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Abstract. The Mira-type star R Leonis was observed at twfux emitted by the star and that the opacity of the shell is lower
different epochs in the K band with the FLUOR beam combinéran in the visible, allowing us to see deeper into the star.
on the IOTA interferometer. A variation of diameter is clearly One of the closest and most luminous Miras, R Leonis has
detected for the very first time at this wavelength revealing #een studied by many other groups using diverse high angu-
apparent pulsation of atmospheric layers very close to the stelfar resolution techniques in the visible and near infrared do-
photosphere. We discuss the excess of visibility measuredratins. Speckle interferometric imaging in the visible showed a
high spatial frequencies and show that they very likely reved¢pendence of size with wavelength (Labeyrie et al. (1977)).
smaller diameters of the photosphere (22-24 mas) than thdbe angular diameter of R Leonis has been determined
deduced on the basis of shorter frequency components. Tatis2.16um by [Di Giacomo et al. (1991) using the lunar oc-
smaller diameter makes R Leonis a fundamental pulsator. Maaltation technique. Geometry dependence with wavelength
models are compared to our data and a disagreement withs confirmed by multi-aperture observations in the visible
spatial intensity distribution and dynamical behaviour is foun@Tuthill et al. (1994); Haniff et al. (1995)). Using long baseline
interferometry at 11.1pm,/ Danchi et al. (1994) have observed
the dust around R Leonis. Recently, Lattanzi et al. (1997) have
Key words: technigques: interferometric — stars: fundamentatudied R Leonis with the Fine Guidance Sensor of the Hubble
parameters — stars: individual: R Leo — stars: AGB and poSpace Telescope as a visible interferometer and claim a detec-
AGB - infrared: stars tion of a 20% relative difference in size of the star along two
orthogonal axes. The COAST interferometer has monitored the
diameter of the star at visible wavelengths during three consec-
utive photospheric cycles and huge periodic variations of the
1. Introduction diameter of some layers in the atmosphere have been detected
d@yrns et al. (1998)).
£ We present, in this paper, some new observations of the

Among all classes of variable stars, Mira-type stars may be

tinguished as they play an important role in the enrichment o . . .
the interstellar medium with dust and gas through a mass | [a-type star R Leonis in K at wo different epochs in 1996

process occuring on the Asymptotic Giant Branch. Pulsatio Ed 1997. These new data, complementary to those listed be-

of the central core induce large variations of brightness of Mi are, present evidence of time-dependent geometrical proper-

variables in the visible and smaller modulations of infrared magc> |(())th:€' ph(f)tosphere Of rt]hi sté\[.UIgSEbbt. 2, obsebr_vatm?]s at
nitudes. Our Sun will enter the Mira phase at the twilight of i e Interferometer with the eam combiner that

life. Because they are very luminous, cool and embedded Ave produced these data are presented. In[Sect. 3, we study

a dust shell that extends over several hundreds of solar rai ﬁ.intensity prqfile of R Leonis 'and diamgters for the di_ffe'rent
these stars are well suited to be studied with high angular re 8—”3‘.15 arte de?\:ﬁd' Vr:/etesta;lbllsh "’![‘hd d.'s.’gluss rtlhe vgr%g)r: Zf
lution techniques at infrared wavelengths. The advantage of R diameter of the photosphere with visible phase in Sect.

K band for these observations is that it is close to the peaka(ﬂd the_ correspon(_jlng_ effective temperatures are d_enved. The
results in K on variability are compared to other evidence. In

Send offprint requests 6. Perrin (perrin@hplyot.obspm.fr) Sect. 5 we discuss the implications of the high frequency visi-

* based on observations collected at the |OTA interferometer, WhﬁB'—““e,S obtglned in 1997 on the quellng of R Lepnls. Finally,
ple Observatory, Mount Hopkins, Arizona. considerations for future observations are given in §kct. 6.
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Table 1. The observed data

Date meanJD  Visual Projected Azimuth  Spatial frequency Visibility

(d/mly)  —2450000 phase baseline(m) °)( (arcsec?) (%)
17/04/96 190 0.24 15.38 60.7 34.70 21.274+0.35
17/04/96 190 0.24 14.26 80.3 32.18 27.23 +0.41
17/04/96 190 0.24 14.13 86.9 31.88 27.23 +0.40
17/04/96 190 0.24 14.13 92.5 31.88 27.18 £0.43
18/04/96 191 0.25 15.01 65.4 33.85 23.73 +0.33
03/03/97 510 0.27 32.37 63.10 73.02 07.70 £ 0.32
04/03/97 511 0.28 10.76 68.50 24.28 42.48 +0.36
04/03/97 511 0.28 10.30 86.00 23.24 45.56 & 0.41
05/03/97 512 0.28 15.25 62.50 34.40 17.61 £0.71
06/03/97 513 0.28 15.19 63.20 34.27 16.56 £+ 0.50
06/03/97 513 0.28 14.67 70.90 33.10 17.51 £0.29
06/03/97 513 0.28 14.38 77.00 32.43 19.34 +0.36
10/03/97 517 0.29 20.89 58.50 47.13 11.88 £ 0.60
10/03/97 517 0.29 19.57 71.20 44.15 12.55 £ 0.96
2. Observations contrast of the fringe packets from each batch of observation

: . . f R Leoni well as for i librators. The “instantan "

R Leonis was observed in 1996 and 1997 with the IB)TA? eonis as well as 1o s ca b.ato s. The “instanta eous
. . . o . transfer function of the instrument is computed from the fringe
interferometer located at the Smithsonian Institution’s Whip- : ; .
le Observatory on Mount Hopkins in Arizona. 10TA iscontrast measured on the calibrators. This computation and the
g WO eIementyinterferometer ?a third telesco 'e is und%?mputation of the final visibility estimates have been presented
P In|Perrin et al. (1998).

construction) operated both at visible and infrared wave- : . .
lengths{(Carleton et al. (1994), Traub (1998)). We have used thf? The data have been collected using different baselines. The

: . ective wavelength of the instrument is 2/%. The 1996
FLUORIbeam combiner to sample the spatial coherence of tggservations were made with asingle 16 m baseline. In 1997, the

sources. Progress reports on FLUOR have been presented at \rﬁ 16m, 21 m and 38 m baselines were used. Azimuths of the

eral conferences (see Perrin et al. (1996a), Perrin et al. (199 . : .
Couce du Foresto et al. (1998)) and it will be described in mor tial frequencies common to the 1996 and 1997 observations

details in a forthcoming paper. The recombination is achievedarr1e the same to W.lthlmo.o' The range of azimuths covered b.y
. s ) . the 1997 observations is smaller thHai? because of the quasi
the photometric K band with single-mode fluoride glass f'berﬁ'orth-South orientation of the L-shaped IOTA array. The data
The fibers filter out the wavefronts which are corrugated by at- . . L .
) . : ollected on R Leonis at IOTA during the two periods are listed
mospheric turbulence and trade phase fluctuations against p%nofable[:],
tometric fluctuations which are monitored. It is then possib|e ’
to directly calibrate and correct for the non-stationary atmo-
spheric transfer function, alleviating severe inaccuracies in v&- Diameter and intensity profile
ibility calibrations which plague classical (multi-mode) bea
combiners. The current accuracy on final visibility estimatés
with FLUOR is 1% for most sources and is as good as 0.3% The data of Tabl€]1 are plotted on Fijyy. 1. Although the exact
very bright sources. geometry of the stellar disk & priori unknown, models based
The data are acquired with FLUOR/IOTA in a scanningn radiative transfer computations for these extended objects
mode. A short-stroke delay line sweeps through the zero optigaé proposed in the literature (see Ject. 3.2). This section only
path difference position at a speed which keeps the optical pa#als with the simplest model of a stellar disk whose surface
difference rate almost constant and yields a fringe frequencytgfghtness distribution is uniform.
about 300 Hz. The length of each scan is of the order 0§00 This model, although quite simple, is a good representa-
Dark current sequences are recorded after each sequencetianthf the geometry of the star at low spatial frequencies. As
are used during the data reduction process for noise and signalatter of fact, for spatial scales larger than one stellar radius,
calibration. Sequences are acquired every four seconds in r@galler details on the surface of stars are not visible. Spots and
ular turbulence conditions and a whole batch of observatiolirab variations have a negligeable contribution to the general
comprises 100 sequences spreading over a few minutes. geometry. As a consequence, the amplitude of the spatial fre-
We have used the method developed by Godd Foresto quencies of the stellar image are accurately described by the
et al. (1997) to reduce the data and to derive the instantanegniorm disk visibility function for frequencies within the first
null of this function.
! Infrared-Optical Telescope Array Data points with spatial frequencies less than 40 cycles per
2 Fiber Linked Unit for Optical Recombination arcsecond have been fitted by a uniform disk model for the two

1. Uniform disk diameter of R Leonis
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Fig. 1. Fit of the 1996 and 1997 data by
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Spatial frequency (cycles/arcsec) data. Open circles: 1997 data.
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Spatial frequency (cycles/arcsec) model.

phases. The only parameter of this model is the apparent angtharlunar occultation technique. They have found that the occul-
diameter of the star. For the two periods, the diameters yielditagion event is compatible with a di88 + 1.3 mas in diameter.

the smallest residuals of the fits are: Despite the difference in bandwidth, this result is confirmed
by our own findings since the whole K band measurement is a

$up,1996 = 28.18 & 0.05 mas (1) good approximation of the diameter of the photosphere of the

¢up,1997 = 30.68 £+ 0.05 mas star (see Scholz & Takeda (1987), hereafter ST) and[Sett. 3.2).

Some other measurements were made at visible wavelengths
These two estimates of the diameter of R Leonis in the §ee Seckl1 for references) with interferometric techniques but
band can be compared with previous results obtained Wike difficult to link to our results since the star appears larger
different techniques and/or at different wavelengths. No Kecause of light scattering and absorption by dust and molecules
band diameter of R Leonis has been published as of tod@yhigher layers. Nevertheless, the order of magnitude of pho-

Di Glacomo et al. (1991) have measured the star's diametekgipheric diameters can be derived with the help of models and
phase 0.2 in the By line of atomic hydrogen at 2.3@mn with
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ranges between 37 and 61 mas (Haniff et al. (1995)). Althouggal radii. The notion of photospheric radius is difficult to de-
the lower value is compatible with our result, the higher valde for stars with an extended atmosphere. Following several
is almost twice as large. The photospheric diameters of 2@&athors (see Haniff et al. (1995)), the photosphere is defined as
and 19.8 mas derived from observations at minimum phasetts layer at which the Rosseland mean optical depth is equal to
11.15um (Danchi et al. (1994)) were obtained by modeling thene. Measurements of non-Mira M type giants in the K band
dust emission and are therefore also model-dependent. Thield limb-darkened diameters 2 or 3% larger than uniform disk
remain compatible with the K uniform disk diameters. diameters (Perrin et al. (1998)).

We have compared our data points for the two epochs first
with the models published by ST and then with the more recent
models by Hofmann et al. (1998) (hereafter HSW).

As Fig[d shows, high frequency visibility data are not com- Two of the ST models are relevant in our case: the X3000
patible with uniform disk models. Photospheric radii derivednd X3500 models where the number after X is the effec-
from this model may not be an accurate approximation of the

3.2. Limb darkened diameter
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Fig. 5.Visibilities measured on Bootis

in 1996 and 1997. Full cirlces are the
1996 data points. Open squares are the
1997 data points. The continuous line is
auniform disk model fit of the 1996 data.
The 1997 data points are fully consistent
with the 1996 model and no variation of
diameter is detected for this reference
star.

Fig.6. Fit of the 1997 data by CO
and HO intensity profiles of the
X3000/max model.

Table 2.Fits of photospheric diameters my Mira models. UD is the uniform disk model. The X series
are from Scholz & Takeda (1987) and the P 76200 model is from Hofmann et al. (1998).

Model 1996 Diameter f points x?/(f —1) 1997 Diameter f points x2/(# — 1)
ub 28.18 £0.05 5 7.59 30.68 £ 0.05 6 40.9
X 3500/max  29.25 + 0.06 5 3.92 31.85 £ 0.06 6 9.87
X 3500/min  29.67 £+ 0.05 5 1.74 32.37 £ 0.06 6 4.63
X 3000/max 27.95+ 0.08 5 2.54 30.21 £0.08 6 82.2
X'3000/min  29.21 £ 0.05 5 1.12 31.92 £0.05 6 16.4
P 76200 24.47 £+ 0.06 5 1.01 26.61 + 0.08 6 23.8
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tive temperature of the parent static model of the photosph@ele 3. Recently published linear radii for R Leonis.
(Bessell et al. (1989)). Intensity profiles are published in nine
narrow bands at minimum and maximum luminosities. The phB/R Reference
tometric K band contains thrge of them gentered on 2.00, 2.19% 183 TUthill et al, (1994)
and 2.36um and corresponding, respectively, te ® bands, 444 1+ 45 Hanif et al. (1995)
the continuum, CO and #D bands. We have mixed the thregrs , 59  wvan Leeuwen et al. (1997)
profiles by computing a composite mean weighted by a typicals + g4 this work, 1996
Mira-like spectrum and the supposed FLUOR spectral transnigs + 91 this work, 1997

sion. The composite profiles are Fourier transformed, assuming

circular symmetry, to get composite visibility models. We have

then fitted our data with these models. Once again, the fits to data

with frequencies higher than 40 cycles/arcsecond are of PRE \yings lead to higher visibilities at the highest frequencies,
quality. Examples offits of the 1997 data are givenin kigs. 2 ajchre still remain some discrepancies between this model and

[3, corresponding to the X3000 and X3500 models respectivelye gata. In Sedf] 5, we will suggest and discuss some hypothe-
Points with frequencies smaller than 40 cycles/arcsecond 0Blys o the origin of this difference. Besides, a closer look at
have been taken into account. On each figure, we have plofigd niform disk to Rosseland diameter ratios for the entire set
the best fits at minimum and maximum luminosity (CONtiNUOY% the p models show that all ratios but two lie in the range
and dashed lines respectively). The dotted line is the best fith¥7_1 97 and that these ratios are cycle dependent. For exam-
a uniform disk model. The numerical results of these fits the 0.74 ratio occurs at phase 2+0 (using the notation of
given in TabldR. The diamete'rs of the minimum light mode SW) while it is 1.07 at phase 1+0, 1.06 at phase 3+0 and 0.99
have been properly scaled using the ratios between Rosselgfihase 4+0. This cycle-to-cycle dependence being impossible
radii for minimum ar;d maximum light models given in Table 3, -onnect to our observations it may be inappropriate to infer
of ST. The reduceg” of the fits (Columns 3 and 7) show that, gmgajier radius for the photosphere of R Leonis on the basis of
the f|.ts with the _M|ra mpdels generally yleld b(_atter results thaRe p 76200 model. But in any case, the wing-like structure of
the fits by a uniform disk model. This is particularly true fogne |yminosity profile needs to be given sufficient highlight in

the 1997 data. Visibilities have been measured at two differgpf,re studies to account for observations, as will be discussed
baselines and the fits are therefore sensitive to the curvature mﬁgeclﬂs_

to the slope of the models which are constrained, in first approxX- 14 remain consistent with the few lines before, and because

imation, by the attenuation of the luminosity profile at the limhy, o phases when R Leonis has been observed are intermediate
The better quality of the fits by the X3500 models (at miniMUReyyeen minimum and maximum light, we have chosen to keep
and maximum light) is difficult to interpret since the effectivg,q yesyits of all fits with the ST models to compute the estimate
temperature of the star is of the order of 2500K at phase Qy¢he Rosseland diameter in 1996 and 1997. The final diameters

(Di Giacomo et al. (1991)), which is better bracketed by the efzq the means of the four diameters of TBle 2 at each epoch

fective temperatures of the X3000/max and X3000/min mod&lsih error bars equal to the maximum errors quoted for each
(3060 and 2280 K, respectively). This may be indicative of tr@poch_ This yields:

work to be accomplished by theoreticians in this field to account
for Mira surface luminosity profiles. PRoss,1996 = 29.02 + 0.08 mas (2)

The same analysis has been accomplished with the H3ss.1007= 31.59 + 0.08 mas
models. Six series of models have been computed with molec-
ular opacities updated compared to those of ST. Pulsations are
generated either by applying a piston to the upper atmosphegig. Linear radius and pulsation mode
layers or more directly with self-pulsating atmosphere models. i ) .
HSW have published a new set of conversion factors from ufiven the above angular diameters, linear stellar radii can be de-
form disk diameters to Rosseland diameters. We have seleci¥gd from parallax data. The parallax of R Leonis has been de-
those computed for phases closest to our observations. M&&fnined by the Hipparcos mission tolg, = 9.87+2.07 mas
models display an average 5% difference between uniform di&3A (1997)). The linear radius of R Leonis in units of solar
and Rosseland diameters. These Rosseland diameters are E8ffi.is then for the two periods:
p_atible_with the results of the fits by the ST mo_dels. Among trﬁlg% — 315+ 84 R, 3)
six series, some of the models from the P series lead to smaller 343+ 01 R
radii by an amount that can be as large as 25%. We have fittetf®” — ©

our data with one of the luminosity profiles that are presented The nature of the pulsation of Miras is controversial. From
in the paper with strong wing-like features (the P 76200 modeleir difficulty to produce realistic models of Miras pulsating in
from the P series at phase 0.5). The results of the fits are listgé first overtoné, Bessell et al. (1996) conclude thatlong period
in Table[4 and the best fitting curve for the 1997 data is ditiras should pulsate in the fundamental mode. Depending on
played on Fid.}4. The smaller diameters are the direct resulttgé mass of the central core, relations linking the period and the
the wing-like structure of the stellar atmosphere. Yet, althougRear radius of Miras can be establishéd (Wood (1990)). For
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Table 4. Statistical analysis of results on uniform disk diameters. Theable 5. Photometric observations of R Leonis from
last two columns are the reducgd of the fits obtained by assumingWhitelock et al. (1998). Errors on J, H and K ate 0.03. Error
that the 1996 and 1997 data are fitted by a single diameter and wvoL is < 0.05. The last column is the computed bolometric flux.
different diameters, respectively.

mean JD J H K L bol
Star #UD,1996 $UD,1997 Xior  Xoor —2450000 (10~ "*wem?)
aBoo 20.204+0.08 19.9940.11 0.24 0.48 180 —1.47 —-248 —-292 —-3.35 20.14 £+ 2.48
RLeo 28.18+0.05 30.68+0.05 13.26 5.38 503 -1.30 —-234 -280 -3.27 17.57 &+ 2.06

a typical mass of the central core between 4 lihd 1.5 M, dial pulsations. A simple calculation shows that those pulsations
(Feast & Whitelock (1987)), these relations predict that a fuf?2y change the diameter of the star by less than 0.06% whichis
damental pulsator should have aradius between 220 and 2709t detectable with FLUORy Bootis can therefore be used as
and that the radius of a first overtone pulsator should be in f&eference in this study. The uniform disk diameters of the two
range 340-450 R. Our linear radii are smaller than those optars are given in Tablé 4 for the two epochs and the visibilities
previous studies (see Talil 3). In particular, the 1996 radiuf¢» Bootis are plotted on Fif] 5. The two diametersidBootis
clearly compatible with the two types of pulsators. This is partfj€asured in 1996 and 1997 are not significantly different. To
due to the large error bar on the parallax estimate. We therefBf&form a more precise study, we have analysed the data with
conclude, on the basis of the diameters of $edt. 3.2, that the ¥ different simple models. In the first model, the diameter is
of R Leonis is edgy and that no clear conclusion on its pulsati§Anstant with time whereas the second model uses two differ-
mode can be drawn based on the stellar radius criterion. Befit diameters for the two epochs. The data are fitted with these
we will show in Sec{5 that including the high frequency da0 models and a reduced is computed for each model. It

in the diameter computation may change this conclusion. is the residual of the fit divided by the number of data points
minus the number of degrees of freedom of the model. Model 1

o _ has one degree of freedom and Model 2 has two. The reduced
4. Variation with phase x2 are given in Tabl€l4. If the reducegt is smaller for the

R Leonis was observed during two runs in 1996 and 1997. Its Lyo diameter model then the uniform disk diameter variation is
erage photometric period is 312.57 ddys (Kukarkin et al., 197jc_lje.clared statistically significant between the two epochs. The
Visual phases have been determined from AAVSO ddigsults show that a variation is detected for R Leonis and that no
(Mattei (1998)). They are given in Taté 1. More exactly theignificant variation is detected for the reference at&ootis.

phases of the short frequency visibilities used to compute thBiS Statistical analysis shows that the FLUOR measurements
diameters are 0.24 in 1996 and 0.28 in 1997. lead to stable diameter estimates for the non pulsating star and

that the variation detected on R Leonis is a real fact.

4.1. Variation of the photospheric diameter with phase . o )
4.2. Effective temperature variation with phase

The main result of Sedi 3 is that two different diameters have ) ]
been measured for R Leonis in 1996 and 1997. The aim of tfjae €ffective temperature of a star depends upon its angular

section is to establish the reality of the change of diameter gmeter and its bolometric flux as can be deduced from the
the photosphere of R Leonis during the period. We are going2ifan-Boltzmann law for black-body radiation. According to
show that, first, this change is not a geometrical artifact due t@a the diameter has to be defined as the Rosseland diameter to
possible asymmetric shape of the source and that, second, #ian accurate estimate of the temperature. In convenient units,
change is not due to a variation of the response of the instrumdfg rélation between effective temperature, bolometric flux and
The uniform disk diameter of R Leonis has been comput@j9ular diameter can be written:
from visibilities measured at spatial frequencies smaller than ( Fhol )1/4 ( 1 mass>1/2
2

40 cycles/arcsec. These observations were carried out usingftag = 7400 1015 Wor > K (4)
11 mand 16 m baselines of IOTA, the latter baseline being com- Ros
mon to the two runs. Azimuths of the 16 m frequency comp®uasi simultaneous photometric observations have been car-
nents are the same to withir)°. The variation of diameter ried out at the South African Astronomical Observatory in the
cannot therefore be attributed to a confusion with the relatide H, K and L bands, where most of the stellar flux is emit-
difference in size of 20% along two orthogonal axes detectestl (Whitelock et al. (1998)). These observations are reported
by Lattanzi et al. (1997) with HST in the visible. in Table[®. The bolometric flux can be estimated from these in-
We have observed the K giant staBootis during the same frared magnitudes by integrating the flux under the blackbody
runsin 1996 and 1997. This star is slightly variable and the vadistribution which best fits the data. We have used the value
ations may be explained by a pulsation process. Radial veloaifythe extinction in the V band by Robertson & Feast (1981)
measurements by Hatzes & Cochran (1994) reveal possible(ra/)=0.16) and we have derived the extinctions in J, H, K and
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L from the curves af Mathis (1990) where we have assumed thwth the models would happen at every photospheric cycle, but

reddening is produced by interstellar diffuse matter. The valuiéss probably significant of a modeling difficulty.

of the bolometric fluxes are given in the last column of Table 5. Other observations collected on Mira itself in the vis-
Applying Eql24, we derive the effective temperatures for thible have revealed temporal variations of the stellar size.

two phases: Quirrenbach et al. (1992) found that their data set is compat-
ible with a two component model with layers at different alti-

Teff 1096 = 2910 £ 90K (5) tudes. Tuthill et al. (199%) found some large diameter variations

Teit 1007 = 2696 + 79K (as large as 85%) with no correlation with photometric phase.

These two observations show that the behaviour of Mira may

The temperature difference between the two phases is 2149g much different from that of R Leonis and that it is probably
which is marginally significant compared to the error bar§npossible to draw a direct comparison between the two stars
We can nevertheless say that a decrease in effective té@xcept that of diameter variations.

perature from phase 0.24 to phase 0.28 has been detectedThe last evidence of variation that can be easily connected to
The star cools down as it grows and releases energy. TOH observations is from spectroscopic observations. Assuming
decrease is compatible with theoretical studies (see et_r@t the variation of linear radius can be converted into mo-
Bessell et al. (1996)) and with other studies based on photigh of the photosphere between phase 0.24 and phase 0.28 we

metric data|(Lockwood & Wing (19711)) or on interferometri¢erive a speed dfS & 4kms™! (taking into account the uncer-
data [van Belle et al. (1996)). tainty on parallax and diameters). Because of the small phase

difference, this speed must be understood as an instantaneous
. L one rather than an average one. Compared to the speed inferred
4.3. Other evidence of variability by[Hinkle (1978) from CO lines in the K band, our derivation

We have shown that a geometrical change of R Leonis in thi€lds a speed twice too large. This discrepancy may come from
region of the photosphere has been detected. We are going‘l&)fact that the occurence of the maximum of R Leonis has an
see how this compares to some other evidence of variabilitpcertainty of about ten days corresponding to an uncertainty
detected either with high angular resolution techniques or wig phases of 0.03. Given this uncertainty and the small differ-
spectroscopic observations. ence in phases between our two observations, we may have an
The most recent observations of geometrical variabiliyncertainty of a factor of two on the speed of the photosphere
have been reported by Burns et al. (1998). These are basedyigiding a speed smaller by a factor of two). In this frame,
measurements made with the COAST interferometer at visil§ler value is compatible with the spectroscopic observations,
wavelengths. These measurements are all the more complendhough rather inaccurate.
tary since some of them were performed at almost the same dates
as ours to within a couple of weeks at most. 5. High frequency data

Burns et al. (1998) . . . .
find an average increase of uniform disk diameter of the 4s we have seen inthe previous sections, general models of Mira

der of 2% from phase 0.24 to phase 0.28. The absolute amplit (ljngtospheres fail to repr_oduce the high f_requency_ visibilities
of the change may be indicative, but what is interesting fro atwe have measured with FLUOR. The difference is generally

their cycle-to-cycle coverage of the photometric phases is t Ager than 10%. This is much larger than the uncertainty of

the strongest variation of diameter occurs at those phases Cfggemeasure.mer.]ts and this IS therefore indicative of an extra
{fucture which is not taken into account by the models. We

to 0.2. Merging the conclusions of the two studies, we find th X . . :
ve listed some tentative physical phenomenathat are likely to

the diameter of R Leonis increases after phase 0.2 in K an i Mi d which lain th f visibility:
visible bandpasses contaminated by TiO absorption bands. Ph&Ur ih Miras and which may explain the €xcess ot visibility:

Bessell et al. (1996) models predict that the Rosseland radius limb brightening;
should decrease in this phase interval. In strong TiO absorpti@n convective cells, spots;
bands, the star radius may not repeat regularly with phase t8- diffusion.

cause it traces the motion of propagating shocks. For weaker
and medium absorption bands, it should repeat more regulaglx
and also decrease after phase 0.2. We therefore find a strong dis-
agreement with model predictions. Burns et al. (1P98) invokeTae spectrum of Mira stars comprises absorption but also emis-
possible strengthening of the TiO bands during the photosphegiign lines that are produced by a shock heating process generated
cycles, but this cannot explain the K behaviour. As will be seday the pulsations of the central corfe (Fox et al. (1984)). Most
in the next section, absorptions may be larger than what is eX-these lines belong to the Balmer series in the visible part of
pected in the K band but it is doubtful that, for this range dhe spectrum. Emission lines also appear in the K band region
wavelengths, the dynamic behaviour of the stellar radius candfethe spectrum. Spectra reported|by Hinkle & Barnes (1979)
changed by higher layers whose opacities are much lower ti&row Bracketty emission starting at phase 0.9 and disappear-
in the visible. Because the phase coverage of the K observationgafter maximum luminosity at phase 0.1. Some other mech-
is low, itis impossible to guess whether the strong disagreemanisms can make some lines appear like emission lines (see

Limb brightening
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last paragraph of this section). For example, lines in the atmithese may appear as hot spots whose individual size is a large
sphere of cool stars can be optically thick at the limb and afpaction of the stellar disk. A few spots (hot more than three)
pear in emission. Sasselov & Karovska (1994) have modelealve been detected atthe surface of afew late-type supergiantsin
this phenomenon to correct and interpret the diameter méiae visible by Tuthill et al. (1997) and by Wilson et al. (1997).
surements of limb-brightened Cepheid stars by interferom@ie order of magnitude of the size of these convective elements
ric techniques, or to interpret microlensing events by Cepheidence their number) was predicted by Schwarzschild (1975).
(Loeb & Sasselov (1995)). In their models, the center-to-limb Based on these observations and on the prediction, we can
distribution across the stellar disk in the continuum is classicagsume that a small number of convection cells may be present
limb-darkened, whereas in the Ca\8498 emission line, the at the surface of R Leonis and produce our observed visibility
intensity is weak and flat across the disk and peaks at the lirekcess. To keep the number of parameters reasonable (4) relative

In order to test the hypothesis of limb-brightening, we have the number of data points, we have compared our 1997 data
made a simple model of an annular bright ring superimposedtora model with one unresolved bright spot whose position and
a uniformly bright disk. We have neglected both limb-darkeninglative brightness are to be determined. The position has been
of the parent disk and weak flat intensity inside the bright ringonstrained to be on the stellar disk. We can assume that it is
The number of parameters of the model is thus reduced to foat resolved by the instrument since it is a fraction of the stellar
(diameter of the uniform disk#,), internal radius of the ring disk in size. When compared to this model, our data lead to
(d), thickness of the ringa) and ratio of the integrated surfacehe following best parameters for the star and the bright spot
brightness between the disk and the rifig/(ing)) which is not  position and intensity:
too large a number if compared to the number of available data
points in 1997. The parameters of the best adjustment are: ¢x = 21.240.2mas (7)

0 = 103.1° +3.2°

p = 10.6 = 0.5 mas
Ispoy_[* = 0.13:t0.34

¢ = 8.9+ 0.3mas (6)
d = 14.5 &= 1.6 mas

a = 3.7+t 2.6mas
I/ling = 1.2240.1 The spotis found to be exactly on the edge of the stellar disk.
Because of the large spacing between our data points and their

The interpretation of the radii values by the limb-brighteningmall number, the fitting algorithm tends to adjust the frequency
model leads to the conclusion that these diameters are the wfidhe wavy Fourier transform of the image of the unresolved
diameter and that the diameter of the photosphere is overgset (i.e. the distance of the spot to the center of the star) to
timated by factor of three. Because this model may to be taunimize the contribution of the spot at low frequency and to
simple to be valid and since it is probably more physical to setaximize it at higher frequencies. This is a pure numerical ef-
better boundary conditions, we have run another fit by constrafaet. The only reliable conclusion that we may draw from this
ing the diameter of the photosphere and of the inner edge of tiedculation is, firstly, that we need a better density of data points
ring to be coincident. This model has the advantage of reducizugd, secondly, that, assuming that spots are present at the sur-
the number of parameters to three (photospheric diameter, mésare, more spots are necessary to build a model compatible with
bright ring diameter and ratio of intensity). But it leads to a be#ite data.
solution for which the ring appears slightly darkened compared
to the photosphere, the diameter of the ring being 23.3 masslg Diffusion
those conditions, the model with a detached ring accounts better
for the limb brightening assumption. At visible wavelengths, long-period variable high resolu-

Coming back to the result of the first model, detected dion visibilities are well fitted by gaussian models (see e.qg.
ameter changes of Sdckt. 4 could then be interpreted as ringldaniff et al. (1995)). The gaussian model accounts well for the
tension changes due to the propagation of the shock frontflaitening of the visibilities at high spatial frequencies due to
the envelope of the Mira, the variation of the photosphere beilight scattering by the envelope. Haniff et al. (1995) find a bet-
probably smaller. Yet, in order to be valid, this hypothesis woutér agreement between their data and the gaussian model than
require some support from spectroscopic observations bringimgh Mira atmosphere models, which they interpret to signify
evidence of strong emission in the K band. We have not fouttte difficulty of modeling the opacities of strong bandheads.
any report of an emission of the level required by fh¢l;ng This may be invoked in K for the CO and,® bands, although
ratio in the literature. We conclude that the physical basis with weaker opacities and less scattering.
the limb-brightening model is not solid enough to explain the Let us assume that the;® and/or CO opacities are un-
visibility excess at high spatial frequency. derestimated in Mira models. Then, the continuum luminosity
profile differs from the one computed by ST. Multiple scattering
of the continuum photons by the CO and®envelope in the
nearby molecular bands will make the continuum luminosity
A more classical explanation for high frequency visibility excegofile look like, in first approximation, the luminosity profile
is the presence, at the surface of the Mira, of convection celté.the scattering medium. We have plotted the 1997 data with

5.2. Convection
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the best fitting luminosity profiles in molecular bands of the In reality R Leonis is probably a blend of limb darkening,

X3000/max model in Fid]6. Because of the smooth extensisoattering and spots indicating that the Rosseland diameter may
of the envelope, visibilities are flattened and drop down to zelbe smaller than what can be guessed from usual models. There-
more gradually. The Rosseland diameters for the CO ay@ Hfore, the angular diameter of the photosphere may have been

profiles are found to be: closer to 24 mas in 1997 than to 31.59 mas. Applying this scal-
ing factor to the 1996 diameter leads to a 22 mas diameter.
¢co = 24.17+ 0.07 mas (8) This would of course have implications on the fundamen-
dr,0 = 18.09 =+ 0.05 mas tal parameters of this Mira-type star. The mean photosphere

linear radius would be of the order of 250 solar radii and R

The K band luminosity profile would be a blend of the two prd_eonis would therefore pulsate in the fundamental mode as of-
files witha mean Rosseland diameter of the order of 22 mas. T8 claimed by theoreticians, thus clarifying the conclusions
luminosity profile better accounts for the observations than tRE Sect. 3.3. The other consequence is that the effective stel-
X3000 model from ST and the P 76200 model from HSW. In th|8r temperature would be larger withyg ~3300K in 1996
ad-hoc composite model, the scattering CO an@Hholecules and Tegf ~3070K in 1997. The spectral type of R Leonis de-
would be located in a shell 30 mas large, the characteristic siggmined by Lockwood & Wing (19711) for the same phases is
of the star as determined with a uniform disk model. M 7.0-7.5 WhiCh, for non-Mira giants, Corresponds to effective

In order to give some support to this hypothesis, some i{gmperatures of the order of 3100K (Perrin et al. (1998)). The
dependent evidence of strong scattering by molecular specie€4sed temperatures are thus more consistent with the spectral
required. The very deep molecular CO and (at timesptab- type of less luminous giants.
sorption seen in the K band of R Leo are probably indicative of
scattering opacity, since the lines are much deeper than cambg Enhanced scale height
readily accounted for with a thermal source function. The depth o
of the lines contributing to the strong line blanketing throughol? @n extended atmosphere such as exists in R Leo, the so-
this region is difficult to estimate, due to uncertainties about t§&!led limb darkening effect consists of two parts. One part is
continuum level, even at high spectral resolution. In sum, it affte conventional limb darkemng, observed for example in the
pears that scattering opacity throughout the K band is possilien: whereby the surface brightness of the star decreases at the
but the spectroscopic evidence is merely suggestive. Sped{fgp due to the decrease of temperature with heightin the stellar
studies of CO and kD lines of R Leonis have been pubnshe@itmosphere, and which occurs even in an atmosphere of negligi-
in the late seventie$ (Hinkle (1978), Hinkle & Barnes (1979)5)_Ie thickness, when the stellar diameter is virtualy independent
It was shown that the lines originate from two components. of wavelength. The second part arises due to the fact that at dif-
warm component which is close to the stellar photosphere anf§&ent wavelengths, a greatly extended atmosphere does in fact
cooler component located at the inner edge of the circumsteff@ve @ wavelength dependent shape and diameter. This com-
shell with an excitation temperature of the order of 1000 K. THRonent of the brightness distribution depends sensitively on the
cool component dominates the molecular lines in the K barkale height in the model, and hence on the detailed physics
Some of the CO lines display deep absorption exceeding the 2difhe pulsation computations. Any effects which increase the
continuum level at phase 0.2. Fos®, no such strong absorp_actual scale height over the model scale height would similarly
tion is reported, yet it is underlined that continuum placemet@nd to extend the brightness profile drop over a larger radius,
is a problem especially near maximum light. effectively smearing the limb profile.

As a consequence, the hypothesis of scattering by molecu- This also suggests that the angular diameter observedin high
lar species in the K band may at least partly explain the hi%c;tation lines will be characteristic of a deep, high temperature
frequency points that we have measured. This simple appro r, and the angular diameter observed in low excitation lines
remains a first attempt to explain our observations. Some furtféll be characteristic of a low excitation layer. Distinguishing
modeling is necessary to provide a more complete exmanatigﬁ,tween these observationally will give direct accessto the scale

the above rationale being a first step in the investigation. ~ Neight, a parameter not otherwise accessible. Thoughless direct,
the smearing of the stellar limb profile observed already begins

to constrain the model, though currently through the haze of
other issues mentioned above.

It turns out from the above analysis that any inclusion of an |t would be reasonable to expect the effective temperature
extra feature in the modeling of R Leonis tends to decrease fifghputed from a representative angular diameter to be interme-
stellar diameter by a large amount (of the order of 25%). Amof§éate between the temperature extremes observed spectroscopi-
the three scenarios suggested, the scattering hypothesis s&éths The extremes in the photospheric region, from CO excita-
to be the most encouraging. The limb brightening hypothedign in the pulsating layer, are 3000 and 4500 with a temperature
may be the least probable since it requires strong emission ligé@bout 3300 K at phases 0.24 and 0[28 (Hinkle et al. (1984)).
that have never been detected in the K band. BesideS, |mpos-f|h€ deduced Teff of 3000—-3300 satisfies this criterion of rea-
boundary conditions to the simple model leads to limb darkenigghableness.

and to the negation of the assumption.

5.4. Discussion
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