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Preface

Diffraction-limited image of an object is known as the image with a resolu-
tion limited by the size of the aperture of a telescope. Aberrations due to
an instrumental defect together with the Earth’s atmospheric turbulence
set severe limits on angular resolution to ~ 1” in optical wavelengths. Both
the sharpness of astronomical images and the signal-to-noise (S/N) ratios
(hence faintness of objects that can be studied) depend on angular reso-
lution, the latter because noise comes from the sky as much as is in the
resolution element. Hence reducing the beam width from, say, 1 arcsec to
0.5 arcsec reduces sky noise by a factor of four. Two physical phenomena
limit the minimum resolvable angle at optical and infrared (IR) wavelengths
— diameter of the collecting area and turbulence above the telescope, which
introduces fluctuations in the index of refraction along the light beam. The
cross-over between domination by aperture size (~ 1.22)/aperture diame-
ter, in which X is the wavelength of light) and domination by atmospheric
turbulence (‘seeing’) occurs when the aperture becomes somewhat larger
than the size of a characteristic turbulent element, that is known as atmo-
spheric coherence length, rg (e.g. at 10- 30 cm diameter). Light reaching the
entrance pupil of a telescope is coherent only within patches of diameters of
order rg. This limited coherence causes blurring of the image, blurring that
is modeled by a convolution with the point-spread function (PSF), which
prevents the telescope from reaching into deep space to unravel the secrets
of the universe. The deployment of a space-bound telescope beyond the
atmosphere circumvents the problem of atmosphere, but the size and cost
of such a venture are its shortcomings.

This book has evolved from a series of talks given by the author to
a group of senior graduate students about a decade ago, following which,
a couple of large review articles were published. When Dr. K. K. Phua

vii



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

viii Diffraction-limited imaging with large and moderate telescopes

invited the author, for which he is indebted to, for writing a lecture note
based on these articles, he took the opportunity to comply; a sequel of this
note is also under preparation. This book is aimed to benefit graduate
students, as well as researchers who intend to embark on a field dedicated
to the high resolution techniques, and would serve as an interface between
the astrophysicists and the physicists. Equipped with about two hundred
illustrations and tens of footnotes, which make the book self-content, it ad-
dresses the basic principles of interferometric techniques in terms of both
post-processing and on-line imaging that are applied in optical /IR astron-
omy using ground-based single aperture telescopes; several fundamental
equations, Fourier optics in particular, are also highlighted in the appen-
dices.

Owing to the diffraction phenomenon, the image of the point source
(unresolved stars) cannot be smaller than a limit at the focal plane of the
telescope. Such a phenomenon can be seen in water waves that spread out
after they pass through a narrow aperture. It is present in the sound waves,
as well as in the electro-magnetic spectrum starting from gamma rays to
radio waves. The diffraction-limited resolution of a telescope refers to op-
tical interference and resultant image formation. A basic understanding of
interference phenomenon is of paramount importance to other branches of
physics and engineering too. Chapters 1 through 3 of this book address
the fundamentals of electromagnetic fields, wave optics, interference, and
diffraction at length. In fact, a book of this kind calls for more emphasis
on imaging phenomena and techniques, hence the fourth chapter discusses
at length the imaging aspects of the same.

Turbulence and the concomitant development of thermal convection in
the atmosphere distort the phase and amplitude of the incoming wavefront
of the starlight; longer the path, more the degradation that the image suf-
fers. Environment parameters, such as fluctuations in the refractive index
of the atmosphere along the light beam, which, in turn, are due to den-
sity variations associated with thermal gradients, variation in the partial
pressure of water vapour, and wind shear, produce atmospheric turbulence.
Random microfluctuations of such an index cause the fluctuation of phase
in the incoming random field and thereby, produce two dimensional in-
terferences at the focus of the telescope. These degraded images are the
product of dark and bright spots, known as speckles. The fifth chapter
enumerates the origin, properties, and optical effects of turbulence in the
Earth’s atmosphere.

One of the most promising developments in the field of observational
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Preface ix

astronomy in visible waveband is the usage of speckle interferometry
(Labeyrie, 1970) offering a new way of utilizing the large telescopes to
obtain diffraction-limited spatial Fourier spectrum and image features of
the object. Such a technique is entirely accomplished by a posteriori math-
ematical analysis of numerous images of the same field, each taken over
a very short time interval. In recent years, a wide variety of applications
of speckle patterns has been found in many areas. Though the statisti-
cal properties of the speckle pattern is complicated, a detailed analysis of
this pattern is useful in information processing. Other related concerns,
such as pupil plane interferometry, and hybrid methods (speckle interfer-
ometry with non-redundant pupils), have also contributed to a large extent.
Chapter 6 enumerates the details of these post-detection diffraction-limited
imaging techniques, as well as the relationship between image-plane tech-
niques and pupil-plane interferometry.

Another development in the field of high angular resolution imaging is
to mitigate the effects of the turbulence in real time, known as adaptive
optics (AO) system. Though such a system is a late entry among the list
of current technologies, it has given a new dimension to this field. In re-
cent years, the technology and practice of such a system have become, if
not in commonplace, at least well known in the defence and astronomi-
cal communities. Most of the astronomical observatories have their own
AO programmes. Besides, there are other applications, namely vision re-
search, engineering processing, and line-of-sight secure optical communica-
tions. The AO system is based on a hardware-oriented approach, which
employs a combination of deformation of reflecting surfaces (i.e., flexible
mirrors) and post-detection image restoration. A brief account of the de-
velopment of such an innovative technique is presented in chapter 7.

The discovery of the corpuscular nature of light, beyond the explana-
tion of the photo-electric effect, by Albert Einstein almost 100 years ago,
in 1905, has revolutionized the way ultra-sensitive light detectors are con-
ceived. Such a discovery has far reaching effects on the astrophysical stud-
ies, in general, and observational astronomy, in particular. The existence
of a quantum limit in light detection has led to a quest, through the 20th
century (and still going on), for the perfect detector which is asymptotically
feasible. The advent of high quantum efficiency photon counting systems,
vastly increases the sensitivity of high resolution imaging techniques. Such
systems raise the hope of making diffraction-limited images of objects as
faint as ~ 15—16 m,, (visual magnitude). Chapter 8 elucidates the develop-
ment of various detectors that are being used for high resolution imaging.
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X Diffraction-limited imaging with large and moderate telescopes

It is well known that standard autocorrelation technique falls short of
providing reconstruction of a true image. Therefore, the success of sin-
gle aperture interferometry has encouraged astronomers to develop further
image processing techniques. These techniques are indeed an art and for
most part, are post-detection processes. A host of image reconstruction
algorithms have been developed. The adaptive optics system also requires
such algorithms since the real-time corrected images are often partial. The
degree of compensation depends on the accuracy of the wavefront estimate,
the spacing of the actuators in the mirror, and other related factors. The
mathematical intricacies of the data processing techniques for both Fourier
modulus and Fourier phase are analyzed in chapter 9. Various schemes of
image restoration techniques are examined as well, with emphasis set on
their comparisons.

Stellar physics is the study of physical makeup evolutionary history of
stars, which is based on observational evidence gathered with telescopes
collecting electromagnetic radiation. Single aperture high resolution tech-
niques became an extremely active field scientifically with important con-
tributions made to a wide range of interesting problems in astrophysics. A
profound increase has been noticed in the contribution of such techniques
to measure fundamental stellar parameters and to uncover details in the
morphology of a range of celestial objects, including the Sun and planets.
They have been used to obtain separation and position angle of close binary
stars, to measure accurate diameter of a large number of giant stars, to de-
termine shapes of asteroids, to resolve Pluto-Charon system, to map spatial
distribution of circumstellar matter surrounding objects, to estimate sizes
of expanding shells around supernovae, to reveal structures of active galac-
tic nuclei (AGN) and of compact clusters of a few stars like R 136a complex,
and to study gravitationally lensed QSO’s. Further benefits have been wit-
nessed from the application of adaptive optics systems of large telescopes, in
spite of its limited capability of retrieving fully diffraction-limited images of
these objects. The last two chapters (10 and 11) discuss the fundamentals
of astronomy and applications of single aperture interferometry.

The author expresses his gratitude to many colleagues, fellow scientists,
and graduate students at Indian Institute of Astrophysics and elsewhere,
particularly to A. Labeyrie, J. C. Bhattacharyya, and M. K. Das Gupta
(late) for their encouragement and to Luc Damé, A. K. Datta, L. N. Hazra,
Sucharita Sanyal, Kallol Bhattacharyya, P. M. S. Namboodiri, N. K. Rao,
G. C. Anupama, A. Satya Narayana, K. Sankar Subramanian, B. S. Nagab-
hushana, Bharat Yerra, K. E. Rangarajan, V. Raju, D. Som, and A. Vyas,
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for assistance as readers of draft chapters. He is indebted to S. C Som for
careful editing of preliminary chapters. Thanks are also due to V. Chinnap-
pan, A. Boccaletti, T. R. Bedding, S. Koutchmy, Y. Y. Balega, S. Morel,
A. V. Raveendran, L. Close, M. Wittkowski, R. Osterbart, J. P. Lancelot,
B. E. Reddy, P. Nisenson (late), R. Sridharan, K. Nagaraju and A. Subra-
maniam, for providing the images, figures etc., and granting permission for
their reproduction. The services rendered by B. A. Varghese, P. Anbazha-
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knowledged.
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Electric field vector

Magnetic induction

Magnetic vector

Electric displacement vector
Electric current density

Position vector of a point in space
Specific conductivity

Permeability of the medium
Permittivity or dielectric

Charge

Force

Velocity

Momentum

Acceleration
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Poynting vector

Monochromatic optical wave
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Time
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Wavelength

Two-dimensional space vector
Pupil transmission function
Convolution operator

Fourier transform operator

Pupil transfer function

Point spread function

Optical transfer function

Modulus transfer function
Resolving power of an optical system
Angular frequency

Period

Monochromatic wave vector
=1,2,3

Interference term

Optical path difference
Wavelength in vacuum

Velocity of light

Complex degree of (mutual) coherence
Mutual coherence

Self coherence

Temporal width or coherence time
Spectral width

Coherence length

Spatial coherence

Mutual intensity function
Complex coherence factor
Contrast of the fringes

Focal length

Average velocity of a viscous fluid
Characteristic size of viscous fluid
Reynolds number

Refractive index of the atmosphere
Standard deviation

Apparent visual magnitude
Absolute visual magnitude

Solar luminosity

Stellar luminosity
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Velocity structure constant
Temperature structure function
Temperature structure constant
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Covariance of the phase
Coherence function
Distance from the zenith
Fried’s parameter
Object illumination
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argl| | The phase of ¢’
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0;,0; Error terms introduced by errors at the individual
antennae

A (Z) Dirac impulse of a point source

® Correlation

N (@) Noise spectrum

<|IA(1T)|2> Image energy spectrum
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UBV Johnson photometric system

B(T) Brightness distribution



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

AAT
A/D
AGB
AGN
AMU
AO
ASM
ATF
BC
BDM
BID
BLR
CCD
CFHT
CHARA
cs

DM
EMCCD
ESA
ESO
ESPI
FOV
DFT
FFT

FT
FWHM

List of acronyms

Anglo-Australian telescope
Analog-to-digital

Asymptotic giant branch

Active galactic nuclei

Atomic mass unit

Adaptive optics

Adaptive secondary mirror
Atmosphere Transfer Function
Babinet compensator

Bimorph deformable mirror
Blind iterative deconvolution
Broad-line region

Charge Coupled Device

Canada French Hawaii telescope
Center for high angular resolution astronomy
Curvature sensor

Deformable mirror

Electron multiplying CCD
European space agency
European Southern Observatory
Electronic speckle pattern interferometry
Field-of-view

Discrete Fourier Transform

Fast Fourier Transform

Fourier Transform

Full width at half maximum
Hertz

xvii



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

xviii

HF

HR
HST
ICCD
IDL
IMF

IR

12T

KT

kV
laser
LBOI
LBT
LC

LF
LGS
LHS
LSI
L3CCD
maser
MCAO
MCP
MEM
MHz
MISTRAL
MMDM
MMT
MOS
MTF
NGS
NICMOS
NLC
NLR
NRM
NTT
OPD
OTF
PAPA

Diffraction-limited imaging with large and moderate telescopes

High frequency

Hertzsprung-Russell

Hubble space telescope

Intensified CCD

Interactive Data Language

Initial mass function

Infrared

Interférometre a deux Télescopes
Knox-Thomson

Kilovolt

Light Amplification by Stimulated Emission of Radiation
Long baseline optical interferometers
Large Binocular Telescope

Liquid crystal

Low frequency

Laser guide star

Left Hand Side

Lateral shear interferometer

Low light level CCD

Microwave Amplification by Stimulated Emission of Radiation

Multi-conjugate adaptive optics
Micro-channel plate

Maximum entropy method

Megahertz

Myopic iterative step preserving algorithm
Micro-machined deformable mirror

Multi mirror telescope

Metal-oxide semiconductor

Modulus Transfer Function

Natural guide star

Near Infrared Camera and Multi-Object Spectrograph
Nematic liquid crystal

Narrow-line region

Non-redundant aperture masking

New Technology Telescope

Optical Path Difference

Optical Transfer Function

Precision analog photon address



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

PHD
PMT
PN
PSF
PTF
PZT
QE
QSO
RA
RHS
RMS
SAA
SDC
SLC
SH
SL
SN
S/N
SOHO
SUSI
TC
TTF
0AY
VBO
VBT
VTT
WEP
WFS
YSO

List of acronyms

Pulse height distribution
Photo-multiplier tube
Planetary nebula

Point Spread Function
Pupil Transmission Function
Lead-zirconate-titanate
Quantum efficiency
Quasi-stellar object
Right Ascension

Right Hand Side

Root Mean Square
Shift-and-add

Static dielectric cell
Smectic liquid crystal
Shack-Hartmann
Shoemaker-Levy
Supernova
Signal-to-noise

Solar and heliospheric observatory
Sydney University Stellar Interferometer

Triple-correlation

Telescope Transfer Function
Ultraviolet

Vainu Bappu Observatory
Vainu Bappu Telescope
Vacuum Tower Telescope
Wiener filter parameter
Wavefront sensor

Young stellar objects

Xix



This page intentionally left blank

'S9[0 1R SS300Y UBdQ 104 1ds0Xe ‘pemiwed jou AoLIS S| UOINGLISIP pUe 8SN-8Y "TZ/20/20 U0 FHO TVONYE SOISAHJOYLSY 40 ILNLIISNI NVIANI Ag
w0201} UB 19SP AOM MMM W0} papeo umod sadodsap | aeJepo A pue abfe] yiim Buifew | paliwiT-uonde g



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Preface

Contents

Principal symbols

List of acronyms

1. Introduction to electromagnetic theory

1.1
1.2

1.3
1.4
1.5

Introduction . . . . . . . ... Lo
Maxwell’s equations . . . . . . ... ... L.
1.2.1 Charge continuity equation . . ... ... ... ...
1.2.2 Boundary conditions . . . . ... ... ... ...
Energy flux of electromagnetic field . . . . . . ... .. ...
Conservation law of the electromagnetic field . . . ... ..
Electromagnetic wave equations . . . . . . . ... ... ...
1.5.1 The Poynting vector and the Stokes parameter

1.5.2 Harmonic time dependence and the Fourier transform

2.  Wave optics and polarization

2.1

2.2

2.3

Electromagnetic theory of propagation . . . . . . ... ...
2.1.1 Intensity of a light wave . . . .. .. ... ... ...
2.1.2 Harmonic plane waves . . . . . .. ... ... .. ..
2.1.3 Harmonic spherical waves . . . . .. .. ... .. ..
Complex representation of monochromatic light waves . . .
2.2.1 Superposition of waves . . . . . .. ... ... ...
2.2.2 Standing waves . . . . . .. ...
2.2.3 Phase and group velocities . . . . . ... ... ...
Complex representation of non-monochromatic fields . . . .

xxi

vii

xiii

xvil

N U W

10
14
16
21

27
27
28
30
34
35
37
40
41
44



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

xxi i

4.

Diffraction-limited imaging with large and moderate telescopes

2.3.1 Convolution relationship . . . . . ... .. ... ... 47
2.3.2 Case of quasi-monochromatic light . . .. ... ... 49
2.3.3 Successive wave-trains emitted by an atom . . . . . . 51
2.3.4 Coherence length and coherence time . . . . . . . .. 54
2.4 Polarization of plane monochromatic waves . . . .. .. .. 57
2.4.1 Stokes vector representation . . . . . .. .. ... .. 61
2.4.2 Optical elements required for polarimetry . . .. .. 65
2.4.3 Degree of polarization . . . ... .. ... ... ... 71
2.4.4 Transformation of Stokes parameters . . . . . . . .. 74
2.4.4.1 Polarimeter . . .. ... ... ... ..... 77
2.4.4.2 Imaging polarimeter . . .. ... ... ... 79
Interference and diffraction 81
3.1 Fundamentals of interference . . . .. ... ... ... ... 81
3.2 Interference of two monochromatic waves . . . .. .. ... 81
3.2.1 Young’s double-slit experiment . . . ... ... ... 86
3.2.2 Michelson’s interferometer . . . . . . . ... .. ... 90
3.2.3 Mach-Zehnder interferometer . . . . ... ... ... 94
3.3 Interference with quasi-monochromatic waves . . . . . . .. 96
3.4 Propagation of mutual coherence . . . . .. ... ... ... 102
3.4.1 Propagation laws for the mutual coherence . . . . . . 102
3.4.2 Wave equations for the mutual coherence . . . . . . . 104

3.5 Degree of coherence from an extended incoherent source:
partial coherence . . . . . .. ..o Lo 106
3.5.1 The van Cittert-Zernike theorem . . . .. ... ... 107
3.5.2 Coherence area . . . . .. ... .. .. .. ...... 110
3.6 Diffraction . . . . . . . .. ... 112
3.6.1 Derivation of the diffracted field . . . . . . ... ... 114
3.6.2 Fresnel approximation . . ... .. ... ... ... 117
3.6.3 Fraunhofer approximation . . .. ... ... .. ... 119
3.6.3.1 Diffraction by a rectangular aperture . . .. 121
3.6.3.2 Diffraction by a circular pupil . . . ... .. 123
Image formation 127
4.1 Imageofasource . . . . . . . .. ... ... ... ... 127
4.1.1 Coherent imaging . . . . . . . ... .. ... ... .. 132
4.1.2 Incoherent imaging . . . . .. ... .. ... .. ... 134
4.1.3 Optical transfer function . . . . . ... .. ... ... 135
4.1.4 Image in the presence of aberrations . . . ... ... 139



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Contents

4.2 Imaging with partially coherent beams . . . . . .. ... ..
4.2.1 Effects of a transmitting object . . . . . . ... ...
4.2.2 Transmission of mutual intensity . . . ... .. ...
4.2.3 Images of trans-illuminated objects . . . . . . .. ..

4.3 The optical telescope . . . . . . . . . ... L.
4.3.1 Resolving power of a telescope . . . . . . .. .. ...
4.3.2 Telescope aberrations . . . . . ... ... .......

Theory of atmospheric turbulence
5.1 Earth’s atmosphere . . . . . . . . .. ... ...
5.2 Basic formulations of atmospheric turbulence . . . . . . ..
5.2.1 Turbulent flows . . . . . .. ... ... ... ...
5.2.2 Inertial subrange . . . ... ... ... ... ..
5.2.3 Structure functions of the velocity field . . . . . . ..
5.2.4 Kolmogorov spectrum of the velocity field . . . . ..
5.2.5 Statistics of temperature fluctuations . . . . . . . ..
5.2.6 Refractive index fluctuations . . . . . . . ... .. ..
5.2.7 Experimental validation of structure constants . . . .
5.3 Statistical properties of the propagated wave through turbu-
lence . . . . . .. L
5.3.1 Contribution of a thin layer . . . . ... ... .. ..
5.3.2 Computation of phase structure function . . . . . . .
5.3.3 Effect of Fresnel diffraction . . ... ... ... ...
5.3.4 Contribution of multiple turbulent layers . . . . . . .
5.4 Imaging in randomly inhomogeneous media . . . . . . . ..
5.4.1 Seeing-limited images . . . . . . . .. .. ... ...
5.4.2 Atmospheric coherence length . . . . . . . ... ...
5.4.3 Atmospheric coherence time . . . . ... ... ...
5.4.4 Aniso-planatism . . . . . ... ... L.
5.5 Imagemotion . . . . . . ... .. L Lo
5.5.1 Variance due to angle of arrival . . . . . ... .. ..
5.5.2 Scintillation . . . . . ... ... ... ...
5.5.3 Temporal evolution of image motion . . . .. .. ..
5.5.4 Image blurring . . . .. ... ... ... ... ..
5.5.5 Measurement of ro . . . .. .. ... ... ... ...
5.5.6 Seeing at the telescopesite. . . . . . .. .. ... ..
5.5.6.1 Windshears . . . ... ... .........
5.5.6.2 Domeseeing . . . .. ... .. ... .....
5.5.6.3 Mirror seeing . . . . ... ... ... ..

xxiii

141
141
143
146
149
154
156

159
159
161
162
164
166
167
170
172
176



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

xxiv Diffraction-limited imaging with large and moderate telescopes

6. Speckle imaging 211
6.1 Speckle phenomena . . . . . . ... ..o 211
6.1.1 Statistical properties of speckle pattern . . . . . . . . 213
6.1.2 Superposition of speckle patterns . . . . . ... ... 215
6.1.3 Power-spectral density . . ... ... ... ... ... 216

6.2 Speckle pattern interferometry with rough surface . . . . . 220
6.2.1 Principle of speckle correlation fringe formation . . . 220
6.2.2 Speckle correlation fringes by addition . . . ... .. 224
6.2.3 Speckle correlation fringes by subtraction . . .. . . 225

6.3 Stellar speckle interferometry . . . . . ... ... 227
6.3.1 Outline of the theory of speckle interferometry . . . 229
6.3.2 Benefit of short-exposure images . . ... ... ... 232
6.3.3 Data processing . . . . . . .. ... 233
6.3.4 Noise reduction using Wiener filter . . . . . .. ... 235
6.3.5 Simulations to generate speckles . . . . . . ... ... 238
6.3.6 Speckle interferometer . . . . . ... ... ... ... 240
6.3.7 Speckle spectroscopy . . . .. ... 243
6.3.8 Speckle polarimetry . . . . . . .. ... oL 244

6.4 Pupil-plane interferometry . . . . . . . . ... ... ... 246
6.4.1 Estimation of object modulus . . . .. ... .. ... 246
6.4.2 Shear interferometry . . . .. ... ... 248

6.5 Aperture synthesis with single telescope . . . . . . ... .. 253
6.5.1 Phase-closure method . . .. ... ... ....... 253
6.5.2 Aperture masking method . . . . . ... ... ... 255
6.5.3 Non-redundant masking interferometer . . . . . . . . 257

7. Adaptive optics 259
7.1 Basicprinciples . . . . . ... oo 259
7.1.1 Greenwood frequency . . . . . . .. ... ... ... 260
7.1.2 Thermal blooming . . .. ... .. ... ....... 262

7.2 Wavefront analysis using Zernike polynomials . . . . . . . . 264
7.2.1 Definition of Zernike polynomial and its properties . 264
7.2.2  Variance of wavefront distortions . . . .. .. .. .. 267
7.2.3 Statistics of atmospheric Zernike coefficients . . . . . 269

7.3 Elements of adaptive optics systems . . . . ... ... ... 271
7.3.1 Steering/tip-tilt mirrors . . . . . ... ... 273
7.3.2 Deformable mirrors . . . . . ... ... L. 274
7.3.2.1 Segmented mirrors . . . ... .. ... ... 275

7.3.2.2 Ferroelectric actuators . . . . ... .. ... 276



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Contents XXV

7.3.2.3 Deformable mirrors with discrete actuators . 278

7.3.2.4 Bimorph deformable mirror (BDM) . . . . . 280

7.3.2.5 Membrane deformable mirrors . . . . . . .. 281

7.3.2.6 Liquid crystal DM . . ... ... ... ... 284

7.3.3 Deformable mirror driver electronics . . . . . . . .. 285
7.3.4 Wavefront sensors . . . . .. .. .. ... 286
7.3.4.1 Shack Hartmann (SH) wavefront sensor . . . 287

7.3.4.2 Curvature sensing . . . . . . . . ... . ... 291

7343 Pyramid WFS . . . ... ... ... ..... 293

7.3.5  Wavefront reconstruction . . . . . . ... ... ... 295
7.3.5.1 Zonal and modal approaches . . . . . . ... 296

7.3.5.2 Servocontrol . . ... .. ... ... ..., 298

7.3.6 Accuracy of the correction . . . . ... ... ... .. 300
7.3.7 Reference source . . ... ... ... ... ... 304
7.3.8 Adaptive secondary mirror . . . . . ... ... ... 308
7.3.9 Multi-conjugate adaptive optics . . . . . ... ... 309

8. High resolution detectors 311
8.1 Photo-electric effect . . . . . . ... ... 311
8.1.1 Detecting light . . . ... ... .. ... ... ... 312
8.1.2 Photo-detector elements . . . . . ... ... ... .. 314
8.1.3 Detection of photo-electrons . . . . . . ... .. ... 318
8.1.4 Photo-multiplier tube . . . . . . .. ... .0 323
8.1.5 Image intensifiers . . . . . . ... ... ... ... .. 327

8.2 Charge-coupled device (CCD) . . . .. ... ... .. .... 331
8.2.1 Readout procedure . .. .. ... ... ... ..... 334
8.2.2 Characteristic features . . . . . . ... .. ... ... 336
8.2.2.1 Quantum efficiency . . . .. ... ... ... 336

8.2.2.2 Charge Transfer efficiency . ... ... ... 337

8223 Gain . . ... ... oo 337

8.2.24 Darkcurrent . . . . . .. ... ... 338

8.2.3 Calibrationof CCD . . . . . . .. ... ... ..... 339
8.2.4 Imtensified CCD . . . . . ... ... ... ....... 341

8.3 Photon-counting sensors . . . . . . ... ... 343
8.3.1 CCD-based photon-counting system . . . ... ... 345
8.3.2 Digicon . .. ... ... o s 346
8.3.3 Precision analog photon address (PAPA) camera . . 347
8.3.4 Position sensing detectors . . . . . ... ... 348
8.3.5 Special anode cameras . . . . ... .. .. ... ... 349



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

XxVi Diffraction-limited imaging with large and moderate telescopes

8.4 Solid state technologies . . . . . .. .. ... ... ..... 353
8.4.1 Electron multiplying charge coupled device (EMCCD) 353
8.4.2 Superconducting tunnel junction . ... ... .. .. 357
8.4.3 Avalanche photo-diodes . . . . ... .. ... .... 357

8.5 Infrared sensors . . . . . . . . . .. ... 358

9. Image processing 361

9.1 Post-detection image reconstruction . . . .. ... ... .. 361
9.1.1 Shift-and-add algorithm . . . . ... ... ... ... 362
9.1.2 Selective image reconstruction . . . . . . . ... ... 364
9.1.3 Speckle holography . . . . . ... ... ... ..... 365
9.1.4 Cross-spectrum analysis . . . ... ... ... .... 366
9.1.5 Differential speckle interferometry . . . . . . . .. .. 367
9.1.6 Knox-Thomson technique (KT) . . .. ... ... .. 368
9.1.7 Triple-correlation technique . . . .. ... ... ... 371

9.1.7.1 Deciphering phase from bispectrum . . . . . 375
9.1.7.2 Relationship between KT and TC . . . . . . 379

9.2 Iterative deconvolution techniques . . ... .. ... .. .. 382
9.2.1 Fienup algorithm . . .. ... ... ... ....... 383
9.2.2 Blind iterative deconvolution (BID) technique . . . . 384
9.2.3 Richardson-Lucy algorithm . .. ... ... .. ... 387
9.2.4 Maximum entropy method (MEM) . . .. ... ... 388
9.25 Pixon .. ... 389
9.2.6 Miscellaneous iterative algorithms . . . . . . . .. .. 390

9.3 Phaseretrieval . . . . ... ... 0oL 390
9.3.1 Phase-unwrapping . . . . .. ... .. ... ... 392
9.3.2 Phase-diversity . . .. ... ... ... ... ... 394

10. Astronomy fundamentals 397

10.1 Black body radiation . . . . . . ... ... L 397
10.1.1 Cavity radiation . . . . . . . . .. .. ... ... ... 398
10.1.2 Planck’s law . . . . . . . ... ... 400
10.1.3 Application of blackbody radiation concepts to stellar

emission . . . . ... 403
10.1.4 Radiation mechanism . . . . . . ... ... ... ... 405
10.1.4.1 Atomic transition . . . . . . . .. ... ... 406
10.1.4.2 Hydrogen spectra . . . . . . . . .. .. ... 408

10.2 Astronomical measurements . . . . . . .. .. ... ... .. 409

10.2.1 Flux density and luminosity . . . . . .. ... .. .. 409



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Contents xxvii

10.2.2 Magnitude scale . . . . . . . ... ..o 412
10.2.2.1 Apparent magnitude . . . . . .. ... ... 413
10.2.2.2 Absolute magnitude . . . . . . ... ... .. 413
10.2.2.3 Bolometric corrections . . . . . .. .. ... 414

10.2.3 Distance scale . . . . . . . .. ... L. 415

10.2.4 Extinction . . . . . .. ... 418
10.2.4.1 Interstellar extinction . . . . . . . . .. ... 418
10.2.4.2 Color excess . . . . . . . . .. ... 420
10.2.4.3 Atmospheric extinction . . . . . . . ... .. 422
10.2.4.4 Instrumental magnitudes . . . . . . . . . .. 423
10.2.4.5 Color and magnitude transformation . . .. 424
10.2.4.6 U BV transformation equations . . . .. .. 425

10.2.5 Stellar temperature . . . . . . .. .. ... ... 427
10.2.5.1 Effective temperature . . . . . . .. .. ... 427
10.2.5.2 Brightness temperature . . . . . . ... ... 428
10.2.5.3 Color temperature . . . . .. ... .. ... 428
10.2.5.4 Kinetic temperature . . . . ... ... ... 429
10.2.5.5 Excitation temperature . . . . . . .. .. .. 430
10.2.5.6 Ionization temperature . . . . . . . . . ... 431

10.2.6 Stellar spectra . . . . . . . .. ... L. 432
10.2.6.1 Hertzsprung-Russell (HR) diagram . . . . . 435
10.2.6.2 Spectral classification . . . . . . .. ... .. 438
10.2.6.3 Utility of stellar spectrum . . . . .. .. .. 442

10.3 Binary stars . . . . . .. ... L L 445

10.3.1 Masses of stars . . . . . .. .. ... ... ... 445

10.3.2 Types of binary systems . . . . . .. ... ... ... 446
10.3.2.1 Visual binaries . . . . . . ... ... .. ... 447
10.3.2.2 Spectroscopic binaries . . . . ... .. ... 447
10.3.2.3 Eclipsing binaries . . . . . .. .. ... ... 450
10.3.2.4 Astrometric binaries . . . . . .. ... ... 452

10.3.3 Binary star orbits . . . . . ... ... 453
10.3.3.1 Apparent orbit . . . .. .. ... ... ... 454
10.3.3.2 Orbit determination. . . . . . . . ... ... 456

10.4 Conventional instruments at telescopes . . . . . . . . .. .. 459

10.4.1 Imaging with CCD . . . . . . ... ... ... .... 460

10.4.2 Photometer . . . . . .. ... ..o 461

10.4.3 Spectrometer . . . . . . ... ..o 464

10.5 Occultation technique . . . . . ... ... .. ... .. ... 468

10.5.1 Methodology of occultation observation . . ... .. 469



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

xxviii Diffraction-limited imaging with large and moderate telescopes

10.5.2 Science with occultation technique . . . .. ... .. 472

11. Astronomical applications 475
11.1 High resolution imaging of extended objects . . . . . . . .. 475
11.1.1 The Sun . . . . . . . . . 476
11.1.1.1 Solar structure . . . . . ... ... ..... 477

11.1.1.2 Transient phenomena . . . . . . . . .. ... 484

11.1.1.3 Solar interferometric observations . . . . . . 489

11.1.1.4 Solar speckle observation during eclipse . . . 491

11.1.2 Jupiter . . . . . . .o 493
11.1.3 Asteroids . . . . . . ... o 495
11.2 Stellar objects . . . . . . . . ... L 497
11.2.1 Measurement of stellar diameter . . . . . . . . . . .. 497
11.2.2 Variable stars . . . . . . ... .. .. ... .. .. .. 500
11.2.2.1 Pulsating variables . . . . . ... ... ... 500

11.2.2.2 Eruptive variables . . . . . ... .. .. ... 503

11.2.2.3 Cataclysmic variables . . . . . .. ... ... 504

11.2.3 Young stellar objects . . . . . . .. ... ... .. .. 506
11.2.4 Circumstellar shell . . . . .. ... ... ... .... 514
11.2.4.1 Planetary nebulae . . . . . . ... ... ... 518

11.2.4.2 Supernovae . . . . . . .. ... 523

11.2.5 Close binary systems . . . . . . . .. ... ... ... 526
11.2.6 Multiple stars . . . . . . .. ... .. oL 529
11.2.7 Extragalactic objects . . . . . . . .. ... .. .. 531
11.2.7.1 Active galactic nuclei (AGN). . . . ... .. 534
11.2.72Quasars . . . . . . . ... 541

11.2.8 Impact of adaptive optics in astrophysics . . . . . . . 542
11.3 Dark speckle method . . . . . . ... ... ... .. ... .. 547
Appendix A Typical tables 553
Appendix B Basic mathematics for Fourier optics 557
B.1 Fourier transform . . . . . . .. ... .. oo 557
B.1.1 Basic properties and theorem . . . .. ... .. ... 558
B.1.2 Discrete Fourier transform . . . . . . ... ... ... 561
B.1.3 Convolution . . . . . ... .. ... ... ....... 561
B.1.4 Autocorrelation . . . . .. ... ... L. 563
B.1.5 Parseval’s theorem . . . ... ... ... ....... 564
B.1.6 Some important corollaries . . . . . . . ... .. ... 565



Diffraction-Limited Imaging with Large and Moderate Telescopes Downloaded from www.worldscientific.com

by INDIAN INSTITUTE OF ASTROPHY SICS BANGALORE on 02/02/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

Contents XXix

B.1.7 Hilbert transform . . . . .. ... .. ... ... ... 566
B.2 Laplace transform . . . . .. ... ... ... ... ... 567
B.3 Probability, statistics, and random processes . . . . . . . . . 569
B.3.1 Probability distribution . . . ... .. ... ... .. 569
B.3.2 Parameter estimation . . . . . . ... ... ... 573
B.3.3 Central-limit theorem . . .. ... ... .. ..... 575
B.3.4 Random fields . . . . .. ... ... ... ....... 575

Appendix C Bispectrum and phase values using triple-

correlation algorithm 77
Bibliography 579
Index 995



