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Further speckle interferometric studies of a Orionis

M. Susan Wilkerson*) and Simion 1P. Worden
Sacramiento Peak Observatory."~ Air Force Geophysics Luh. Samspot. New Mexic) 88349

(Received 26 October 1976. revised 15 Decemnber 197h itid 212 April 1977)

Speckle interferornetry was conducted on ai Orionis (Betelgeuse) to check and extend
the observations of Lynds, Worden, and 1-larvey (1976). Dligital reduietion of the data

indicated the diameter had not changed significantly from the value derived in the
previous study. In addition it was found that a Oni is very highly limnb darkened. No

significant surface structure was revealed. All other results of the Lynds et al. study
are confirmed.

INTROD)ICI'ION ito dcterminc the spatial harmonics of the original
brightness distribution. I lowever, by so doing, the spatial

Tj lipE M2 la supergiant star ot Orionis phase information is lost and two-dimensional image
I(Betclgcuse) has a large enough angular diameter reconstruction is impossible. A speckle data-processing

(/-1/2o aresec) to be resolved using large optical tele- technique that preserves Ithe phase information has been
%Cope%. As suich it is an ideal caindidate for diameter demonstrated by Lynds. Worden, and H arvey (1976,
measurcements and image reconstruction. The first henceforth referred to as [WI I). Using this technique.
stellar-diamneter measurements ol it Ori were performied thie radius of a Oni was determined and possible surface
bN Michelson and Pease (1921) using the Michelson structure was detected. Subsequent in-depth analysis of
stellar interferometer onf the Mt. Wilson 100-in. teke- the LWN I I rests by McDonnell and Bates (1976) have
scope. Since then miany methods have been used to oh- confirmed these resuilsand outlined mnethods whereby
ta in stellar-diameiter information, including at more so- thle m1aximluml intforution withi regards to limib dark-
phisticated form of* Michelson interferometry ((uie citing andi surface structure may be extracted front
ea/a. 1974), intensity interferomectry (I lanbury Brown speckle data. I! is thfe puirpose of this study to repeat the
1 96h), and lunar occultations (FEvans 1955). One of thle I WViI observations on more extensive data obtained
newest techniques for obtaining stellar diamieters is several years. after thc L.WII results. In particular, we
speckle inter feromictry. (Table I summinarizes. the various are investigating the possibility oif timie changes in stellar
Zechniquecs and results as applied it) ( Oni.) Speckle in- diameters. as well ats the reporied dependcnce of diamn-
ter ferometr)y has been shown to provide intformation cier onf wavelength and the possible surface structure
fromn which images may be reconstructed (Knox and reported by [-WiI.
Thompson 1974, Lynds el al. 1976); it is therefore
especially suited for studies of the largest-angular-di- I. TIIw D)ATA A~ND RED)IC111ON PROCEDURE
anieter stars such as a Oni.

The use of speckle interferometry to obtain laugc- Observaions of aOri~ji~ri~and-y Ori wcremadeon
telescope diffraction-limited information was first the nights of 14/I15 and 15/ 16 January 1976 with the
demonstrated by Labeyric (1970). In his technique. Kit( Peak National Observatory 4-in Mayall telescope.
photographts are exposed on a timec scale less than that The complete optical system and details of the data re-
of thc variations of the optical transfer function of the duction are discussed in 1.WII. Speckle data was re-

* ' Earth's atmosphere. The resulting images yield infor- corded on Tri-X film in two wavelength regions: 5 100
ination near the diffraction limit of the telescope. Lat- 1 50) A and 5200 ± 50 A. The first spectral region at
beyrie's techniqtue has been used not only to obtain an- 5100 A consists mostly of continuum light. whereas the
gular diameters but to determine binary- and multiple- second filter at 5200 A is centered on the strong TiO
star separations (Gezari el al. 1972; Bonincau and Lit- hand redward of 5 169 A. As discussed by LWI 1. the
beyric 1973; Labeyricet al. 1974) and to sttudy small- continuum light which originates deeper in the stellar
scale solar features (H-arvey and Breckinfidge 1973; atmosphere may be expected to be less sensitive to
IHarvey and Schwarzchild 1975). temperature inhoiogeneities than the TiO-band light.

In Labeyrie's method, power spectrum analysis is used Two hundred exposures were made in each bandpass of
each object. The photographic film was then digitized

SPresent address: Steward Observatory. I inivcrsity of Ari/na, using the P1)5 niirodensitonietcr at the Kitt Peak Na-
Tucson. Ari;?onai H5721. t ional Observa tory. Computer reductions were per-
b) Operated b) The Association of Universities ror Re%ectrvh in Ai- formed on the Sacramiento Peak Observatory's XDS
tronon1v. Inc.. tunder coniract with the Naiim.aI Scioice I-minda- Signia 5 conmptuter. The basic processing consisted of
in. "2 It tng the cntr of eachl bright speckle on ak fniea,0
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then summnnling these speckles to construct a "mean" I l tlt 1. I. Mca,,ured diameter% Ofit 0r6,

speckle for cach frame. To increase the ratio of signal to I imb-
noise, 15 of such mean speckles, one front each original dark-
specklc frame, were then summcd. The TiO image was WaIveh l M ot
subtracted from the continuum image to reveal possible (oo t)Im Reference

surface structure. Both cross-sectional intensity tracings
and a digitally produced photographic image were an- 5751) (lnilc 34 54.+- Michelson and Pcase (1921),

light) IW% Ianbury Brown (1968)
alyzcd. 5000 :k 125 > sO Gciari. Labeyric. and Stachnik

(1972)
4220 69 * 5 Bonncau and t.abcyrie (1973)1I. RESULTS 4ssNo 67 * 5 Bonncau and Labeyric (1973)
5700 55 * 5 Bonncau and L.abcyric (1973)

In the present study we have applied linb-darkcning 7190 52.* 5 Bonneau and I.abcyric (1973)
S10400 5 so Bonneaau and Labcyrie (1973)

fitting as described by LWtl. In this method the ob- 4213 * 34 62 + 17 Currie, Knapp. and Liwar (1974)
served ,t Ori image is assumed to be the convolution of 5020 1 35 47 + 6 Currie. Knapp. and Liewar (1974)
the point-sourcc image with a disk having limb darkening 5N03 ± 46 57 + 9 (urrie. Knapp, and Lewar (0974)

5992 4 IS 57 * 6 Curric, Knapp. and Licwar (1974)
of the form 63% 1 I) 44 1 I1 Currie Knapp. and Licwar (1974)

5(S) 5Mi) 49 1 I' LWII (1976)1/lo = I ±- ,U(cos 0 - I ),(conJtinu-

where I is the intensity at an angIe 0, 0 being the angle 79 1 b

between the lines from the stellar disk center to Farth 51x() + S0 53* V. lWit (1976)

and from the disk center to the surface point in question, (rind) 79) + Ib
and p being the limb-darkening coefficient. The results 51xo 150 66 f 6 06 McDonnell and Batcs (1976)

in Table I, along with previous angu- (TiO band) 0.3are summarized i ,00 * 20 51 1 I Wordcn, Stein. Schmidt. and
lar-diametcr measurements for (Y Ori. We note that for Angel (1977) (autocorrelation
both continuum and TiO wavelength regions a Ori is nclhd)

iymb d , a s650) o 52 :k I Worden, Stein, Schmid. andhighly l darkened, with slight indication that the Angel (1977) (IIW1 method)
continuum image is less limb darkened. This result is 51)0 ± 50 45.3 This work
consistent with the observed differences in diameter (c'mtinu- 0.5'

between the two wavelength bands, assuming a non- U1n) 52.0 1 0 75 1 1This work
linb-darkened disk. 1.7 0.13,

52tM ± 50 49 9In this work, as well as in the [IWH paper, we have- 2 o 4d) 0,7--
derived estimates of the errors in diameter measurements 56.9 + 0.93 + This work

by considering independent subsets of data. From the .0 0.03,
200 images, 180 were digitized and divided into twelve . tUniform-intcnsily disk.

I5-frame subsets. Diameters, limb-darkened values, and b Conc-sl:fcd intensity profile.
uncertainties were then derived from these subsets. In , Diameter and limb darkening which best fit the data.

the LWII paper the error estimates derived in a like
manner were substantially smaller than the plate-
scale-measurement error. The plate scale was deter- speckles in each photograph. While application of the
mined to be 2.'1: 0.3 cm-I by WI-I. In this work we same selection criteria to the point-source exposures will
attempted to derive the plate scale to an accuracy com- in some measure account for this problem, the fact that
parable to that which the internal consistency of the data a Ori isa resolved object in and of itself alters the char-
indicated. At the time'of the current observations, the acter of a Ori speckle photographs. In a resolved-object
plate scale was measured to be 2:00 + 0:003 cn - . Thus pattern, individual speckles will overlap, which they will
the diameter values listed in Table I can be considered not do for a point source. This would tend to increase the
accurate to 1%-2%. Within the plate-scale-measurement measured diameter of individual speckles. However, the
error the observations are consistent with a result of no restriction to use of bright speckles only does tend to
discernible change in radius occurring between these reduce this problem, but does not eliminate it. On the
newer observations and the [WI I results. However, we other hand, the presence of noise spikes in each speckle
note that the -8% radius difference between the photo due to ion and cosmic-ray events in the image tube
highcr-stellar-atmosphere level (TiO) and photospheric would tend to decrease the size of a mean speckle cor-
observations (continuum) persists in these current data. respondingly more for a resolved object than an unre-
This result, being only a relative number, is independent solved one. These problems have been discussed in detail
of measurements of image scale. in a recent paper by Worden, Lynds, and Harvey (1976)

The high internal accuracy of the results reported in in which an empirical determination of their effects was
this paper makes it important to consider sources of described. It is to be noted that altering bright speckle
possible systematic error. The most likely source of such identification criteria did not alter the measured stellar
errors is the somewhat subjective selection of "bright" diameter by an amount greater than the internal errors
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ovcr a wide range of bright speckle identification criteria. tuations along the scan, is less than the LWH result, the
Moreover, application of both the LWiH method and a apparent structure is only marginally statistically sig-
nonsubjective (but more noise sensitive) method for nificant. Thc lack of as significant a rcsult as that shown
deriving angular stellar diameters using speckle auto- by LWII does not necessarily mean that no such large-
correlation functions. revealcd no method-dependent scale surface structure exists, merely that our present
difference in the derived diameter for ty Ori (Worden, analysis contains somewhat larger systematic errors in
Stein. Schmidt, and Angel 1977). the two images, as revealed by the large signals at dis-

Since we have produced what arc to be considered lances much greater than the radius of the star. Such
actual "images," it may be possible to investigate the features may be masking any surface structure present.
presence of stellar surface structure as suggested by The super-resolution techniques or McDonnell and Bates
LWit. However, since the diffraction limit is -Y the (1976) may prove more uscf, l in the future for dis-
measured stellar diameter, and since our point-source cerning surface structure in this type of data.
results reveal that we obtain only nearly diffraction-
limited results, this technique can reveal under the best Ill. (ONCILIJSIONS
conditions only the largest-scale structure on the stellar
disk (i.e., that which effects -14 of the visible stellar In this study we have repeated the LWH measure-
surface). Thus, even the 4-m telescope provides a rather ments on a Ori with a somewhat larger amount of data.
insensitive method for studying stellar surface structure. Although the variations in previous determinations of
Nevertheless, as done by LWH, we may divide our im- the a Ori angular diameter suggest a change with time,
ages into quadrants and investigate any differences be- we find that within the errors of the measurements and
tween these quadrants. Towards this end, the subtracted of the image-scale determination there has been no
image revealed features in the one-dimensional trace change in the radius of a Ori from data taken almost two
(Fig. I) which may be interpreted as possible surface years apart. The tracings and images, based on ap-
structure (as in the LWH paper). As with the diametcr proximately the same number of frames and therefore
measurements, the accuracy of this was derived by the same error as the observations conducted by LWH,
considering independent subsets of the data. Although reveal no statistically significant surface structure for
the apparent noise in this result, as evinced by the fluc- the two nights of observations, although further studies
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of lhc data involving more sophisticated image pro- Evans. 1). S. (1955). Mon. No(. R. Astron. Soc. I1,468.
cessing may reveal evidence for such structure. The re- (,czari, D. Y., Labcyrie, A.. and Stachnik, R. V. (1972). Astrophys.

suits further indicate that a Ori is almost completely J. Lot. 173,LI.

limb darkened, with limb-darkening coefficients of 0.93 Hanbury Brown, R. (1968). Ann. Rev. Astron. Astrophys. 6, 13.

and 0.75 for thc TiO and continuum bands, respectively. Ilarvey. J. W.. and Brcckinridge. J. B. (1973). Astrophys. J. Lett. 182,
LI 37.Moreover, the 8% diffcrcncc in uniform-disk angular Ilarvey, J. W.. and Schwarzschild, M. (1973). Astrophys. J. 196

diameter reported by LWH is confirmcd. 221.
Knox, K. T., and Thompson, B. J. (1974). Astrophys. J. Lett. 193,
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