
Contents 

1 Signal, Distortion, and Noise 1 
1.1 Basic Quantities 2 

1.1.1 Frequency, Wavelength and Energy 2 
1.1.2 Position 4 
1.1.3 Time 5 
1.1.4 Polarisation 6 

1.2 Rate of Arrival: Fluxes 7 
1.2.1 Surface Brightness 7 
1.2.2 Spectral Flux 8 
1.2.3 Magnitudes 9 

1.3 Loss of Signal 10 
1.3.1 The Chain of Losses 10 
1.3.2 Calibrating the Signal 11 

1.4 Distortion and Smearing 12 
1.4.1 Simple Distortion 13 
1.4.2 Calibrating Distortions 13 
1.4.3 Smearing 14 
1.4.4 Calibrating Smearing: Resolution 15 
1.4.5 Calibrating Smearing: Modelling 17 

1.5 Noise and Uncertainty 18 
1.5.1 Sensitivity in the Presence of Noise 19 
1.5.2 Resolution in the Presence of Noise 21 

1.6 Qualities of Astronomical Measurement Systems 22 
1.7 Further Reading 22 
1.8 Exercises 23 
References 24 

2 The Atmosphere and How to Avoid it 25 
2.1 Transmission Through the Atmosphere 25 

2.1.1 Physical Effects in Atmospheric Transmission 25 
2.1.2 Frequency Dependence: Atmospheric Windows 27 

xui 

http://d-nb.info/1038120365

http://d-nb.info/1038120365


xiv Contents 

2.1.3 Dependence on Height and Weather 30 
2.1.4 Dependence on Zenith Angle 31 
2.1.5 Calibrating Extinction 32 

2.2 Backgrounds 32 
2.2.1 Background Light from the Atmosphere 33 
2.2.2 Terrestrial Interference 34 
2.2.3 Particle Backgrounds in Space Astronomy 35 

2.3 Systematic Distortion Effects 38 
2.3.1 Aberration 38 
2.3.2 Refraction 39 
2.3.3 Multi-layer Refraction 40 
2.3.4 Chromatic Differential Refraction 41 

2.4 Random Blurring by the Atmosphere: Seeing 41 
2.4.1 Air Turbulence 43 
2.4.2 Wavefront Bending 44 
2.4.3 Phase Delays and Coherence Length 44 
2.4.4 Atmospheric Wavefront Bending in Radio Astronomy ... 46 

2.5 Correcting Seeing: Adaptive Optics 46 
2.5.1 Control the Environment 47 
2.5.2 Shift and Add 47 
2.5.3 Tip-Tilt Correction 47 
2.5.4 Full Wavefront Correction 47 

2.6 Getting Above the Atmosphere: Space Astronomy 49 
2.6.1 Advantages of Space-Based Astronomy 49 
2.6.2 Disadvantages of Space-Based Astronomy 49 
2.6.3 Types of Orbit and the Earth's Surroundings 50 

2.7 Further Reading 52 
2.8 Exercises 52 
References 54 

3 Mapping the Sky 55 
3.1 Directional Discrimination 55 

3.1.1 Shadowing: Hard X-rays 55 
3.1.2 Illumination Pattern: Gamma-Ray Showers 56 
3.1.3 Event Tracking: Gamma-Rays 56 
3.1.4 Triangulation: Gamma-Rays and Gravitational Waves ... 57 
3.1.5 Intrinsic Directional Sensitivity: Radio Waves 

and Antennas 58 
3.2 Focusing Optics 59 

3.2.1 Parabolic and Spherical Reflectors 60 
3.2.2 Lenses 61 
3.2.3 Mirrors and Lenses for Optical-IR Astronomy 62 
3.2.4 X-Ray Mirrors 62 
3.2.5 Radio Dishes 63 



Contents xv 

3.3 Imaging 64 
3.3.1 Key Properties of Ideal Imaging Elements 64 
3.3.2 The Plate Scale and Matched Systems 66 
3.3.3 Image Brightness 67 
3.3.4 Aberrations and Distortions in Real Imagers 67 

3.4 Telescope Design Issues 69 
3.4.1 Telescope Layouts 69 
3.4.2 Telescope Size and Cassegrain Designs 70 
3.4.3 Plate Scale Correction and Re-imaging Optics 72 
3.4.4 Coma Correction and Wide Field Imaging 73 

3.5 Factors Limiting Angular Resolution 74 
3.5.1 Intrinsic Resolution for Non-imaging Systems 74 
3.5.2 Diffraction 75 
3.5.3 Atmospheric Seeing 76 
3.5.4 Erratic Pointing 76 
3.5.5 Mechanical Distortions of Figure 76 
3.5.6 Optical Distortions 77 
3.5.7 Surface Irregularities 77 
3.5.8 Which Effect Dominates Angular Resolution? 77 

3.6 Interferometry 79 
3.6.1 Coherence of Astronomical Signals 80 
3.6.2 Two Dish Interferometer 81 
3.6.3 Multiple Sources 82 
3.6.4 Multiple Dishes 83 
3.6.5 Radio Interferometry. Correlating Signals 85 
3.6.6 Radio Interferometry: Beam Forming 86 
3.6.7 Optical-IR Interferometry 87 
3.6.8 X-Ray Interferometry 88 

3.7 Further Reading 88 
3.8 Exercises 89 
References 90 

4 Detection of Light 91 
4.1 Interaction of Light with Matter 92 

4.1.1 Coherent Interaction 92 
4.1.2 External Photo-electric Effect 92 
4.1.3 Internal Photo-electric Effect: Ionisation 92 
4.1.4 Internal Photo-electric Effect: Band Gaps 93 
4.1.5 Compton Scattering 95 
4.1.6 Pair Production 96 
4.1.7 Secondary Light Production: Scintillation 

and Cerenkov Radiation 97 
4.1.8 Heating 97 

4.2 Interaction with Man-Made Structures 98 
4.2.1 Doping 98 
4.2.2 Trapping: MOS Capacitors 98 



xvi Contents 

4.2.3 p-n Junctions: Photodiodes 99 
4.2.4 Superconductors 100 

4.3 Photon Detection Devices 101 
4.3.1 Photo-multiplier Tubes 101 
4.3.2 Charge Coupled Devices (CCDs) 102 
4.3.3 IR Arrays 104 
4.3.4 MicroChannel Plates 105 
4.3.5 Proportional Counters 107 
4.3.6 X Ray CCDs 107 
4.3.7 Hard X-Ray Detectors 108 
4.3.8 STJs and KIDS 108 
4.3.9 Compton Telescopes 109 
4.3.10 Pair Telescopes 109 
4.3.11 Cerenkov Telescopes 109 

4.4 Heat Measurement Systems: Bolometers 110 
4.4.1 General Principles of a Bolometer System 110 
4.4.2 Measurement in Bolometer Systems 112 
4.4.3 Operational Issues for Bolometers 112 

4.5 Coherent Wave Detection Systems 113 
4.5.1 Concentration and Pointing System 113 
4.5.2 Antennas 113 
4.5.3 Receivers 114 
4.5.4 Noise and Calibration in Receivers 115 

4.6 Further Reading 116 
4.7 Exercises 117 
References 118 

5 Spectroscopy 121 
5.1 Frequency Filtering 121 

5.1.1 Filtering Techniques 121 
5.1.2 Estimating Monochromatic Fluxes 123 
5.1.3 Standard Flux and Magnitude Systems 124 

5.2 Intrinsic Energy Resolution 126 
5.2.1 Physics of Energy Deposition 126 
5.2.2 The Statistics of Secondary Electrons 127 

5.3 Fourier Transform Techniques 128 
5.3.1 Michelson Spectrograph 128 
5.3.2 Background Limited Versus Detector Limited Cases 128 
5.3.3 Radio Autocorrelation Spectrographs 130 

5.4 Dispersive Spectroscopy 131 
5.4.1 Diffraction Gratings 131 
5.4.2 Spectral Resolution of Gratings 133 
5.4.3 Overlap of Spectral Orders and Wavelength 

Range Restriction 134 



Contents xvii 

5.5 Practical Issues in Spectrograph Design and Use 135 
5.5.1 Ruling Density and Dispersion 135 
5.5.2 Number of Rulings and Spectral Resolution 136 
5.5.3 Grating Size and Efficiency 137 
5.5.4 Seeing, Slit Size, and Overall Spectrograph Size 137 

5.6 X-Ray Grating Spectroscopy 139 
5.7 Spatially Resolved Dispersive Spectroscopy 139 
5.8 Further Reading 142 
5.9 Exercises 142 
References 143 

A Overview of Statistics 145 
A. 1 Probabilities, Random Variables, and Statistics 145 
A.2 The Calculus of Probabilities 146 
A.3 Probability Density Functions (PDFs) 147 
A.4 Characterising PDFs: Moments 147 
A.5 The Algebra of Expectations 148 
A.6 Correlation and Dependence 148 

A.6.1 Dependence 148 
A.6.2 Correlation 149 

A.7 Correlation vs Dependence 149 
A.8 Characterising Sample Distributions 149 

A.8.1 Sample Mean 150 
A.8.2 Sample Variance 151 
A.8.3 Error on the Mean 151 
A.8.4 Weighted Mean 151 

A.9 Standard Probability Distributions 152 
A.9.1 Binomial Distribution 152 
A.9.2 Poisson Distribution 152 
A.9.3 Gaussian Distribution 153 
A.9.4 Lorentzian Distribution 154 

A. 10 Propagation of Errors 154 
A.l 1 Standard Statistical Reasoning 155 

A. 11.1 Hypothesis Testing 155 
A.l 1.2 Popular Test Statistics 156 
A.11.3 Model Fitting 157 
A.l 1.4 Principle of Maximum Likelihood 158 

A. 12 Bayesian Statistical Reasoning 158 
A. 12.1 Prior and Posterior Probability Distributions 158 
A. 12.2 Using Bayesian Analysis 159 
A.12.3 Maximum Entropy Example 159 

A.13 Further Reading 160 
References 160 



xviii Contents 

B Basic Orbital Mechanics 161 
B.l Circular Orbits 161 
B.2 Elliptical Orbits 162 
B.3 Launch Energy 163 
B.4 Orbital Manoeuvres 163 
B.5 Further Reading 164 
References 164 

Glossary 165 

Solutions 173 

Index 189 


