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Reconstructed images of Alpha Orionis using stellar speckle interferometry

Sumon P, Worden
Sacramento Peuk Observatory, Aie Force Geophysics Laboratory, Sumpot, New Mexico 88349

C. R. Lynds and J. W. Harvey

At Peak National Observatory,® 930 N. Cherry Avenue, Tucson. Arizona 85726
(Received 19 April 1976)

We discuss a recently developed technique to recover nearly diffraciion-himited images of supergiant stars such
as a Onomis (Betelgeuse) from speckle interferometry data. This method relies on the digital identification and
coaddition of the brightest mdividual speckles within g large number of short-exposure speckle photographs
The resulting average speckle may be thought of as the convolution of a puint source speckle profile with the
sctual object atensity pattern. By making use of this point we have derived angular dinmeters and limb
dackerung coeflicients v addition to finding evidence of possible surface stiucture on the star. The hmitations
of this technique huve been determined empirically and they are discussed in this paper.

INTRODUCTION

the application of stellar speckle interferometry to
astronomical purposes was done by Lal.)eyriel and
Gezavi ¢t al. ! The basic principle used {n that method
consists of measuring the mean-squared modulus of
short-exppsure astronomical photographs. This is
generally accomplished by summing the infinity diffrac-
iion patterns of these photographs optically produced
using a laser. A variety of theoretical analyses of this
method®™® have shown that this result contains recover-
able tnformation on scales out to the telescope diffrac-
tion limit. However, since the mean-squared modulus
1s produced, phase information is lost and a diffraction-
limsted tmage cannot be recoanstructed.

The infurmation needed to completely define a dif-
fzaction-limited image is present within the speckle
duta.  Methods have been proposed and simulated to
extract this information. *® In such techniques the phase
iformation 1s obtained from the statistical autocorrela-
tion of speckle photographs tn a maaner similar to that
used to extract the modulus information. However, for
evjects with stzes near the telescope resolution lmit
we have developed an empirical technique for recon-
structing nearly dif{raction-limited imn{:cs.” This
method has been used to study the possibility of surface

structure on the bright star o Orionis (Betelgeuse).
Since the detailed procedures and results are presented
in that paper we will present only a summary here con-
centrating on the limitations and subsequent results.

EXPERIMENTAL METHOD

A single speckle pattern is composed of individual
frioies or speckles which for a point source object
have scales near that of the telescope Airy disk.?® In
Fig. 1 speckle exposures obtained on the Kltt Peak
National Observatory 4 m telescope for three different
types of objects are shown. As stated above, the in-
dividual speckies for the point source object y Orionis
have scales ncar the Atry disk size for the 4 m tele-
scope. Since a more complex object, such as a binary
star system, exhibits a speckle pattern which is the
convolution of the object {ntensity with a point source
speckle pattern, the speckles in the image of the binary
star a Auriga are each doubled. Consequently, if a2
point source speckle pattern can be observed close
enough to a program object so that the light from both
objects passes through the same column of turbulent
atimosphere ((.e., within the isoplanatic patch) then the
speckle pattern of the point source object may serve as
the tnstantancous polnt spread function and recon-

FiG. 1. Speckle exposuros taken on tho Kitt Peak Natlonal Observatory 4 m telescope. Each photograph covers & 3 arc sec
square area. {a) Alpha Orionis (Betelgeusc), a resolved supergiant star with an angular diameter of ~ 0,05 are sec; (b} Gamma
erionis (Bellatris), a point source star; {c) Alpha Auriga (Capella), a binary star with an angular separation of ~0.06 arc sec.
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structed images may be made using standard Fourter
deconvolution methods.'* Dut there are very few sult-
able point source objects near enough interesting ob-
jects (about 2 arcsec).'” Conscquently, the Lynds

ol al ' technique relies oun extracting polnt spread func
tiun information directly from the resolved object
speckle piatterns themselves.  This is accomplished by
wdentifying the brightest local maxima {i.e., the loca-
tion of the brightest speckles) within the resolved ob-
yeet speckie photographs. I this sct of positions is
then assumed to represent the locations where a point
source would also exhibit bright speckies, then it can
Le used as a synthetic “point spread function” to re-
cover a sceing-free image.

In practice we use the locations of bright speckles to
construct the profile of an average speckle for both a
point source and resolved object. We then assume that
the average object speckle olx, y) is the convolution of
the average polnt source speckie plv, y) with the actual
vbject intensity profile /{x, y), just as the entlre object
speckle pattern is the convolution of a polnt source
speckle pattern with the real object intensity distribu-
ton [

oly, y)=ply, y) o Kx, 3).

Cunsequently, by deriving olv, y) and plx, y} observa-
tonally, we may recover I{x,y). The key practical
limitation to this technique is the ability to identify in-
dividual speckles. In Fig. 1{a), the Detelgeuse image,
the key limitation is evident. The fainter speckles
woverlap to such a degree that it ts difficult to identify
vddividual ones.  llowever, the brightest speckles
seem Lo be widely enough separated so that they are
wdividually identifiable. For this reason speckle iden-
tilivation is restricted to the brightest speckles in each

photog raph,
¢

A digital reduction scheme is used (o identify and ex-
tract the desired mean speckle profiles. Photographic
speckle data is obtained using the Kitt Peak National
Ouscervatory 4 m telescope. ' With an image scale of
2.2 arcsec/cm, these 35mm photographs have ex-
posure times of 0.01 5. To study the red superglant
star Alpha Orionis (Betelgeuse) 40 exposures of it and
4 comparison point source star, Gamma Orionls, were
ubtained on cach of five nights in March 1974. Two
bandpasses of 100 A each were chosen for these ex-
posures. One al 5180 A covers the TtO absorption band
in the spectrum of cool stars like o Orionis. Light
from this band represents a temperature-seasitive level
hyth within the stellar atmosphere. For comparison
purposes a second band at 5100 A was used. The data
are digitized using a PDS microdensitometer, with the
recurded photographic densilies converted to intensities
using a standard conversion curve,

To identify the location of the bright speckles each
speckice photograph is fit with a two-dimensional Gauss-
tan profile which is then removed (rom the data. This
serves to delete a background which consists of the un-
resolved faint speckles and noise (rom a variety of
sources such as scattered Ught within the system., To
unambiguousty tdentify the cemter of the Lright speckles,

1244 3 Opt. So¢. Am., Vol. 66, No. 11, Nuvember 1

.

L}

a low-pass digital filter is applied to the data to re-
move high-frequdhey film graln nolse, The cutoff of
this filter Is chosen to lle near the Lelescope cutoff. |
is then casy lo plek out the bright speckles as the polnyy
of local intensity maxtma brighter than a pre-chosen
threshold. A ficld of Lmpulses, 6(r,y), is constructed
which represents these locations.

In order to co-add the now located speckles in cach
image we consider each photograph to be represcnied
by a simple model where Lhe image, 0(x, y), is the sum
of discrete speckles:

olx,y) =" olx, y)

=2 pl,y) e Ix,y); ;
as mentioned previously, plx,y) s the profile of a potnt '3
source speckle. This relationship can now be re- '
written using the impulse fleld 6(x, y) which was con. -
structed to represent the location of the bright speckies. .

Olx,y) =[6lx,y) e plx, y)] o Hx, y).

We obtaln our mean speckle profile by deconvolving . ;
8(x, y), which we have derived {rom the observed {mage ¢
olx, y). ply, y) is obtainable from the potnt source '
star observations. To tnsure that systematic effecis

are minimized the point source {s chosen to lie rela.
tively near to the object on the sky and the exposures
are obtained tn time as closely preceding and followlng 'y
Lhe object exposures as possible. Resulting mean “2
speckle cxposures averaged over all exposures obtalncd}‘
during one of the nights are shown in Fig. 2. Ly

Using these data several Lypes of informaltion may be ;."
obtalned. Dy comparlng the Linages of a Orionls re- ,,.',:
constructed in both wavelength reglons, an Indication of.3
surface structure is present which persisted in al} five'f|
nights’ observations. Since the results are discussed .,
at length by Lynds et al.'! they will not be further dis. 4
cussed here. Another parameter, useful for the study™
of conditions within stellar atmospheres, 13 the limb
darkening I(r), which represents the change of bright- {8
ness on the stellar surface out from the center of the
stellar disk: It usually takes a form .

Hr)=1Q1 - x{} - cosb)],

where /, is the Intensity at disk center, 0 {3 the angle
between the point at » and disk center, and x is the

limb darkening parameter taking values osx <1, ¢
derive this and the stellar radius, both assumed to be .
radlally symmetric quantities, the two-dimensional
speckle Images are summed radially to produce the
one-dimensional curves shown in Fig. 2. It 8 (o be
noted that on theoretical grounds,? although a potnt
source speckle ls not expectled to exactly regemble an"
Alry disk, the observed profile bears a remarkable i
similarity to one, cspeclally the presence of secondary #
rings. This point source profile I8 used to derlve the -
above paramecters by coavolving it with a varlely of
stellar disk profiles varying the limb darkening ang
radius to provide the best fit Lo the observed a Orlontg -
profile. Estimates of accuracy are acquired by de- '
rlving these parameters using different subsets of the ,‘,,

\J
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results.

data. 1o this manner very high accuracy (~2 1%) re-
sults have been obtained from a small antount of data,

LIMITATIONS

This method is subject to several sourcesof systemat-
ic errors. The basic requirements of this method may
pe summarized: (i) Discrete bright speckles must be
clearly identifiable on individual exposures, and (it) a
comparison poimt source profile must be obtained which
represents as closely as possible the function which is
convolved with the object to produce the speckles in the
object’s speckle pattern,

For this technique to work there must be enough
photuns to produce a speckle pattern in which the 20 or
so brighter speckles are identifiable. We found that
speckles would not be appreciable smeared by the at-
mospheric motions for exposure times as long as 0.08
s. We also found that a spectral bandpass of as large

148 ) Opt Soc Am., Yol 6o, No. 11, November 1976

as 500 A centered at 5500 A could be used. For larger
bandpassces the higher-order speckles near the edge

of the pattern were badly elongated, showing the effects
of incoherence over the approximately 20 orders of in-
terference present. ' With these limitations it was
found that a speckle pattern showing recogaizable
speckles could be obtained for stars as faint as Tth
magnitude using the Kitt Peak photographic system.
With a more cfficient TV recording system this limit
may be extended to about 8th magnitude.

With larger objects even the brightest speckles over-
lap so that individual speckles caunot be identificd.
Since there docs not exist a wide selection of objects
with similar brightuess and varying angular dtamcter it
is difficult to determine when this luinitation tecomes
critical. liowever, for a Orionis, with an angular
diameter of about twice the 4 m Airy disk size, ac-
curite diameters which agreed well with other deter-

Worden ef al. 1245
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TABLE 1. Devived angular diamctors (unjform disk) for Alpha
Orionts obtainod using diffoving roduction paramotors.
e
Low-pass filter ‘Throshold lor ideatilication
Dismeter for a uniform cutell [vequeacy of bright speckles tunits

sk tunits of 0,001 tuadts of alcy of the brightost polut in
are secunda} disk size) cach photograph)

St 0.67 0.65

5343 1.0 0.6%

1913 3.5 v.65

354 1.0 0.78

LENR 1.0 0.5%

minations of the diameter were obtained. Recently,
angular diameters and limb darkening coellicients were
obtained for o Ceti {(Mira) which were about three times
the Airy disk size. Clearly identiliable speckles are
present for both of these stars. No speckles are visible
in speckle photographs of the Jovian moons which have
angular diameters of abowt 20 Airy disks (~0.6~1

arc sec). Howcver, for the asteroid Vesta with a diam-
eter of about 5-10 Airy disks, individual speckles may
be just {dentifiable. DBascd on these data we conclude
that objects up to I-5 Airy disk diameters in angular
extent may have images reconstructed using this
method.

Implicit in our technique is the assumption that each
speckle is an approximation to an average speckle,
However, Ly restricting the method to bright speckles
we must consider the possibility that speckles sys-
tematically differ as a function of their brightness, We
have therefore determined the sensitivity of our resulls
to the method used to locate bright speckles as well as
the criteria under which bright speckles are defined.
To accomplish this a sct of data oltatned on January
15, 1976 was reduced to determine angular diameters
while varying the parameters used to identify speckle
locations. The observations consisted of 10 speckle
photographs each of o« Orionis. These data were re-
duced as described previously.

We varied both the cutolf frequency for the low-pass
filter used to smooth that data and the threshold in-
tensily above which speckles were defined as bright.
The low-pass [ilter used in the speckle algorithm was
set at values corresponding to 3, 1, and 14 times the
Airy disk size (0.020, 0.030, and 0. 045 arc sec, re-
spectively). The threshold above which speckles were
called “bright” was altered between $5%, 65%, and 75%.
The results of these tests are listed in Table 1.

It s apparent that all of the derived diameters agree
to within the quoted errors. However, the values de-
rived using a higher cutoff {n the [ilter, as well as that
result which included fainter speckles, may be slightly
smaller than the others. This may be attributable to
the effects of high-[requency noise in the photographic
data. With a filter that admits [requencies higher than
the telescope dillraction cutoff, substantial nolse may
be passed causing some nolse peaks to be identlfied as
speckles. This would lower the size of a mean resolved
object speckle proportionately more than the compari-

1240 5. Opt. Soc. Am., Vol. 66, No 1| N... ‘976

sw point source profile causlng a decrease in the do.
rived diameter. Simtlarly, the lowering of the lnlmn‘
threshold for the tdentification of bright speckles will 2
adinit more of the fainter speckles with lower slgnal. M
to-noise. Consequently, including these speckles "°"’4
also lower the derived diameter for the same reasop,

It should be noted that In all cases where we ‘“““w
data on a number of different nights, the diameters ¢q,
rived agreed from night to night to witl.in the errory o
the result. It is concluded that our results are not
sensitive to atmospheric conditions. 1

We have shown that our method provides nearly du'.
fraction limited tmages for objects up to several 1imeg.
the telescope Alry disk size. Although there is some ¢
sensitivity to high frequency noise in the results, it ¥
does nol appear to be serious. Current efforts are
underway lo improve the data acquisition system add
a low-noise photoelectric system which will extend ou;
capabilities to fainter objects. Iy
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