

dv, c D3
= — 7.4
where D), is the transverse comoving distance, €2 is the survey area and
E(2) = /(14 2)3 + Q1+ 2)2 + Qy. (7.5)

The values of zp,;;, and 2., are set by the bright and faint flux limits (optical
and radio) for the sample and the lower and upper limits for the redshifts over
which the luminosity function is determined.

The radio luminosity function of radio galaxies for 0.10 < 2z < 0.30 and
0.3 < z < 0.55is shown in Figure 7.15 and listed in Table 7.1. The 0.10 < z < 0.30
space density is slightly higher than the low redshift sample of Sadler, Jenkins
& Kotanyi (1989) and has a considerably higher space density than the non-
evolving luminosity function of Mobasher et al. (1999). The disagreement with
Mobasher et al. (1999) is not unexpected as the most luminous radio-galaxies in
the Mobasher sample are ~ 102*WHz™'. The space density of 0.30 < z < 0.55
radio galaxies is significantly higher than the 0.10 < z < 0.30 sample which is

consistent with evolution occurring over the observed redshift range.
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Figure 7.15: The luminosity function of radio galaxies detected in the Panoramic
Deep Fields. The space density of z > 0.1 radio galaxies is significantly higher
than the estimates of space density of z < 0.1 radio galaxies (Sadler, Jenkins

& Kotanyi 1989). For several luminosity bins, the estimate of the space density

of 0.30 < z < 0.55 radio galaxies is significantly higher than the estimates for

0.1 < z < 0.30 radio galaxies.
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Table 7.1: The Radio Galaxy Luminosity Function. Where k; # 0, the radio
powers have been divided by the luminosity evolution to estimate the luminosity

function at z ~ 0.

Redshift Range &k, LogPi4 Nygu @ (R*Mpc~3dex 1)

0.10<z<030 00 2305 16  21+0.5x10°
0.10<z<0.30 00 2355 37 83+£13x10°
0.10<z<0.30 00 2405 35  44+0.7x10°
0.10<2<0.30 0.0 2455 17  2.0£0.5x 107
0.10<z<0.30 0.0 2505 10 1.1 404 %1075
0.10<z<0.30 0.0 2555 3 3.5 £33 x10~4

0.30 < z<0.55 0.0 24.05 85 6.54 0.7 x 1077
0.30 < z<0.55 0.0 24.55 92 35404 x 1077
0.30 < z<0.55 0.0 25.05 29 9.34+1.7x107°
0.30 < z<0.55 0.0 2555 8 2.6 442 x1076
0.30 <z <055 0.0 26.05 4 14451 <1078

0.10<2<055 34 2295 29 23404 x10°°
010<2<055 34 2345 120 9.34+0.9x107°
0.10<2<055 34 2395 133 48405 x107°
010<2<055 34 2445 48 1.24+02x107°
0.10<2<055 34 2495 17 45+1.1x107°
0.10<2<055 34 2545 Y 1.4 439 x1074
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To measure the evolution of the radio galaxy luminosity function, the data

has been fitted with a 2 power-law function

() ()]

(Boyle, Shanks & Peterson 1988, Dunlop & Peacock 1990). The evolution of the

luminosity function is assumed to be pure luminosity evolution where

&(P)d(logP) = C* d(logP) (7.6)

P*(2) = P*(0)(1 + z)k= (7.7)

(Boyle, Shanks & Peterson 1988). The best-fit values for the C*, P*(0), «, 5 and

kp are obtained by minimising
S =-2InL (7.8)

(Marshall et al. 1983) where L is the likelihood. The value of S is given by

S = 25 In[®(P, %)) +2//<I>(P, z)Q(P,z)%dzdP (7.9)
(Marshall et al. 1983). Error estimates for the measured parameters are de-
termined by computing AS for each parameter in turn while allowing the other
values for the parameters to float (Lampton, Margon & Bowyer 1976, Boyle,
Shanks & Peterson 1988). The errors quoted for the remainder of the chapter are
determined for AS = 1 which is equivalent to 1o.

The best-fit estimate of the luminosity function is shown in Figure 7.16 and
the estimates of C*, P*(0), «, § and k;, are listed in Table 7.2. To allow compar-
ison with low redshift samples, the radio power of sources used to estimate the
space density has been divided by the estimate of the luminosity evolution. The
luminosity function model agrees well with the data and the low redshift sample
of Sadler, Jenkins & Kotanyi (1989). The estimate of the luminosity parame-
ter, kp ~ 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 optically selected
QSOs (Boyle, Shanks & Peterson 1988).

7.6 The Environment of Radio Galaxies

Radio galaxies and other radio-loud AGN are often detected in environments

considerably richer than field galaxies (Yee & Green 1987, Prestage & Peacock
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Figure 7.16: The luminosity function of radio galaxies at the current epoch where
the luminosity at z ~ 0 has been estimated by dividing the radio power by

(1 + z)34. There is reasonable agreement between the model of the luminosity

function, the data and Sadler, Jenkins & Kotanyi (1989).

Table 7.2: The Radio Galaxy Luminosity Function Parameters

L.F. Parameter Best-Fit Estimate

. (5.6 4 4.0) x 10~*A*Mpc ?
o (1.6 £1.0) x 10**WHz !
a —1.44 £ 0.08
3 —0.43 £0.07
kr 3.4+14
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1988, Wurtz et al. 1997, Hall & Green 1998, Miller et al. 1999). However,
as radio galaxies can occur in poor environments (Rogstad & Ekers 1969), the
physical processes responsible for radio emission are only correlated with but not
exclusive to rich environments. If environment does have a significant effect on
radio luminosity, evolution of the radio galaxy environment could be responsible
for the evolution of the radio galaxy luminosity function. Several studies have
detected 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 detections of evolution are associated with < 10 objects.
The depth and area of the Panoramic Deep Fields result in the environments
of ~ 180 0.1 < z < 0.55 radio galaxies being imaged and allow the accurate
measurement of the evolution of radio galaxy environment.

The estimator of the angular correlation function is
Uag(0) = —= —1 (7.10)

where AG and AR are the number of AGN-galaxy and normalised AGN-random
pairs separated by 6 4+ 66. If the spatial cross-correlation function is given by

e(r) = (@)V (7.11)

r

then the angular correlation function is given by
w(f) = A9, (7.12)

The relationship between the value of A and rq is given by Limber’s equation
which is discussed Chapters 4 and 6. The redshift distributions of the galaxies
(including radio-galaxies) are determined by smoothing the photometric redshift
distribution with a Gaussian where o is given by the estimated errors of the
photometric redshifts. As the galaxy correlation function is strongly dependent
on morphology and colour (Chapters 4 & 6), galaxies bluer and redder than a non-
evolving Sbc have been used to determine the angular cross-correlation function
of radio-galaxies and particular galaxy types.

Estimates of the radio galaxy-galaxy cross correlation function are listed in
Table 7.3. The cross-correlation with early subsample galaxies is consistently
stronger than the cross-correlation with late subsample galaxies. The average en-
vironment of the radio galaxies in the SGP is also richer than the environment of

radio galaxies in the F855 field. Similar behaviour is seen for the autocorrelation
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Figure 7.17: The distribution of radio galaxy-galaxy pairs with separations less
than 56" 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-
surface density of faint late subsample galaxies. There is no evidence of outliers

significantly biasing the estimates of the pair-counts.

function of red galaxies in Chapter 4. To check estimates of the cross-correlation
have not been biased by contamination or a small number of objects, the distribu-
tion of radio galaxy-galaxy pairs with separations < 56” is plotted in Figure 7.17.
There is no evidence for outliers significantly biasing estimates of the pair-counts.
As the late subsample is ~ 5 times the size of the early subsample, it dominates
the pair-counts and the cross-correlation of radio galaxies with all galaxies is much

weaker than the cross-correlation with the early subsample.

The signal-to-noise of the cross-correlation with the early subsample is suf-
ficient to estimate the value of 7. Estimates of the amplitude and ~ of the
radio galaxy-early cross-correlation function are listed in Table 7.4. Plots of the
cross-correlation function in Figure 7.18 show the power laws to be good approx-
imations to the data though there are significant deviations from the power law
fits on scales > 0.1°. The vales of 7y are ~ 2.1 in both fields though the amplitude
of the cross-correlation function is twice as high in the SGP as F855. While the
value of v is higher than the autocorrelation function of the early subsample, it is

comparable to the autocorrelation function of elliptical galaxies at z ~ 0 (Guzzo
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Table 7.3: The cross-correlation function of radio galaxies with other galaxies in
the SGP and F855 fields

Magnitude Galaxy Angle SGP w(0)  F855 w(h)
Range Subsample
18.0< By <235 Early 7<0< 14" 2484+0.62 1.18+£0.46

18.0 < By <235 Early 14" <9 < 28"  1.56+0.27 1.02+0.22
18.0 < By <235 Early 28" <9 <56” 0.854+0.12 0.42+0.09
18.0 < By <235 Early 56" <6 < 112" 0.36+£0.05 0.15+0.04
18.0 < By <235 Early 112" <6 < 224" 0.14£0.02 0.05£0.02

18.0 < By <235 Late 7<0< 14" 0.36 £0.15 0.40=£0.15
18.0 < By <235 Late 14" <6 <28  025+£0.07 0.14+£0.07
18.0 < By <235 Late 28" <0 < 56"  0.13+£0.04 0.0240.03

18.0 < By <235 Late 56" <6 < 112”7 0.11+£0.02 0.07+0.02
18.0 < By <235 Late 112" <6 < 224" 0.06 £0.01 —0.02+0.01

18.0 < By <235 All <0< 14" 0.73£0.17 0.531£0.15
18.0 < By <235 All 14" <9 <28"  0.41£0.07 0.29+£0.07
18.0 < By <235 All 28" <9 <56”" 0.224+0.04 0.10£0.03
18.0 < By <235 All 56" <0 < 112" 0.14+£0.02 0.07£0.02
18.0 < By <235 All 112" <9 < 224" 0.06+£0.01 0.00=£0.01
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Table 7.4: The cross-correlation function of B; < 23.5 radio galaxies with early
subsample galaxies. The parameters for the angular correlation function have

been determined with fits to the data on angular scales < 0.1°.

Early Subsample SGP F'855
Magnitude Range ¥ w(l') x 103 v w(1l’) x 103

180< B; <21.0 204+£0.17 110£18 2.50+0.43 28 £ 12
180< B; <220 210+£0.11 114+£13 2.06+£0.22 42+ 9
18.0 < B; <23.0 2.18+0.08 95+ 10 2.02£0.13 46 £ 6
18.0 < B; <235 220+£0.07 87T 2.07£0.13 40£5

et al. 1997).

The cross-correlation of radio galaxies with the late subsample is shown in
Figure 7.19. The signal-to-noise is much poorer than Figure 7.18 and power laws
have been fitted to the data with v fixed at 1.65, the value for the early-late
cross-correlation function (Chapter 6). While the fit to the SGP data is good,
the F855 data is poorly fitted by a power law. The cross-correlation function
is considerably weaker than the radio galaxy-early cross-correlation function on
most angular scales.

The amplitude of the angular cross-correlation function of radio galaxies with
the early subsample as a function of limiting magnitude is shown in Figure 7.21.
Models of the spatial correlation function have been fitted to the the B; ~ 22.5
data points for the SGP and F855 fields. The values of 7y determined in the
SGP and F855 fields differ significantly with stronger clustering observed in the
SGP. The clustering in both fields is stronger than the clustering of field galaxies.
The environments of radio galaxies in the SGP are comparable to the average
environment of UBR selected AGN in the same field (Chapter 6). However, if
the 4 AGN associated with unusually rich environments are rejected from the
UBR selected sample, the environments of radio galaxies are significantly richer
than UBR selected AGN. While the radio galaxy sample spans a large range of

redshifts, Figure 7.21 does not show evidence for a consistent increase or decrease
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Figure 7.18: The angular cross-correlation function of radio galaxies with the
early subsample.
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Figure 7.19: The cross-correlation function of B; < 23.5 radio galaxies and late

type galaxies. While a power law is a good approximation to the SGP data, the

fit to the F855 data is poor. On small angular scales, the cross-correlation is an

order of magnitude weaker than the cross-correlation with the early subsample.
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Figure 7.20: The angular cross-correlation function of B; < 23.5 radio galaxies

with all galaxies.

in the richness of the radio galaxy environments over the observed redshift range.

The amplitude of the angular cross-correlation function of radio galaxies with
late subsample galaxies as a function of limiting magnitude is shown in Fig-
ure 7.22. While the values of ry are smaller in the F855 field than the SGP, the
fits to the F855 data are poor and it is possible that large systematic errors exist
in the estimates of the F855 cross-correlation function amplitudes. The values of
ro are comparable to Figure 7.21 but the smaller value of v results in weaker clus-
tering at small scales. Except for the 2 faintest magnitude slices of the SGP plot,

the data in shows no evidence for the evolution of radio galaxy environments.

The lack of evolution of the clustering is surprising as Yee & Green (1987),
Hill & Lilly et al. (1991) and Wurtz et al. (1997) claim detections of evolution
of the environment of radio-galaxies and radio-loud AGN over a similar range of
redshifts. To confirm that the evolution of the clustering is negligible, the cross-
correlation with the early subsample has been determined for radio galaxies with
photometric redshifts 0.10 < z < 0.30 and 0.30 < z < 0.55. The amplitude of the
angular cross-correlation function as a function 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 richer
than 0.30 < z < 0.55 radio galaxies. However, the values of ry differ by only
~ 10% and it is entirely plausible that systematic errors in the galaxy selection
criteria or redshift distribution model could introduce a signal at this level. There

is no evidence for a positive correlation between the richness and redshift of
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Figure 7.21: The amplitude of the angular cross-correlation function of radio

galaxies with early subsample galaxies. The strength of the clustering does not

consistently increase or decrease with increasing magnitude or redshift.
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Figure 7.22: The amplitude of the angular cross-correlation function of radio

galaxies with the late subsample. The strength of the clustering does not consis-

tently increase or decrease with increasing magnitude or redshift.
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Figure 7.23: The amplitude of the angular cross-correlation function of radio
galaxies and all galaxies. While the values of ry are comparable to the cross-
correlation with early subsample galaxies, the smaller value of 7 results in ~ 50%

weaker clustering on scales < 1h~'Mpc.

radio galaxy environments. This does not exclude the possibility of a correlation
between richness and redshift for luminous (P > 10?WHz™') radio galaxies (Hill
& Lilly 1991) as few luminous sources are contained in this sample. However,
if there is a strong correlation between richness and redshift for luminous radio
galaxies, it is surprising that a weaker correlation isn’t present for fainter sources.
The lack of a correlation between richness and redshift in this sample implies
that, for most radio galaxies, the evolution of the radio luminosity function is not

directly caused by evolution of the richness of the radio galaxy environment.

While there isn’t a strong correlation between the evolution of the luminosity
function and richness, this does not exclude a correlation between radio galaxy
luminosity at a given epoch and environment. To determine if there is a correla-
tion between radio luminosity and environment, the radio luminosity of galaxies
at the current epoch has been estimated using the luminosity evolution estimate
from the Section 7.5. The cross-correlation with early type galaxies has been
determined with P(z = 0) > 10*°WHz™! and P(z = 0) < 10*°WHz! radio
galaxies. Plots of the amplitude of the angular cross-correlation function for the
2 subsamples are shown in Figures 7.26 and 7.27. In a given field, the estimates
of ro vary by ~ 10% between the bright and faint subsamples. There is no con-
sistent trend between environment and luminosity in the two fields. If there is a

correlation between radio power and environment, radio galaxy samples spanning
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Figure 7.24: The amplitude of the angular cross-correlation function of 0.10 <

0.40 < z < 0.55 Radio Galaxies
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Figure 7.25: The amplitude of the angular cross-correlation function of 0.30 <

z < 0.55 radio galaxies and early subsample galaxies.
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larger ranges of luminosity or containing > 10? objects are required if a detection

is to be made with the angular cross-correlation function.

7.7 Summary

The Panoramic Deep Fields and the NVSS have been used to compile a catalogue
of 0.1 < z < 0.55 B; < 23.5 radio galaxies. Radio fluxes, multicolour photometry
and photometric redshifts have been used to select ~ 180 radio galaxies and to
measure the evolution of their luminosity and environments. The key conclusions
are

(i) The evolution of the radio galaxy luminosity function can be approximated
by luminosity evolution where P(z) ~ P(0)(1+ z)3*. The measured evolution of
the luminosity function is similar to previous estimates of the evolution of radio
sources (Rowan-Robinson et al. 1993) and is similar to the evolution of optically
selected AGN (Boyle, Shanks & Peterson 1988).

(ii) Radio galaxies are typically found in environments richer than field galaxies.
Over the redshift range observed, the environments of radio galaxies are compa-
rable to or slightly richer than the environments of early-type galaxies and UBR
selected AGN.

(iii) While the radio luminosity function rapidly evolves from z ~ 0.1 to z ~ 0.55,
no significant evolution of the environment of radio galaxies was detected.

(iv) There is no evidence for a correlation between radio luminosity and envi-
ronment in the Panoramic Deep Field sample. If a correlation between richness
and luminosity does exist, samples containing > 10? radio galaxies or spanning

a large range of luminosities are required to detect the correlation.
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Figure 7.26: The amplitude of the angular cross-correlation function of P(0) >

10**°WHz ™! radio galaxies and early subsample galaxies.
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Figure 7.27: The amplitude of the angular cross-correlation function of P(0) <

10**°WHz ™! radio galaxies and early subsample galaxies.
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Chapter 8

Conclusions and Future

Prospects

8.1 The Panoramic Deep Fields

The Panoramic Deep Fields are a deep wide-field multicolour survey of two high
galactic latitude fields. The size and depth of the fields allows the accurate

statistical measurement of the environments and evolution of galaxies and AGN.

The survey images have been constructed by digitally stacking scans of UK
Schmidt photographic plates. The use of photographic plates provides a ~ 250°
field-of-view (with low vignetting) and allows archival material to be used for the
production of deep images. The successful coaddition of the scans requires accu-
rate background subtraction and robust bad pixel rejection to achieve deep clean
images. SExtractor has been used to construct and classify the object catalogue.
Photometry has been calibrated with deep CCD images and astrometry has been

determined with a solution derived from Tycho-2 stars.

The successful construction and use of the catalogue would not have been pos-
sible without visual inspection of the data and the availability of published data
on the Internet. Visual inspection is particularly effective for finding spurious
objects in images (Chapter 2). Online databases (NED and CDS in particular)
have been used to calibrate or confirm the accuracy of object classifications, as-
trometry, photometry, dust extinction, photometric redshifts, radio fluxes, galaxy
selection criteria and the cluster catalogue. The science derived from surveys is
significantly improved by the availability of other data for the same field and this

must be considered when surveys are planned. For this reason, surveys and object
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catalogues are much more effective if they are available online. The Panoramic

Deep Fields will be available online after the completion of this thesis.

8.2 Galaxy and Cluster Environments

The environments of galaxies and clusters have been measured from z ~ 0.4 until
the current epoch with the Panoramic Deep Fields. Despite the large field-of-view
of each of the fields, there are significant differences between the observed clus-
tering of galaxies. This is particularly true for red early-type galaxies and galaxy
clusters, both of which are strongly clustered in both fields. The distribution of
galaxy clusters in the two fields is consistent with the differences being caused by
large-scale-structure at z ~ 0.4 rather than smaller structures at z ~ 0.

The strong correlation between galaxy colour and environment has been mea-
sured by applying colour selection criteria to the galaxy catalogue. The clustering
of blue U — By selected galaxies is weaker than any morphologically selected sam-
ple described in the published literature and is comparable to the clustering of
Bj > 23 field galaxies. The weak clustering (ry < 3h~'Mpc) implies galaxy colour
and stellar population are more strongly correlated with environment than galaxy
morphology.

Since there is a strong correlation between galaxy colour and environment,
single power-law models for the clustering of all galaxies are not meaningful. At
the very least, the clustering of galaxies is a function of colour (Chapter 4), lu-
minosity (Loveday et al. 1995) and redshift. To measure the correlation function
as a function of these parameters, a large catalogue of galaxy redshifts and mul-
ticolour photometry is required. This should be provided by wide-field surveys
including 2dFGRS and SDSS.

The correlation between galaxy colour and environment has significant impli-
cations for the study of the evolution of large-scale-structure. Single band imaging
cannot measure the evolution of clustering. Single band images will select dif-
ferent galaxy populations as a function of redshift and changes in the measured
clustering properties will be dominated by the correlation between colour and en-
vironment. It should be possible to measure the evolution of galaxy clustering by
applying colour selection criteria to multicolour catalogues. However, red early-
type galaxies will require survey volumes considerably larger than the Panoramic

Deep Fields (> 1000 x 60 x 60h~3Mpc) to prevent individual structures bias-
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ing estimates of the correlation function. While blue galaxies could be used to
measure the evolution of clustering, constraints on their luminosity evolution
and redshift distribution are poor (Ellis 1997). Both issues must be addressed
if galaxy clustering is to be used to constrain galaxy evolution and cosmological

parameters.

8.3 AGN Evolution and Environments

The evolution of radio galaxies has been measured from z ~ 0.5 to the current
epoch with the Panoramic Deep Fields. Photometric redshifts, colour selection
and matches to the NVSS have been used to select a catalogue of ~ 180 z < 0.55
radio galaxies. By selecting radio sources within a fixed projected distance of red
galaxies, the selection criteria for radio galaxies is not strongly correlated with
redshift and it is possible to measure the evolution of radio galaxies. The evolution
of the radio galaxy luminosity function is consistent with luminosity evolution
where the radio luminosity is given by L(z) ~ L(0)(1 + z)3>*. The observed
evolution is similar to previous estimates of the evolution of radio galaxies (Dunlop
& Peacock 1990, Rowan-Robinson et al. 1993) and is similar to the evolution of
the QSO optical luminosity function. While it could be argued the same physical
processes are responsible for the luminosity evolution of different AGN types, it

is plausible that the observed similarity is purely coincidental.

The Panoramic Deep Fields have been used to measure the environments of
U B R-selected AGN and radio galaxies at intermediate redshifts. Colour selection
criteria and photometric redshifts have been used to select specific galaxy-types
and to significantly improve the signal-to-noise of the angular cross-correlation
function. UBR-selected AGN and radio galaxies occur in significantly richer
environments than field galaxies. However, this is not unexpected as Mpg ~
—21 AGN often occur in early-type hosts (Schade, Boyle, Letawsky 2000) and
radio galaxies have bulge dominated morphologies (Matthews, Morgan & Schmidt
1964). Most U BR selected AGN hosts have environments similar to other galaxies
with the same morphology, but ~ 6% may be associated with unusually rich
environments. While radio galaxies are in richer environments than most UBR-
selected AGN, the observed clustering properties are similar to elliptical galaxies
at low redshift (Guzzo et al. 1997). The Panoramic Deep Fields do not provide

evidence of AGN hosts being in unusual galaxy environments compared with
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other galaxies with similar morphologies.

The environments of UBR-selected AGN and radio galaxies do not exhibit
rapid evolution over the observed redshift range. Previous studies of AGN envi-
ronments at intermediate redshifts have claimed detections of evolution (Yee &
Green 1987, Hill & Lilly et al. 1991, Wurtz et al. 1997) but the detections have
usually relied on small number of objects and have been derived from single-band
imaging. The evolution of the AGN luminosity function is not associated with or

caused by rapid evolution richness of AGN environments.

The luminosities of UBR-selected AGN and radio galaxies are not strongly
correlated with environment. It can be argued that the occurrence of radio galax-
ies in richer environments than UBR selected AGN could be due to a correlation
between environment and radio luminosity. However, this argument assumes
unified models of AGN are valid. While no correlation was detected between
optical luminosity and environment in Chapter 6, such a correlation must occur
if AGN host environments are the same as galaxies with the same morphology,
as Seyferts occur more frequently in late-type galaxies than QSOs (McLure et al.
1999, Schade, Boyle & Letawsky 2000). If this correlation does exist, it should
be detectable in larger samples of uniformly selected AGN. It will be possible to
use the 2dFQRS and the Panoramic Deep Fields to place further constraints on
the environments of U B R-selected AGN.

The Panoramic Deep Field estimate of the radio galaxy luminosity function
provides good constraints on the evolution of radio galaxies at low redshift. How-
ever, at higher redshifts the constraints are poor as they have been derived from
small samples or with redshifts derived from K band photometry (Dunlop & Pea-
cock 1990). The techniques used to select z < 0.5 radio galaxies in the Panoramic
Deep Fields should also be applicable to surveys of z > 1 radio galaxies with CCD
mosaics. In particular, it should be possible to use photometric redshifts, colour
selection and projected distance criteria to uniformly select large samples of radio

galaxies over a wide range of redshifts.

While the environments of radio galaxies and AGN have been measured at
2 < 0.5, the constraints 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, significant evolution may occur
at redshifts where the rate of galaxy formation and evolution is significantly higher

than the current epoch. The bias of QSOs with respect to galaxies must also be
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determined as a function of redshift if QSOs are to be used to trace large-scale-

structure 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 cluster candidates
from Chapter 5. The AMF estimates of the redshift, richness and likelihood are
listed for the By, R and I bands (where available). If a previously identified
cluster is within a projected distance of 0.25h *Mpc from the cluster candidate,
the name and redshift from the NED database are provided. If a galaxy with
a spectroscopic identification is within 0.1~2 'Mpc of the cluster position, the

redshift is listed with the superscript g.
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Cluster RA Declination Bj; AMF R AMF I AMF NED  Previous ID
(J2000) (J2000) z A L zZ A L z A 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 1246 0.24 230 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 Declination Bj; AMF R AMF I AMF NED  Previous ID
(J2000) (J2000) z A L zZ A L z A 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 Declination Bj; AMF R AMF I AMF NED  Previous ID
(J2000) (J2000) z A L zZ A L z A 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] C10048-3018
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 -2519 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 Declination By AMF R AMF I AMF NED  Previous ID
(J2000) (J2000) z A c z A c 7 A c 2
PDF J0053-2535 00 53 04.7  -25 35 38 040 350 1594 043 440  10.60
PDF J0053-2543 0053 11.9  -254304  0.19 220  16.11 026 21.0 11.73
PDF J0053-2741 00 53262  -274101 031 420  20.09 0.38 420 2276 043 78.0 2245
PDF J0053-3000 00 53 27.4  -30 00 49 049 430 13.50
PDF J0053-3009 00 53 29.3  -30 09 04 0.33 240 11.85
PDF J0053-2519 00 53 30.3  -25 19 34 039 290 10.84
PDF J0053-3010 00 53 33.1  -30 1043  0.25 260  10.48
PDF J0053-2800 00 53 44.8  -28 0024  0.38 400 11.59 044 480 21.19
PDF J0053-3002 00 53 522  -30 0253 048 760 1091 052 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  -274151  0.61 210.0 11.71
PDF J0054-2705 00 54 01.5  -27 0508  0.54 130.0 11.17
PDF J0054-2823 00 54 03.5  -282355 032 330 1466 0.38 37.0 2192 030 23.0 1147 0.25° [VMF98] 004
PDF J0054-2542 00 54 06.8  -2542 15 0.28 240 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  -2750 05  0.26  60.0  44.23  0.30 49.0  46.80 0.38 720  33.67
PDF J0054-2543 00 54 21.5  -254329 039 540 1657 0.37 33.0 1653
PDF J0054-2831 0054 31.6  -283120 035 370 11.88 044 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 12 026 23.0 1151
PDF J0054-2811 00 54 59.6  -28 1106  0.58 200.0  11.29
PDF J0055-2905 00 55 02.0  -29 05 08 0.63 780 12.49
PDF J0055-2745 00 55 06.8  -27 45 32 0.64 820 11.36
PDF J0055-3006 00 55 08.4  -30 06 10 012 250 21.62
PDF J0055-2826 00 55 148  -28 26 46  0.56 160.0  13.99
PDF J0055-2842 00 55 14.9  -28 42 26 049 60.0 11.93
PDF J0055-2553 00 55 18.3  -255321 020 200 1360 028 23.0 17.17 024 23.0 1543
PDF J0055-2623 00 55 24.3  -262327  0.13 680 12424 0.11 60.0 12287 0.1 60.0 117.30 0.11° APMCC 119
PDF J0055-3006 00 5525.6  -30 0659  0.13 430  39.81 0.13 36.0 33.87
PDF J0055-2601 00 55 25.8  -26 01 11 021 220  12.00
PDF J0055-2830 00 55 27.9  -28 30 53 0.60 780 12.84
PDF J0055-2720 00 55 28.8  -272047  0.63 250.0  10.38
PDF J0055-2847 00 55 32.0  -28 4747  0.09 230 2493 0.11 20.0 1808 ABELL $0100
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 0.65 780 12,63
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Cluster RA Declination Bj; AMF R AMF I AMF NED  Previous ID
(J2000) (J2000) z A L zZ A L zZ A 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 11.19 048 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] C10054-3005
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 0.048
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 3921 036 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 0.12 420 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 2858 0.18 350 3537 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 8.0 14.99 047 70.0 33.17 047 520 11.13 0.56¢ J1888.16CL
PDF J0056-2536 00 56 56.9 -25 36 45 0.39 70.0 21.26 0.39 520 2694 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 0.29 250 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 Declination Bj; AMF R AMF I AMF NED  Previous ID
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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] C10058-2936
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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PDF J0100-2831 0100 17.0  -283111 023 20.0 10.47
PDF J0100-2623 0100 18.8  -26 23 20 058 620 13.64
PDF J0100-3011 0100194  -30 1124 030 320 1539 0.30 340 2495 039 420 14.31 [LP96] C10058-3029
PDF J0100-3003 01 0024.6  -30 03 33 049 540  16.90
PDF J0100-2634 01 00 30.5  -26 34 01 0.62 880  18.60
PDF J0100-2718 0100 33.1  -27 18 09 073 1300 1282 038 370 12.33
PDF J0100-2944 01 00 348  -29 44 57 0.54 460  11.44
PDF J0100-2946 0100444  -294659 032 31.0 10.76
PDF J0100-2955 0100 450  -295514 043 660 14.23 045 640  30.65
PDF J0100-2705 01 00 45.3  -27 05 19 049  44.0  10.62
PDF J0100-2818 0100481  -28 1843 021 290 1834 032 39.0 27.15 020 27.0 1840
PDF J0100-2956 01 00 48.9  -29 56 28 043  49.0 13.08
PDF J0100-2901 0100 528  -29 01 36 024 220 12.69
PDF J0100-2931 0100529  -293142 020 230 10.90
PDF J0100-2725 0100 558  -27 25 05 0.67 86.0 10.25
PDF J0101-2831 0101152  -283150 021 560 46.99 0.21 520 5343 017 330 34.53
PDF J0101-2840 0101 17.7  -284054 032 580 2850 0.31 56.0 46.77 031 540 30.83
PDF J0101-2800 01 01 22.4  -28 00 03 046 440 16.53
PDF J0101-2918 01 0129.9  -29 1848  0.18 340 29.93 ABELL S0114
PDF J0101-2613 01 01 31.7  -26 13 12 0.65 980 19.34
PDF J0101-2755 0101351  -275504 022 200 11.61 025 230 13.36
PDF J0101-2535 0101384 -253539 042 560 12.17
PDF J0101-2915 0101 39.1  -29 15 28 020 350 3840 020 300 2566
PDF J0101-2606 0101 40.4  -26 0610 029 300 1459 0.28 27.0 18.65
PDF J0101-2536 0101 53.0  -25 36 25 033 37.0 17.38
PDF J0102-2538 0102151  -253800 029 320 15.79 027 240 13.38
PDF J0102-2614 0102160 -26 1442 024 31.0 20.55 026 260 18.37
PDF J0102-2944 0102 19.2  -29 44 36 0.64 940 17.51
PDF J0102-2546 01 02 26.7  -25 46 37 052 440  10.07
PDF J0102-2919 0102 36.1  -29 19 23 014 210 2316 014 200 21.93
PDF J0102-2540 01 02 44.6  -254046  0.17 240 1548 029 37.0 22.92
PDF J0102-2925 0102574  -292504 024 270 15.86
PDF J0102-2911 0102581  -291103 030 800 79.21 0.30 680 87.88 027 60.0 59.81 ABELL S0119
PDF J0103-2528 0103 09.2  -252842 032 340 10.53
PDF J0103-2518 0103 13.9  -25 18 22 0.51  50.0  16.06
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PDF J0103-2547 0103 16.2  -25 47 39 036 29.0 1547

PDF J0103-2540 0103 17.5  -254038  0.32 480 2573 037 540 37.13 021 280 20.46
PDF J0103-2852 0103 19.1  -28 52 49 026 260 19.72

PDF J0103-2851 0103322 -285156 019 21.0 1591

PDF J0103-2820 0103350  -282034 029 27.0 13.95 029 220 1677 029 250 12.85
PDF J0103-2752 0103473  -275204 039 47.0 1418 039 370 2209 044 580 17.85
PDF J0104-2936 0104 06.7  -2936 19  0.13  20.0 13.87

PDF J0104-2836 0104 159  -28 36 53 030 250 1527 036 340 11.02
PDF J0104-2547 01 04 222 -25 47 46 0.37 300 1244

PDF J0104-2830 01 04 51.0  -28 30 32 044 380 14.21

PDF J0105-2520 0105254  -252039 022 360 3065 021 320 3423 021 270 2251
PDF J0105-2537 01 05 45.4  -25 37 27 045 34.0 11.09

PDF J0105-2548 01 0546.5 -2548 10  0.37 47.0 1847 038 440 30.56 035 41.0 19.53
PDF J0105-2905 0105550  -290515  0.13 24.0 25.61

PDF J0106-2624 0106 10.5  -262419 039 41.0 10.43

PDF J1032-0244 1032432  -024401 039 420 10.09 039 360 18.92

PDF J1032+0210 1032533 4021021 0.3 27.0 2564 0.17 240 2416 011 220 21.12
PDF J1033-0134 1033083  -013445 023 280 1842 024 300 2363 021 230 1351
PDF J1033-0221 1033 13.1  -022145 021 380 3325 022 340 30.87 011 210 1859
PDF J1033-0127 1033 19.8  -01 27 20 045 520 1843

PDF J1033-0151  103323.1  -015115 044 940 2552 045 580 29.07 046 680 14.40
PDF J1033+0203 10 33 24.6 402 03 45 057 450 10.39

PDF J1033+0139 1033330 4013950 0.50 84.0 11.94 049 350 11.68

PDF J1033+0200 10 33 41.1 402 00 02 010 20.0 16.58
PDF J1033-0040 10 33 44.7  -00 40 45 013 200 14.63
PDF J1033-0157 1033527 -015726 030 380 18.83 028 28.0 1879 028 27.0 10.69
PDF J1033-0039 1033562 -003930 022 33.0 19.00 021 32.0 22.37

PDF J1034-0215 1034009 -021510 0.8 480 46.17 023 440 4256 013 37.0 33.79
PDF J1034-0105 1034 17.6  -01 05 54 044 520 11.41
PDF J1034-0050 10 34 17.6  -0050 14  0.24 30.0 12.94

PDF J1034-0057 1034193  -0057 14 029 31.0 1459 029 23.0 12.99

PDF J1034-0219 1034 27.3  -0219 17 031  33.0 20.89

PDF J1034-0112 1034 35.7  -01 12 54 048 380 1232

PDF J1034-0216 10 34 422  -021649  0.12 230 14.16

PDF J1034-0213 10 34 53.7  -02 13 31 011 210 1097
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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 31.35 049 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+4+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 2085 0.09 200 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+4-0117 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+40114 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+40211 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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PDF J1039+0022 10 39 49.1 +00 22 44 0.40 31.0 10.48
PDF J10394-0205 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 J10404-0159 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 J10404-0045 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 J10404-0129 10 40 50.1 +01 29 08 0.49 35.0 10.46
PDF J1040+40056 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 J10404-0153 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 2544 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+40209 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+40110 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+40211 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 0.14 240 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+40105 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 2396 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+40207 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
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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 J10424-0023 10 42 57.1 +00 23 58 0.32 31.0 18.08 0.30 32.0 14.55
PDF J10424-0025 10 42 58.7 +00 25 37 0.45 120.0 25.53
PDF J10434-0125 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 J10434-0115 10 43 11.9 +01 15 56 0.56 44.0 10.25
PDF J10434-0050 10 43 15.2 400 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 10 029 29.0 11.74
PDF J10434-0018 10 43 21.8 400 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 J10434-0006 10 43 28.4 400 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 J10434-0016 10 43 40.0 +00 16 58 0.09 22.0 1841
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 2473 024 30.0 2694 020 27.0 20.48
PDF J10434-0058 10 43 53.1 +00 58 12 0.09 38.0 40.22  0.10 33.0 34.90
PDF J10434-0107 10 43 54.8 +01 07 16 0.10 28.0 2247 ABELL 1080
PDF J10434-0034 10 43 58.1 400 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 J10444-0027 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 12.9 400 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 21.2 400 05 25 0.52 420 1091
PDF J1044-0003 10 44 32.7 -00 03 14 0.43 84.0 56.88 [LP96] C11042+-0013
PDF J1044-0048 10 44 37.7 -00 48 36 0.26 24.0 1268 0.33 21.0 10.52
PDF J1044-0015 10 44 459 -00 15 11 0.23 37.0 2739 0.12 20.0 1850 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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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] C11043+4-0009
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 0.048
PDF J1045-0228 10 45 29.0 -02 28 24 0.28 220 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 J10454-0121 10 45 35.4 401 21 42 0.56 140.0 12.93 0.60 80.0 21.89

PDF J10454-0128 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 2110 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 47.0 402 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 J10464-0044 10 46 00.1 400 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] C11044-0004
PDF J1046+0122 10 46 18.3 401 22 07 0.36 50.0 1391 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 23.2 400 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 1582 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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PDF J1046+0210 10 46 282  +02 10 22 0.63 1050 29.58

PDF J1046-0004 1046 31.5  -00 0403  0.38 44.0 10.94

PDF J1046-0055 1046 332  -0055 11 043 740  13.27

PDF J1046-0116 10 46 33.2  -01 16 38 0.55 940 11.66

PDF J1046-0056 10 46 34.8  -00 56 26 0.54 420 10.15

PDF J1046-0000 10 46 36.4  -00 00 45 037 280 10.98

PDF J1046+0042 10 46 38.0  +00 42 56  0.67 350.0  11.64

PDF J1046+0127 1046 38.1 4012729 0.17 40.0 4385 0.17 38.0 4876 0.11 350 44.86

PDF J1046+0020 10 46 39.7  +0020 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 1046 41.5  -0128 11  0.19 21.0  10.79

PDF J1046-+0035 10 46 44.6  +00 35 31 0.67 780 11.76

PDF J1046-0019 10 46 44.7  -00 19 44 035 320 1822 030 29.0 11.08

PDF J1046++0110 10 46 49.6 401 10 09 028 27.0 10.14

PDF J1046-0155 1046 49.8  -015524 038 47.0 1460 038 350 19.67 0.38 420 11.92

PDF J1046-0041 1046 52.9  -0041 10  0.24 26.0  13.82

PDF J1046-0214 10 46 53.1  -02 14 47 034 31.0 1241

PDF J1046-0021 1046 54.6  -002123 028 350 1855

PDF J1046-0025 10 46 54.6  -00 25 30 045 360 11.09 0.47¢  F1835.22CR

PDF J1047-0054 10 47 01.2  -00 54 47 064 920 1273

PDF J1047-0200 10 47 03.0  -020045 035 43.0 1583 044 490 2347 044 540 1029

PDF J1047+0002 10 47 04.4  +00 0232 0.22 420 26.01

PDF J1047-0115 10 47 045  -011524 039 540 13.94

PDF J1047-0117 1047 11.1  -01 17 27 064 125.0 36.79

PDF J1047+0001 10 47 12.7 400 01 17 023 240  16.86

PDF J1047-0008 10 47 12.7  -00 08 35 039 250  10.33

PDF J1047-0028 10 47 16.0  -00 28 48 039 290 1173 0.088

PDF J1047+0206 10 47 17.7 40206 15 047 720 1233 059 880 2577 059 105.0 10.28

PDF J1047-0131 1047 17.8  -013104 032 420 1739 033 300 1548

PDF J1047-0124 1047194  -012403 025 350 1453 027 330 15.11

PDF J1047-0104 1047 243  -010440 047 80.0 1465 053 900 42.71

PDF J1047-0219 10 47 37.7 021943 017 23.0  16.77

PDF J1047-0223 10 47 37.7  -02 23 01 018 280 2110 0.14 200 13.17

PDF J1047-0003  104739.1  -000339  0.57 150.0 11.63

PDF J1047-0023 1047 39.1  -002351 041 460 11.15 041 33.0 13.67 0.35¢  F1835.28BR.
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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 J10484-0007 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 0.24 220 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 0.21 200 1525 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 49 134 -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 J10494-0002 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+40008 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 17.59 044 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+40141 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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PDF J1050-0107 10 50 04.3 -01 07 58 0.60 72.0 11.47
PDF J10504-0120 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+4-0123 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+40015 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+40010 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




Appendix C
Radio Galaxies

The tables in this appendix provide a full list of the radio galaxies identified
in Chapter 7. NVSS source names, optical position, multicolour photometry,
photometric redshift and the offset between the radio and optical positions are
provided. Objects with photometric redshifts z > 0.55 and multiple matches to
NVSS sources 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 Source RA Declination  S3 4mJy By U-B;y B;yj—R R-1I 2 Optical-Radio
(J2000) (J2000) Offset
NVSS J004407-294749 00 44 07.8 -29 47 49.6 95.7 23.17 - 2.34 - 0.584 1.8"
NVSS J004432-285648 00 44 32.9  -28 56 48.7 8.3 22.33 - 2.28 1.26 0.528 1.7
NVSS J004443-300604 00 44 43.6 -30 06 04.5 5.6 21.93 - 2.29 1.02 0.477 1.6"
NVSS J004514-292851 00 45 14.5 -29 28 51.3 16.0 22.08 - 2.60 0.75 0.507 2.6"
NVSS J004607-282258 00 46 07.7  -28 22 58.9 5.7 21.64 - 2.09 0.76 0.420 2.6"
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"
NVSS J004637-295330 00 46 37.7  -29 53 30.9 37.2 20.48 0.66 1.61 0.88 0.289 71"
NVSS J004649-300728 00 46 49.5 -30 07 28.8 29.2 22.76 - 2.03 - 0.492 1.9”
NVSS J004702-271742 00 47 02.8  -27 17 42.7 7.7 21.88 - 2.69 0.84 0.505 3.1”
NVSS J004722-273110 00 47 23.0 -27 31 10.7 17.4 22.08 - 2.77 1.11 0.549 0.9"
NVSS J004724-292200 00 47 24.9 -29 22 004 8.1 22.81 - 2.78 1.24 0.628 5.1
NVSS J004752-284404 00 47 52.1  -28 44 04.3 39.8 23.06 - 2.07 - 0.544 1.0”
NVSS J004808-281052 00 48 08.5 -28 10 52.2 14.3 22.62 - 2.76 1.48 0.627 2.8
NVSS J004827-290603 00 48 27.3  -29 06 03.5 15.5 18.83 0.96 1.76 - 0.200 5.8"
NVSS J004831-294209 00 48 31.4 -29 42 09.6 7.7 22.39 - 2.04 1.92 0.556 2.7"
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/
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”
NVSS J004940-274236 00 49 40.3  -27 42 36.8 9.4 22.42 - 2.23 1.44 0.543 5.4"
NVSS J004954-282535 00 49 54.8  -28 25 36.0 8.9 21.03 - 2.48 0.86 0.415 1.9”
NVSS J005049-280410 00 50 49.3 -28 04 10.5 33.8 21.82 - 2.40 0.14 0.442 0.8"
NVSS J005106-262601 00 51 06.6  -26 26 01.5 5.0 22.22 - 2.12 0.51 0.461 4.8"
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"
NVSS J005116-272046 00 51 16.4  -27 20 46.6 12.9 21.24 - 2.19 0.74 0.398 3.3"
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
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"
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"
NVSS J005209-263055 00 52 09.6 -26 30 55.6 10.1 22.21 - 2.22 0.31 0.462 2.4
NVSS J005216-253042 00 52 16.2  -25 30 43.0 11.0 21.69 - 2.63 0.69 0.476 2.8"
NVSS J005223-284110 00 52 23.9 -28 41 10.3 7.8 23.50 - 2.53 1.37 0.683 3.4"
NVSS J005241-284123 00 52 41.6  -28 41 23.2 6.6 20.58 - 2.21 0.73 0.350 6.3"
NVSS J005302-254756 00 53 02.4 -25 47 56.2 22.0 22.11 - 2.62 1.22 0.543 4.3"
NVSS J005304-281614 00 53 04.9  -28 16 14.0 9.9 23.06 - 2.02 - 0.592 2.9"
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"
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"
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"
NVSS J005422-294003 00 54 22.4  -29 40 03.6 18.0 22.04 - 2.01 1.51 0.487 3.3"
NVSS J005437-253356 00 54 37.8 -25 33 56.6 5.3 21.72 - 2.33 1.07 0.466 3.3"
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/
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"
NVSS J005513-275207 00 55 13.3 -27 52 07.8 19.1 22.66 - 2.23 1.70 0.588 3.6"
NVSS J005515-253859 00 55 15.7  -25 38 59.7 7.8 20.65 - 2.04 0.86 0.343 1.2
NVSS J005531-272330 00 55 31.0 -27 23 30.2 6.5 21.82 - 2.42 0.87 0.473 1.5"
NVSS J005542-275056 00 55 42.1  -27 50 56.1 6.2 23.19 -1.61 2.46 - 0.713 4.7"
NVSS J005548-283605 00 55 48.6 -28 36 05.6 10.4 21.30 - 1.91 1.11 0.388 4.6"
NVSS J005608-262505 00 56 08.2  -26 25 05.9 163.7 21.72 - 2.16 0.18 0.414 1.7"
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"
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"
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"
NVSS J005642-254144 00 56 42.3 -25 41 44.3 68.7 2291 - 2.62 1.75 0.666 0.7"
NVSS J005642-264707 00 56 42.5  -26 47 07.6 22.9 20.04 - 2.38 0.78 0.334 3.7
NVSS J005648-254337 00 56 48.0 -25 43 37.3 8.6 22.52 - 2.37 0.93 0.534 2.5"
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"
NVSS J005656-254628 00 56 56.4  -25 46 28.5 16.2 22.10 - 2.53 1.08 0.522 3.2
NVSS J005700-260928 00 57 00.9 -26 09 28.5 5.3 22.47 - 2.36 0.93 0.528 0.6"
NVSS J005708-254409 00 57 08.8  -25 44 09.9 12.2 21.88 - 2.89 0.44 0.504 2.2
NVSS J005722-290718 00 57 22.9 -29 07 18.7 6.8 21.40 - 2.26 0.85 0.421 5.1"
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"
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
NVSS J005742-253315 00 57 42.8  -25 33 15.8 238.4 21.46 - 1.88 1.09 0.398 1.5"”
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"
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"
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”
NVSS J005832-292616 00 58 32.7 -29 26 16.0 56.2 23.37 - 3.30 1.13 0.736 2.4
NVSS J005833-263225 00 58 33.3  -26 32 25.9 25.1 22.90 - 2.37 0.81 0.563 1.2
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"
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"
NVSS J005916-253849 00 59 16.4 -25 38 49.9 6.6 20.08 - 2.24 0.60 0.317 2.2
NVSS J005936-252153 00 59 36.9  -25 21 53.9 8.4 21.15 - 2.28 0.90 0.406 1.6"
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"
NVSS J010001-291946 01 00 01.1  -29 19 47.0 19.0 19.61 - 1.86 0.70 0.254 3.0"”
NVSS J010004-261116 01 00 04.2 -26 11 16.8 12.6 21.23 - 1.98 1.04 0.388 2.6"
NVSS J010006-283210 01 00 07.0 -28 32 10.1 16.9 20.44 - 2.09 1.14 0.343 5.1"
NVSS J010010-260655 01 00 10.8  -26 06 55.3 5.3 22.47 - 2.25 1.30 0.540 4.5"
NVSS J010022-272342 01 00 22.9 -27 23 42.1 9.1 22.81 - 2.30 1.33 0.582 4.2"
NVSS J010031-263352 01 00 31.0  -26 33 52.7 98.8 22.08 - 2.36 1.96 0.567 1.8"
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
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"
NVSS J010114-284018 0101 14.1 -28 40 18.5 18.9 20.48 - 2.17 0.52 0.334 3.8
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”
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"
NVSS J010204-294203 01 02 04.1 -29 42 03.8 26.9 21.83 - 2.32 0.53 0.448 4.5"
NVSS J010213-253731 01 02 13.0  -25 37 31.3 6.3 20.79 - 2.15 0.55 0.355 4.4"
NVSS J010312-251801 01 03 12.5 -25 18 01.5 16.6 21.43 - 2.15 1.07 0.422 3.3"
NVSS J010312-251754 01 03 12.7  -25 17 54.9 16.6 21.90 - 2.66 0.38 0.481 4.1"
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"
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”
NVSS J010401-300107 01 04 01.4  -30 01 07.2 6.1 20.76 - 2.46 0.55 0.383 2.7
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"
NVSS J010437-300452 01 04 37.9  -30 04 52.7 12.0 20.68 - 2.09 0.85 0.350 4.1
NVSS J010448-261250 01 04 48.5 -26 12 50.1 8.2 22.42 - 2.55 1.06 0.551 4.2"
NVSS J010449-283024 01 04 49.9  -28 30 24.7 8.9 21.79 - 2.81 1.03 0.522 5.3"
NVSS J010451-251725 01 04 51.6 -25 17 25.1 10.0 20.51 - 1.92 0.98 0.324 5.7"
NVSS J010453-262221 01 04 53.4 -26 22 21.0 18.7 21.49 - 2.23 0.66 0.418 0.4"
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"
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"
NVSS J010525-263145 01 05 25.1  -26 31 45.0 5.0 20.77 - 1.65 0.84 0.312 4.2"
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"
NVSS J010542-295443 01 05 42.5  -29 54 43.1 7.0 20.85 - 2.09 0.49 0.351 1.9”
NVSS J010545-254752 01 05 45.3 -25 47 52.4 34.5 19.90 - 2.21 0.68 0.305 1.3"
NVSS J010545-295032 01 05 45.6  -29 50 32.8 12.3 21.17 - 2.21 0.69 0.392 1.8"
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"
NVSS J010607-280934 01 06 07.2  -28 09 34.9 10.9 22.88 -1.33 2.06 - 0.509 0.3"
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"
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"
NVSS J103241+013423 10 32 41.1 +01 34 23.7 9.2 22.70 - 2.24 1.75 0.597 1.2"
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"
NVSS J1034144-000521 10 34 14.6 400 05 21.1 254.8 19.14 0.58 1.39 0.70 0.180 4.6"
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"
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”
NVSS J103431+012354 10 34 31.2 +01 23 54.8 15.9 22.54 - 2.40 1.23 0.559 1.3"
NVSS J1034534-003637 10 34 53.9  +00 36 37.7 139.1 22.16 - 2.25 0.91 0.488 0.8"
NVSS J103456-001004 10 34 56.9 -00 10 04.5 6.3 21.37 - 2.09 0.67 0.395 3.5"
NVSS J1035204+012022 10 35 20.9 +01 20 22.8 5.5 22.65 - 1.99 1.24 0.526 3.6"
NVSS J103525-000140 10 35 25.4  -00 01 40.8 7.8 21.58 - 2.34 0.79 0.441 4.5"
NVSS J103526-012513 10 35 26.2 -01 25 13.7 7.3 21.24 - 2.13 0.83 0.394 2.1"
NVSS J103551-004245 10 35 52.0  -00 42 46.0 6.1 21.84 - 2.69 0.92 0.506 0.7"
NVSS J103608+013719 10 36 09.0 +01 37 20.0 11.0 21.39 - 2.31 0.73 0.420 1.5"
NVSS J103619-001955 10 36 19.7  -00 19 55.8 8.4 20.35 - 1.94 0.76 0.309 0.8"
NVSS J103622+011119 10 36 22.9 +01 11 19.8 5.8 21.83 - 2.54 1.14 0.502 2.1"
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"
NVSS J103700+014539 10 37 00.5 +01 45 39.1 44.7 22.18 - 2.62 0.90 0.526 4.2
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"
NVSS J103741-012800 10 37 41.0  -01 28 00.2 81.8 21.55 - 2.19 0.81 0.424 4.2"
NVSS J103749-000522 10 37 49.2 -00 05 22.7 32.0 21.26 - 1.81 1.11 0.375 2.3"
NVSS J103829-002934 10 38 29.0  -00 29 34.0 5.3 20.68 - 2.46 0.80 0.386 4.5"
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"
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"
NVSS J103843-020736 10 38 43.4 -02 07 36.3 6.6 21.41 - 2.40 0.93 0.440 4.0"
NVSS J103849-013925 10 38 50.0 -01 39 25.9 10.9 20.69 - 1.68 0.26 0.301 3.9
NVSS J103853-024059 10 38 53.9  -02 40 59.1 5.8 22.47 - 2.07 1.42 0.529 1.0”
NVSS J103855-015043 10 38 55.6 -01 50 43.9 9.9 20.92 - 2.25 0.74 0.378 4.2"
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"
NVSS J103911+013801 10 39 11.2 +01 38 01.0 24.0 21.24 - 2.05 0.68 0.381 1.0”
NVSS J1039204-010514 10 39 20.4 401 05 14.9 8.3 18.40 0.66 1.77 0.91 0.183 6.4"
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"
NVSS J103944-021128 10 39 44.2 -02 11 28.5 29.7 22.65 - 2.73 1.22 0.605 3.5"
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"
NVSS J104014-023504 10 40 14.9 -02 35 04.1 17.3 2211 - 2.69 0.84 0.525 1.1”
NVSS J104020+010505 10 40 20.3 +01 05 05.9 11.2 22.26 - 1.95 - 0.441 2.7"
NVSS J104037+004222 10 40 37.8 +00 42 22.3 15.9 21.44 - 2.37 1.04 0.445 0.9"
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"
NVSS J104044+020533 10 40 44.8 +02 05 33.8 20.0 21.82 - 2.65 0.52 0.479 2.0"
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
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""
NVSS J1041064+011904 10 41 06.3  +01 19 04.4 11.0 22.05 - 2.56 1.20 0.528 0.2"
NVSS J104118+001047 10 41 18.2 +00 10 47.9 6.3 21.59 - 2.44 0.85 0.455 4.7
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
NVSS J104122+4-020902 10 41 22.9 +02 09 02.4 250.4 21.49 - 2.35 1.06 0.449 2.5"
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
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"
NVSS J104139-005416 10 41 39.0 -00 54 16.2 20.6 22.27 - 2.80 1.31 0.583 4.3"
NVSS J104159-020144 10 41 59.6  -02 01 45.0 48.6 19.79 - 2.19 0.87 0.301 3.5"
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"
NVSS J1042164012003 10 42 16.2 401 20 03.1 23.5 21.62 - 1.89 1.56 0.438 1.3"
NVSS J104231+003906 10 42 31.5 +00 39 06.9 9.8 21.46 - 2.37 0.57 0.426 5.2/
NVSS J104241-000946 10 42 41.7 -00 09 46.1 12.5 2291 - 2.68 1.03 0.611 1.4"
NVSS J104246-022757 10 42 46.9  -02 27 57.6 7.8 22.57 - 2.11 1.54 0.552 1.0”
NVSS J104250+003354 10 42 51.0 +00 33 54.7 5.8 21.49 - 2.13 0.71 0.409 3.4"
NVSS J1043014010654 10 43 01.6  +01 06 54.7 10.9 19.54 1.02 2.00 0.85 0.266 6.6"
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"
NVSS J1043354+011629 10 43 35.8 +01 16 29.2 99.2 19.61 0.44 1.72 0.59 0.239 5.5"
NVSS J104335-000733 10 43 35.9 -00 07 34.0 20.8 21.02 - 2.33 0.68 0.393 4.8"
NVSS J104339-000013 10 43 39.8 -00 00 13.9 5.7 19.11 0.34 1.35 - 0.168 5.7"
NVSS J104346+010042 10 43 46.0 +01 00 42.5 13.0 23.08 - 2.39 1.31 0.617 3.9"
NVSS J104348-012400 10 43 48.0 -01 24 00.3 8.7 20.70 - 2.15 0.67 0.351 4.1"
NVSS J1043524-000603 10 43 52.4 400 06 03.5 7.5 22.24 - 3.01 0.82 0.570 3.4"
NVSS J104412-023831 10 44 12.6 -02 38 31.6 5.8 19.75 - 1.83 0.60 0.257 1.9”
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"
NVSS J104415-010946 10 44 15.8 -01 09 46.9 15.6 21.24 - 1.91 - 0.358 1.5"
NVSS J1044554005655 10 44 55.1 400 56 55.7 16.6 17.88 0.52 1.52 0.83 0.113 2.4"
NVSS J104509-015843 10 45 09.4  -01 58 43.3 9.7 22.06 - 2.49 0.98 0.507 1.3"




91¢

angoreye) Axerer) orpey :97) 9qe],

NVSS Source RA Declination  S7 4mJy By U-B;y B;yj—R R-1I z Optical-Radio
(J2000) (J2000) Offset
NVSS J104513-004929 10 45 13.4 -00 49 29.9 7.4 21.34 - 2.72 0.63 0.454 3.5"
NVSS J1045134-014557 10 45 13.8  +01 45 57.4 10.1 21.09 - 2.72 0.83 0.444 2.1
NVSS J104516-010607 10 45 16.5 -01 06 07.3 12.5 20.53 - 2.07 0.72 0.332 2.2
NVSS J104525+001241 10 45 25.0 +00 12 41.5 10.6 22.35 - 2.29 0.61 0.492 1.2
NVSS J1045374000116 10 45 37.3 400 01 16.6 14.7 20.53 - 2.36 0.93 0.369 3.1
NVSS J104603-023015 10 46 03.8 -02 30 15.2 10.6 22.55 - 2.95 0.74 0.585 0.6"
NVSS J104603+014907 10 46 03.8  +01 49 07.4 18.3 21.47 - 2.47 0.81 0.446 1.5"
NVSS J104626-005030 10 46 26.1 -00 50 31.0 6.8 21.67 - 2.36 0.57 0.441 5.7"
NVSS J104630-001212 10 46 30.7  -00 12 12.7 6.5 21.34 - 2.19 0.84 0.409 3.4"
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
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
NVSS J104650-000109 10 46 50.8  -00 01 09.6 35.6 22.22 - 2.02 0.56 0.453 5.5"
NVSS J104650-000115 10 46 51.0 -00 01 15.1 35.6 20.90 - 2.46 0.89 0.405 0.4"
NVSS J104658-014727 10 46 58.4  -01 47 27.2 11.5 21.94 - 2.03 1.83 0.503 2.5"
NVSS J104723-021849 10 47 23.7 -02 18 49.7 30.3 20.51 - 1.96 0.64 0.319 4.0"
NVSS J1047334001526 10 47 33.5 400 15 26.5 49.7 23.27 - 2.47 1.47 0.660 0.6"
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"
NVSS J1047444-013637 10 47 44.3 401 36 37.9 28.9 23.49 - 2.16 - 0.574 5.2/
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"
NVSS J104801-013014 10 48 01.9 -01 30 14.4 5.4 17.70 - 1.27 0.80 0.105 3.0"
NVSS J1048054000858 10 48 05.9  +00 08 58.2 47.8 22.69 - 2.80 0.87 0.591 0.8"
NVSS J104828+003938 10 48 28.7 400 39 38.4 5.2 18.06 0.24 1.31 0.87 0.117 12.3"
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
NVSS J104850-011227 10 48 50.0 -01 12 27.6 5.9 21.06 - 2.31 0.77 0.396 2.5"
NVSS J104905-015747 10 49 05.4  -01 57 47.7 9.0 21.84 - 1.92 0.87 0.424 1.6"
NVSS J104910-003640 10 49 10.6 -00 36 40.3 18.2 23.14 - 2.81 1.59 0.697 3.4"
NVSS J104923+000027 10 49 23.2 +00 00 27.6 23.2 22.12 - 2.64 0.71 0.513 0.2
NVSS J104926-000347 10 49 26.5  -00 03 47.7 6.7 20.30 - 2.17 0.76 0.328 4.5"
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”
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”
NVSS J104933-002741 10 49 33.9 -00 27 41.9 15.3 23.40 - 2.19 1.25 0.625 1.6"
NVSS J104935-011408 10 49 36.0  -01 14 08.3 5.2 22.29 - 1.90 - 0.438 3.9"
NVSS J104958-022624 10 49 58.3 -02 26 24.1 14.7 22.65 - 2.55 0.93 0.564 2.2
NVSS J105026-020426 10 50 26.9  -02 04 26.0 14.4 21.68 - 1.93 1.28 0.431 3.1
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"
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angoreye) Axerer) opey :)°0) 9qe],

NVSS Source RA Declination S1.4mJy By U— By B;j—R R-1 z Optical-Radio
(J2000) (J2000) Offset
NVSS J105037-004724 10 50 37.5  -00 47 24.7 125.7 22.86 - 2.34 - 0.541 4.5"
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"
NVSS J1050474010739 10 50 47.4  +01 07 39.4 30.4 23.25 - 2.25 1.39 0.627 0.8"
NVSS J105101-001738 10 51 01.2 -00 17 39.0 16.5 20.27 - 1.98 0.90 0.311 2.4"
NVSS J105103-021259 10 51 03.6  -02 12 59.8 6.6 22.77 - 2.02 0.67 0.509 2.7
NVSS J105112-011510 10 51 12.4 -01 15 10.5 23.7 20.50 - 2.29 0.74 0.353 1.4"
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"
NVSS J105126-014403 10 51 26.2 -01 44 03.1 17.2 22.83 - 2.87 0.79 0.607 2.5
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"”
NVSS J1051504-011351 10 51 50.7 +01 13 51.0 10.1 23.19 - 2.43 0.76 0.594 1.8"
NVSS J105158+005045 10 51 59.0 +00 50 45.4 13.8 20.67 - 2.58 0.63 0.391 1.4"
NVSS J1051594-005047 10 51 59.5  +00 50 47.8 13.8 18.66 0.86 1.59 1.27 0.154 9.5"
NVSS J105227-014108 10 52 27.1 -01 41 08.4 23.3 21.71 - 2.20 0.55 0.427 3.7




