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Abstract. We present diffraction-limited (30 mas) bispectrum. Introduction
speckle interferometry observations ofthe Mira star R Cas Wi{"ﬁe resolution of large optical telescopes and interferometers
the Russia 6 m SAOtelescope. The speckle interferograms ge op P

were recorded through narrow-band interference filters with high enough to resolve the stellar disk of nearby M giant

centre wavelength/bandwidth of 671 nm/6 nm and 714 nm/6 nsr%arst '.[0 reveal photospheric asymmetries a_nd _s_urface inhomo-
(strong TiO absorption band), 700 nm/6 nm (moderate TiO geneities, and to study the wavelength, variability phase, and
' }ﬁcle dependence of the diameter (see, e.g., Pease 1931; Bon-

sorption), and 1045 nm/9 nm (continuum). The reconstructgeau & Labeyrie 1973 Labeyrie et al. 1977: Bonneau et al.

Images show that the average uniform-disk diameters of R 169$82; Karovskaetal. 1991; Haniffetal. 1992; Quirrenbach et al.

are 43.6 mast 2.0 mas at 671 nm, 49.2 mas2.0 Mas at ;505\ ucon ot ol 1992: Tuthill et al. 1094: Haniff et al. 1995

714 nm, 37.2 mag2.0 mas at 700 nm, and 29.9 m&a8.0 mas R i )
at 1045 nm. In the 671 nm, 714 nm and 700 nm images t é)fmann etal. 1995a; Weigelt et al. 1996; Van Belle et al. 1996;

. ; . ... Perrin etal. 1999). In strong TiO absorption bands, the diameter
disks of R Cas are non-uniform and elongated with posmooq M-tvoe Mira variables is much larger than in the continuum
angles of the long axis of 8257° and 54, and axis ratios of ype Wiira varl IS mu 9 ' inuu

. e the pioneering work of Labeyrie et al. 1977; Bonneau et
0.70, 0.76 and 0.87, respectively. For example, at 671 nm 5 . ) ) )
size (elliptical uniform disk fit) of the elongated R Cas disk is" 1982). Theoretical studies (e.g. Watanabe & Kodaira 1979;

51.0 mas< 35.6 mas. The 1045 nm image shows no significai holz 1985; Bessell et al. 1989; Bessell et al. 1996=BSW96)
asilmmetry ' ' show that accurate monochromatic diameter measurements can
We compare our observations with theoretical Mira stiyProve our understanding of M giant atmospheres.

models and systematically check the capacity of monochro- The first interferometric observgtions of R Cas atloptical
matic diameter ratios and linear diameters for discriminati yavelengths were reported by Tuthill etal. (1994), Haniff etal.

between model representations of the observed star. Monoc 9995)’ Hofmann et al. (1995a), Weigelt et al. (1996) and Van

. _ - . o Belle et al. (1996). In this paper we present diffraction-limited
matic ,=1 radii were derived from the observed V|5|b|I|t|es6 m telescone bispectrum speckle interferometry imaaes of the
by application of model-predicted center-to-limb variation ira ar'ablpe RICpas IlrJna gs 'thISO mas reso); It'ong ore
of the intensity. Adopting the HIPPARCOS parallax Wot;tair\\/edI in the 700 ﬁm mgder\gtle TiO absor, tionublandwand in
obtained a photospheric radius (Rosselangls=1 radius) of the 714 nm and 671 nm strong TiO absor Ft)ion band ,Obser-
R Cas of 377R +£60R, (32.9mast 3.3mas). The derived - . , rong OTPHO! '

. . . vations with 54 mas resolution were achieved in the 1045 nm
photospheric radius and the large peried430 days) suggest ontinuum
first overtone pulsation for R Cas. We also determined 18 '
effective temperature of R Cas at near-minimum phase to
1880 K+ 130K and proposé.s ~ 1900K for spectral type 2. Observations and data reduction

M10 in the temperature calibration of very late M giant spectral )
classes. 2.1. Observational parameters

The R Cas speckle interferograms were obtained with the Rus-

sian 6 m telescope at the Special Astrophysical Observatory on
Key words: techniques: interferometric — methods: observgeptember 20, 1994, September 30 and October 3, 1996 (see
tional — stars: imaging — stars: late-type — stars: variables: gg@ple[1). The data were recorded through narrow-band inter-

eral —stars: individual: R Cas ference filters with centre wavelength (nm)/bandwidth (nm)
of 671/6, 700/6, 714/6 and 1045/9 (filter width of the 4 fil-

Send offprint requests 1&.-H. Hofmann ters at 10% transmission level: 9 nm, 9 nm, 8 nm, 13 nm; 1%

(hofmann@mpifr-bonn.mpg.de) level: 14 nm, 14 nm, 12 nm, 19 nm, respectively). A typical

* Based on observations collected at th&d8m telescope in Russia speckle interferogram of the 1045 nm data is shown in[Fig. 1.
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Table 1. Observational parameters.

671 nm, 700 nm 1045 nm filter
and 714 nm filter

Epoche 1994.72 1996.75, 1996.76
Variability phase 0.91 0.63

Exp. time/frame 10 ms 50 ms, 20 ms
Number of frames  842; 981; 1592 517,474
Seeing (FWHM) Yo 19,14

Field of view 2'54 374

Pixel size 4.97 mas 14.60 mas

function. The observational parameters are listed in Tdble 1. The
plate scale error is- 1.5% and the error of detector orientation

+ 0.7°(derived from speckle observations of calibration bina-
ries). The optical speckle interferograms were recorded with
the speckle camera described by Baier & Weigelt (1983). The
detector used was an image intensifier (gain 500 000, quantum
efficiency at 656 nm about 8%) coupled optically to a fast CCD
camera (512 pixels/frame, frame rate 4 frames/s, digital cor-

Fig. 1. One of 991 6 m-speckle interferograms of R Cas taken throuf@lated doublg sampling). The near-in.frared speckle raw data
the 1045 nm/9 nm filter with our NICMOS-3 IR camera. The field 0f1045 nm continuum) were recorded with our NICMOS-3 cam-

image processing steps applied are described in Hofmann et al.
(1995b). The speckle transfer function was derived from speckle
interferograms of unresolved stars (51 And and HIC 115022).
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N

view is 2'77x2/77. era.

567 model P7?i??e? — ] 2.2. Diffraction-limited images and visibilities

2 | e

= a4 ! i Diffraction-limited images were reconstructed from the speckle
Sl interferograms using the bispectrum speckle interferome-
B try method (Weigelt 1977; Lohmann et al. 1983; Hof-
R mann & Weigelt 1986). The visibility of R Cas was determined
é 18 Y with the speckle interferometry method (Labeyrie 1970). The
>

8

z

8

Lo ‘ ‘ ‘ | The correct speckle transfer function was determined by com-
700.0 800.0 900.0 1000.0 parison of the object-independent spectral ratio function (Von
wavelength (nanometer) der Lithe 1984) of object and reference star. The bispectrum of
Fig. 2. Model-predicted Mira star spectrut, (ergs ' Hz ') to- each frame consisted ef 37 million elements.
gether with the transmission curves of our four filters (671 nm/6 nm, Fig[3 presents the reconstructed diffraction-limited R Cas
700 nm/6 nm, 714 nm/6 nm and 1045 nm/9 nm). images and for comparison the 700 nm reconstruction of the
unresolved star 51 And (the speckle transfer function of the
51 And measurement was compensated with the unresolved
Fig.[@ shows the transmission curves of the filters. Due to te&ary Ori).
narrow bandwidth and rectangle-shaped transmission curve of From the reconstructed diffraction-limited visibilities
our filters specific areas of the molecular band structure of ttfegs[4 an@b) we derived the disk parameters of R Cas by fitting
Mira star spectrum can be selected which is important for souadificial, i.e. non-physical, center-to-limb variations (=CLV) of
physical interpretation (cf. Hofmann & Scholz 1998 = HS9&mitted intensity: uniform disk (UD), fully darkened disk (FDD)
Hofmann et al. 1998 = HSW98). With these narrow-band fiknd Gaussian function. Because of the clearly visible elongation
ters quasi-monochromatic radii of R Cas can be measuredatroptical wavelengths (see Hig. 3yo-dimensional elliptical
the strong TiO absorption bands at 671 nm and 714 nm, at eV fit functions (elliptical UD, FDD, Gauss) were generated
moderate TiO absorption band at 700 nm, and in the continuamd the length of the long and short axis and the position angle
at 1045 nm, suited for the comparison with predictions of Miraf the long axis were fitted.
star models. Fig[4 shows azimuthally averaged visibilities at 671 nm,
Speckle interferograms of the unresolved stars 51 And ariti4 nm and 700 nm together with the azimuthally averaged
HIC 115022 were taken for the calibration of the speckle transfésibilities of the fitted2-dimensional ellipticaluniform disk

[y
N
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Table 2. Disk parameters derived from fits of artificial CLV (UD, FDD and Gaussian) to the visibilities of R Cas. The determined star disk
parameters are (a) the azimuthally averaged uniform-disk (UD) and fully darkened-disk (FDD) diameter, and Gaussian FWHM, (b) the length

of major and minor axis of the disk and (c) its position angle, and (d) the axial ratio (minor/major axis).

Dataset  Av.diameter/FWHM (mas) Major axis (mas) Minor axis (mas) position ahgle Axis ratio
ub

671/6 43.6+2.0 51.0+2.4 35.6+2.4 52.4+7.0 0.70+0.07
700/6 37.2:2.0 39.8+2.4 34.6+2.4 54.3+7.0 0.87+0.10
714/6 49.2+2.0 55.6+2.4 42.2+2.4 57.947.0 0.76+0.07
1045/9 29.9+3.0 - - - >0.9
Gaussian

671/6 27.3t1.4 31.7+1.6 22.4+1.6 52.7+£7.0 0.71+0.07
700/6 23.5t1.4 25.1+1.6 21.9+1.6 54.317.0 0.87+0.10
714/6 30.8+1.4 34.84+1.6 26.4+1.6 57.247.0 0.764+0.07
1045/9 18.5+1.9 - - - >0.9

FDD

671/6 49.2+2.2 57.3+2.8 40.2+2.8 52.4+7.0 0.70+0.07
700/6 42.0+2.2 44.9+2.8 39.14+2.8 54.247.0 0.87+0.10
714/6 55.4+2.2 62.6+2.8 47.5+2.8 57.7£7.0 0.76+0.07
1045/9 33.3:3.2 - - - >0.9

and Gaussian functions. Hig. 4 bottom is the azimuthally aveenstructed visibilities at optical wavelengths much better than
aged visibility of the unresolved star 51 And reconstructed FDD and UD, and that all three artificial CLVs fit the 1045 nm
the same way as the R Cas visibilities. [Filg. 5 (top) shows thisibility equally well. The value of the UD visibility curves

azimuthally averaged visibility of R Cas and of the unresolveat the first minimum is larger than zero since the curves are
star HIC 115022 at 1045 nm together with the UD and Gauszimuthal averages @fliptical uniform disks (see Figl4). Ta-
sian fit functions. Note, that the Gaussian function fits the rble[2 lists the fitted disk parameters of R Cas. Table 3 contains
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Table 3.Linear UD and FDD radii and Gaussian HWHM (i jRbased Table 5. Properties of Mira model series (see text)
on the HIPPARCOS parallax of R Cas.

Series Mode P(days) M/Ms L/Le Rp/Re Ter

Dataset Av.radius Major axis Minor axis

D f 330 1.0 3470 236 2900
ubD E o] 328 1.0 6310 366 2700
671/6 500463 585474 408455 P f 332 1.0 3470 241 2860
700/6 427455 456460 397454 M f 332 12 3470 260 2750
714/6 ~ 564+70 638480 484463 o ° 320 20 5830 503 2250
1045/9 343+53 - -
Gaussian since the FDD approximation provides reasonable fits to the
671/6 313440 364146 257435 CLV in near-continuum filters and many other filters (HS98,
700/6 269435 288438 251435 HSW98), and since UD and Gauss fits yield almost identical
714/6 353+44 399450 303440 ratios. Note, however, that real diameter ratios can be different
1045/9 212£33 - - from those based on these artificial CLVs because, in particular,
FDD the shape of the physical CLV may be angle-dependent (e.g.
671/6 564+71 657484  461+63 occurrence of hot or cool spots). The ratios of artificial diameters
700/6 482462 515468 448462 show that the average diameter of R Cas is about>xd .&6d
71416 635479  718+90 545+72 1.48x larger in the TiO strong-absorption band heads at 714 nm
1045/9 38258 - - and 671 nm, respectively, than in the 1045 nm continuum. The

average diameter at 700 nm (moderate TiO absorption band) is

Table 4.Diameter ratios of the azimuthally averaged diameters of R C@t?om 1.26¢ larger than at 1045 nm.
with respect to the 1045 nm/9 nm, 700 nm/6 nm and 671 nm/6 nm mea-
surement. The diameters used are derived from fits of the fully darkergdComparison of the observations with Mira star models

disk model (FDD) to the reconstructed visibilities. _ ) _ )
In this section we compare our monochromatic radius obser-

Feature FDD diameter ratio vations with monochromatic radii predicted by Mira models.
(671/6)/(1045/9) 1.48-0.16 Since the wavelength dependence of 'the stellar radius sensi-
(700/6)/(1045/9)  1.26-0.14 tively depends on the structure of the Mira atmosphere (Bessell
(714/6)/(1045/9)  1.66-0.17 etal. 1989, BSW96, HSW98), this comparison should give some
(671/6)/(700/6)  1.17-0.08 hint whether any of the models is a fair representation of R Cas.
(714/6)/(700/6)  1.32-0.09 We also discuss the linear radii and the pulsation mode ob-
(714/6)/(671/6)  1.13-0.07 tained by adopting R Cas’s HIPPARCOS parallax and the ef-

fective temperature derived from the 1045/9 measurement and

the bolometric flux.
the diameters of Tabld 2 converted to linear radii (in solar radii All Mira star models used in this paper are from BSW96 (D
Rg) using R Cas’ HIPPARCOS parallax of 9.37 mas.10 mas and E series) and from HSW98 (P, M and O series). They are
(Van Leeuwen et al. 1997). meant as possible representations of the prototype Mira vari-

The reconstructed images (Hig. 3) and visibilities reveal thalble o Ceti, and hence have periaBisvery close to the 332
R Cas has a significant elongation in the light of the strong Tiday period of this star; they differ in pulsation mode, assumed
absorption bands (671 nm: PA=53axis ratio 0.70; 714 nm: massM and assumed luminosit; and the BSW96 models
PA=58, axis ratio 0.76), and a slight elongation in the 700 nwliffer from the (more advanced) HSW98 models with respect
moderate TiO absorption band (PA=54xis ratio 0.87). In to the pulsation modelling technique. Solar abundances were
the continuum at 1045 nm no elongation is visible (axis ratessumed for all models. The five models represent stars pul-
>0.9). Tabld 2 shows that (i) the asymmetry (i.e. axis ratio) deating in the fundamental modg;(D, P and M models) or in
creases with decreasing TiO absorption and (ii) the axis ratidlie first-overtone modeo{ E and O models). Tablg 5 lists the
nearly independent of the artificial CLV. The peak intensity giroperties of these Mira model serig,(= Rosseland radius =
the 671 nm and 714 nm images is not at the center. A discussitistance from the “parent star’'s” center at which the Rosseland
of the asymmetry of R Cas, including conceivable interpretaptical depthrgr.ss €quals unity,Teg o (L/Rf,)l/4 = effec-
tions, may be found in Weigelt et al. (1996). The here observide temperature). We compare predictions of these models at
decrease of the asymmetry with decreasing molecular band different phases and cycles with our observations.
sorption, i.e. towards deeper layers, is consistent, e.g., with the In this paper we use the conventional stellar radius definition
dust disk scenario or may indicate temperature/density inhwhere the monochromatic radiug, of a star at wavelength
mogenities in the upper layers where the strong TiO bands aré given by the distance from the star’s center at which the
formed. optical depth equals unity( = 1). In analogy, the photospheric
Table4 presents the ratios between the azimuthally averagégllar radiusR is given by the distance from the star's center

disk diameters of R Cas. We only list the FDD diameter rati@g which the Rosseland optical depth equals unity,{ = 1).



1020

Table 6. Link between the 27 abscissa values (model-phase combinal-2 |

tions m) in Figs. 8 to 13, and the models. Additionally the variabilitf 1.0

phasep.is, the Rosseland radiugand the 1045 nm radiug1045nm in - 2
units of the parent star radiu,, and the effective temperatufes (R) = 08 |
associated to the Rosseland radius are given. § 06
: Toat
Model Dvis R/R, Rioss/Rp Ter(R) Abscissa 5
D27360 0+0.8 0.90 0.90 3050 1 z 02
D27520 1+0.0 1.04 1.04 3020 2 0.0
D27600 1+0.2  1.09 1.10 3010 3
D27760 1+0.5 0.91 0.90 2710 4
D28320 1+0.8 0.90 0.90 3050 5
D28760 2+0.0 1.04  1.05 3030 6 2
D28847 2+0.2 1.09 1.09 3000 7 =10
D28960 2+0.5 0.91 0.90 2690 8 -'UQ, 08
E8300 0+0.83 1.16 1.07 2330 9 >
E8380 1+0.0 1.09  1.09 2620 10 gos
E8460 1+0.1 112 1.11 2760 11 To4t
E8560 1+0.21 1.17 1.15 2610 12 g 0.2
pP71800 0+0.5 1.20 0.90 2160 13
P73200 1+0.0 1.03  1.04 3130 14 0.0
P73600 1+0.5 1.49 0.85 1930 15
P74200 2+0.0 1.04 1.04 3060 16
P74600 2+0.5 1.17 0.91 2200 17 12F
pP75800 3+0.0 1.13 1.14 3060 18
P76200 3+0.5 1.13 0.81 2270 19 =10
P77000 4+0.0 1.17 1.16 2870 20 B 0.8
M96400 0+0.5 0.93 0.84 2310 21 % 06
M97600 1+0.0 1.19 1.18 2750 22 N
M97800 1+0.5 0.88 0.83 2460 23 ? 04
M98800 2+0.0 123  1.20 2650 24 So2
064210 0+0.5 1.12 1.00 2050 25 0.0
064530 0+0.8 0.93 0.91 2150 26 '
064700 1+0.0 1.05 1.01 2310 27

This radius has the advantage of agreeing well (see Table 6 gpﬁz I

the discussion in HSW98 for deviations sometimes occurring3n1.0

very cool stars) with measurable near-infrared continuum ra@iolg A

and with the standard boundary radius of pulsation models w@
Te o< (L/R?*)Y/4, N

For each of our four filters (671/6, 700/6, 714/6 and 1045@ 04}
we have calculated the theoretical CLVs corresponding to tBepo |

above mentioned five Mira models at different phases and cy-
cles. The stellar radius for filter transmissinis the intensity
and filter weighted radius

0 5

0 5

06

0 5
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Fig. 4.Azimuthally averaged visibilities (dots) of R Cas, the unresolved
star 51 And and oélliptical UD and Gaussian models with the same
axis ratio as R Cas. From top to bottom: R Cas at 671 nm, 714 nm

which we call stellar filter radius; after the definition of and 700 nm, and 51 And at 700 nm. The solid line corresponds to the
Scholz & Takeda (1987). In this equatidh, denotes the above best-fitting elliptical UD model, while the dashed line corresponds to
monochromatie-, = 1 radius,l, the central intensity spectrumthe best-fitting elliptical Gaussian fit. The visibility data are plotted up
andfy, the transmission of the filter. Owing to the narrow widtht the telescope cut-off frequency (43.3, 41.3, and 40.6 cycles/arcsec

for 671 nm, 700 nm, and 714 nm, respectively).

of our filters f theR; radii are almost monochromatig = 1 radii
if the molecular line structure of the TiO bands is neglected.
The observed stellar filter radid® ,, of R Cas correspond-

ing to a certain filter f and model-phase combination m, was dée visibility of the corresponding theoretical CLV. For illustra-
rived by a least-squares fit between the measured visibility aimh, examples of theoretical CLVs (filter 714/6 and 1045/9) are
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0 5 10 15 20 25 Fig. 6. Examples of theoretical center-to-limb variations for all five
Cycles per arcsec models and for phases close to our observations (from BSW96 and

. . o HSW98). The plotted CLVs are calculated for the 714/6 (top) and
Fig. 5.Azimuthally averaged visibilities (dots) of R Cas (top) and of th 045/9 (bottom) filter.

unresolved star HIC 115022 (bottom; reference star was an independent

data set of HIC 115022) at 1045 nm. The solid line is the best-fitting

UD model, while the dashed line is a Gaussian fit. The visibility data

are plotted up to the telescope cut-off frequency of 27.8 cycles/arcsaodel-predicted ratios and observed ratios (based upon the cor-

at 1045 nm. responding model-phase combination of CLV) for models that
represent R Cas well and for model phases that are close to the

o ) o ... ..observed phases than for other models and phases. We must be
pr(_asented in Fi§16. For a detailed description of the visibili ware, however, (i) that none of our five models is specifically
fitting procedure we refer to HS98. Because of the asymMg@ylored to represent R Cas but ratheCet, (i) that model
try discussed in Sect. 2.2,2adimensionafit was applied: the pnases are close to but not identical with observed phases and
t_heoreﬂcal Z-Q|men5|0_nal CLv was assumed to have an e”lB?cIe-to-cycIevariations may be substantial (BSW96, HSW98),
tical shape with a radial function equal to the theoretical 1y (jiiy that any spherically symmetric model star can at best
dimensional CLV. Since the applied Mira star models are sphgt,ije an approximate description of the elongated (or spotted
ically symmetric we have computed as stellar filter raditts o partially obscured, cf. Weigelt et al. 1996) upper atmosphere
the azimuthally averaged stellar filter radilds. of R Cas.

In the following subsections we apply CLVs predicted from  gq jjjystration, Figl presents the observed and theoretical
allfive models at phases both near our R Cas observations (pt}gﬁgst/Rmsm of the stellar filter radiiR; and Rgus,m, as
0.91 for filter 671/6, 700/6 and 714/6, and phase 0.63 for ﬁltﬁrfunction of Wavelength\ for all applled model series (D, E,

1045/9) and, for comparison, also at other phases. P, M and O) and phases close to our observations (since nearly
all model series consist of several cycles, a best fit selection
3.1. Comparison between observed was applied). Fid.18 displays the observed and theoretical ratios
and theoretical diameter ratios for all model-phase combinations m and all filter pairs. [Hig. 9

shows the distanc®,,, between the measured and theoretical

We have compared the theoretical stellar filter raij, as pre- o4y filter radius ratios. The distané®, is defined as
dicted by each model-phase combination m with our measured

stellar filter radii R¢ ,, by comparing the observed and theo-

retical diameter ratios at different wavelengths (filter f: 671/6, Ef\;&fj |§;]$ — R}m 2
700/6, 714/6 and 1045/9). By confronting a large variety of MirBm ‘= N Flmy 2)
models with the here presented narrow-bandpass observations, i R,

we may test how sensitively monochromatic radius measure-

ments probe model structures and whether they are indeed ngliere N¢ is the number of filters used and the filter designa-
able tools of Mira diagnostics. Since different models predid¢ton numbers i and j range between 1 aNd (here: Ny =4).

at different phases, both different stellar filter ralljiand dif- The errors of the distancés,, were estimated according to the
ferent filter CLV curves, we expect better agreement betwe&aussian error propagation law.
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Fig. 7. Observed and theoretical rati®/R1045nm Of stellar filter radiiR; and
Rio045nm as afunction of wavelength for all five models and for model phases close

radius(lambda)/radius(1.045)

0.5 1 to our observations. The theoretical stellar filter radius cuitme\) is calculated
0 ‘ ‘ ‘ ‘ ‘ for a filter bandwidth of 6 nm (= bandwidth of our optical filters). The above
0.6 0.7 0.8 0.9 1 11 observed radius ratios are model-dependent since the theoretical center-to-limb
wavelength (in micron) variations (used as fit functions, see text) are model-dependent.

Note that the observations through the 3 optical filters wetaning the 1045/9 observation will therefore be shifted down-
made at near-maximum phase (0.91) and the 1045 nm contirard by about 0 to 20%.
uum observations at near-minimum phase (0.63). A correction Inspection of Fig€I7,18 arid 9 shows that from the point of
of the 1045/9 angular diameters from phase 0.63 to 0.91 wouidw of diameter ratios, some of the model-phase combinations
imply increasing the diameter by roughly 0-30% depending amne acceptable as representations of the here presented observa-
the model series (cf. Tallé 6). The diameter ratios in[Fig. 8 cdiens of R Cas but none is really satisfactory. Among the models
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Fig. 8. Observed and theoretical ratids/R; of stellar filter radiiR; and R; where i and j denote filters. The six plots show all possible filter
combinations. Table 6 gives the link between the abscissa values and the models and their phases.

in the 0.8 to 1.0 phase range, only the phase 1.0 model of }18. Comparison of observed and theoretical linear radii

P series just matches the observed phase 0.91 diameter r tf-r?gar stellar R Cas radii can be obtained if we use the new HIP-
within the error bars. On the other hand, the Mira models pre-

dict the right order of TiO band to (near-) continuum diameter ARCOS parallax of R Cas 0f 9.32.10 mas (Van Leeuwen et

o : . . ? 1997; see discussion in this paper on the larger parallax errors
qualitatively quite well and much better than any static M giat. .

S . in the case of stars with large extended shapes). The 1045 nm
models (HS98). Hence, monochromatic diameter observations

involving wavelenghts of different molecular band absorptiiﬁﬁtiﬂf(él‘\c/;s'sy'g:g?’ng?ﬁeﬂrt;eo?]:2;?:mrg(;iiggeig;oﬁnndma\gs"
are a promising technique of determining the stellar paramet 045 €7

of Mira variables p%dicted by the specific model, the associated Rosseland radius



1024 K.-H. Hofmann et al.: Multi-wavelength bispectrum speckle interferometry of R Cas

% 06 372+60 R., respectively. The E model at phase 0.83 closest to
2 Distance ot our observed phase 0.63 hA$y4;=391 R, (R=426 R,), and

€ s data reduction by means of this CLV yields for R Cas the ob-
§ T served value oR;045=346+56 R, (R=376+61R;). Hence,

g 04 l i T the difference between model and star is smaller than the error
8 bar.

% 03 | I | Forillustration, FiglTlL presents the observed and theoretical
s l LT I I ] | [ stellar filter radiiR; in solar radii R, as a function of wavelength

§ I T 1] T T | ! [ 4 \ for all five models and phases close to our observations (in the
g 0.1 1 1 I..] case of model series with several cycles the best fitting model is
5 i I % I T \ shown). In FiglZIR we compare our observed linear stellar filter
5 0 radii with the theoretical radii of all 27 model-phase combina-
% L E P M 0 tions m. Itis not surprising, yetimpressive, how much more lin-
2 o 5 10 15 20 25 ear radii discriminate between models than relative radii as given

model-phase combination m in Figs[T andB. Clearly the three fundamental-mode model stars

Fig. 9.Normalized distanc®,, between the measured and theoreticare systematically too small (by 20 to 40%), whereas most
diameter ratio vectors (see text). Table 6 gives the link between i@ del radii of the overtone E and O series coincide within the

abscissa values and the 27 model-phase combinations m. error bars with the measured values. We see that the TiO form-
. ing layers of the Mira atmosphere may extend as far as 3to 5
1200 Measurement plus HIPPARCOS Parillaxe o— AU from the star’s center.
Theory | +

1000 3.3. Pulsation mode

Adopting the above phase-averaged linear Rosseland radius of
377 Ry £60 R, of R Cas, we find for the pulsation constant

600 1 ¥ Q = P(M/Mg)"? (R/Re)~*? (3

800

Rosseland Radius (in Solar radii)

400 HHHH%%%%%MH H a value of =0.059:0.013 for a 1M, Mira with period
PR +r .3 i P=430days. Thig) value agrees well with the theoretical value

200 D++ e g P+ ! *M e (Q=0.056) for first overtone pulsation mode for LIMGB stars
with a period of~ 430 days (Fox & Wood 1982, Wood 1990).
0 ° modle(f-phase combination m_ 2 The corresponding) value of fundamental mode pulsation is

06220.097. Note, however, that no direct measurement of a Mira
[Rgss exists and that, e.g., a 20% uncertainty/ofesults in a
10% uncertainty of).

Van Leeuwen et al. (1997), referring to the Rosseland angu-
lar diameter of 24.9 mas measured by Haniff et al. (1995), give
286 R, for the R Cas radius and suggest fundamental mode pul-

R (Fig.[10). We see that the derived Rosseland radius valuessagon for this star from the period-radius relation. Inspection of
nearly the same for all model-phase combinations. The averdige data of Haniff et al. shows that these authors measure a simi-
measured?;oy; radius is 359458 R, (31.3+3.1 mas), and the lar UD diameter (31.9 mas) in the 833 nm near-continuum filter
average Rosseland radius is 3760 R, (32.9+3.3 mas) (aver- as we do at 1045 nm (29.9 mas), but significant TiO contamina-
age over all model-phase combinations, peak-to-peak variattam predicted by the E models for the 833 nm filter (cf. HSW98)

of about 70 R, without the extreme value at model 15, i.e. Reads to a smaller Rosseland diameter of 24.9 mas than our E
model at phase 1.5). The Rosseland radii of the E model semesdel mean of 32.9 mas. Shifting R Cas upward in Fig. 1 of Van
at all available phases (0.83, 1.0, 1.1, 1.21) and of the M modeleuwen et al. to the here proposed radius position indicates
series at near-maximum phases (1.0, 2.0) are very close f(imst-overtone pulsation. We would expect that our value based
within the error bars) to the Rosseland radii derived from thon the direct 1045 nm continuum measurement is more realis-
measured 1045 nm visibility, but the M model series is unsattic because corrections accounting for TiO band contamination
factory when we look at near-minimum phases (0.5, 1.5) closeay depend substantially on parameters and detailed properties
to our observed 0.63 phase. All other model-phase combinati@isdopted models. Note, however, that the Haniff et al. and the
yield large differences (larger than the error bars). present observations were obtained at different phases, namely

The theoretical 1045 nm continuum radiRgp45 and the near maximum and near minimum, respectively, and that typi-
theoretical Rosseland radius averaged over all available Ecal Rosseland radius amplitudes are of the order of 10 to 20%
model phases is 4044Rand 416 R, respectively, and the mea-(BSW96, HSW98). The appropriate cycle-averaged radius of
sured value (using the E model CLVs) is 3688 R, and R Cas (substituting for the non-observable parent star radius)

Fig. 10.Rosseland radii in B based on the 1045/9 measurements f
each model/phase combination; Table 6 gives the link between
abscissa values and the models and their phases.
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3 400l ] Fig. 11. Observed and theoretical stellar filter rad} in solar radii R, versusi
2 % for all five models and phases close to our observations. The theoretical stellar filter
radius curveR; () is calculated for a filter bandwidth of 6 nm (= bandwidth of our
200 t : . : .
optical filters). The large error bars 6f13% are mainly due to the parallaxe error;
0 ‘ ‘ ‘ ‘ ‘ the speckle measurements have errors-&%. The above observed linear stellar
0.6 07 08 0.9 1 11 filter radii are model-dependent since the theoretical center-to-limb variations (used

wavelength (in micron) as fit functions, see text) are model-dependent.

entering its Q value is not known yet. Regarding the UD dian3-4. Effective temperature
eter Qf only 13.55 mas quoted by Var? Belle et al, .(1996) aDI%e effective temperature of R Cas was derived by combin-
possible effects of overlooked absorption or scattering sources

we refer to Sect. 3.4. Note also that the period-luminosity relg-g the angular photospheric diameter (=Rosseland radius

tion favors fundamental pulsation for R Cas (Van Leeuwen ?rived from the 1045/9-observation with all above discussed
al. 1997, Bedding & Zijlstra 1998) models) with the bolometric flux using the relation

Tog = 2341 K x (Fyop /®%)1/4 (4)
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Fig. 12. Observed and theoretical stellar filter raflii in solar radii R, for all 27 model-phase combinations m. The stellar filter r&tjiiare

given for the four filters 671/6 (top left), 700/6 (top right), 714/6 (bottom left) and 1045/9 (bottom right). Table 6 gives the link between the
abscissa values and the models and their phases. The large errorbdi®%fare basically due to the parallaxe error; the speckle measurements
have error bars of 5%.

where Fy, is the apparent bolometric flux in units of(1997, private communication) using B. Yudin's measure-
103 ergcnm2 s~ and® is the apparent angular photospheriments, yields m,; =1.9940.20 and, assuming that a zero
diameter in mas. Fif.13 (top) displays the angular Rosselamdgnitude star has a flux of 279808 ergcnT 2 s71, yields
radii obtained from the 1045/9 observation by fitting all 27 the=,,=447.08<10 % ergcnT2s~!. Fig[I3 (bottom) presents
oretical model-phase CLYV visibilities to the measured 10454 derived from each of the 27 model-phase combinations.
visibility. The average measured angular Rosseland radiusSisce we have the flux and the angular diameter of R Cas at the
16.4 mas (average over all model-phase combinations with t@45/9 measurement for phase~dd.6 only, the derived effec-
exception of the extreme value at position 15, i.e. P modeltate temperature values in Fig.]13 represgékt at near mini-
phase 1.5). Fig. 13 (top) also shows that inaccuracies causedrwyn phase (0.6) only. Fortunately, this value does little depend
adopting incorrect continuum limb-darkening from inadequata the model-phase combination CLV and is about 18880 K
models rarely exceed 10% (i.e. 5% il ). (average over all model-phase combinations with the exception
For cool stars such as LPV’'s, where most of the luméf the extreme value at position 15, i.e. P model at phase 1.5).
nosity is emitted at near-infrared wavelengths, a conveniérite peak-to-peak variation is about 160 K (without position 15).
method for calculating bolometric magnitudes is to use a blackhe closest E model with phase 0.83 has an effective tempera-
body function to interpolate between photometric measuitetre of 2330 K. Application of its CLV and g3, =1.994+0.20
ments in the J, H, K and L bands. For estimating the bol@measured at phase0.6) to our 1045/9 observation yields for
metric flux we have used JHKL-flux measurements from BR Cas a Rosseland radius of 16.4 mas and an effective temper-
Yudin’s (1997, private communication) R Cas observations froature of 1880 K (the same CLV with the phase-mean value of
August 1988 and September 1989. These observations wegg, =1.1+0.2 used in Hannif et al. 1995 yields an effective
carried out at about the same variability phase (0.65-0.%&mperature of 2300 K).
as our 1045/9 observation from October 1996 (0.63). The Our 1045 nm measurement provides an important point in
bolometric magnitude of R Cas, calculated by P. Whitelodke effective temperature calibration of very late M giant spec-
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28

Rosseland Radius from 1045/9-Mesisurement ro—s Inspection of the static M giant models of Fluks et al. (1994)
26 shows that these models account for additional near-infrared ab-
24 T sorption, not included in the BSW96 and HSW98 models, also
22 blanketing significantly the Am region at non-Mira spectral
types M8 to M10 . =2890K to 2500K according to the
authors). Since A. Lancon (private communication) observed
1] similar flux depression at/im in sg-v_eral Iqte Mir_as, we cqnnot
T T J J J i exclude that the m photons originate in noticeably higher
14 H - layers than the continuum photons and that our measured ra-
12 dius has to be scaled to the continuum radius resulting in a
smaller stellar radius and in a higher effective temperature. If, on
D E P M o the other hand, strong molecular line blanketing led to stronger
0 5 10 15 20 25 limb darkening, the here given 1045 nm radius would have to be
model-phase combination m increased before downscaling to the continuum radius. Further-
more, molecular (or dust) scattering in high atmospheric layers
Effective Temperature from: 1045/9-Measurement i— as suggested by Perrin et al. (1999) might fake a larger photo-
2400 spheric diameter. Hence, the proposed valug.gf=1900K at
M10 still has to be regarded with due caution.
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From our speckle observations of R Cas near maximum phase
| (0.93) we derive average UD diameters 0f 43.6 mas and 49.2 mas
1400 at the strong TiO absorption bands (through 671 nm/6 nm and
714nm/6 nm filters, respectively) and 37.2mas at the mod-
erate TiO absorption band (700 nm/6 nm). In the continuum
1000 i £ P M > (1045 nm/9 nm) we find an UD diameter of 29.9 mas near min-
0 > odolphase combination o % imum phase (0.63). R Cas has a significant asymmetry with
_ L _ position angle of roughly 85 The asymmetry decreases (i.e.
Fig. 13.Angular Rosseland radii (in mas) derived for each model-phage, ois ratio increases from 0.7 401.0) with decreasing TiO
combination m from the 1045/9 measurements (top). Effective tempeB . . . .
. . sorption. This decrease of asymmetry with decreasing molec-
aturesT.g determined from the above angular Rosseland radii and tﬁ . . S
r band absorption, i.e. towards deeper layers, may indicate

the bolometric flux of R Cas measured around phase 0.6. Table 6 giU o S
the link between the abscissa values and the models and their phal@@1Perature/density inhomogenities in the upper layers where
the strong TiO bands are formed, but it is also consistent with a
dust disk scenario as discussed by Weigelt et al. (1996).
tral classes because R Cas at minimum pligfimeghe spec- Other high-resolution observations of R Cas were published
tral type M10 in the standard classification scheme of Locksy Haniff et al. (1995), and Tuthill et al. (1994). Haniff et
wood & Wing (1971) and Lockwood (1972), i.€.#(M10) ~ al. have derived an average near-continuum UD diameter of
1880+130K. 31.9 mas through their 833 nm/41 nm filter. Their observations
Van Belle et al. (1996) have also observed the continuumthe moderate TiO absorption band (700 nm/10 nm filter) yield
diameter ¢y p=13.55mas at 2.2zm) and bolometric flux an UD diameter of 42.0 mas, and in the strong TiO absorption
(447.4 108 ergcenT2s71) at phase 0.81 (still fairly close toband (710 nm/10 nm filter) an UD diameter of 53.5 mas (these
the minimum in case of first-overtone pulsation as thedr.® diameters are averaged over their measurements near maximum
classification shows) and derive a surprisingly high effectiyghase). Compared to our observations their derived diameters
temperature of 2954174 K for spectral type M.8 (not in- are about 2-5 mas larger which is within the error bars. A devia-
cluded in their calibration Fig. 1). Their diameter is smaller thaion from the circular symmetry in the moderate TiO absorption
both our continuum valuel; , =29.9 mas at 1045 nm) and theband is also reported by Tuthill et al. (1994) with a position angle
near-continuum value of Haniff et al. (1995){p =30.8 and of ~0° (July 1992).
33.0mas at 833 nm). It turned out in the meantime (G.T. Van When measured visibility data are reduced with limb-
Belle, private communication) that the entry 0.1245 of the vislarkening predicted by recent Mira models (BSW96, HSW98),
ibility point in their Table 1 does possibly not belong to theve find that strong-TiOr\=1 diameters depend substantially
central visibility lobe (as assumed) but to the first side maxen the adopted model, whereas the continuum diameter does
mum. not. Since these models are spherically symmetric and are tay-
We proposel. ~ 1900 K for giants of spectral type M lored to the parameters of Ceti which has a shorter period
with an uncertainty of about 150 K assuming that no significaahd higher luminosity than R Cas, they must not be expected
cycle-to-cycle variations occur. to predict quantitatively the properties of R Cas. The observed

1600

Effective Temperature (in K)

1200
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714nm/1045nm diameter ratio is of the order of 2 to 3 whidBonneau D., Foy R., Blazit A., Labeyrie A., 1982, A&A 106, 235

is larger than predicted by most models, and our value isFfiuks M.A., Plez B., TR P.S., et al., 1994, A&AS 105, 311

fact only matched by one near-maximum model of the P geox M.W., Wood P.R., 1982, ApJ 259, 198

ries of HSW98 which is a fundamental-mode pulsation seriggniff C.A.,, Ghez A.M., Gorham P.W,, etal,, 1992, AJ 103, 1662
with strong cycle-to-cycle variations. In terms of the linear rg3aniff C.A., Scholz M., Tuthill P.G., 1995, MNRAS 276, 640

dius derived from our continuum diameter measurement and ﬁmZE: E: \?\fer;ggt'\g’ 11%98% 1@31%57’ 6&75('4598)
HIPPARCOS parallax the first-overtone pulsation E series g2, Balega Y., Scholz M., Weigelt G., 1095a, In: Strass-
_BSW% is close toR C"?‘S though itis too hotand its at.mosphe.re meier K.G. (ed.) Stellar surface structure. IAU Symp.176, Kluwer,
is too compact to provide a satisfactory representation of this poster proceedings, p. 45

star. We obtain a Rosselangl,ss=1 radius of? = 377 R; with  Hofmann K.-H., Seggewiss W., Weigelt G., 1995b, A&A 300, 403

an accuracy of about 15% which, indeed, places R Cas am®{imann K.-H., Scholz M., Wood P.R., 1998, A&A 339, 846 (HSW98)
the overtone pulsators in the period-radius relation in contr&strovska M., Nisenson P., Papaliolios C., Boyle R.P., 1991, ApJ 374,
to the recent fundamental-mode claim of Van Leeuwen et al. L51

(1997) based on a diameter measured in a TiO-contaminakégeyrie A., 1970, A&A 6, 85

near-continuum filter. Since, however, the period-luminosity re@beyrie A., Koechlin L., Bonneau D., Blazit A., Foy R., 1977, ApJ
lation rather indicates fundamental pulsation (Van Leeuwen et 218, L75

; G : ckwood G.W., 1972, ApJS 24, 375
al. 1997, Bedding & Zijlstra _1998), the pulsation mode of R C ackwood G.W. Wing R.F., 1971, ApJ 169, 6
remains an unsettled question.

. . Lohmann A.W., Weigelt G., Wirnitzer B., 1983, Appl. Opt. 22, 4028
Since the spectral subclasd Ms defined by the spectrum of ., <o F.G., 1931, Ergebn. Exacten Naturwiss. 10, 84

R Cas at minimum, and since we have reliable measurementpgiin G., Coud du Foresto V., Ridgway S.T., et al., 1999, A&A 345,

both the continuum diameter and the flux near minimum phase, 221

we obtained, as a by-product of this study, for the first time a sa@irrenbach A., Mozurkewich D., Armstrong J.T., et al., 1992, A&A

T calibration point,T.¢(M10) = 1900+ 150K, at the cool 259, L19

end of the temperature calibration of M giants. This value is Richichi A., Fabbroni L., Ragland S., Scholz M., 1999, A&A 344,511

fair agreement with- 2100 K tentatively proposed by RichichiScholz M., 1985, A&A 145, 251

et al. (1999) from lunar occultation of RU Ari. Whether thig>cholz M., Takeda Y., 1987, A&A 186, 200 (erratum: 196, 342)

point provides an extension of the general M giant Calibratié'—ﬁ'”:;:/I P.G.aHar\l}ffC.ﬁ.,EaldwnnJ.E., 1|994' In: quertﬁa?nJ.G.,Talngo

or whether there is a systematic offset between Miras and non- -J. (eds.) Very high angular resulution imaging. IAU Symp. 158,
. . . . .. Kluwer, Dordrecht, p. 395

Miras is not quite clear at present (Van Belle etal. 1996, Rlchlc\%n

Belle G.T., Dyck H.M., Benson J.A., Lacasse M.G., 1996, AJ 112,
etal. 1999). e Y

Van Leeuwen F., Feast M.W., Whitelock P.A., Yudin B., 1997, MNRAS
287, 955

“on der Lithe 0., 1984, J. Opt. Soc. Am. A. 1, 510

Watanabe T., Kodaira K., 1979, PASJ 31, 61

Weigelt G.P., 1977, Opt. Commun. 21, 55
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