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Imaging at Visible and Infrared Wavelengths

Optical interferometry is a powerful technique to make images on angular scales hun-
dreds of times smaller than is possible with the largest telescopes. This concise guide
provides an introduction to the technique for graduate students and researchers who
want to make interferometric observations, and acts as a reference for technologists
building new instruments. Starting from the principles of interference, the author covers
the core concepts of interferometry, showing how the effects of the Earth’s atmosphere
can be overcome using closure phase, and the complete process of making an obser-
vation, from planning to image reconstruction. This rigorous approach emphasises
the use of rules-of-thumb for important parameters such as the signal-to-noise ratios,
requirements for sampling the Fourier plane and predicting image quality. The hand-
book is supported by web resources, including the Python source code used to make
many of the graphs, as well as an interferometry simulation framework, available at
www.cambridge.org/9781107042179.

david f. buscher is a lecturer at the Cavendish Laboratory, University of Cambridge,
and is System Architect for the Magdalena Ridge Observatory Interferometer, an
imaging interferometer under construction in New Mexico. He works on the design,
construction and exploitation of optical interferometers and adaptive optics systems
and is the UK representative on the Science Council for the European Interferometry
Initiative.

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-04217-9 - Practical Optical Interferometry: Imaging at Visible and Infrared 
Wavelengths
David F. Buscher
Frontmatter
More information

http://www.cambridge.org/9781107042179
http://www.cambridge.org
http://www.cambridge.org


Cambridge Observing Handbooks for Research Astronomers

Today’s professional astronomers must be able to adapt to use telescopes and
interpret data at all wavelengths. This series is designed to provide them with
a collection of concise, self-contained handbooks, which cover the basic prin-
ciples peculiar to observing in a particular spectral region, or to using a special
technique or type of instrument. The books can be used as an introduction to
the subject and as a handy reference for use at the telescope or in the office.

Series Editors
Professor Richard Ellis, Astronomy Department, California Institute of
Technology
Professor John Huchra, Center for Astrophysics, Smithsonian Astrophysical
Observatory
Professor Steve Kahn, Department of Physics, Columbia University, New York
Professor George Rieke, Steward Observatory, University of Arizona, Tucson
Dr Peter B. Stetson, Herzberg Institute of Astrophysics, Dominion
Astrophysical Observatory, Victoria, British Columbia

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-04217-9 - Practical Optical Interferometry: Imaging at Visible and Infrared 
Wavelengths
David F. Buscher
Frontmatter
More information

http://www.cambridge.org/9781107042179
http://www.cambridge.org
http://www.cambridge.org


Practical Optical Interferometry
Imaging at Visible and Infrared Wavelengths

DAVID F. BUSCHER
University of Cambridge

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-04217-9 - Practical Optical Interferometry: Imaging at Visible and Infrared 
Wavelengths
David F. Buscher
Frontmatter
More information

http://www.cambridge.org/9781107042179
http://www.cambridge.org
http://www.cambridge.org


University Printing House, Cambridge CB2 8BS, United Kingdom

Cambridge University Press is part of the University of Cambridge.

It furthers the University’s mission by disseminating knowledge in the pursuit of
education, learning and research at the highest international levels of excellence.

www.cambridge.org
Information on this title: www.cambridge.org/9781107042179

c© Cambridge University Press 2015

This publication is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without the written

permission of Cambridge University Press.

First published 2015

Printed in the United Kingdom by Clays,iStiIvesiplc

A catalogue record for this publication is available from the British Library

Library of Congress Cataloging-in-Publication Data
Buscher, David F. (David Felix)

Practical optical interferometry imaging at visible and infrared wavelengths / David F.
Buscher, University of Cambridge.

pages cm
Includes bibliographical references and index.

ISBN 978-1-107-04217-9
1. Optical measurements. 2. Interferometry. 3. Optical interferometers.

4. Astronomy. I. Title. II. Title: Optical interferometry imaging at visible and infrared
wavelengths.

QC367.3.I58B87 2015
522′.6–dc23
2015002196

ISBN 978-1-107-04217-9 Hardback

Additional resources for this publication at www.cambridge.org/9781107042179

Cambridge University Press has no responsibility for the persistence or accuracy
of URLs for external or third-party internet websites referred to in this publication,

and does not guarantee that any content on such websites is, or will remain,
accurate or appropriate.

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-04217-9 - Practical Optical Interferometry: Imaging at Visible and Infrared 
Wavelengths
David F. Buscher
Frontmatter
More information

http://www.cambridge.org/9781107042179
http://www.cambridge.org
http://www.cambridge.org


Contents

Principal symbols, functions and operators page viii
List of abbreviations x
Foreword xii
Preface xv

1 Making fringes 1
1.1 The need for angular resolution 1
1.2 The resolution of a single telescope 2
1.3 A long-baseline interferometer 5
1.4 The interferometric measurement equation 7
1.5 Spatial coherence 21
1.6 Nomenclature 23
1.7 Polychromatic interferometry 25
1.8 Chromatic dispersion and group delay 30

2 Basic imaging 36
2.1 Fourier inversion 36
2.2 Visibility functions of simple objects 37
2.3 Sampling the Fourier plane 44
2.4 The image-plane effects of Fourier-plane sampling 47

3 Atmospheric seeing and its amelioration 53
3.1 The wavefront perturbation model 54
3.2 First-order effects on interferometers 61
3.3 The effects of finite exposure time 69
3.4 The effects of finite aperture size 73
3.5 Adaptive optics 76

v

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-04217-9 - Practical Optical Interferometry: Imaging at Visible and Infrared 
Wavelengths
David F. Buscher
Frontmatter
More information

http://www.cambridge.org/9781107042179
http://www.cambridge.org
http://www.cambridge.org


vi Contents

3.6 Spatio-temporal effects 81
3.7 Spatial filtering 82
3.8 Fringe tracking 87
3.9 Wavelength dependence of atmospheric perturbations 89

4 Interferometers in practice 91
4.1 Interferometric facilities 91
4.2 Siting 92
4.3 Collectors 94
4.4 Beam relay 97
4.5 Array layout 103
4.6 Delay lines 105
4.7 Beam combiners 108
4.8 Detectors 121
4.9 Alignment 122
4.10 Aperture masking 125

5 Measurement noise 129
5.1 Atmospheric noise 129
5.2 Detection noise 134
5.3 Alternative fringe detection methods 138
5.4 The interferogram 143
5.5 Noise on fringe parameters 144
5.6 Comparison of noise levels 151

6 Interferometric observation of faint objects 152
6.1 The optimum exposure time 153
6.2 The optimum aperture size 156
6.3 AO on faint objects 160
6.4 Fringe-tracking limits 164
6.5 Faint-object limits for interferometry 177

7 Observation planning 180
7.1 Example proposal 180
7.2 Target selection 181
7.3 Wavelength and spectral resolution 186
7.4 Baseline selection 188
7.5 Calibrator selection 189
7.6 Surveys 191
7.7 Short-timescale phenomena 192
7.8 Complementary observations 193

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-04217-9 - Practical Optical Interferometry: Imaging at Visible and Infrared 
Wavelengths
David F. Buscher
Frontmatter
More information

http://www.cambridge.org/9781107042179
http://www.cambridge.org
http://www.cambridge.org


Contents vii

8 Data reduction 194
8.1 Scientific inference 194
8.2 The forward problem 195
8.3 The inverse problem 198
8.4 Flat fielding and background subtraction 199
8.5 Extracting the coherent flux 200
8.6 Coherent integration 208
8.7 Incoherent integration 210
8.8 Visibility calibration 211
8.9 OIFITS files 216

9 Model fitting and image reconstruction 218
9.1 Bayesian inference 218
9.2 The interferometric likelihood 219
9.3 Model-dependent priors 222
9.4 Model fitting in practice 224
9.5 Model-independent priors 225
9.6 Preconditions for imaging 226
9.7 Model-independent image reconstruction 234
9.8 Image quality 239
9.9 Practical case study: imaging and model-fitting on Betelgeuse 243

Appendix A Fourier transforms 248

Appendix B Supplementary online material 255

References 257
Index 265

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-04217-9 - Practical Optical Interferometry: Imaging at Visible and Infrared 
Wavelengths
David F. Buscher
Frontmatter
More information

http://www.cambridge.org/9781107042179
http://www.cambridge.org
http://www.cambridge.org


Principal symbols, functions and operators

Bi j baseline vector between telescopes i and j
F(u) coherent flux of object at spatial frequency u
Fi j coherent flux of fringes measured between telescopes i and j
Fi flux measured through telescope i
F Fourier transform operator
I(σ) object brightness at angular coordinate σ
i(x) fringe intensity at coordinate x
ip fringe intensity at pixel p
jinc(x) J1(x)/x where J1 is the order-1 Bessel function of the first kind
Pi j power spectrum of fringes measured between telescopes i and j
r0 seeing coherence length (Fried parameter)
Ŝ0 direction of the phase centre
SNR signal-to-noise ratio
rect(x) rectangular ‘top-hat’ function
si j spatial frequency of fringes between telescopes i and j
Ti jk triple product (bispectrum) of fringes measured on telescopes i,

j and k
t0 seeing coherence time
u = (u, v) projected baseline coordinate in wavelengths
V(u) complex visibility of object at spatial frequency u
Vi j complex visibility of fringes measured between telescopes i

and j
δ(x) Dirac delta function
ηi complex gain coefficient for telescope i
γi j complex visibility degradation for fringes measured between

telescopes i and j
λ optical wavelength
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Principal symbols, functions and operators ix

Λp integrated classical intensity in pixel p
ν optical frequency
Ψ complex wave amplitude
σ standard deviation
σ = (l,m) angular coordinate with respect to phase centre
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Foreword

I was honoured and delighted when David Buscher invited me to write an
introduction to his new book. I have long felt that there is a desperate need for
an authoritative and accessible book on the techniques of optical and infrared
interferometry and David has filled this major gap in the literature with this
excellent piece of technical and scientific writing.

For the radio astronomer, interferometry is the bread and butter of how much
of the discipline has to be undertaken. Radio, and nowadays millimetre and
submillimetre, astronomers are brought up with the concepts of amplitude and
phase, Fourier inversion and so on, which has always been something of a
barrier to the wider appreciation of these disciplines by optical astronomers,
who until recently scarcely had to bother about phase at all. The under-
standing of aperture synthesis imaging in all its variants became a black-belt
sport for the initiates and this discouraged the typical astronomer from taking
the plunge.

But this is no longer reasonable or acceptable. The possibilities opened up
by optical and infrared synthesis imaging are enormous, as David makes clear
in this book. Angular resolution of a milliarcsecond or better can now be rou-
tinely provided by the most advanced optical-infrared interferometers and will
undoubtedly result in important new discoveries and much improved tests of
theories of Galactic and extragalactic objects.

This is where David’s book comes in. He offers a rigorous, but accessi-
ble, introduction to the necessary theoretical and experimental tools needed to
understand and apply the techniques of optical synthesis imaging. The result is
that the effort needed to understand the key concepts by those new to the field,
or who are still put off by the apparent complexity of the techniques, is made
very much less forbidding. There is so much remarkable astrophysics lurking
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Foreword xiii

below the 1 milliarcsecond threshold that it is only a question of time before
optical-infrared interferometry becomes a standard tool of the trade. David’s
excellent exposition makes this feasible for all astronomers and I warmly
recommend this book to all of them.

Malcolm Longair
October, 2014
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Preface

Optical interferometry uses the combination of light from multiple telescopes
to allow imaging on angular scales much smaller than is possible with con-
ventional single-telescope techniques. It is increasingly recognised as the only
technique capable of answering some of the most fundamental scientific ques-
tions in astronomy, from the origin of planets to the nature of the physical
environments of black holes.

Interferometry is an established technique at radio and millimetre wave-
lengths, with instruments such as the VLA and ALMA being the workhorses
at these wavelengths. The development of interferometry in the optical (which
we take here to include both visible and infrared wavelengths) has lagged
behind that of radio interferometry due both to the extreme precision require-
ments imposed by the shorter wavelengths and to the severe effects of the
Earth’s atmosphere. For many years, the use of optical interferometry for sci-
entific measurements was limited to the specialists who designed and built
interferometric instruments.

At the beginning of the twenty-first century, the first “facility” optical inter-
ferometers such as the VLTI, the CHARA array the Keck Interferometer came
online, with the aim of broadening the use of interferometry to the wider com-
munity of astronomers who could use it as a tool to do their science. As part
of this expansion, organisations in Europe and the USA began to hold summer
schools to provide an introduction to the theory and practice of interferometry
to astronomers new to the topic. A number of times after giving lectures at
these schools, I have had students come up to me wanting to find out more
about some ‘well-known’ interferometric idea that I have mentioned in my
talk. Often I have had to reply that there is no one place in the literature which
provides this further information.

While a lot of the knowledge has been built up by the community involved
in the development of optical interferometry, much of it is not written down,

xv
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xvi Preface

or is scattered over multiple separate papers. The most useful single reference
on the topic is provided by the course notes from the 1999 Michelson Sum-
mer School (Lawson, 1999), but of necessity it cannot cover the decade and
more of developments in interferometry since its publication. Knowledge rele-
vant to optical interferometry is also available in radio-astronomy textbooks (a
good example is Interferometry and Synthesis in Radio Astronomy (Thompson
et al., 2008)), but finding it requires the reader to have an existing under-
standing of which elements of radio interferometry are relevant in practice to
optical interferometry. This is because, although the same physical principles
apply at both radio and optical wavelengths, many concerns which are impor-
tant to the practice of interferometry in one wavelength regime do not arise in
the other.

This book is mainly aimed at enabling the newcomer to optical interfer-
ometry to get ‘up to speed’ on the topic, providing a basic reference on the
fundamental concepts applicable to present-day optical interferometry. It aims
to give simple rules-of-thumb to allow a quick understanding of what is impor-
tant, but also shows how a more rigorous understanding of more detailed
aspects can be derived, without necessarily giving detailed derivations in all
cases. The ideas are presented assuming a mathematical background at the
level required for an undergraduate physics course, including concepts such as
complex exponentials and random walks. Where possible, examples from the
literature are given in order to relate the more abstract ideas to their practical
roots.

The main intended audience for this book is students and researchers in
astronomy who want to use an interferometer as a tool for doing science.
This book concentrates on the most ‘mainstream’ application of interfero-
metry, which is loosely termed ‘imaging’: this can range from measuring a
few parameters of an object’s appearance based on a simple model (for exam-
ple measuring a diameter of a star under the assumption that it is round) to true
‘aperture synthesis’, reconstructing model-independent images of the object
under study.

In the interests of brevity, less is said here about interferometric techniques
such as nulling, polarimetry and astrometry that have undoubted scientific
potential, but are less mature in their application, and as a result less readily
available as a science tool for non-expert users. These techniques are evolving
rapidly, and the consensus as to the best way to make them work is still quite
fluid. Any useful discussion of these topics would need to cover all the possible
directions of development in these modes of interferometry and might still not
cover the key ideas which will turn out to be of importance to their successful
establishment.
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Preface xvii

A second and overlapping audience for this book is students, instrumenta-
tion scientists and engineers who want to work on developing and building
new instrumentation for interferometry. Interferometry is clearly on an upward
arc, with new initiatives such as the Planet Formation Imager (http://www.
planetformationimager.org) gaining support from a wide scientific user
base. These initiatives will require the efforts of a new generation of scientists
and technologists who are well-versed in the existing ideas of interferometry,
but are also able to see beyond these techniques to understand what can make
interferometry even more useful in the future. This book will hopefully provide
a small stepping stone for such people.
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