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Reconstructed images of Alpha Orionis using stellar speckle interferometry
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(Received 19 April 197b)
We discuss a recently developed technique to recover nearly diffraclion-intled images of supergiant stars such

as ot Ortonis (lBeelgeuse) front speckle interferometry data. This method reic% on the digital identification and0 "c .oaddltioni of the brightest individual speckles within a large numiber of short-expusure speckle photographs

A C The resulting aNcrage speckle may be thought of as the convolution of a point source speckle profile with the
.2 o sctual object intensity pattern. By making use of this point we have derived angular diameters and limb

.5 darkening coeictents in addition to finding evidence of posible surface structure on the star. The limitations
of this tcchnique have been determined empirically and they are discusrcd in this paper.

o INTRODUCTION structure ol the bright star a Orionis (Betelgeuse).
'a C Since the detailed procedures and results are presented

2, The application of stellar speckle interferotnetry to in hpe detail p res and resummare preen
.2 . asrntsclupSSwsdn yUbyl'adin that paper we will present only a sumnmary here con-_ ; i-  a s t r o n o m ' l i c a l p u r p o s e s w a s d o n e b y L a b e y r il a n d e t a i g o l ( e l m t t o n a d s u e q n t r u t .

. E Cezari 0t al. *rhe basic principle used Its that method centrating on the limitations and subsequent results.
P.t0 consists of measuring the mean-squared modulus of

shoit-exposure astronomical photographs. This is EXPERIMENTAL METHOD
generally accomplished by summing the infinity diffrac-
lion patterns o! these photographs optically produced A singlo specklespatternfis copose oddufrsnt~es or speckles which for a point source object
using a laser. A variety of theoretical analyses of this sa-e scales near that of tse telescope Airy disk. in
:method- have shown that this result contains recover- Fig. 1 speckle exposures obtained on the Kitt Peakable Iiffortiation ons scales out to thse telescope diffrac- ,'.1spceexousobandnthKttPa
leinfrmation oeve sncesoutote ti el-scae mduls National Observatory 4 in telescope for three differentliontypes of objects are shown. As stated above, the In-

is produced, phase iisfortatioi is lost and a diffraction- dividual speckles for the point source object y Orionis
littted image cansnot be reconstructed. have scales near the Airy disk size for the 4 m tele-

rhe informations needed to completely define a dif- scope. Since a more complex object, such as a binary
f.action-limited image is present within the speckle star system, exhibits a speckle pattern which is the
da.ta. Methods have been proposed and simulated to convolution of the object intensity with a point source
e-tract this iinforsmation. t 0 In such techniques the phase speckle pattern, the speckles In the image of the binary
information is obtained from the statistical autocorrela- star a Auriga are each doubled. Consequently, if a
lion of speckle photographs Its a manner similar to that point source speckle pattern can be observed close
used to extract the modulus information. However, for enough to a program object so that the light from both
C;ects with sizes near the telescope resolution limit objects passes through the same column of turbulent
we hsave developed an empirical technique for recon- atmosphere (I. e., within the isoplanatic patch) then the
stiucting nearly diffractin-limited images. " This speckle pattern of the point source object may serve as
method has been used to study the possibility of surface the instantaneous point spread function and recon-

Vie. 1. Speckle exposures taken eo: the Kitt Peak Nattonal Observatory 4 m telescope. Each photograph covers a 3 arc see
sqare area. {a) Alpha Orionis Mletlgeuse), a resolved supergiant star with an angular diameter of -0.05 are sec (b) Gamma
(iiois itBellatrix), a point source star; 1c) Alpha Auriga (Capella), a binary star with an angular selparation of -0.06 src cc.
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structed images may be made using standard Fourier a low-ptS6.diglttal filter is applied to the data to re.

thconvolution methods. But there are very few suit- move high-fri.qfudlicy filsit grain noise. The cutoff of
tble point source objects near enough interesting ob- this filter is chosen to lie near the telescope cutoff. it

jects (about 2 arc see). 13 Consequently, the Lynds is then easy to pick out the bright speckles as tle Pints
1 al. l technique relies on extracting point spread fune- of local intensity m:xima brighter than a pre-chUs:en

trun information directly from the resolved object threshold. A field of impulses, 6(x,y), Ls constructed
speckle patterns themselves. This is accomplished by which represents these locations.
identilying the brightest local m.wxhia (i. e., the loca- In order to co-add the now located speckles in each
lion of the brightest speckles) within the resolved ob- image we consider each photograph to be represented
)ect speckle photographs. If this set Of Positions is by a simple model where the image, 0(x, y), is the sun
then assumed to represent the locations where a point of discrete speckles:
source would also exhibit bright speckles, then it can
be used as a synthetic "point spread function" to re- 0,y) ,(x, y)
cover a seeing-free image.

In practice we use the locations of bright speckles to =EP(Vy) 0lxy);
construct the andfre of an averge seckle for both at as mentioned previously, p(x,y) Is tile profile of a poli
ponth soerand e object .speWele y)s then onvoumeonhat source speckle. This relationship can now be re-

thewritten using the impulse field (x, y) which was con-
the average point source speckle p(v, y) with the actual writte un epse fi of Lt whih wa s -
object intensity profile (x, y), just as the entire object structed to represent the location of the bright speckles:
speckle pattern is the convolution of a point source 0(x,y) =[6(-,y) .p(x,y)). l{x,y).
speckle pattern with the real object intensity distribu- We obtain our mean speckle profile by deconvolvingLion ,oCW, y), which we have derived from the observed image

)i.V,y) = ptv,y) .l(.,y). OLV, y). p(v, y) is obtainable from the point source ..

.onsequently, by deriving o(x,y) and p(x,y) observa- star observations. To insure that systematic effectsttonaily, we may recover l(x,y). "rhe key practical are minimized the point source is chosen to lie rela-

limitation to this technique is the ability to Identify in- toly near to the object on the sky and the exposures Iare obtained in time as closely preceding and following ,
dividual speckles. In Fig. 1(a), the Betelgeuse image, t b
the key limitation ii evident. The fainter speckles the object exposures as possible. Resulting mean ,,.j

Sttspeckle exposures averaged over all exposures obtainedove.llap to such a degree that It Is difficult to Identify drt ~ ft~ tlt r hw nFg .,.

indiidul oes. lowver thebri;l~cst peclesduring one of the nights are shown In Fig. 2.intviduni ones. flowevr, lthe brigtetst speckles

e sem to be widely enough separated so that they are Using these data several types of Iformation may be~I
iiidividually identifiable. For this reason speckle iden- obtained. By comparing the Images of a Orionis re- .sll
tilicattiun is restricted to the brightest speckles in each constructed in both wavelength regions, an Indication of!
phot ogrsaph. surface structure is present which persisted In all fIv'.

nights' observations. Since the results are discussed:
A dital reduction scheme is used to identify and ex- at length by Lynds et al. 11 they will not be further dis a'

Li-ACt the desired mean speckle profiles. Photographic her es-
specle data is obtained using the Kitt Peak Nationai cussed here. Another parameter, useful for the study' "

Il dof conditions within stellar atmospheres, is the lib '.
Obstirvory 4 tit telescope." %h ti~ an Image scale Of darkening i(r), which represents the change of bright..
2. 2 arc sec/can, th~ese 35ram ph~otographs h~ave ex-2. ar se/cm thse 5mmphoogrphshav oxness on thte stellar surface out from the center of the '

posure times of 0. 01 s. To study the red supergiant

star Alpha Orionis (Betelgeuse) 40 exposures of It and stellar disk: It usually takes a form

a coinparison point source star, Gammna Orlonis, were I(r) = 1, - x(1 - cose)I,
obtained oi each of five nights in March 1974. Two where 1 is the Intensity at disk center, 0 is the angle
liandpasses of 100 A each were chosen for these ex- between the point at r and disk center, and x is the
posures. One at 5180 A covers the TiO absorption band between ing ater a in ae X is Toin the spectrum of cool stars like a Orionts. Light limb darkening parameter taking values ox 1. To

tit he pectum f col sarslikea Oioni. Lght derive this and the stellar radius, both assumed to be
from this band represents a temperature-sensitive level dive santetel adis, th assmedsoba
hgh within the stellar atmosphere. For comparison radially symmetric quantities, the two-dinensionaPurposes a second band at 5100 A was used. Thle data speckle images are summed radially to produce the .
;lrp digitized using an Pd microdensiometer, with the one-dimensional curves shown in Fig. 2. It Is to betrcorded photographic densities converted to intensities noted that on theoretical grounds,3 although a pointsource speckle Is not expected to exactly resemble an"using a standard conversion curve. Airy disk, the observed profile bears a remarkable

To identify the location of the bright speckles each similarity to one, especially the presence of secondary
spietckle photograph Is fit with a two-dimensional Gauss- rings. This point source profile is used to derive the
i.iii profile which is then removed front the data. This above parameters by convolving It with a variety of
!;,rves to delete a background which consists of the un- stellar disk profiles varying the limb darkening and
resolved faint speckles and noise from a variety of radius to provide the best lit to the observed a Orionis.'
sources such as scattered light within the system. To profile. Estimates of accuracy are acquired by de.
itamibigucusiy identify the center ol the bright speckles, riving these parameters using different subsets of the.',
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i'. uIItIructed mean spccklcs for Alpha Orionis and Gamma Orionis along with one-dimensional radial profiles of these
results.

dallu. In this manner very high accuracy (~t 1) re- as 500 A centered at 5500 A could be used. For larger
suits have been obtained from a smill amount of data. bandpasses the higher-order speckles near the edge

of the pattern were badly elongated, showing the effects

LIMITATIONS of incoherence over the approximately 20 orders of in-
terference present. 14 With these limitations It was

Tis nicthndt is subject to severial sources of systemat- found that a speckle pattern showing recognizable
ic errors. The basic requirements of this method may speckles could be obtained for stars as faint as 7th
be summarized: (i) Discrete bright speckles must be magnitude using the Kitt Peak photographic system.
clearly identifiable on individual exposures, and (1t) a With a more efficient TV recording system this limit
comparison point source profile must be obtained which tha e eien o t t reoristude
represents as closely as possible the function which is
convolved with the object to produce te speckles il the With larger objects even the brightest speckles over-
ubjeci's speckle pattern, lap so that individual speckles cannot be identified.

For this technique to work there must be enough Since there does not exist a wide selection of objects
photons to produce a speckle pattern In which the 20 or with similar i)rightness and varying angular diameter it
st, brighter speckles are identifiable. We found that is difficult to determine when this limitation Lb .'omcs
speckles would not be appreciable smeared by the at- critical. liowever, for a Orionis, with an angular
nospheric motions for exposure times as long as 0.08 diameter of about twice the 4 in Airy disk size, ac-
s. We atlso found that a spectral bandpass of as large curate diameters which agreed well with other deter-

I[4t J Ot Soc Anm.. Vol. bo. No. 1i. Now11im 1976 Wordn rt a. 1245



"rAiLE I. icrivcd angulai diameters (uniform disk) for Alpha Owt pinntit surce profile causing a decrease in the do
t),'outir Obtanthd using differing roducUot parameters. rived di&,seter. Similarly, the lowering of the Ilne t

threshold for the Identification of bright speckles wlll
Low-pass fitter Threshold for IdeUllaen

Diameter (or a uniforou cutof frequency (4 bright speckles wudis adnit more of the fainter speqkles with lower signal.1i;
,.k t,-t4 as 0.01 |units of airy of the brightest 1-i1nl In to-noise. Consequently, Including these speckles WCoI
. rc-s,.te.) disk slxel each photograph) also lower the derived diameter for the same reason .

.0 4 O.61 0.65

52 3 1.0 0.65 It should be noted that In all cases where we obLtaine'

9 3. data on a number of different nights, the diameters de.

rived agreed from night to night to wIttin the errors o"
the result. It is concluded that our results are not

4s _ Z_.0 0.5 sensitive to atmospheric conditions.

We have shown that our method provides nearly dU.

mtinations of the diameter were obtained. Recently, fraction limited Images for objects up to several tlmnes,
angular diameters and limb darkening coefficients were the telescope Airy disk size. Although there Is sore

obtained for o Ceti (Mira) which were about three times sensitivity to high frequency noise in the results, it .J

the Airy disk size. Clearly identifiable specl:les are does not appear to be serious. Current efforts are

present for both of these stars. No speckles are visible underway to improve the data acquisition system addi

in speckle photographs of the Jovian moons which have a low-noise photoelectric system which will extend out .
angular di.-tmeters of about 20 Airy disks (-0.6-1 capabilities to fainter objects.

arc sec). lowver, for the asteroid Vesta with a dlam-
eter of about 5-10 Airy disks, individual speckles may -

be just identifiable. Dased on these data we conclude "Operated by the AssociaUon of Universities for Research is

that objects ip to 3-5 Airy disk diameters in angular Astronomy Inc. under contract with NSF.
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