Abstract

Our aim in this thesis is to use the clustering of QSOs to investigate largescale structure and cosmology. We are particularly concerned with estimating the cosmological parameters which govern the evolution of structure in the Universe.

We first investigate how QSOs trace the distribution of ‘normal’ galaxies by measuring the correlation between a sample of ∼ 150 QSOs and faint, b_J < 23 galaxies. At z < 1.5 we find that the cross-correlation amplitude is marginally negative. This low signal clearly rules out models in which QSOs inhabit rich environments. The environments of QSOs are more similar to those of average galaxies. The slight negative correlation can be explained by gravitational lensing, but this has no effect on our conclusions concerning QSO environments.

We determine the clustering properties of a combined sample of > 1500 QSOs including the LBQS and Durham/AAT QSO surveys. This data set has a clustering amplitude ξ̄(10 h^{−1} Mpc) = 0.83 ± 0.29 for Ω_0 = 1 at z̄ = 1.27. On ∼ 100 − 1000 h^{−1} Mpc scales the limit on detected signals in ξ is ±0.025. A model of clustering evolution which includes the effect of bias was used to compare QSO clustering to the clustering of low redshift galaxies and Seyfert galaxies. If Seyferts and QSOs are similarly clustered, then the data prefer a low Ω_0 or high bias for QSOs and galaxies. In contrast, comparisons to the CMB measurements of COBE assuming a CDM-type power spectrum suggest low bias. This might be taken as evidence for low Ω_0, but the data is still consistent with Ω_0 = 1 and b_{qρ} ≃ b_{gρ} ≃ 2. We consider the possibility that nearby galaxy clusters can gravitationally lense background QSOs. We apply the lensing hypothesis to the result of Boyle et al., (1988) and find that cluster masses required are too large. A small dust component could retrieve the lensing model and allow more reasonable mass estimates for clusters from this method.

The requirement for a new, deep, wide-field, QSO survey is clear. We discuss the construction of the candidate catalogue for the 2dF QSO Redshift Survey, which will contain ∼ 25000 QSOs. We calibrate the photographic plates used for the candidate catalogue and assess the sources of errors and incompleteness. From preliminary spectroscopic observations we conclude that the completeness of the 2dF catalogue is ∼ 71.1 ± 7.1%, compared with an estimated completeness of ∼ 80%. We propose to substantially increase the catalogue completeness (to ∼ 90%), by the introduction of UKST r plates into our candidate catalogue.

Preface

The work described in this thesis was undertaken between 1993 and 1997 whilst the author was a research student under the supervision of Dr. T. Shanks in the Department of Physics at the University of Durham. This work has not been submitted for any other degree at the University of Durham or at any other University.

The majority of the work contained in this thesis is the authors own. The research contained in Chapters 4 and 6 was carried out as part of the 2-degree Field Quasar Redshift Survey in collaboration with R.J Smith, T. Shanks, B.J. Boyle, L Miller and M.A. Read.

A number of the results presented here have appeared in the following papers :

Croom, S.M., Shanks, T., Boyle, B.J., (1995), in Maddox, S.J., Aragon-Salamanca, A., eds, Wide-Field Spectroscopy and the Distant Universe (35th Herstmonceux Conf.), World Scientific.

Croom, S.M., Shanks, T., (1996), MNRAS, 281, 893.

Acknowledgements

I must first thank my supervisor, Dr. Tom Shanks, for his encouragement, enthusiasm and time over the last three and a half years. His many suggestions and comments on this thesis have greatly improved the final result. I should also thank Dick Fong, Shaun Cole, Ian Smail, Gavin Dalton, Steve Maddox and many others for useful discussions. I acknowledge the support given to me by a Durham University Research Studentship. The use of STARLINK computing facilities during my research has been vital, I would like to thank Alan Lotts for his continuous work to keep the computing network up and running.

My thanks must go to all the members of the 2dF QSO Redshift Survey team: Tom Shanks, Brian Boyle, Lance Miller, Mike Read, and most of all Robert Smith. It has been a pleasure to work with such a group of people. Mike Irwin at the APM facility must be thanked for his constantly helpful responses to my continuing demands for plates to be scanned. 2-degree Field instrument is a great technological achievement, my thanks and continued admiration goes to Keith Taylor, Karl Glazebrook, Ian Lewis and the many others on the 2dF team.

I have been fortunate to be surrounded by so many good colleagues while working here at the Department of Physics. My thanks go to all my friends that are past and present members of the department: Jane, Gillian, Roger, Andrew, Omar, Vince, Doug, Dave, Claire, Steve, Ali, Henry, Katherine, Harald, Scott ... (apologies to anyone I’ve missed out!). In particular, Andrew Ratcliffe, Omar Almaini, Doug Burke, Claire Halliday, Harald Kuntschner and Katherine Gunn deserve a mention for surviving sharing several offices with me. I am particularly indebted to Katherine for reading the drafts of this thesis.

I also have to thank my friends who allowed me to escape the world of Durham and astronomy from time to time, thanks to Paul O’Neill, Mark Watson, Martin Brockington, Hugh Bradley, Sam El Jouzi, Michael Sutton and Paul Bryant.

Finally, and most importantly, I must thank my family for their support over the many years that I have been a student. It is good to know that whatever I do and wherever I go they are behind me one hundred per cent.

Scott

21 August 1997

Contents

Abstract i

Preface ii

Acknowledgements iii

Contents iv

1 Introduction 1 1.1 A Standard View of Cosmology . . . . . . . . . . . . . . . . . . . . . 1 1.2 Structure in the Universe . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.3 QSO Formation and the Relationship Between QSOs and Galaxies . . 6 1.4 Aims: QSOs as Cosmological Probes . . . . . . . . . . . . . . . . . . 8

2 Cross-Correlation of QSOs and Faint, b_J = 23, Galaxies 11 2.1 Introduction - QSO Environments . . . . . . . . . . . . . . . . . . . . 11 2.2 Data and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.3 Cross-Correlation Results . . . . . . . . . . . . . . . . . . . . . . . . 18 2.4 Modelling QSO Environments . . . . . . . . . . . . . . . . . . . . . . 25 2.4.1 Limber’s equation . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.4.2 A comparison of models and data . . . . . . . . . . . . . . . . 27 2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3 Evolution of QSO Clustering 32 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.2.1 The QSO samples . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.2.2 Comparison of LBQS and other surveys . . . . . . . . . . . . 34 3.3 Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 3.3.1 Correlation function estimates . . . . . . . . . . . . . . . . . . 36 3.3.2 Error analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.4 Results at Small Scales . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.5 Results at Large Scales . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.5.1 Clustering in the LBQS at large scales . . . . . . . . . . . . . 44 3.5.2 Large-scale structure in the combined sample of QSOs . . . . 47 3.5.3 QSO ξ(r) in low q_0 and Λ ≠ 0 models . . . . . . . . . . . . . . 47 3.6 The Evolution of QSO Clustering in a Biased Model . . . . . . . . . . 52 3.7 Predicted and Observed QSO Clustering at r ∼ 10 h^{−1} Mpc . . . . . 55 3.8 The QSO Clustering Amplitude Compared to COBE Normalized CDM 57 3.9 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 3.9.1 Small scale clustering . . . . . . . . . . . . . . . . . . . . . . . 60 3.9.2 Intermediate scale clustering . . . . . . . . . . . . . . . . . . . 61 3.9.3 Large scale clustering . . . . . . . . . . . . . . . . . . . . . . . 62 3.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4 A New UVX Catalogue for the 2-degree Field QSO Survey 65 4.1 Introduction - the need for a new QSO survey . . . . . . . . . . . . . 65 4.2 Producing a Homogeneous UVX Catalogue . . . . . . . . . . . . . . . 68

4.2.1 Correcting field effects on photographic plates . . . . . . . . . 71 4.2.2 CCD photometry of stellar sequences . . . . . . . . . . . . . . 73 4.2.3 Calibrating photographic plates with CCD sequences . . . . . 76 4.2.4 Checks on the photometric calibration . . . . . . . . . . . . . 80 4.2.5 u − b_J selection of QSO candidates . . . . . . . . . . . . . . . 82 4.3 Testing the UVX Catalogue . . . . . . . . . . . . . . . . . . . . . . . 83 4.3.1 Photometric errors . . . . . . . . . . . . . . . . . . . . . . . . 91 4.3.2 Measures of completeness from known QSOs . . . . . . . . . . 94 4.3.3 2dF vs. Durham/AAT . . . . . . . . . . . . . . . . . . . . . . 98 4.3.4 A calculation of 2dF survey completeness . . . . . . . . . . . . 101 4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5 The Correlation of UVX QSOs with Foreground Galaxy Clusters 103 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 5.2 Statistical Gravitational Lensing . . . . . . . . . . . . . . . . . . . . . 104 5.3 The Correlation of Durham/AAT QSOs and Galaxy Clusters . . . . . 107 5.3.1 A comparison of lensing models and the data . . . . . . . . . 107 5.4 The Correlation of 2dF UVX QSOs and Rich Clusters . . . . . . . . . 111 5.4.1 The data and methods . . . . . . . . . . . . . . . . . . . . . . 111 5.4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 5.5 The Correlation of QSOs and b_J < 23 Galaxies . . . . . . . . . . . . . 117 5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6 Spectroscopic Observations of UVX QSO Candidates 121 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 6.2 The Bright FLAIR QSO Sample . . . . . . . . . . . . . . . . . . . . . 122 6.2.1 Observations and the FLAIR-II instrument . . . . . . . . . . . 122

6.2.2 FLAIR data reduction . . . . . . . . . . . . . . . . . . . . . . 122 6.2.3 Spectroscopic results . . . . . . . . . . . . . . . . . . . . . . . 123 6.3 The Faint 2dF QSO Sample . . . . . . . . . . . . . . . . . . . . . . . 128 6.3.1 Observations with the 2-degree Field instrument . . . . . . . . 128 6.3.2 2dF data reduction . . . . . . . . . . . . . . . . . . . . . . . . 129 6.3.3 Spectroscopic results . . . . . . . . . . . . . . . . . . . . . . . 130 6.3.4 Properties of the QSO sample . . . . . . . . . . . . . . . . . . 133 6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

7 Conclusions 140 7.1 QSO Environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 7.2 Evolution of QSO Clustering . . . . . . . . . . . . . . . . . . . . . . . 141 7.3 Lensing of QSOs by Galaxy Clusters . . . . . . . . . . . . . . . . . . 141 7.4 The 2-degree Field QSO Redshift Survey . . . . . . . . . . . . . . . . 142 7.5 The Future: Science from the 2dF QSO Redshift Survey . . . . . . . 142

Bibliography 144

A The Flair Spectroscopic Sample 150

B The 2dF Spectroscopic Sample 153 viii