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Abstract Interferometric observations in the atmospheric windows of the near infrared (1 
to 4 microns) can be efficiently used to probe the chemical composition of Mi- 
ras atmosphere and provide direct measurements of extended gas layers around 
these stars. This is illustrated by recent Miras observations carried out with the 
FLUOR instrument of the IOTA interferometer (Mennesson et al. 2002, and 
Perrin et al. proceedings of this conference) and with the PTI test-bed (Thomp- 
son 2002, Thompson et al. 2002). These visibility measurements show evidence 
for continuum emission from very extended ( 2-3 stellar radii) semi-transparent 
gaseous atmospheric layers, and large apparent diameter changes with pulsation 
phase. Interestingly these observations are consistent with the extended molecular 
gas layers (H20, CO ...) already inferred around some of these objects from I S 0  
and high resolution ground-based FTS infrared spectra. 
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1. IOTA/FLUOR observations 
IOTA (Infrared and Optical Telescope Array) is a 3 telescope interferoemter 

(Traub 1998) located on Mount Hopkins, Arizona. It is operated by the Harvard- 
Smithsonian Institution at the CfA. Its three 45 cm telescopes can be relocated 
over an L shaped set of stations providing baselines ranging in length from 5 to 
38 m. All observations reported here were obtained with the FLUOR (Fiber Lin- 
kee Unit for Optical Recombination) instrument (Perrin 1996, Coud6 du Forest0 
1998 et al. 1998) operating in the K’ band (2.0 to 2.35 microns) and with TI- 
SIS (Thermal Infrared Stellar Interferometric Set-up, Mennesson et al. 1999) 
FLUOR’S extension to the L’ band (3.4 to 4.1 microns). 

Nine bright 0-rich Miras have been observed with IOTA in both K’ and L’ 
broad-band filters, in most cases at variability phases differing by less than 0.1. 
These results synthesize two observing campaigns carried out in February/March 
2000, and then in October/November 2000. Surprisingly all Miras showed strong 
increases (from 20% to 100%) in measured unifrom disk diameters between the 
K’ and L’ bands (Mennesson et al. 2002, Changon et al. 2002). This apparent 
enlargement with wavelength is far more important than what can be accounted 
for by conventional differential limb darkening between the 2 bands. 

Substantial absorption lines of molecular H20,  CO, S i 0  and CO2 are visible 
in some 0-rich Miras near infrared spectra (Yamamura et al. 1999, Tsuji et al. 
1997), but they appear outside the K’ and L’ filters. Even though some wing 
absorption features may still be present, the overall stellar flux remains largely 
overwhelmed by continuum emission for broad-band observations in any of the H, 
K’ and L’ filters (Scholz 2001). There is then no spectral evidence for molecular 
bands strong enough to produce large opacity difference between the K’ and L’ 
broad-band regions. This leads us to an interpretation based on a continuum 
effect. We propose a model consisting of a cool, semi-transparent gaseous shell 
extending far above the classical photosphere, typically 3 stellar radii away (figure 
1). We suggest that the Planck weighting of the emission from the two layers 
will suffice to make the L’ UD diameter appear larger than the K’ UD diameter. 
Owing to the wavelength dependence of the Planck function, the extended cooler 
(2 1500 K to 2000 K) gas layer contributes a larger fraction to the overall stellar 
flux at 3.8pm than at 2.2 pm for instance. More generally when the star is 
observed in infrared regions that are beyond the peak emission of the “classical” 
photosphere (A > 1 - 1.5pm), emission from this extended region can become 
import ant. 

Figure 2 shows as an example the best fit obtained to R Leonis K’ and L’ visi- 
bility measurements using this simple 2-layer model, and a 1-D radiative transfer 
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equation, solved for each line of sight. Central photosphere is considered as a 
blackbody with temperature T*,  radius R*. To keep the model simple, tempera- 
ture inside the envelope is assumed to decrease as T - ' . ~ ,  and density goes as r-2 
(mass flux conservation). 

Phatasphrre 

Figure 1. Left: adopted spherically symmetric model (see text). Enve lope has inner radius 
Rnt, outer radius Reztr inner temperature Tint and optical depth T common to both K' and 
L' bands. Right: results of R Leonis observations modeling using a 2-layer model (see text). 
Predicted Center to Limb Variations (CLV) and visibility curves are given in full line in K 
and dashed line in L'. (a) CLV. (b) Model visibility and observations: March 1997 (K') and 
November 2000 (L'). 

2. PTI observations 
The Palomar Testbed Interferometer (PTI) Mira program has been following 

a group of about 70 M, C and S-type miras since June, 1999. A description of 
PTI can be found in Colavita et al. (1999) and the standard reduction method 
for PTI data is given in Boden et al. (1998). Observations were generally taken 
every 2-3 weeks during the observing season, with a system visibility estimated 
instantaneously for a given night's data based on the observations of mostly unre- 
solved (0.8<mas) calibration standards, interleaved with the target observations. 
All diameters assume a uniform disk(UD) model. 

A wealth of data is present in the PTI sample, and only part of it has been 
analyzed yet (Thompson 2002, Thompson, Creech-Eakman, & van Belle, 2002). 
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We only report here on the results obtained on one 0-rich Mira (S Lac) and one 
C-rich (RZ Peg) Mira. The UD diameter vs wavelength dependency observed for 
these 2 stars is quite characteristic for the 0-rich and C-rich Miras of the sample. 
S Lac exhibits a minimum apparent size in the center of the K-band, typical 
of oxygen-rich Miras (Thompson 2002), which is not evident in the non-Mira 
counterpart (Fig 2). Sources of opacity, such as H2O probably account for the 
larger sizes in the 2.0 and 2.4 um channels. The carbon-rich Mira RZ Peg depicts 
a maximum apparent size in the 2.3 and 2.4 um channels, owing to C2H2, HCN 
and CO as sources of opacity. The shape in RZ Peg is also typical of carbon-rich 
Miras (Thompson 2002). 

Multi-epoch data on S Lac (see Thompson et al. 2002, figure 2) show a phase 
lag between the 2.2 and 2.4 um apparent sizes, suggesting the source of opacity 
(H2O) lies significantly above the 7(2.2um)=1 photosphere. This agrees nicely 
with the 2-layer model invoked to fit the FLUOR K'/L' data. Conversely, no 
phase lags are seen between the three K-band channels for the C-rich RZ Peg, 
suggesting the sources of opacity lie at the 7(2.2um)=l photosphere or very close. 
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Figure 2. Calibrated UD spectral angular sizes for Miras and non-Miras. Both Mira stars 
exhibit greater degrees of size departures from their continuum than do the non-Mira chemical 
counterparts. These representative data were taken on the same night (JD 2451715). Top to 
Bottom: HIP 92194 (C6]11), S Lac (M4-M8e), RZ Peg (C5-6eII), HD 193347 (M2 111) 

3. Summary 
We have reported on a systematic and rather surprising result obtained with 

the IOTA interferometer on 9 0-rich Miras: a strong increase in the apparent 
broad-band UD diameters from K' (around 2.15 microns) and L' (around 3.8 
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microns) bands. We interpreted the observed diameter shift as a continuum or 
pseudo-continuum effect, and suggested that a very extended (Y 3 stellar photo- 
spheric radii) semi-transparent gas layer was responsible for it, as its contribution 
to the overall flux increases with IR wavelength. 

IS0 detection of hot water in several Miras atmospheres, and recent narrow 
band measuerements obtained by PTI on a large number of 0-rich Miras in- 
dicate that the source of opacity in the outer layer could be mainly molecular 
H20.Further analysis of the PTI sample is necessary to see if S Lac’s observed 
behaviour is common among 0-rich Miras. Yet, the detection of a phase lag 
between S Lac’s UD diameters observed in the continuum and in HzO absorp- 
tion bands appears also compatible with a 2-layer extended gaseous atmosphere 
around this group of stars. 
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1. IOTA/FLUOR observations 
IOTA (Infrared and Optical Telescope Array) is a 3 telescope interferoemter 

(Traub 1998) located on Mount Hopkins, Arizona. It is operated by the Harvard- 
Smithsonian Institution at the CfA. Its three 45 cm telescopes can be relocated 
over an L shaped set of stations providing baselines ranging in length from 5 to 
38 m. All observations reported here were obtained with the FLUOR (Fiber Lin- 
kee Unit for Optical Recombination) instrument (Perrin 1996, Coud6 du Forest0 
1998 et al. 1998) operating in the K’ band (2.0 to 2.35 microns) and with TI- 
SIS (Thermal Infrared Stellar Interferometric Set-up, Mennesson et al. 1999) 
FLUOR’S extension to the L’ band (3.4 to 4.1 microns). 

Nine bright O-rich Miras have been observed with IOTA in both K’ and L’ 
broad-band filters, in most cases at variability phases differing by less than 0.1. 
These results synthesize two observing campaigns carried out in February/March 
2000, and then in October/November 2000. Surprisingly all Miras showed strong 
increases (from 20% to 100%) in measured unifrom disk diameters between the 
K’ and L’ bands (Mennesson et al. 2002, Changon et al. 2002). This apparent 
enlargement with wavelength is far more important than what can be accounted 
for by conventional differential limb darkening between the 2 bands. 

Substantial absorption lines of molecular H20,  GO, S i 0  and C02 are visible 
in some O-rich Miras near infrared spectra (Yamamura et al. 1999, Tsuji et al. 
1997)’ but they appear outside the K’ and L’ filters. Even though some wing 
absorption features may still be present, the overall stellar flux remains largely 
overwhelmed by continuum emission for broad-band observations in any of the H, 
K’ and L’ filters (Scholz 2001). There is then no spectral evidence for molecular 
bands strong enough to produce large opacity difference between the K’ and L’ 
broad-band regions. This leads us to an interpretation based on a continuum 
effect. We propose a model consisting of a cool, semi-transparent gaseous shell 
extending far above the classical photosphere, typically 3 stellar radii away (figure 
1). We suggest that the Planck weighting of the emission from the two layers 
will suffice to make the L’ UD diameter appear larger than the K’ UD diameter. 
Owing to the wavelength dependence of the Planck function, the extended cooler 
(E 1500 K to 2000 K) gas layer contributes a larger fraction to the overall stellar 
flux at 3.8pm than at 2.2 pm for instance. More generally when the star is 
observed in infrared regions that are beyond the peak emission of the “classical” 
photosphere ( A  > 1 - 1.5pm), emission from this extended region can become 
important. 

Figure 2 shows as an example the best fit obtained to R Leonis K’ and L’ visi- 
bility measurements using this simple 2-layer model, and a l-D radiative transfer 
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equation, solved for each line of sight. Central photosphere is considered as a 
blackbody with temperature T*, radius R*. To keep the model simple, tempera- 
ture inside the envelope is assumed to decrease as T - ' . ~ ,  and density goes as T - ~  

(mass flux conservation). 

Photosphere 
I 

Figure 1. Left: adopted spherically symmetric model (see text). Enve lope has inner radius 
Rint, outer radius Reztr inner temperature Tint and optical depth 7 common to both K' and 
L' bands. Right: results of R Leonis observations modeling using a 2-layer model (see text). 
Predicted Center to Limb Variations (CLV) and visibility curves are given in full line in K 
and dashed line in L'. (a) CLV. (b) Model visibility and observations: March 1997 (K') and 
November 2000 (L'). 

2. PTI observations 
The Palomar Testbed Interferometer (PTI) Mira program has been following 

a group of about 70 M, C and S-type miras since June, 1999. A description of 
PTI can be found in Colavita et al. (1999) and the standard reduction method 
for PTI data is given in Boden et al. (1998). Observations were generally taken 
every 2-3 weeks during the observing season, with a system visibility estimated 
instantaneously for a given night's data based on the observations of mostly unre- 
solved (0.8<mas) calibration standards, interleaved with the target observations. 
All diameters assume a uniform disk(UD) model. 

A wealth of data is present in the PTI sample, and only part of it has been 
analyzed yet (Thompson 2002, Thompson, Creech-Eakman, & van Belle, 2002). 
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We only report here on the results obtained on one 0-rich Mira (S Lac) and one 
C-rich (RZ Peg) Mira. The UD diameter vs wavelength dependency observed for 
these 2 stars is quite characteristic for the 0-rich and C-rich Miras of the sample. 
S Lac exhibits a minimum apparent size in the center of the K-band, typical 
of oxygen-rich Miras (Thompson 2002), which is not evident in the non-Mira 
counterpart (Fig 2). Sources of opacity, such as H2O probably account for the 
larger sizes in the 2.0 and 2.4 um channels. The carbon-rich Mira RZ Peg depicts 
a maximum apparent size in the 2.3 and 2.4 um channels, owing to C2H2, HCN 
and CO as sources of opacity. The shape in RZ Peg is also typical of carbon-rich 
Miras (Thompson 2002). 

Multi-epoch data on S Lac (see Thompson et al. 2002, figure 2) show a phase 
lag between the 2.2 and 2.4 um apparent sizes, suggesting the source of opacity 
(H20) lies significantly above the 5-(2.2um)=l photosphere. This agrees nicely 
with the 2-layer model invoked to fit the FLUOR K'/L' data. Conversely, no 
phase lags are seen between the three K-band channels for the C-rich RZ Peg, 
suggesting the sources of opacity lie at the 7(2.2um)=1 photosphere or very close. 
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Figure 2. Calibrated UD spectral angular sizes for Miras and non-Miras. Both Mira stars 
exhibit greater degrees of size departures from their continuum than do the non-Mira chemical 
counterparts. These representative data were taken on the same night (JD 2451715). Top to 
Bottom: HIP 92194 (C6,11), S Lac (M4-M8e), RZ Peg (C5-6e,I), HD 193347 (M2 111) 

3. Summary 
We have reported on a systematic and rather surprising result obtained with 

the IOTA interferometer on 9 0-rich Miras: a strong increase in the apparent 
broad-band UD diameters from K' (around 2.15 microns) and L' (around 3.8 
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microns) bands. We interpreted the observed diameter shift as a continuum or 
pseudo-continuum effect, and suggested that a very extended (E 3 stellar photo- 
spheric radii) semi-transparent gas layer was responsible for it, as its contribution 
to the overall flux increases with IR wavelength. 

IS0 detection of hot water in several Miras atmospheres, and recent narrow 
band measuerements obtained by PTI on a large number of 0-rich Miras in- 
dicate that the source of opacity in the outer layer could be mainly molecular 
HzO.Further analysis of the PTI sample is necessary to see if S Lac’s observed 
behaviour is common among 0-rich Miras. Yet, the detection of a phase lag 
between S Lac’s UD diameters observed in the continuum and in H20 absorp- 
tion bands appears also compatible with a 2-layer extended gaseous atmosphere 
around this group of stars. 
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