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Abstract

We examine the time variation in the near-infrared H2O bands in
oxygen-rich Mira variables. We analyzed four Mira variables, which were
monitored for longer than one period of their optical light curves with the
ISO/SWS. In the wavelength range from �3.5 to 4.0 �m, all of the sample
stars show absorption features of H2O bands around minima and emission
features around maxima. The model analysis shows that the H2O layer
with an excitation temperature of�2000 K is responsible for these features
and that the layer is located at about 1 stellar radius around minima,
and expands to about 2 stellar radii around maxima. These results are
probably explained by high density region in the extended atmosphere
caused by the pulsation shock.

�Based on observations with ISO, an ESA project with instruments funded by ESA Mem-
ber States (especially the PI countries: France, Germany, the Netherlands and the United
Kingdom) with the participation of ISAS and NASA. The SWS is a joint project of SRON
and MPE.

yOriginal draft is submitted to Proceedings of the workshop, 'POST-AGB OBJECTS
(PROTO-PLANETARY NEBULAE), as a Phase of Stellar Evolution', eds. R. Szczerba,
S.K.Gorny, in press
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1 Introduction

Strong pulsations in AGB stars, especially in the Mira variables, extend their at-
mospheres. This extended atmosphere is enriched with various kinds of molecules.
Its temperature ranges from �2000 to �1000 K (Woitke et al. [1999]). Recent
infrared spectroscopic observations from the space enable us to carry out de-
tailed studies of the molecules in the extended atmosphere, based on the data
una�ected by the terrestrial atmosphere.

Using the Short-Wavelength Spectrometer (SWS; de Graauw et al. [1996])
onboard the Infrared Space Observatory (ISO; Kessler et al. [1996]), Yamamura
et al. ([1999]) studied the near-infrared H2O bands in the Mira variables. They
found that H2O bands in the �3.5{4.0 �m region were observed as emission in
o Cet, which was observed at maximum in the visual light curve. In contrast,
another star Z Cas, observed at minimum showed the bands in absorption at the
same wavelengths. They analyzed the spectra of these stars in the 2.5{5.0 �m
region with a simple `slab' model. This model consists of two H2O layers (`hot'
and `cool' layers) with independent excitation temperatures, column densities,
and radii. The excitation temperature of the H2O molecules responsible for
the spectra in the �3.5{4.0 �m region was estimated as 2000 K in both stars.
Yamamura et al. ([1999]) showed that the `hot' layer is as large as �2 R� in
o Cet, while it was only �1 R� in Z Cas, where R� is the radius of the central
star. They suggested that the di�erence between o Cet and Z Cas is mainly
caused by the di�erent radius of the `hot' layer, and that the `hot' water layer
is more extended at maximum than at minimum.

2 The Time Variation in the H2O bands

We examine the time variation in the H2O bands in the 2.5{4.0 �m region in
oxygen-rich Mira variables. We selected four stars (R Aql, R Cas, T Cep, and
Z Cyg) from the ISO Data Archive. They were observed by the SWS several
times over the period longer than one variable cycle (Onaka et al. [1999]; Loidl
et al. [1999]). Fig. 1 shows an example of the time variation of the spectra
between 2.5 and 4.0 �m.

We apply the same model as described in Yamamura et al ([1999]). The
plane-parallel con�guration and local thermodynamic equilibrium (LTE) were
assumed in the model calculation. A disk-shaped background source and molec-
ular layers were placed one over the other. The background source, which rep-
resents the stellar continuum, is assumed to be a 3000 K blackbody. In most
cases only H2O molecules are included in the model except for two spectra in
R Aql and four spectra in T Cep, for which OH molecules are also taken into
account to reproduce sharp absorption features. We calculated more than ten
thousands of spectra, over a large parameter space of radius and column density
of two layers, and the excitation temperature of the cool layer with suÆciently
�ne grid points. According to Yamamura et al. ([1999]), we �x the excitation
temperature of the `hot' layer as 2000 K. We apply the �2 test to �nd the best-
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Figure 1: The time variation in the Z Cyg spectra obtained by the ISO/SWS.
The optical variability phase (�) at each observation, determined by the AAVSO
light curve, is indicated in the �gure by the labels. The `3.83 �m feature' (see
text and Fig. 3) is marked by the vertical lines.

�t spectra. Fig. 2 indicates the best �tted results for Z Cyg corresponding to
the observed spectra in Fig 1. Our simple `slab' model satisfactorily reproduces
the global shape as well as the small features in the observed spectra.

Here we focus on the most interesting parameter, the radius of the `hot'
layer (RH). Other parameters are discussed in Matsuura et al. ([?]). The
`hot' layer has an excitation temperature of 2000 K. The radius of the `hot'
layer (RH ) a�ects the features in the wavelengths longer than �3.5 �m (Fig. 3).
The overlaying `cool' layer causes absorption features in the wavelengths shorter
than �3.5 �m and masks features arising from the `hot' layer. The features from
the hot layer become in emission in the 3.8 �m region when RH is larger than
�1.6 R�, while they are seen in absorption when RH is smaller than that. This
is clearly demonstrated by a sharp peak at 3.83 �m in Fig. 3. In the observed
spectra in Fig. 1, this feature, marked by the lines, are seen in emission around
maximum, and in absorption around minima. Thus, from Fig. 1, we estimate
that RH is larger than �1.6 R� around maximum and smaller than that around
minima.

The variation of RH derived from the model �tting is plotted in Fig. 4. In
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Figure 2: The synthesized spectra corresponding to Fig. 1 are indicated. Global
shape and most of the small features in this wavelength range are reproduced
by the model including only H2O.

all of the four stars, RH reaches about 2 R� around maxima (�=0.0, 1.0, and
2.0) and becomes �1 R� around minima. These results are in agreement with
Yamamura et al. ([1999]). The variation in RH is calculated as the ratio to the
radius of the stellar continuum. According to the interferometric observations
by Tuthill et al. ([1995]), the variation in the `stellar radius' of Mira is smaller
than 7 %. Theoretical work (Bessell et al. [1996]) indicates the range of about
20 %. The amplitude of variation in the stellar radius is smaller than that of
RH . Thus the location of the `hot' H2O layer actually varies.

The periodical variations of the H2O bands suggest that they are related
to the pulsation. One possible explanation for this variation is that the high-
density layers are produced by the shocks, and such regions contribute on the
spectrum. The layers move as the shock propagates in the atmosphere. More
detailed discussion is given in Matsuura et al. ([2000]).
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Figure 3: The e�ects of RH on the synthesized spectra. From top to bottom,
RH is 2.2, 1.8, 1.4, 1.0 R�. The features longer than �3.5 �m vary with RH .
The features become emission when RH is larger than �1.6 R�. The e�ects
are prominently seen in the 3.83 �m feature which is either seen in emission
or in absorption depending on RH . The wavelengths shorter than � 3:5 �m
are subjected to the absorption feature from the overlaying `cool' layer, and
the features are insensitive to the parameters of the hot layer in this �gure.
The absolute ux varies owing to the variation of radius of the emitting region.
Other parameters are �xed as TH = 2000 K, TC = 1200 K, NH = 1�1022 cm�2,
NC = 1� 1021 cm�2. In these calculations, RC is given as R2

C
= R2

H
+12 [R2

�
].
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Figure 4: The derived RH for four Mira variables are indicated against the
optical phase. The radius of the `hot' layer is about �1 R� around minimum,
and about �2 R� around maximum.
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