NEUTRAL HYDROGEN ABSORPTION STUDIES OF ACTIVE GALAXIES

A thesis submitted to the University of Manchester for the degree of Doctor of Philosophy in the Faculty of Science

By Robert J. Beswick Department of Physics & Astronomy July 2002

Frontispiece

Probing the Neutral Gas and Dust at the Centre of an Active Galaxy at the Highest Resolutions:- a montage of 1.4 GHz MERLIN radio continuum and falsecolour HST image of the radio galaxy 3C 293 with selected Hi absorption spectra.

Contents

List of Figures 10

List of Tables 14

Abstract 16

Declaration 19

Copyright & Ownership 20

The Author 21

Publications 22

Acknowledgments 24

Abbreviations & Conventions 26

1 Introduction 29

1.1 An Introduction to Active Galaxies . . . . . . . . . . . . . . . . . 29 1.2 Characteristics & Classification of Active Galaxies . . . . . . . . . 30 1.2.1 Active Galactic Nuclei . . . . . . . . . . . . . . . . . . . . 30 1.2.2 Orientation Dependent Unification Models . . . . . . . . . 36 1.2.3 Starbursts & Luminous Infrared Galaxies . . . . . . . . . . 40 1.2.4 Starburst–AGN Connections . . . . . . . . . . . . . . . . . 41 1.3 Triggering & Fuelling of Activity in Galaxies . . . . . . . . . . . . 43 1.4 Neutral Gas in Galaxies . . . . . . . . . . . . . . . . . . . . . . . 49 1.4.1 Neutral Hydrogen Studies & The 21 cm Line . . . . . . . . 49 1.4.2 Neutral Hydrogen Absorption Studies of

Active Galaxies . . . . . . . . . . . . . . . . . . . . . . . . 54 1.4.3 Comparisons with other Astronomical

Observational Techniques . . . . . . . . . . . . . . . . . . 60 1.5 This Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 2 Observations and Techniques 67 2.1 Principles of Radio Interferometry & Aperture Synthesis . . . . . 68 2.1.1 The Two-Element Interferometer . . . . . . . . . . . . . . 68 2.1.2 Aperture Synthesis . . . . . . . . . . . . . . . . . . . . . . 70 2.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Contents

2.2.1 Imaging & Deconvolution . . . . . . . . . . . . . . . . . . 75 2.2.2 Weighting . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 2.2.3 Resolution and Observable Structure . . . . . . . . . . . . 77 2.2.4 Spectral Line Imaging . . . . . . . . . . . . . . . . . . . . 78 2.3 Radio Interferometers used for Observations Presented in this Thesis 80 2.3.1 MERLIN . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 2.3.2 The GMRT . . . . . . . . . . . . . . . . . . . . . . . . . . 83 2.4 Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 2.4.1 Preliminary MERLIN Data Reduction . . . . . . . . . . . 87 2.4.2 Reduction and Analysis – aips . . . . . . . . . . . . . . . 89 2.4.3 The Special Case of Spectral Line Data Reduction . . . . . 90 2.5 Radio Observations . . . . . . . . . . . . . . . . . . . . . . . . . . 94 2.6 Optical Observations – HST . . . . . . . . . . . . . . . . . . . . . 94 2.6.1 Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . 98 3 The Radio Galaxy:{ 3C 293 99 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 3.1.1 Background – 3C 293 . . . . . . . . . . . . . . . . . . . . . 100 3.2 Observations and Image Processing . . . . . . . . . . . . . . . . . 103 3.2.1 MERLIN . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

Contents

3.2.2 GMRT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 3.2.3 HST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 3.4.1 Comparison of MERLIN (atomic hydrogen), HST (dust) and Molecular Gas (CO emission and absorption) . . . . . 111 3.4.2 Broad and Narrow Hi Absorption Spectral Components . . 113 3.4.3 Comparison of Depolarisation of the Radio Continuum and Hi Absorption . . . . . . . . . . . . . . . . . . . . . . . . . 117 3.4.4 Gas Dynamics in the Central kpc:

A Rotating Ring of Gas? . . . . . . . . . . . . . . . . . . . 117 3.5 Model of Gas and Dust in 3C 293 . . . . . . . . . . . . . . . . . . 120 3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 4 The Seyfert Galaxies:{ NGC 7674 & NGC 7469 125 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 4.1.1 Background – NGC 7674 & NGC 7469 . . . . . . . . . . . 127 4.2 Observations and Image Processing . . . . . . . . . . . . . . . . . 130 4.2.1 MERLIN . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 4.2.2 GMRT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 4.2.3 HST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Contents

4.3 Results & Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 134 4.3.1 NGC 7674 . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 4.3.2 NGC 7469 . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 5 The Luminous Infrared Merger:{ NGC 6240 148 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148 5.1.1 Background – NGC 6240 . . . . . . . . . . . . . . . . . . . 149 5.2 Observations and Image Processing . . . . . . . . . . . . . . . . . 151 5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154 5.3.1 Continuum Observations . . . . . . . . . . . . . . . . . . . 154 5.3.2 Spectral Line Data . . . . . . . . . . . . . . . . . . . . . . 155 5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 5.4.1 Continuum . . . . . . . . . . . . . . . . . . . . . . . . . . 158 5.4.2 Spectral Line Mapping . . . . . . . . . . . . . . . . . . . . 159 5.5 Origins of the Radio Emission . . . . . . . . . . . . . . . . . . . . 160 5.5.1 All Radio Emission due to Starburst Activity . . . . . . . 161 5.5.2 Active Galactic Nuclei . . . . . . . . . . . . . . . . . . . . 164 5.5.3 Combination of AGN and Starburst . . . . . . . . . . . . . 164 5.6 Kinematics of NGC 6240 . . . . . . . . . . . . . . . . . . . . . . . 167

Contents

5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 6 Luminous Infrared Galaxies 172 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 6.2 Details of the Observations . . . . . . . . . . . . . . . . . . . . . . 173 6.2.1 Notes about Individual Observations . . . . . . . . . . . . 174 6.3 Individual Sources . . . . . . . . . . . . . . . . . . . . . . . . . . 176 6.3.1 III Zw 35 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 6.3.2 UGC 2369 . . . . . . . . . . . . . . . . . . . . . . . . . . . 180 6.3.3 IR 0335+1523 . . . . . . . . . . . . . . . . . . . . . . . . . 182 6.3.4 Zw 49.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183 6.4 General Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 186 7 Summary and Future Work 189 7.1 Conclusions of Work Presented in this Thesis . . . . . . . . . . . . 191 7.2 Hi Absorption against Radio Galaxies . . . . . . . . . . . . . . . . 191 7.2.1 3C 293 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191 7.3 Hi Absorption against Seyfert Galaxies . . . . . . . . . . . . . . . 193 7.3.1 NGC 7674 . . . . . . . . . . . . . . . . . . . . . . . . . . . 193 7.3.2 NGC 7469 . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

Contents

7.4 Hi Absorption against Luminous Infrared Galaxies . . . . . . . . . 195 7.4.1 NGC 6240 . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 7.4.2 Other LIRGs . . . . . . . . . . . . . . . . . . . . . . . . . 196 7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196 7.6 Future Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 7.6.1 Future Instrumentation . . . . . . . . . . . . . . . . . . . . 204

Contents

List of Figures

1.1 A schematic representation of the orientation dependent standard model of AGN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 1.2 A unifying model for fuelling active galaxies. . . . . . . . . . . . . 45 1.3 A possible merger driven unified scenario for AGN triggering. . . 47 2.1 Two-element interferometer. . . . . . . . . . . . . . . . . . . . . . 70 2.2 Layout of MERLIN telescopes. . . . . . . . . . . . . . . . . . . . . 81 2.3 The u, v coverage of MERLIN at various declinations. . . . . . . . 82 2.4 Photograph of two GMRT antennae. . . . . . . . . . . . . . . . . 84 2.5 Telescope layout for the GMRT. . . . . . . . . . . . . . . . . . . . 85 2.6 The u, v coverage of GMRT at various declinations. . . . . . . . . 86 2.7 An example Hi absorption spectra. . . . . . . . . . . . . . . . . . 90 3.1 Montage of optical, radio and molecular emission from 3C 293. . . 101

3.2 Low resolution VLA 1.36 GHz map and GMRT absorption spectra of 3C 293. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 3.3 MERLIN 5 GHz continuum image of the central few kiloparsecs of 3C 293. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 3.4 Montage of 1.36 GHz naturally weighted MERLIN contoured image overlaying a false-colour HST image with selected absorption spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 3.5 A 1.36 GHz uniformly weighted image of 3C 293. . . . . . . . . . 109 3.6 Grey-scaled representation of the integrated Hi optical depth compared to optical HST image. . . . . . . . . . . . . . . . . . . . . . 112 3.7 Contour maps of the absorption in individual spectral channels. . 114 3.8 Right Ascension vs. velocity plot across the centre 3C 293. . . . . 115 3.9 Position-velocity plot of Hi opacity near to the nucleus of 3C 293. 118 3.10 Spatial distribution of the narrow component of absorbing Hi gas in 3C 293. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 3.11 Schematic model of the spatial distribution of absorbing Hi gas in 3C 293. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 4.1 Montage of the Hickson compact galaxy cluster number 96 with false-colour CHFT R-band image, GMRT contours of Hi emission and absorption and GMRT Hi spectra. . . . . . . . . . . . . . . . 127 4.2 Montage of grey-scaled HST image, MERLIN 1.4 GHz continuum contour map and Hi absorption spectra. . . . . . . . . . . . . . . 128

List of Figures

4.3 Channel maps of Hi absorption against NGC 7674. . . . . . . . . 132 4.4 15 GHz VLA image of NGC 7674. . . . . . . . . . . . . . . . . . . 133 4.5 Montage of grey-scaled HST image, MERLIN 1.4 GHz radio continuum and Hi absorption spectra for NGC 7469 . . . . . . . . . . 137 4.6 Channel maps of Hi absorption against NGC 7469. . . . . . . . . 141 5.1 HST image of NGC 6240. . . . . . . . . . . . . . . . . . . . . . . 149 5.2 MERLIN montage of Hi absorption in NGC 6240. . . . . . . . . . 152 5.3 1.4 GHz MERLIN uniformly weighted image on NGC 6240 . . . . 153 5.4 5 GHz naturally weighted MERLIN image on NGC 6240. . . . . . 155 5.5 Channel maps of Hi absorption against NGC 6240. . . . . . . . . 157 5.6 Position-velocity plots of Hi absorption in NGC 6240. . . . . . . . 158 5.7 Velocity gradients in NGC 6240. . . . . . . . . . . . . . . . . . . . 162 5.8 5 GHz MERLIN continuum map of NGC 6240. . . . . . . . . . . 166 5.9 Schematic representation of the kinematics of NGC 6240. . . . . . 169 6.1 Radio frequency interference on the Tabley telescope. . . . . . . . 175 6.2 Montage of MERLIN Hi absorption against III Zw 35. . . . . . . . 178 6.3 Montage of MERLIN continuum map and spectra of UGC 2369. . 180 6.4 Montage of MERLIN Hi absorption against IR 0335+1523. . . . . 182 6.5 Montage of MERLIN Hi absorption against Zw 49.0. . . . . . . . . 184

List of Figures

6.6 Channel maps of Hi absorption against Zw 49.0. . . . . . . . . . . 185 7.1 Global VLBI continuum image of 3C 293. . . . . . . . . . . . . . 200 7.2 Montage of radio continuum plus Hi absorption spectra from combined global VLBI, MERLIN and VLA observations of 3C 293. . . 201

List of Figures

List of Tables

2.1 Parameters for MERLIN continuum observations. . . . . . . . . . 92 2.2 Parameters for the spectral line observations. . . . . . . . . . . . . 95 2.3 Parameters for spectral line observations (cont.). . . . . . . . . . . 96 2.4 Parameters for spectral line observations (cont.). . . . . . . . . . . 97 2.5 Parameters for optical observations. . . . . . . . . . . . . . . . . . 98 3.1 Radio continuum properties of the central region of 3C 293. . . . 108 3.2 Hi absorption properties for the central region of 3C 293. . . . . . 110 4.1 Radio continuum properties of NGC 7674. . . . . . . . . . . . . . 129 4.2 Hi absorption properties of NGC 7674. . . . . . . . . . . . . . . . 131 4.3 Radio continuum properties of NGC 7469. . . . . . . . . . . . . . 135 4.4 Hi absorption properties of NGC 7469. . . . . . . . . . . . . . . . 138 5.1 Radio continuum properties of NGC 6240. . . . . . . . . . . . . . 156

List of Tables 15

5.2 Hi absorption properties of NGC 6240. . . . . . . . . . . . . . . . 160 5.3 MERLIN peak flux density measurements of the compact components in NGC 6240 at 5 GHz over a 2 year period. . . . . . . . . . 167 6.1 Hi absorption results for four luminous infrared galaxies. . . . . . 176

List of Tables

Abstract

UNIVERSITY OF MANCHESTER

ABSTRACT OF THESIS submitted by Robert J. Beswick for the Degree of Doctor of Philosophy and entitled Neutral Hydrogen Absorption Studies of Active Galaxies

Month and Year of Submission: July 2002

Observations of neutral hydrogen (Hi) absorption in the central regions of eight active galaxies are reported. These observations represent the most detailed studies of the neutral hydrogen component so far made of these sources, providing information on the Hi gas distribution and kinematics on scales of ∼0.^{′′}2, corresponding to linear scales of tens of parsecs in the nearest galaxies observed. The sample of active galaxies presented here consists of the radio galaxy 3C 293, two Seyfert galaxies NGC 7674 and NGC 7469, and five luminous infrared galaxies; NGC 6240, III Zw 35, UGC 2369, IR 0335+1523 and Zw 049.0. In each of these galaxies MERLIN has been used to provide the highest angular resolution observations of the neutral hydrogen content in these sources made to date. In addition to these high resolution Hi studies the newly operational Giant Meterwavelength

Radio Telescope has also been used to provide arcsecond resolution observations of the Hi gas content in two of the MERLIN sources, 3C 293 and NGC 7674.

Against the central few kiloparsecs of the radio galaxy 3C 293 both the neutral hydrogen distribution and the radio continuum emission is imaged on linear scales of ∼150 pc. The distribution and velocity structure of the Hi gas against this radio galaxy is attributed to two gas structures. One of these gas structures is indicative of quiescent gas lying ∼10 kpc from the galaxy centre and is physically associated with both ionised gas and dust lanes in the galaxy. The second Hi velocity structure is situated within 600 pc of the active galactic nucleus (AGN) and is observed to form a circumnuclear disc with a velocity gradient of 179 km s^{−1}arcsec^{−1}. This circumnuclear disc of gas is shown to enclose a mass of M_{dyn}(< 600 pc) ≤ 3.9 × 10^9(sin^{−2}i) M_⊙, where i represents the inclination of the disc.

Extremely localised Hi absorption is observed against the unresolved nuclei of the Seyfert galaxies NGC 7674 and NGC 7469. In the case of the Seyfert-2 galaxy NGC 7674, it is shown that the Hi is distributed within a 100 pc of the AGN. Against the unresolved Seyfert-1 nucleus of NGC 7469 the Hi absorption is thought to either result from quiescent gas in the outer parts of this galaxy or from gas close to the nucleus. The Hi absorption distribution in both of these sources is consistent with the absorption arising in circumnuclear dusty tori.

Of the five luminous infrared galaxies observed, Hi absorption is detected in four cases. The observations of III Zw 35, IR 0335+015 and Zw 49.0 all revealed unresolved 1.4 GHz radio continuum structure against which Hi absorption is detected. However, against the prototypical luminous infrared merger NGC 6240 extensive radio continuum is resolved and imaged. It is concluded that the radio continuum structure of NGC 6240 is consistent with the radio emission arising from both a starburst region and one or two AGN existing in the remnant nuclei of the merging galaxies. Extremely broad Hi absorption is detected against the

Abstract two dominant radio continuum components. The Hi gas structure is consistent with a neutral gas disc forming between the two merging nuclei as they orbit around each other.

Abstract

Declaration

No portion of the work referred to in this thesis has been submitted in support of an application for another degree or qualification of this or any other university or other institution of learning.

Copyright & Ownership

1. Copyright in text of this thesis rests with the Author. Copies (by any process) either in full, or of extracts, may be made only in accordance with instructions given by the Author and lodged in the John Rylands University Library of Manchester. Details may be obtained from the Librarian. This page must form part of any such copies made. Further copies (by any process) of copies made in accordance with such instructions may not be made without the permission (in writing) of the Author.

2. The ownership of any intellectual property rights which may be described in this thesis is vested in the University of Manchester, subject to any prior agreement to the contrary, and may not be made available for use by third parties without the written permission of the University, which will prescribe the terms and conditions of any such agreement. Further information on the conditions under which disclosures and exploitation may take place is available from the Head of Department of Physics & Astronomy.

The Author

The author graduated from the University of Manchester in July 1999 with a first class honours masters degree in Physics with Astrophysics. The work presented in this thesis has been carried out between October 1999 and June 2002 at Jodrell Bank Observatory, The University of Manchester.

Publications

Refereed Publications

Beswick R. J., Pedlar A., Mundell C. G, & Gallimore J. F., A MERLIN neutral hydrogen absorption study of the luminous infrared merger NGC 6240, 2001, MNRAS, 325, 151

Beswick R. J., Pedlar A. & Holloway A. J., A radio study of neutral gas and dust in the radio galaxy 3C 293, 2002, MNRAS, 329, 620

Beswick R. J., Pedlar A. & McDonald A. R., Sub-arcsecond atomic hydrogen absorption in the Seyfert galaxies NGC 7674 & NGC 7469, 2002, MNRAS, in press

McDonald A. R., Muxlow T. W. B., Wills K. A., Pedlar A. & Beswick R. J., A parsec-scale study of the 5/15 GHz spectral indices of the compact radio sources in M82, 2002 MNRAS, in press

Jackson N. J., Beswick R. J., Pedlar, A., Cole G. H. J., Sparks, W. B., Leahy, J.P. & Holloway, A. J.

Observations of neutral gas and dust in the radio galaxy 3C 305, 2002, MNRAS, submitted

Publications 23

Non-refereed Publications

Gallimore J. F. & Beswick R. J., Possible Radio Supernova in NGC 6240, 2001, IAUC, 7428

Publications

Acknowledgments

I am grateful to Professor Andrew Lyne for allowing me access to the research facilities at Jodrell Bank Observatory and also to the Particle Physics and Astronomy Research Council (PPARC) for providing me with a research studentship.

Firstly, and most importantly, I would like to thank my supervisor, Alan Pedlar, without whom this thesis would not have been possible. Alan has provided me with ideas and inspiration throughout, whilst managing to always guide me down a true path. He has been an incredible supervisor and a pleasure to work with. I wish to also thank Neal Jackson, Anthony Holloway, Tom Muxlow, Jack Gallimore, Carole Mundell, Pramesh Rao, K. R. Anantharamaiah (Anantha), Alison Peck and Greg Taylor for their help and ideas. Additionally I thank John Meaburn, Karen Wills, Myfanwy Bryce, Simon Garrington and Paddy Leahy for useful discussions and advice. Also I would like to particularly thank all of the students who have made it both easy to work (most of the time!) and even easier to relax during the last few years.

Finally, I would like to give special thanks to all my family and especially my wife Kerry, who’s support in all of its forms has afforded me the luxury of doing what I enjoy. Thank you all.

During this research I have made extensive use of NRAO and PPARC starlink software. This research has also made use of NASA’s Astrophysics Data System

Acknowledgments 25

Abstract Service (ADS), the NASA/IPAC Extragalactic Database (NED), the US National Science Foundation (ASTRO-PH) pre-print server and many of the electronic services provided by the Centre de Donnes astronomiques de Strasbourg (CDS). HST images were obtained from the data archives of the Canadian Astronomy Data Centre, which is operated by the Herzberg Institute of Astrophysics, National Research Council of Canada and the Space Telescope Science Institute. The STScI is operated by the Association of Universities for Research in Astronomy, Inc. The Giant Meterwavelength Radio Telescope (GMRT) is operated by the National Centre for Radio Astrophysics of the Tata Institute of Fundamental Research (NCRA-TIFR). MERLIN is a national facility operated by the University of Manchester at Jodrell Bank Observatory on behalf of PPARC in the UK.

Acknowledgments

Abbreviations & Conventions

Throughout this thesis the following conventions and abbreviations have been used:

Hi : Neutral Atomic Hydrogen.

MERLIN : Multi Element Radio Linked Interferometric Network. GMRT : Giant Meterwavelength Radio Telescope. VLA : Very Large Array.

VLBI : Very Long Baseline Interferometry. EVN : European VLBI Network. VLBA : Very Long Baseline Array. HST : Hubble Space Telescope.

WFPC-2 : Wide Field Planetary Camera 2. CHFT: Canada Hawaii France Telescope. ISM : Interstellar Medium. AGN : Active Galactic Nucleus. ULIRG : Ultra Luminous Infrared Galaxy. LIRG : Luminous Infrared Galaxy. SED : Spectral Energy Distribution. RSN : Radio Supernova. SNR : Supernova Remnants. SFR : Star Formation Rate. RFI : Radio Frequency Interference.

Abbreviations & Conventions 27

IR : infrared. UV : ultraviolet.

The Hubble constant, H_0, is assumed to be 75 km s^{−1} Mpc^{−1}. Units have been stated explicitly wherever possible. The unit of flux density used is 1 Jy=10^{−26} W m^2 Hz^{−1}.

All of the sources observed for this thesis have recession velocities less than 14 000 km s^{−1}; redshifts have been calculated assuming the approximation z = v/c and cosmological effects have been ignored.

Abbreviations & Conventions

“I do not know what I may appear to the world; but to myself I seem to have been only like a boy playing on the sea-shore, and diverting myself in now and then finding a smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth lay undiscovered before me.”

Isaac Newton, Brewster’s Memoirs of Newton. Vol II. Chap. XXVII.