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| NTRODUCTI ON

0.1 G ound based high resolution optical astronony

The nature of experinents in astronony is passive owng to
t he super human  proportions of astronom cal objects. The
uni verse conducts its experinents and the astrononer observe
astronom cal objects when and where they pose for him To have a
nore conplete record of an astronom cal phenonenon it i's
necessary to be able to record as faint a signal as possible.
In addition, it is inportant to be able to observe finer
details in the structure of astronom cal objects. But for t he
earths atnmosphere both these requirenents for stretching
our known uni verse would have been fulfilled by Ilarge
t el escopes. | deal |y, a |arge telescope has a | ar ge
col l ecting area and better ability to resolve angul ar features
in astronom cal inages. However, the turbulent atnosphere
limts the resolution in long exposure imges to about one
second of arc at optical wavel engths which is t he angul ar
resolution of a 10 cmtelescope. Tenperature induced random

density fluctuations convected by at mospheric  turbul ence

of fer random refractive-index inhonogeneities to i ncom ng
['i ght waves. By the time starlight reaches the entrance
pupil of telescope it shows random variations of both phase
and anplitude (Fig 0.1). A zeroth order description of
wave propagati on in a random atnosphere is to project

the colum desity of air above the tel escope onto the pupil
Al t hough one had an optically polished mrror to begin with the
result of such a projectionis an equivalent aberrated mrror.

Al though this sinple picture gives only phase nodulation it is a



correct indicator of what the atnosphere does to focal plane
i mages. The variations in anplitude are per cei ved by
t he eye as scintillations: the so called tw nkling of
the stars. Typically, the field decorrelationlength is about
10 cm in the optical region. By this we nmean the random
di fference of phase of the wavefront at two points separated by
10 cm is about 1 . An interesting naked-eye observation
(Mnnaert 1940) is to look at the twinkling of a star near
the horizon with the eyes crossed so that one sees two imnages,
one formed wthin each eye. They show i ndependent
scintillations of intensity. One can think of the corrugated
pupil plane wavefront (like the one shown in Fig 0.1) as nade up
of a large nunber of plane waves with different angles of
arrival. Each of these will produce a bright spot wth nearly
diffraction limted size. To get a decorrelation |length of the
order of 10 cm the RM angle of arrival of different waves
formng the pupil plane field should be about 1". As a
consequence the i nst ant aneous image of a point source has a
spread of about 1" (corresponding to the 10 cm decorrelation
| ength) and cont ai ns many bri ght spots, the so called
speckles, with nearly diffraction limted size (Fig 0.2b). These
at nospheric corrugations change with tinme on a scale of typically
10 ms, resulting in a tinme dependent speckle pattern. Though at
any instant the finest features (individual speckl es) in
t he image have (nearly) diffractionlimted size, on long
exposure one records only the "envel ope" seeing disk which is

typically 1" wide(Fig 0.2¢).



Nevert hel ess, ground-based high resolution astronony is
possible wth wvarious novel techniques (see references to
reviews at the end). Techni ques |ike lunar occultation and
intensity interferometry are not affected by the turbulent
at nosphere. The M chel son stellar interferometer conbines
i ght from two (or nore) mrrors smaller than the field
decorrel ation |ength. Though this does not avoid the problens
of fered by the atnobsphere entirely, the effect of the atnosphere
takes a sinpler form and can be conpensated for. Speckle
interferometry uses statistical nmethods of inmage reconstruction
from a |arge nunber of short exposure images forned by |arge
t el escopes. Though speckle interferonmetry is affected nost by
the atnosphere, its large light gathering capacity nakes it a
powerful high resolution technique for faint objects. The
pr esent t hesi s deal s with sone aspects of speckl e
interferonmetry, but we briefly first describe the salient
features of the other nethods.

Lunar occul tati ons: Since the angul ar size of the noon is
much larger than the angular resolution obtainable by this
techni que, the occulting edge of the mon can be considered
essentially straight. A strictly circular noon would give a
10 mas Poisson spot but deviations of nore than 10 m from
circularity would elimnate that. The formation of the intensity
pattern on the ground can be understood in two steps. In the
first step the diffraction due to the lunar edge results in
intensity variations just outside the earths atnosphere. The
scale of intensity variation of the knife-edge pattern at this

plane is about 10 mwhich is the Fresnel zone size correspondi ng



to the earth-noon di stance of about 400, 000 Km and A =B0O0CA. The
further propagation encounters nearly 10 Km of earths turbul ent
at nosphere. The correspondi ng Fresnel length is about 5 cm In
addition refractive effects also result in intensity variations.
Taking 1" as a typical angular deviation in the angle of arrival
of rays the scale on which refractive effects can affect the
fields is readily estimated to be about 1"X10 Km=5 cm Both these
length scales are smaller than the scale of variation of the
intensity atop the atnosphere. The atnosphere can thus introduce
scintillations on a 10 cm | engthscal e but does not significantly
scranble the knife-edge pattern  produced by the noon
By wusing telescopes of size larger than 10 cm(yet less than
the 10 m Fresnel length) the effect of scintillation can be
averaged to yield the true intensity distribution at the top of
the atnosphere. Inspite Oof the limted coverage in the sky the
relative sinplicity of the instrunentation is a maj or
advant age of this technique.

Intensity interferonetry: Pioneered by Hanbury-Brown and
Twi ss, intensity interferonetry is based on the follow ng
fundanental principle. |If the bandwi dth of the inconmng light is
restricted to a frequency range Av then for tinmescales
shorter than = =1}/aA» the source can be treated as a coherent
one with a stable anplitude and phase. The structure  of
fields at the surface of the source, though very conplicated
(thermal), can be regarded as frozen in. The intensity
distribution due to so conplex a source shows variations both

tenporally (timescale = ) and spatially. The or der of



magni tude of the spatial scales can be estimted as foll ows.
A the location z of the observer the cone of radiation from
t he source » subtains an angle @~D/z . For nearly
nonochromatic light this gives rise to the transverse coherence
length £, ~ Alg on which the intensity changes normal to the
rays. The | ongi tudinal coherence I ength £, cones about because
different waves in the bandwi dth beat with each other resulting
in intensity wvariations over the Ilongitudinal Ilength scale
éi,ffﬁ%: Thus neasurenent of 11 gi ves the angul ar size of the
sour ce. I's this description of intensity correlations valid in
the optical region? The answer to this general question was
given by Dirac along tinme before the conception  of t he
intensity interferometry. Wil e dealing with interference of
light from quantum standpoint, he states that the same photon
interferes only with itself. One can sunmarize the rel evant
results from quantumelectrodynamcs as the following rules.
First of all, we agree to deal w th quasi monochromatic |ight and

do not probe length-scales smaller than the wavelength of

light. Next , cal cul ate t he intensity di stribution
classically. This calculation involves diffraction and
i nterference. If a detector, during its response tinme, is to

receive a certain anount of energy £ on the basis of the
classical theory then the nunmber N of photons it will receive is
a Poi sson distribution wth nean nunber of phot ons
corresponding to the classical energy (n=E/hv). It shoul d
be enphasi zed t hat the distribution of photons detected by
two detectors is independent Poisson wth the instantaneous

(classical) fluxes as the neans. The classical intensities are



not constant in general and vary both spatially and tenporally.
The correlations in the nunber of detected photons in two
detectors appear only because of correlations in the classica
intensities at the two detectors.

The Nar r abr i intensity i nterferoneter has t wo
tel escopes of diameter 6.7 mw th baselines upto 60 m Its
det ect or response bandwidth 100MHz allows it to probe the
intensity variations on lengthscales larger than 300 cm
Allowing for 10% tolerance the intensity i nterferomater can
tolerate path differences smaller than 30 cm The pat h
differences introduced by the turbulent atnosphere are of the
order of 16'cn1 For the sane reason the mrrors need not be
very accurately designed (conpared to the traditiona
requirement of a fraction of a wavel ength) thus greatly reducing
the cost of the 6 mtel escopes. The tel escopes being very | arge
the effect of atnospheric scintillations is negligible. The
nmeasur enment of di aneters of the 32 stars by the Narrrabri
group stands as a "skymark" in optical high resolution astronony.
Incidently, The duration of exposures in speckle interferometry
is about 10 ns sone {06 times the intensity coherence tine
ﬂf%,ﬂh:lcOA, Thus as far as optical speckle interferonmetry
is concerned one can safely neglect the Brown-Twiss intensity
correlation and use Poisson statistics governed by the
i nst ant aneous intensity.

0.2 M chel son approach to high resolution astronony
The credit of first measuring angul ar size of distant stars, thus

opening the new horizon of high resolution astronomy, goes to



(12.] [13) : . o
M chel son and Pease who succeeded in overcom ng the limtations

i nposed by the seeing. Extending Fizeau’'s idea of putting a
mask with two snall holes on the pupil of a telescope they
attached a 20 ft beamw th small mrrors nmounted on it on the
M. WIson telescope. The beam with mrrors increased the
effective baseline avaialable wththe 8-ft dianeter M.
W son tel escope thus gaining resolution higher than the Rayl eigh
limt of the telescope; the latter alone wouldn't have been abl e
to resolve sone of the stars even in t he absence of
at mospheric degr adati on. More inportantly, the wuse of
mrrors of size smaller than the field decorrelation |ength
simplified the nature of atnospheric noi se and it was

possible for themto neasure the dianmeters of 8 stars. First,

consi der such an i nterferoneter in t he absence of
at rospheric degradation. The image of a point source, for a
tel escope with a nasked pupil with two hol es, consists of the
wel | - known Young's two hole fringes. The fringes have wi dth

corresponding to the separation between the two holes and the
overall fringe pattern has an extension that corresponds to the
size of the individual small mrrors. For exanple, if the size
of the small holes is 10 cm and the separati on between themis
5 mthen the focal plane inmage of a point source will be a spot
of size 1" with fringes of size 20 nmas in it. A second near by
point source will give a fringe which will superpose onto the
first fringe as the two sources are incoherent. The result of
such addition of fringe intensities is a fringe wth the
same periodicity (this is property of the hole separation and

a result that addition of any nunber of sinusoidals wth



the same periodicity is a sinusoid with the sanme period)
with shifted |ocation of the maxi ma when conpared to the one
star fringe. The location of the fringe maxima is crucial
in knowi ng the parity of the binary source. Parity of a binary
is defined as the side of the brighter conponent of the binary
and is the subject of the mgjor part of this thesis. The
| ocation of the fringe due to t he bi nary is
internediate to the |locations of hypothetical fringes due to
t he component poi nt sources. If one knows the |ocations of
the two stars accurately then fromthe |ocation of the binary
fringe relative to the two stars it is possible to know the
side of the brighter conponent. The mnima of the two source
fringe systemdonot have zero intensity in general as contrasted

to the single point-source fringe. This leads to loss in the

fringe visibility. For sources whose angular dianeter is
equal to the fringe width the loss of fringe visibility
wll be near total.

At nospheric degradation takes a sinple form for M chel son
interferometry. As t he mrrors are smaller t han t he
decorrel ation | ength one can appr oxi mat e t he
corrugations in the wavefront due to the atnosphere as random
phase shifts and randomtilts in the wavefront. These random
phase shifts and tilts are different at the two mirrors form ng
t he basel i ne. The difference in the phase shifts at the two
mrrors has the effect of changing the overall direction of the
source: this reflects in the drift in the fringes. This random

drift inthe fringes is of the order of 1". Difference in the



tilts on the two mrrors reduces the overlap of the 1" spots
produced by the two mrrors. The fringes arise only in the
over | appi ng region. Since the fringes drift by nmore (in fact a
lot nore) than their width the Iocation of the fringe contains
no i nformati on about the parity of the binary. However, the
loss in the fringe visibility can be seen ( atleast M chel son
and Pease were able to neet the requirenment by detectors
i nherited from their PAPA and MAMA) as a function of the
baseline. Extending the baseline nore than 20 ft posed
serious stability problens to the then avail able technol ogy. The
system nmust be mechanically stable to optical accuracies. Even
if this were so the random phase difference introduced by the
atnosphere at the extreneties of the baseline nmke it very
difficult for the bare human eye to observe a rapidly changing
fringe pattern. Efforts to extend the baseline to 50 ft this

way did not neet wth success and the beany version of the

M chel son interferonmetry was abandoned. Modern technol ogy has
nmade it possible to overcone these problens. The nodern
versions have independently nmounted small mrrors from which
light is conbined at a central optical t abl e. D fferent
parts of t he i nterferomneter are controlled to optica
accuracy by | aser interferoneters. In addition, t he
randommess introduced by the atnosphere, in the form of
relative path differences and wavefront tilts, is actively
(techni cal term adopti vel y) conmpensat ed for. The

interferonmeter includes sensors which detect the changes due to

the at nosphere and correct for them



0.3 Speckle interferometry
As mentioned before, an instantaneous focal plane inmage of a

poi nt source shows a random speckle pattern. A sufficiently

near by source will produce an identical inmage. If two sources
are within the so called isoplanatic patch then their 1ight
passes t hr ough al nost i denti cal tur bul ence in t he
at nosphere. Thi s i sopl anatic patch is very roughly 10" at
optical frequencies. Though the point source response is quite
random the instantaneous inmage of a binary, for exanple,
will have identical (at least for bright sources when photon

noi se is uni nportant) speckle patterns corresponding to t he
two stars.

That the speckl es do contain information about the nature of
the source was denonstrated in 1943 in a cl assic experinment by
G N Ranthandran (1943). The speckl es wer e due to
scattering from | ycopodi um powder. Fig 0.3 clearly shows
t he nat ure of the source which was inmaged by a | ens covered
with a glass plate with | ycopodi um powder on it. In t he
ast ronomi cal cont ext Labeyrie (1970) pr oposed and
denonstrated, with Gezari and Stachnik (1974), the use of what
is now known as speckle interferonetry. The idea is to obtain
(perhaps) a |l|arge nunber of short exposure inages and obtain
t he power spectrum from each one of these. The power spectrum
due to one frame has noi se which can be reduced by aver agi ng
many short exposure filns. |In particular if the source lies in
a single isoplanatic patch and R(X) denotes the instantaneous

focal plane point spread function(PSF) (intensity pattern due
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to a point source |located at the origin) and S(X) is the source
structure then' the instantaneous inmage is given by the

convolution of Rand S which can be witten in Fourier dommin as

. <UX
T,=Ru Sy  Iy=Jdxe  1(x)

Speckle interferonmetry measures the power spectrumof the inmage
and reconstructs the source power spectrum from this after
correcting for the system response power spectrum which is
neasured for a nearby point source. As is obvious the power
spectrum does not contain any information about the phases of
the object distribution ‘su. These phases are essential in
unanbi guous reconstruction of the object. The general second
order correlation contains information about the object phases.
However, because of properties of the systemresponse there is
arestrictionon the Fourier conponents entering the general
second order correl ation

ST I gy > Ton3e7e of JBU|< Ay = T3/ 05

This restriction conmes because two w dely separated Fouri er

components tend to be uncorrel ated. Consi der two nearby Fouri er

components. Each of these is a weighted sum of t he focal

plane intensity. I(X). If AU is smaller than the reciproca
of the seeing disk then the two weight functions wll give
al nmost the same integral. The existence of a second order

statistic other than the power spectrum is an indicator that the
focal plane inmage is not a stationary random process. |If t he
seeing disk were of infinite extension when conpared to the
speckl e size then power spectrumis the only second or der
statistics. The wuse of this general second order correl ation

was suggested by Knox and  Thonpson (1974). The  Knox-



Thonpson algorithum gives us the gradient (strictly t he
difference) of the source structure in the Fourier domain. The
actual object phases are constructed recurssively from the
gradi ent s. An alternative solutionto the phase problem was
proposed by Wigelt (1977) who proposed the use of the third
order statistics, the so called bispectrum
< Iy Ty I—u—v*) = <{RuR y R_y v > Sp S u-v-

whi ch cont ai ns the object closure phase from whi ch object phases
are recursively solved for. The only anbiguity in the
restoration involves an overall shift in the object. Besi des

these techniques dealing wth conventional (t hough short

exposure) images from traditional tel escopes there are other
i nnovative schenes which conbine the pupil plane fields in a
di fferent ways, .for exanpl e the rotation shearing interferoneter
(Roddier (3988 ?? These are not discussed in this thesis.

0.4 The scope of the thesis

This thesis deals with the Knox-Thonpson and the triple
correlation techniques of phase reconstruction. Parti cul ar
enphasis is on the estimation of the signal to noise ratios of
the techniques at both high and low light Ievels. The noise in
measurenments arises because of two nain reasons. First of al
at nospheric noi se i.e. the fluctuations in the point spread
function due to changing atnospheric conditions, needs to be
consi der ed. This is relevant for both the high and the | ow fl ux
l[imts. The second source of noise is that due to the finite
nunber of detected photons in a pixel. This is a quantum

effect. Associated with these two sources of noise are the
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par aneters /Vs and W . Ny is the average nunber of speckles in a
realization. For a telescope of a given diameter no quantifies
the atnospheric noise. 1f g is the field decorrelation I|ength
then there are roughly.%é‘ statistically i ndependent areas in
the pupil plane within which the field nearly uniform The phases
on two nei ghbouring coherence patches are statistically
i ndependent and have RMS phase difference about 7 i.e. path
difference of A/ . The wavefront tilt A/(—‘:-%)is about 1". To
represent these p, phase values one would need N; plane waves
with appropriately chosen anplitudes and angles of arrival. This
argunment based on a single scale nodel for the pupil plane fields
gives us the average nunber of speckles in a frane to be
A%fVlf/lz. Inreality, the nmultiscale turbulence gives a slightly
different scaling. Refractive index inhonogineities conparable to
the telescope size or larger than it can steer the overal

speckle pattern as their effect is well approximated by an
overall tilt in the wavefront. In this thesis, for analytic
sinplicity, only single scale nodel for the pupil plane fields is
considered. The new results reported here are argued to be
generic and should be applicable to a nultiscale nodel as well.
Usual |y speckle is taken to nmean a bright spot. However, because
a lense filters out spatial frequencies higher than t he
receprocal of the speckle size it is reasonable to inagine the
focal plane made up of Ng independent speckle size areas. The
speckle size is the correlation |lengthscale for focal plane
intensity. In chapter 2 we assune the statistics of the
intensities on such independent areas to be a Rayleigh

statistics. So in this technical sense a specle need not be
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abright spot (The Rayleigh statistics peaks at zero intensity).

The intensities of the individual speckles can be considered as
statistically independent as they correspond to the strengths of
Ns; i ndependent plane waves form ng the pupil plane field.

The total photon count N in an exposure cones froman area
D? so the area per speckle is .34. Now i f the average nunber of
photons in a speckle is A then the fluctuation in this is Jﬂ%zas
t he nunber of photons obeys the Poisson distribution for a fixed
intensity. The noise is uninportant if Jﬁhis much larger than
unity. Astronomcaly, for a 10 ns exposure, 1" seeing 100 A
bandwi dth ' =1 nmeans 13. For brighter objects the imge is nearly
cl assi cal and the only noise is due to the at nospheric
degradation. For this reason in the SNR expressions for brighter
sources only N, appears. W also note here that what is relevant
is the detected nunber of photons so in all expressions the
producth‘ shoul d appear and not the detector efficiency 9 or N
individually. So al though we derive the fornulae for g=I first in
the final expressions appropriate powers of q are introduced.
Since different frames of data are statistically independent the
SNR for M franmes of data is Mvztimes the SNR for one frame.

Thr oughout this thesis we talk of various orders of
correlations. In the context of intensity correlations by order
of a termwe nean the power of X' . The physical notivation for
this nonenclature is that for genuine high resolution techniques
i ndi vi dual speckles are the basic statistical elenents. One aim
of the study reported here is to derive the scaling dependence of

SNRs on these two paraneters. These scalings should hold (atleast
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approxi mately) in the nore general and realistic nultiscal e case.

0.5 Summary of the thesis

In chapter 1 we present SNR estimates for the bi spect rum
and the phase reconstruction based on it. The SNR estimates
given are valid for both high and low flux |evels. In this
chapter we show that the power spectrum analysis has a
better SNR than the SNR for the bispectrum analysis. Thi s
result was contrary to the then existing SNR cal cul ati ons
f or t he bi spectrum The sane concl usion was al so reached,
i ndependent|y by ot her groups.

The SNR for the focal plane triple correlation presented in
chapter 2 are conplenentary to the frequency domai n cal cul ati ons
reported in chapter 1. In chapter 2 we are interested in the SNR
for the detection of the parity of a binary star. Parity is
defined as the side of the brighter conmponent and is discussed in
detail in this thesis. Binary stars are perhaps the sinplest
sources for which sone anmbiguity (180”in position angle) remains
after neasuring the power spectrum Parity is also known to the
bi nary star observers as quadrant anbiguity. Parity is inportant
in sone astronom cal applications, exanples being the recently
obser ved ’conpani on' to SN 1987A and closely separated
gravitational |lens inmages. Quadrant anmbiguity may play crucial
role in determning the orbital paraneters for a binary as in the
case of 70 Tauri (McAlister 19889@ Since one is dealing with a
property of the source structure, rather than internediate
quantities |ike phase gradient or the bispectrum one can
meani ngful |y compare how di fferent phase reconstruction methods

fare in determning parity. In addition the sinple nature of the



source facilitates explicit analytic calculations inthe foca
pl ane domain rather than the Fourier domain wusually discussed.
Parity is defined in this chapter as a special case of t he
f ocal plane triple correlation. The calcul ations are based on
certain approxi mati ons of the point spread function. In chapter 5
these calculations are extended to take into account effects
negl ected in this chapter 2.

The Poi sson fluctuations obeyed by the photons introduces
bias terns dominent at Iow flux |evels. It is necessary to
obt ai n unbi ased estimators for quantities of interest. In the
third chapter we present results on the general (frequency or
focal plane) Poisson results on the N'th order statistics. The
diagramatic technique for keeping track various terns and the
generality of the results is believed to be new Results of
this chapter allow us to discuss issues related to the choice of
wei ght function to determne the parity of the binary. Qur main
interest being the parity of a binary we have considered in
chapters 4 and 5 the question of the opti numwei ght function for
parity detection. Results derived in the third chapter have been
used there.

In chapter 4 we consi der second order nethods |ike the Knox
Thonpson. The Knox-Thonpson has traditionally been analysed in
the Fourier transformdonmain. A given Fourier phase is build wup
by fitting a |arge nunber of phase difference neasurenents, a
process which is difficult to analyse. A differnt approach, based
on focal plane correlations is proposed. Qur results show that

the second order nethod of parity determ nation has a SNR that
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depends linearly on the binary binary separation. This effect was
entirely mssed by previous cal culations dealing with the SNR for
the PSF rather than for the actual source. This dependence on the
separation nake the second order nethods less reliable than the
triple correl ation nethods when the binary separation is close to
the resolution Iimt (except for unrealistically faint sources at
greater than 15?.

In chapter 5 we return to the SNR for parity detection using
the triple correlation nmethod. This calculation is the | ow flux
extension of the results presented in the second chapter but
takes into account various effects absent in the idealization of
the PSF used in that chapter. Simlar to the results of chapter 4
the SNR for the new "edge effects (due to the finite size of the
seeing disk) considered in this chapter depends on the binary
separation. However, for magnitudes relevant to the present day
speckle interferonetry and for binaries near the diffraction
limt of the telescope we find that the SNR for parity detection
is essentially that given by the sinpler nodel of chapter 2.

Al though this thesis deals with binaries, for which explicit
cal cul ations are possible, the conclusins arrived at are belived
to be generic to conplex sources with structure at the scale of

the resolution limt of the tel escope.



