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ABSTRACT

Context. The mass-loss process in Mira stars probably occurs in an asymmetric way where dust can form in inhomogeneous circum-
stellar molecular clumps. Following asymmetries along the pulsation cycle can give us clues about these mass-loss processes.

Aims. We imaged the Mira star X Hya and its environnement at different epochs to follow the evolution of the morphology in the
continuum and in the molecular bands.

Methods. We observed X Hya with AMBER in J-H-K at low resolution at two epochs. We modelled squared visibilities with geo-
metrical and physical models. We also present imaging reconstruction results obtained with MiRA and based on the physical a priori
images.

Results. We report on the angular scale change of X Hya between the two epochs. 1D CODEX profiles allowed us to understand
and model the spectral variation of squared visibilities and constrain the stellar parameters. Reconstructed model-dependent images
enabled us to reproduce closure phase signals and the azimuthal dependence of squared visibilities. They show evidence for material
inhomogeneities located in the immediate environment of the star.

Key words. stars: individual: X Hydrae — stars: imaging — stars: AGB and post-AGB — circumstellar matter — stars: mass-loss —

techniques: high angular resolution

1. Introduction

When reaching the tip of the asymptotic giant branch (AGB),
low- to intermediate-mass stars begin a Mira phase before evolv-
ing to the planetary nebulae and finally white dwarf stages.
During this phase, their pulsation period of a few hundred
days is associated with a several-magnitude photometric vari-
ability in the infrared (Le Bertre 1993) and a mass-loss rate
up to 107 Mg/year (Ramstedt et al. 2008). While this phe-
nomenon is well explained by the x-mechanism, the way the ra-
dial oscillations interact with the stellar outer atmosphere and
the way mass is dispersed into the interstellar medium (ISM) is
not well understood. A molecular layer or MOLsphere extend-
ing to about 1 stellar radius from the photosphere has been sys-
tematically observed (e.g. Mennesson et al. 2002; Perrin et al.
2004; Le Bouquin et al. 2009; Wittkowski et al. 2008, 2011).

* Based on observations obtained with the ESO VLTI/ATs telescopes
under the program ID 084.D-0326.
** Figures 7—12 are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

The hypothesis derived from spectroscopic H-band data (Hinkle
et al. 1984) assumes free-falling material disassociated by the
pulsation shock-front and recombining in the post-shock zone.
For oxygen-rich stars like the one we study in this paper, one
scenario predicts the formation of Fe-free silicate grains that al-
low a strong enough radiative pressure to drive a wind provided
the grain size is about 1 micron, which is a typical size of grains
observed in the ISM (Hofner 2008).

Another piece of the Mira star puzzle are the bright asym-
metries. Ragland et al. (2006), Lacour et al. (2009), Wittkowski
et al. (2011) and Cruzalebes et al. (2015) showed that asym-
metries are common in Mira atmospheres and can be modelled
(though not uniquely) as bright features containing up to sev-
eral percent of the total flux. A number of phenomena have been
proposed to explain these observations such as variable extinc-
tion resulting from condensation of dust grains in asymmetric re-
gions, shock features or inhomogeneities in the molecular layers.
Moreover, since protoplanetary nebulae (PPN) are also known to
present asymmetric morphologies (Sahai et al. 2007), we hope to
understand the connection between the AGB and PPN structures
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Fig.1. AAVSO V-band light curve of X Hya. The period of its brightness variations has been estimated to 301 days (Whitelock et al. 2008). The
two observation epochs are marked by red vertical lines and correspond to visual phases 0.0 and 0.2.

Table 1. Log of the observations.

Date/MJD

Configuration Calibrator Coherence time' (ms) Fried parameter' (cm) Frame selection Integration time (s)/

calibrated point

Epoch A (Visual Phase: 0.0)

09-01-2010/55205 DO0-HO-KO  HR3802 53+12 2.0+04 20% 48.5

10-01-2010/55206 D0-G1-HO  HR3802 32+0.8 22+0.5 40% 97.0

Epoch B (Visual Phase: 0.2)

16-03-2010/55271 D0-HO-KO  HR3802 16.0 £ 6.5 3012 35% 85.0
DO-G1-HO  HR3749 16.0 + 6.5 3.0+1.2 35% 85.0

Notes. (V' As an indication on the atmospheric conditions, coherence times and Fried parameters were taken from the DIMM measurements in the
visible and are expressed as u + 1o, where p is the average and o is the standard deviation computed over each half-night of our observations.

by studying the morphology of the Mira circumstellar envelopes
which are likely expelled with some degree of asymmetry.

The goal of our study is therefore to characterize these asym-
metries and establish a link with the mass-loss process. Near-
IR spectro-interferometry is ideally suited for this study, since
it delivers spectral and spatial information on both the stellar
photosphere and the atmosphere or envelope. We here inves-
tigate the variation in the morphology of the Mira star X Hya
based on two-epoch AMBER measurements. Previous interfer-
ometric observations of X Hya were made with the IOTA inter-
ferometer (Ragland et al. 2006) in H band. They found that the
object showed no sign of asymmetry up to a maximum base-
line of 24.5 m for a visual pulsation phase of 0.5. Medium-
resolution K-band AMBER data were also obtained on X Hya at
phase 0.7 (Wittkowski et al. 2011). Asymmetries were detected,
more prominently in H,O bands, and were interpreted as clumps
or inhomogeneities in this molecular layer.

We here aim at imaging these asymmetries and observe their
evolution along the pulsation cycle. In Sect. 2, we present the
observations. In Sect. 3, we show the results of the parametric
model fitting analysis as well as radiative transfer modelling.
In Sect. 4, we show the results of the image reconstruction ap-
proach. Before concluding, we discuss these results with similar
observations reported in the literature in Sect. 5.

2. Observation and data reduction

We observed the Mira star X Hya with AMBER+FINITO
(Petrov et al. 2007) at two epochs. In Fig. 1, these observation
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epochs are marked in the brightness variation cycle taken from
the AAVSO' database. They correspond to visual phases of 0.0
and 0.2. X Hya is a M7e Mira star with a pulsation period of
301 days, it is located at a distance of ~440 pc (Whitelock et al.
2008). A multi-wavelength observation is required to distinguish
the molecular layer from the stellar photosphere. We thus per-
formed a multi-wavelength J-H-K observation (covering wave-
lengths from 1.1 um to 2.4 um) at low spectral resolution with
AMBER. A log of the observations is presented in Table 1. The
U-V plane we covered with our measurements was very similar
at the two epochs as shown in Fig. 2.

Reduced squared visibilities and closure phases were ob-
tained with the amdlib package (Tatulli et al. 2007; Chelli et al.
2009). To optimise the stability of the transfer function, we ad-
justed the frame selection with a threshold of 15 microns for
the piston value. The percentage of the frames left after a se-
lection based on the signal-to-noise ratio and consequently the
total integration time per calibrated point, varied for each run
because of different atmospheric conditions. These information
are provided in Table 1.

The spectral calibration was based on a fit of telluric fea-
tures and on the positions of flux minima between absorption
bands (see Fig. 4). We compared these positions between the ob-
served spectra of the calibrators and a synthetic spectrum. This
led us to multiply the wavelength table of our data by a factor
of 1.04 to match the positions of the observed spectra with those

I http://www.aavso.org/
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Fig. 2. Uv coverage of the observations of the two epochs: left epoch A, right epoch B. Colours indicate the six spectral bands explicated in Table 2

(1: red, 2: orange, 3: light green, 4: dark green, 5: turquoise, 6: blue).
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Fig. 3. Squared visibilities data at epoch A (left) and epoch B (right). Colours indicate the six different spectral bands as in Fig. 2. The solid line
represents a 6 mas (epoch A) and a 7 mas (epoch B) uniform disks at 1.75 micron (average wavelength of the covered spectral intervals).

of the synthetic spectrum. Interferometric calibrators were ob-
served and their measurements bracketed those of X Hya.

3. Model fitting of the squared visibilities

The datasets we obtained at each epoch are rich and complex.
Even at short baselines, squared visibilities (V) show a signifi-
cant departure from a simple geometry such as an uniform disk
model (Fig. 3). To understand the spectral and morphological
signatures on the V2 individually, we first divided the data into
six spectral bands, as shown in Table 2. This division is based on
an analysis of the visibility variation with the wavelength (see
Fig. 4) which is coherent with a previous spectro-interferometric
study of X Hya (Wittkowski et al. 2011) and also based on the
molecular absorption bands shown in Fig. 4 of Lancon & Wood
(2000). Although we labelled these bands “Continuum”, “CO”,
and “H,O” based on the dominating “species”, they may also
be contaminated by other molecular and atomic features that we
cannot distinguish with a low spectral resolution. In this con-
text, the label “Continuum” does not exclude some molecular
contamination that may be present at these wavelengths, in par-
ticular in the case of the Continuum (1) band, which overlaps
with a part of an H,O absorption band. Our choice represents a
compromise between the location of molecular absorption bands

Table 2. Division of the covered spectral range in six spectral bands.

Spectral band ~ Wavelength range ~ Contribution
number
1 1.1-1.4 ym Continuum (1)
2 1.4-1.5 yum H,O (1)
3 1.5-1.7 ym CO (1)
4 1.7-2.1 ym H,0 (2)
5 2.1-2.25 ym Continuum (2)
6 2.25-2.4 um CO (2)

and a relevant subdivision of the data to show their spectral
variation.

In the following, we present a progressive modelling ap-
proach of the squared visibilities in the six spectral bands, which
are representative of the centro-symmetric intensity distribution
of the object. Before using a complex dynamical model, we per-
formed a first standard modelling with the uniform disk function
which delivers a basic reference size estimate.

3.1. Uniform disk model

We first modelled a uniform disk (UD) to obtain a first estimate
of the angular size of the object in the different bands and at the
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Fig. 4. Modeling of the squared visibility data (in black) with R52 (red) and 054 (blue) CODEX models. Our division in 6 spectral bands is
indicated as well as the molecular absorption bands from Lancon & Wood (2000). Each panel shows three visibility spectra corresponding to the
three baselines of one triplet: DO-HO, HO-KO, and D0-KO (upper panels) and DO-G1, DO-HO, and G1-HO (lower panels). The baseline ground
lengths for DO-HO/HO-K0/D0-KO0 and DO-G1/D0-H0/G1-HO are respectively 64 m/32 m/96 m and 72 m/64 m/72 m. The left panels represent Epoch
A whereas the right ones represent Epoch B. The position angle variation of the configuration between the two epochs is less than 1 degree for

DO0-HO-KO and less than 5 degrees for DO-G1-HO.

Table 3. Fitting results of uniform disk models performed in the first
lobe of the squared visibilities.

Spectral  ¢yp (mas)  ¢up (mas)  A(dup)/pup Gup (mas)'
band ®=0.0 O =02 ®=0.7
number (epoch A) (epoch B)
1 594 +0.15 7.41+040 0.25+0.05 -
2 6.90+0.13 7.85+0.49 0.14 +0.05 -
3 6.03+0.59 7.19+0.85 0.20+0.13 -
4 6.52+023 824+086 0.27+0.09 83=+0.1
5 6.20+035 7.02+0.80 0.14+0.10 62+0.1
6 6.80+042 7.54+079 0.11+0.09 9.0+0.1

Notes. Diameter values were averaged over the PAs. Results are ex-
pressed as u + 1o, where p is the average and o is the standard de-
viation computed over all the PAs. The fourth column represents the
relative variation of UD diameter between epochs A and B, relatively
to epoch A. (V) The last column reports measurements from Wittkowski
etal. (2011).

different position angles (PA) we observed. We only considered
squared visibility data whose spatial frequencies belong to the
first lobe so as not to bias this estimate with any contamination
from limb darkening or structures smaller than the stellar diam-
eter. An average of the measurements over the PAs is shown in
Table 3.

This first basic modelling description contains rich informa-
tion. The UD diameter systematically increases between the two
epochs in every spectral band. This agrees with the visual pulsa-
tion cycle seen in Fig. 1: as the envelope expands, the tempera-
ture decreases and corresponds to a dimmer visual magnitude.

VINCI (Kervella et al. 2000) measurements of X Hya were
reduced and analysed for comparison. They were taken in
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K band on 2002-01-27, corresponding to a phase of 0.25 which
was close to the phase of the second epoch of our AMBER mea-
surements (0.2). The UD diameter we derived is 7.55 + 0.70 mas
which is compatible with our results for band 5 (2.1-2.25 um)
and 6 (2.25-2.4 um) with the overlap of error bars.

The UD diameters reported in Wittkowski et al. (2011) that
were obtained for phase @ = 0.7 (see last column of Table 3)
are also compatible with our measurements for bands 4 and 5
(H,O (2) and continuum). This is not the case for band 6
(CO (2)), however, for which Wittkowski et al. found a high
value of 9.0 + 0.1 mas.

Linear limb-darkened disk diameters were also computed
to model the V? data up to the second lobe (see Eq. (5) with
B = 0 in Haubois et al. 2009). Results are presented in Table 4.
As judged by the high reduced y? values (whose maximum
was 100) and the extreme values found for the linear coeflicient
(forced to be between —1 and 1), the addition of limb darkening
did not improve the modelling compared to the UD model. This
suggests that V2 data can only be reproduced by a more complex
intensity distribution.

3.2. Radiative transfer modelling

To better understand the spectral dependence of this complex
dataset, we used a grid of dynamic model atmosphere series
computed with the CODEX code (Ireland et al. 2008, 2011).
These models develop a self-excited pulsation mechanism and
sample opacities over 4300 wavelengths running from 200 nm
to 50 um, with 1 nm sampling between 200 nm and 3 um. For
more details about CODEX and the grid of stellar parameters
for which the model series were computed, we refer to Ireland
et al. (2011). For each set of stellar parameters, these models


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201526482&pdf_id=4

X. Haubois et al.: Resolving asymmetries along the pulsation cycle of the Mira star X Hydrae

Table 4. Fitting results of linear limb-darkened disk models.

Spectral band ¢LD ALD ¢LD ALD
number O =0.0 O =00 O =02 O =02

(Epoch A) (Epoch A) (Epoch B) (Epoch B)
1 573 £0.04 mas 1.00+£0.11 8.47 + 0.08 mas 1.00 £ 0.12
2 8.56 £ 0.28 mas 1.00 +0.12 6.88 + 0.07 mas 1.00 £ 0.10
3 5.67 £0.05 mas 1.00+0.11 6.96 + 0.02 mas 1.00 = 0.05
4 6.37 £0.34 mas 1.00 £ 0.11 10.58 = 0.10 mas 0.58 + 0.06
5 6.00 £ 0.37 mas 1.00 +£0.10 7.19 £0.06 mas —-1.00 = 0.10
6 6.46 + 0.36 mas -1.0+1.16 7.58 + 0.05 mas 1.00 £ 0.12

Notes. These measurements were made over all PAs. The LD coefficient was forced to be between —1 and 1. Reduced chi2 values are between 2

and 100.

Table 5. Results of the fitting of the CODEX radiative transfer models.

Models Epoch A, ® =0.0 Epoch B, ® =0.2

Best R52 model 388 040 388 040
Oross (Mas) 4.02 4.93
Xfed 8.1 21.9
Dcopex 0.7 0.7

Best 054 model 262 160 286 060
ORross (Mas) 4.76 6.03
szed 7.4 19.
Dcopex 0.7 0.4

produce radial profiles of the intensity across the chosen spectral
band that we turned into V2 by a Fourier transform. These latter
were finally fitted to our data by adjusting the Rosseland diame-
ter and the pulsation phase. Figure 4 shows V2-fitted curves for
two triplets of baselines at two epochs. At the difference of the
simple geometric models, these physical models that take into
account H,O and CO opacities do reproduce the variation of V>
with wavelength fairly well. The results of the model parameter
fitting are summarised in Table 5.

As for the previous parametric modelling, the Rosseland di-
ameters found with the model fitting all increase from epoch A
to epoch B. Relatively to epoch A, the increase in diameter from
epoch A to epoch B was 23% and 27% for the R52 and 054
CODEX series, respectively. Compared to the same modelling
for ® = 0.7 reported in Table 3 of Wittkowski et al. (2011), we
globally find a poorer fit by the attempted models to the data as
can be seen from the values of the reduced y?. The R52 model
fits the data almost equally well as the 054 series. These two
models differ from each other in the parent star parameters (054:
M = 1.1 Mg, L = 5400 Lo, R = 216 R, P = 330 days; R52:
M = 1.1 My, L = 5200 Lo, R = 209 Ry, P = 307 days). The
fact that the CODEX series were computed for a limited param-
eter space could also explain the lack of a better fit to our data.
Moreover, the phases fitted by the CODEX models (0.7 and 0.4)
do not match the visual phases (0.0 and 0.2, respectively). This
discrepancy in the phases might be explained by the degener-
acy in the CODEX models with the parameters and the pulsa-
tion phases: the same atmosphere might be equally modeled by
two different sets of parameters and phases. On the other hand,
CODEX models are 1D and do not take into account non-radial
features. The presence of such non-radial features in some az-
imuth ranges causes the visibility curve to depart from a pure
radial profile and would explain why the phase determination
is not accurate. Among the possible origins for non-radial inten-
sity distributions we can cite: surface spots, non-radial pulsation,

an asymmetric shock front, an inhomogeneous molecular layer
and dust environment, presence of a companion, etc. In the fol-
lowing, we present an imaging work that aims at unveiling the
non-radial and asymmetric properties in the morphology of the
object.

4. Imaging

In the previous sections, we only took into account the V2 data,
which means that the object was thought to be centro-symmetric.
However, since AMBER recombines the beams from three tele-
scopes, we do have a phase information called closure phase that
is a measurement of the asymmetry in the brightness distribution
of the object. Figure 5 shows that closure phase departs signifi-
cantly from the 0 modulo 180° values which means that X Hya
was not centro-symmetric in most of the spectral bands.

The closure phase signal of epochs A and B exhibits a noisy
pattern at the spectral band 1, which is located around 100 m of
maximum projected baseline (second visibility lobe). This might
be due to a combination of poor atmospheric conditions and low
object visibilities at these spatial frequencies. The object can be
considered centro-symmetric below ~80 m which corresponds
to ~5.5 mas at 2.15 um. For epoch B, closure phases show a
much higher dispersion and higher uncertainties. The maximum
baseline where the closure phases depart from the null value lies
between 55 and 60 m, which indicates a higher degree of asym-
metry than for epoch A. These results agree with the H-band
measurements presented in Ragland et al. (2006) that reported
that the closure phase signal of X Hya was consistent with the
null value up to a maximum baseline of 24.5 m (observations at
D =0.5).

To reconstruct the spatial intensity distribution out of such
a complex dataset of V? and closure phases, it is mandatory to
use image reconstruction algorithms such as MiRA (Thiébaut
2008). However, given our limited uv coverage in individual
bands, we cannot aim at reconstructing a model-independent im-
age. Nevertheless, we carried out an image reconstruction ap-
proach based on our parametric modelling results. We therefore
used 1D intensity profiles from the CODEX models that we
turned into initial guess and a priori image for the reconstruc-
tion. Several regularisation techniques were used including the
total variation (TV) regularisation recommended in benchmark-
ing studies for image reconstruction with MiRA (Renard et al.
2011). The best results were obtained with the TV and quadratic
regularisations towards an a priori object image derived from the
R52/388040 model intensity profile (Fig. 6).

For the quadratic regularisation, the reconstructed images
were obtained by adjusting the data and by regularising towards
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Fig. 6. Image built from the CODEX intensity profile R52/388040
at 1.9 micron. This image was used as a prior and initial guess for the
image reconstruction of band 4 datasets (H,O(2)).

this prior image. This was done by minimising the following
criterion:

J = > Waaal, 9) + tfprior( 9] ()
X,y

with

forior = Y 106, ) = P(x, )T #)
X,y

where I(x, y) is the reconstructed image and P(x, y) is the prior
image, x and y are the coordinates, and u, also called hyperpa-
rameter, sets the weight between data (V> and closure phase)
fitting, represented by the criterion Jy,,, and regularisation to-
wards the prior image, the criterion called fprior.

For the TV regularisation, the a priori object image was
used as a guess image to guide the data fitting. As shown in
Figs. 7-12, data are convincingly fitted after the image recon-
struction process. Table 6 summarises the reduced y? values as
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indicate the six different spectral bands with the same coding as in Fig. 2.

Table 6. Regularisation functions and hyperparameters used in MiRA
to produce reconstructed images presented in Figs. 13-15.

Spectral band  Regularisation/u/y%,  Regularisation/u/x2,,
number O =0.0 =02
(epoch A) (epoch B)

1 Quadratic/1e5/3.6e-2 Quadratic/1e6/0.3
2 Quadratic/1e3/1.2e-3  Quadratic/le5/4.2e-2
3 TV/1e2/0.25 Quadratic/1e5/1.8e-2
4 Quadratic/1e4/1.2e-2 TV/1e3/1.4
5 Quadratic/5e3/1e-3 Quadratic/1e3/1.1
6 TV/1e2/0.4 TV/1e2/0.5

Notes. Reduced y? values are specified and represent the value of the
minimised criterion per datum at the end of the reconstruction process.

well as hyperparameter values and functions used in MiRA to
reconstruct images.

Reconstructed images for the six spectral bands at the two
epochs are presented in Figs. 13—15.

The fact that the uv coverages at the two observing peri-
ods are almost identical suggests that the morphology of X Hya
really changed from epoch A to epoch B. At a 25%-intensity
level of the reconstructed images shown in Figs. 13 to 15, the
stellar morphology is disk-like in all spectral bands. If we use
this intensity threshold to estimate the stellar diameter, the rel-
ative increase of this value between epochs A and B ranges
from 13% to 18% depending on the spectral band (see Table 7).
Considering the overlap of lo-error bars, these results agree
with the results of the UD modelling shown in Table 3, except for
band 1 for which the 25%-intensity diameter variation is found
to be weaker than the UD diameter variation. A difference be-
tween the two diameter estimator (¢,s4 and ¢yp) values is ex-
pected because they take into account different intensity levels
for the same given image. However, the relative variation of the
two estimators should give close values if most of the spatial
intensity distribution retains the same profile between the two
epochs. For band 1, it seems to indicate that this is not the case.
This could either be a real astrophysical effect or a consequence
of noisy data (particularly for epoch B, right part of Fig. 7) in
the reconstructed images (Fig. 13). The latter case could be ex-
plained by a combination of low visibilities and the effect of
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Fig. 13. Reconstructed images with MiRA for spectral bands 1 and 5 corresponding to the continuum bands at epochs A (left column) and B (right
column). The interferometric beam size is displayed in the bottom right corner of each image. White contours represent iso-intensity levels of
25%, 75% and 95% of the maximum intensity of the image.
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Fig. 14. Same as Fig. 13 for the H,O bands (bands 2 and 4).
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Fig. 15. Same as Fig. 13 for the CO bands (bands 3 and 6).

Table 7. Stellar diameters estimated from the 25% iso-intensity levels
of Fig. 13-15.

Spectral  ¢as9, (mas) b5 (mas)  Aldasa)/Pasa
band O =0.0 O =0.2

number (epoch A) (epoch B)
1 5.01 £0.15 5.67 £0.19 0.13 £ 0.04
2 495 +0.16 5.64 +0.17 0.14 £ 0.03
3 476 £ 0.21 5.57 £0.23 0.17 £ 0.05
4 473 +0.20 5.57 +£0.23 0.18 £ 0.05
5 4.84 +£0.21 5.57 £0.23 0.15 £ 0.05
6 490 +0.18 5.57 +£0.23 0.14 £ 0.04

Notes. Diameter values were averaged over the PAs. Results are ex-
pressed as u + 1o, where u is the average and o is the standard de-
viation computed over all the PAs. The fourth column represents the
relative variation of stellar diameter between epochs A and B, relatively
to epoch A.

atmospheric turbulence, stronger at these wavelengths (J band),
on the accuracy of both V? and closure phase data.

For the two epochs, the shape of the star varies quite signif-
icantly between pairs of conjugated spectral bands (1-5, 24,
and 3-6). The first reason is the fact that each spectral band
corresponds to a different number of spectral channels and
consequently to a different number of V2 and closure phase
points (asymmetry information) for the image reconstruction.
Secondly, the size of the interferometric beam, which is larger
at longer wavelengths, makes it more difficult to resolve small

A71, page 8 of 14

10 T +4.35e-03
F+3.732-03
w5
g F+3.11e-03
8 - +2.492-03
O 0
g +1.87e-03
=
@
& 5 +1.248-03
+6.220-04
-10 +0.00e+00
10 T +3.18e-03
F+2.73e-03
5
F+2.27e-03
-+1.82e-03

Relative DEC [mas]

I
w

-10

+1.36e-03

+9.10e-04

+4.55e-04

+0.00e+00
10

features (including asymmetries) at longer wavelengths. Finally,
as can already be seen from Fig. 4, the size of the object as pre-
dicted by the radiative transfer calculations, does vary for all the
bands. This explains why we can see different morphologies be-
tween bands 1 and 5 (continuum bands), 2 and 4 (H,O) and 3
and 6 (CO) for each epoch.

We can distinguish two main components in the recon-
structed images (Figs. 13 to 15):

10 5 0
Relative RA [mas]

— the stellar disk, whose diameter variation is in agreement
with previous estimations of geometrical models, and whose
intensity is above 25% of the maximum intensity level.
Above this level, all images are centro-symmetric apart from
the Continuum (1) at Epoch B see the discussion above;

— the close environment or atmosphere, whose intensity is be-
low 25% of the maximum intensity, that shows heteroge-
neous morphologies and whose characteristic angular size
can reach up to 10 mas.

We add a word of caution at this point. The 2014 Interferometric
Imaging Beauty Contest (Monnier et al. 2014), which aimed at
comparing image reconstruction methods, showed that recon-
structed images based on the same dataset diverge for inten-
sities lower than 25% of the maximum relative intensity (see
Fig. 5 of the quoted paper). Below this intensity level, it is
therefore difficult to distinguish intrinsic astrophysical features
from image reconstruction artefacts when one uses a single al-
gorithm. Nevertheless in the following, we speculate on the pos-
sible nature of features and asymmetries if they prove to be real
astrophysical properties of the star’s morphology.
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Fig. 16. Continuum images overplotted (Fig. 13) with H,O (blue) and CO (white) intensity contours (from Figs. 14 and 15). Intensity contour
levels represent 2% and 5% of the maximum intensity of each image and allow comparing the extension and shape of the environment between
spectral bands for epochs A (left panels) and B (right panels). The upper panels represent the Cont (1), HO(1) and CO(1) bands, whereas the

lower panels represent the Cont (2), H,O(2) and CO(2) bands.

This hypothesis is supported by the fact that for most of
the reconstructed images presented here, the two regularisation
types and various hyperparameter values revealed the same fea-
tures for intensities above 10% of the maximum intensity (u val-
ues typically ranged from 1e3 to 1e6 for the quadratic regularisa-
tion and from lel to 1e3 for the TV regularisation). Exceptions
are the CO(2) images at epoch A and the Cont(1) and H,O(2) im-
ages at epoch B, which exhibit different environment shapes
for the two regularisation methods even though they all pro-
duce good data fitting, such as the one presented in Table 6.
Nevertheless, for all spectral bands, the maximum size of the
environment and the shape of the stellar disk remain stable with
different regularisation methods.

For the two epochs, Fig. 16 shows intensity contour lines
of the CO and H,O environments overlaid on the continuum
images. Upper panels correspond to a smaller dirty beam and
are better indicated to study the extension and the shape of the
environment. For the two epochs, the azimuth-averaged exten-

sion of the environment is smaller in the continuum than in the
H,0O(1) band, the environment seen at CO(1) being included be-
tween the two. However, due to the irregular shape of these struc-
tures, these relative extensions vary for given azimuths.

The impact of the uv coverage (represented as the dirty
beam in the lower right corner of each image) on the
environment’s shape is well visible on some images. Particularly
for Continuum(2) (epoch B) and CO(2) (epochs A and B) and for
H,0O(2) at epoch B, we can see a global SE-NW elongation that
is almost aligned with the dirty beam (which is larger at these
wavelengths). If this elongation has no any obvious physical ori-
gin for a pulsating star like X Hya, it remains uncertain, however,
whether it is entirely due to an artefact of the reconstruction.

This is not obvious for H,O(2) at epoch A where the
V2 curve (Fig. 10) shows a clear departure from a simple radial
symmetry. Moreover, the elongation is not exactly aligned with
the dirty beam which potentially means that it is not an artefact.
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‘We now focus on the CO(1) and H,O(1) bands that show the
most significant closure phase and irregular V2 data:

— H,O(1): although the dataset contains more points and has
larger error bars for Epoch B, it looks more complex than at
Epoch A as can be seen from the non-regular V2 curve and
the scattering in the closure phase signal. Comparing the im-
ages at the two epochs, one can see the general morphology
remained similar. It seems that the stellar surface and the
close environment of the star expanded from Epoch A to
Epoch B, and that some asymmetries appeared in the close
environment at Epoch B (Fig. 14).

— CO(1): on the two images, the close environment doesn’t
present the same structure. If the elongation of Epoch A is
probably an effect of the uv coverage, it doesn’t appear at
Epoch B. Instead, two arms reproduce correctly the two parts
of the second V? lobe.

5. Discussion

The main goal of this observing campaign is to follow the evo-
lution of asymmetries during the pulsation cycle of a Mira star.
The degree of asymmetry as seen by the values of the closure
phase signal increased from epoch A (maximum of the visual
pulsation cycle) to epoch B (see Fig. 5), where the system star+
environment is also generally more extended angularly. We men-
tion here that instead of the closure phase, an alternative estima-
tor called the centrosymmetry parameter (CSP, Cruzalebes et al.
2014) would be also interesting to use since it is designed to be
more sensitive to asymmetries than the closure phase.

Compared to a similar imaging campaign of T Lep
(Le Bougquin et al. 2009), it is noteworthy that we did not find
any discontinuity in the intensity distribution of X Hya between
the stellar surface to the close molecular environment. Moreover,
CODEX models do not predict such a discontinuity in general.

The asymmetries in the close environment (typically 1.5 stel-
lar radius) in H,O and potentially CO molecular bands can be
explained by an inhomogeneous distribution of circumstellar
matter. We can therefore support the interpretation of previous
medium-resolution AMBER observations of X Hya reported in
Wittkowski et al. (2011), who suggested the presence of clumps
in the water vapor band. Extrapolating from the H,O(1) image
at epoch B (Fig. 14), clumps would have a typical angular scale
of ~2 mas, representing a few percent of the total flux each. This
conclusion agrees with the analysis of the closure phase signal of
R Cnc reported in Wittkowski et al. (2011), which also suggests
the presence of unresolved spot (up to ~3 mas) contributing to
up to ~3% of the total flux in the H,O(2) band. It is noteworthy
that this ~2-3 mas clump size also represents the typical thick-
ness of the atmosphere as modelled by CODEX series where the
typical features of the stellar spectrum are formed.

Clumps in the atmosphere are indeed more likely to be
present after the visual maximum phase, that is after the shock
wave had time to penetrate the most external layers and pos-
sibly enhanced locally inhomogeneous distributions of matter.
On the other hand, recent progress in 3D radiation hydrodynam-
ics simulations revealed that convection alone can account for
asymmetrically extended features (synthetic images in J, H and
K bands are presented in Fig. 5 of Chiavassa & Freytag 2014).
It therefore remains possible that asymmetries also have a con-
vective origin, whether they are formed directly by convective
motions or whether convection set up density inhomogeneities
and velocity fields on the scale of the photospheric radius, and
these could be propagated into the environment by pulsation. A
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detailed comparison of intensity levels of the asymmetric fea-
tures between these simulations and our multi-spectral observa-
tions has to be carried out in a future work.

6. Conclusions

We reported on AMBER low-resolution observations of the Mira
star X Hya at two epochs. Using advanced radiative transfer
modelling tailored to studying dynamics in Mira star atmo-
spheres, we successfully modelled the spectral variation of
squared visibilities. Model-dependent images show asymmetries
that are located in the immediate environment (at ~1.5 stellar ra-
dius). As predicted by the CODEX models, no discontinuity is
observed between the surface and the immediate environment
of the star. The two best-fitting models provided an estimate
of the fundamental parameters of X Hya: M = 1.1 M (the
mass is the same for the two models), L = 5300 + 100 Ly,
R =212+3 Ry and P = 319 + 12 days. More epochs are needed
to properly model the atmospheric dynamics and test further ra-
diative transfer codes. More parameter space should be explored
for the CODEX series as also concluded in Hillen et al. (2012).
We resolved asymmetric features on the Mira star X Hya:

1. As shown by the evolution of the closure phase signal (see
Sect. 4) the object intensity distribution is more asymmetric
at epoch B (@ = 0.2) than at epoch A (® = 0)

2. Asymmetries may explain the discrepancy between the vi-
sual phase and the phase derived from the (1D) centro-
symmetric dynamical models of pulsating atmospheres we
used.

3. The asymmetries located in the immediate environment
could be inhomogeneous material enhanced by the shock
wave passage or a feature of a convective pattern.

Further observing campaigns are necessary to confirm these con-
clusions on X Hya and on other Mira stars. A better uv cover-
age and more accurate closure phase measurements are needed
to reconstruct model-independent images and unambiguously
estimate the characteristics of asymmetries. Ideally, these new
datasets should also make use of various imaging reconstruc-
tion algorithms to efficiently distinguish reconstruction artefacts
from astrophysical asymmetries in the close environment. The
hypothesis that asymmetries are due to a convective pattern
could then be efficiently tested by comparing multi-band images
with 3D radiation hydrodynamics simulations (e.g. Chiavassa &
Freytag 2014).
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in red and green respectively, for Epoch A (left) and Epoch B (right). This dataset corresponds to band 1, i.e. Continuum (1).
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Fig. 9. Same as Fig. 7 for band 2, H,O (1).
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Fig. 10. Same as Fig. 7 for band 4, H,O (2).
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Fig. 11. Same as Fig. 7 for band 3, CO (1).

3
4 i

0.5

Vé

0.05 - e 7 ]

0.02 -

0.01 I | I | I | I | I | I | I
30 40 50 60 70

Projected baseline [m]
200 T T T T T T T

—_

00

CP [deq]
o

-100

—200 | | | | | | |
70 75 80 85 90 95 100

Maximum projected baseline [m]

2]
o

Fig. 12. Same as Fig. 7 for band 6, CO (2).
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