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ABSTRACT

Context. The mass-loss mechanisms in M-type AGB stars are still not well understood, in particular the formation of dust-driven
winds from the innermost gaseous layers around these stars. One way to understand the gas-dust interaction in these regions and
its impact on the mass-loss mechanisms is through the analysis of high-resolution observations of the stellar surface and its closest
environment.
Aims. We aim at characterizing the inner circumstellar environment (∼3 R∗) of the M-type Mira star R Car in the near-infrared at
different phases of a pulsation period.
Methods. We used GRAVITY interferometric observations in the K−band obtained at two different epochs over 2018. Those data
were analyzed using parametric models and image reconstruction of both the pseudo-continuum and the CO band-heads observed.
The reported data are the highest angular resolution observations on the source in the K-band.
Results. We determine sizes of R Car’s stellar disk of 16.67±0.05 mas (3.03 au) in January, 2018 and, 14.84±0.06 mas (2.70 au)
in February, 2018, respectively. From our physical model, we determined temperatures and size ranges for the innermost CO layer
detected around R Car. The derived column density of the CO is in the range ∼ 9.18× 1018 - 1× 1019 cm−2, sufficient to permit
dust nucleation and the formation of stable dust-driven winds. We find that magnesium composites, Mg2SiO4 and MgSiO3, have
temperatures and condensation distances consistent with the ones obtained for the CO layer model and pure-line reconstructed images,
being them the most plausible dust types responsible of wind formation. Our reconstructed images show evidence of asymmetrical
and inhomogeneous structures, which might trace a complex and perhaps clumpy structure of the CO molecule distribution.
Conclusions. Our work demonstrates that the conditions for dust nucleation and thus for initialising dust-driven winds in M-type
AGB stars are met in R Car and we identify Magnesium composites as the most probable candidates. We find structural changes
between two observing epochs ( which are separated by ∼ 10% of the full pulsation period of the star) and evidence for the effects
of asymmetries and clumpiness. These observational evidence is crucial to constrain the role of convection and pulsation in M-type
stars.

Key words. AGB stars – individual–R Car –interferometry – imaging

1. Introduction

When low to intermediate mass stars reach the asymptotic gi-
ant branch (AGB), they are characterized by an inert C and O
nucleus surrounded by He and H burning shells (Höfner 2008).
The early AGB phase begins with He-shell burning and subse-
quently evolves to a thermal pulse AGB phase where the H-shell
burns. At the beginning of this phase, the atmosphere of the star

The calibrated GRAVITY data used in this work are available at
the Optical Interferometric Data Base of the JMMC. Examples of the
Python code used for optimizing the Uniform Disk model described in
Sec.3.1, the MOLsphere model in Sec.3.2, the bootstrapping method
described in 3.3.1 and the PCA analysis described in 3.3.2 are available
to the reader in the following Github repository.

is dominated by O-rich molecules (like CO, TiO, SiO, H2O, VO
Wittkowski & Paladini 2014) but, eventually (and depending on
the mass of the star), the 3rd dredge-up takes place, transporting
the C formed in the He burning shell to the atmosphere. Depend-
ing on the efficiency of this dredge-up, the star will be of M-type
(C/O ∼ 0.5), C-type (C/O > 1), or an intermediate star (0.5 <
C/O < 1) (Höfner & Olofsson 2018).

Models of dust formation in AGBs suggest that pulsations
are not sufficient to form the observed outflows and mass-loss
rates. However, it is believed that there is a momentum trans-
fer due to propagating shock-waves in the atmosphere that lift
gas creating density-enhanced layers around the star where the
nucleation of dust can occur (Jeong et al. 2003).
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The models suggest that the mechanisms for driving dust dif-
fer depending on the dust composition. C-type AGBs form amor-
phous Carbon grains with large opacities that can be accelerated
by radiation pressure (Gautschy-Loidl et al. 2004; Sacuto et al.
2011; Rau et al. 2015, 2017). For M-type AGB stars, the high
chemical complexity around them makes identifying the dust
grains driving the dusty winds more complex. Theoretical mod-
els of the formation of dust-driven winds in M-type AGBs sug-
gest that the distance(s) from the photosphere to the innermost
molecular layers (located at a few stellar radii) determine how far
the shock-waves can levitate the gas. This is strongly coupled
with the condensation region where dust of a given chemistry
must be formed to produce the observed winds (Nowotny et al.
2005; Bladh & Höfner 2012; Liljegren et al. 2016). Therefore,
high-angular resolution observations of the innermost molecular
layers are particularly important to constrain the gas-dust cou-
pling and the dust chemistry (see e.g., Norris et al. 2012).

During the last decade, due to the enhanced spectral and spa-
tial resolution made available, near-infrared interferometry has
become an important technique to map the innermost structure of
AGBs’ wind in order to link the observed morphology with the
mass-loss models. Most of the analyses based on interferomet-
ric data consist of model fitting directly the observables (squared
visibilities -V2- and closure phases -CPs-) with parametric mod-
els of the star’s atmosphere and/or more sophisticated radiative
transfer and hydrodynamic simulations with codes like CODEX
(Ireland et al. 2008, 2011) or CO5BOLD (Freytag et al. 2002,
2003). Some examples of these studies include Ireland et al.
(2004), Wittkowski et al. (2008, 2011, 2016) and, Haubois et al.
(2015).

However, due to the complexity of the environment, it is still
difficult to fully reproduce the asymmetries traced by the CPs of
the interferometric data with those models. Therefore, comple-
mentary techniques, like aperture-synthesis image reconstruc-
tion can be used to better depict the inner circumstellar layers
of AGB stars. Examples of interferometric imaging applied to
AGB stars include the analysis presented by Wittkowski et al.
(2017) on the C-rich AGB star R Sculptoris using the H−band
(λ0 ∼ 1.76 µm) beam-combiner PIONIER (Le Bouquin et al.
2011) at the Very Large Telescope Interferometer (VLTI). In that
study the reconstructed images are consistent with a dynamic at-
mosphere and a stellar disk dominated by giant convection cells
which has a strong impact on the distribution of the molecular
layers and the formation of dust at a few stellar radii.

A further example includes interferometric imaging applied
to the LPV Mira, using the Interferometric Optical Telescope Ar-
ray (IOTA) in the H−band, reported by Perrin et al. (2020). In
that study, a large localized absorbing patch is observed in the
images. This patch is interpreted as a local dust formation zone
and, it is consistent with the combined effect of pulsation and
convection in the mass-loss process of AGBs (see also Paladini
et al. 2018). These examples highlight the importance of inter-
ferometric imaging to confront the observed morphologies with
theoretical models of dust-driven winds and mass-loss processes
in AGBs. However, there are still limited observational informa-
tion, in particular for the case of M-type AGBs.

In this work, we aim at characterizing the innermost environ-
ment of the M-type Mira star R Car using infrared interferome-
try, in order to link its morphology with models of the formation
of dust-driven winds. For that purpose, we present new K−band
(λ0 = 2.2µm) interferometric data obtained in 2018 with the in-
strument GRAVITY (Abuter et al. 2017) at the VLTI. These data
were analyzed to depict the innermost structure of R Car at two
phases within one pulsation cycle. Our analyses include: (i) para-

metric model-fitting of the squared visibilities (V2); (ii) image
reconstruction of both the pseudo-continuum and across the first
(λ0 ∼ 2.29 µm) and second ( λ0 ∼ 2.32 µm) CO band-heads, and;
(iii) an estimation of the CO layer(s) physical parameters such as
temperature, size, and optical thickness by using a single-layer
model. This paper is structured as follows: observations and data
reduction are presented in Section 2. In Section 3, we describe
the results of our geometrical model fitting, our image recon-
struction procedure, and our single-layer model. Our results are
discussed in Section 4. Finally, we present our conclusions in
Section 5.

2. Observations and data reduction

2.1. Properties of R Car

Miras are AGB stars with large-amplitude variations over long
periods (102 days), for which asymmetries in the circumstellar
material are quite frequent (Cruzalèbes et al. 2015; Ragland et al.
2006; Lacour et al. 2009). R Car is a bright near-infrared Mira
star (K−band: -1.23 mag) located at 182 ± 16 pc from Earth
(Gaia Collaboration 2020). This source exhibits variations in the
V-band from +3.9 to +10.5 mag. Fig. 1 shows a visual light curve
of R Car based on data obtained from the AAVSO (American
Association of Variable Star Observers) database1.

Fig. 1. Visual light curve of R Car based on the AAVSO database (blue
points). The red line represents the best-fit of a sine function to the curve
which results in a period of P = 314 ± 1 days. The dashed vertical
lines and the colored diamonds show the epochs of our 2018 GRAVITY
observations (see the labels on the plot).

The photosphere of the star was observed in 2014 as part of
the Interferometric Imaging Contest (Monnier et al. 2014), using
the H-band 4-beam combiner interferometer PIONIER attached
to the VLTI. The reconstructed image using these data revealed
bright spots on its surface and (potential) inner layers of circum-
stellar material and a stellar disk with a radius of 5 mas.

2.2. GRAVITY observations and interferometric data
reduction

R Car was observed during January and February, 2018, for
a total of 8 hours, with the beam-combiner GRAVITY. The
1 https://www.aavso.org/
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data were taken using 6 baselines with the Auxiliary Telescopes
(ATs) configuration A0-B2-C1-D0, which provides minimum
and maximum baselines of 7.67 m (equivalent to an angular
resolution ∆θ ∼ 59 mas in this wavelength range) and 32 m
(∆θ ∼ 15mas), respectively. The data cover a wavelength range
between 2.0 µm and 2.4 µm with a spectral resolution of R∼
4000. The complete log of observations is reported in Table A.1
in Appendix A.

We reduce and calibrate our data using the latest release of
the GRAVITY pipeline (version: 1.5.0). Detailed descriptions
of the recipes are available in the ESO pipeline manual and in
(Lapeyrere et al. 2014). The same standard data reduction pro-
cedures were applied to the scientific target and the calibrator
star (HD 80404; which has an angular size of 1.8 mas) to correct
for the dark, flat-field and bad-pixels, as well as to extract the
interferometric observables. The calibrated V2 of the target were
obtained following the standard procedure described in the ESO
Gravity pipeline manual, which consists in dividing the raw ob-
servables by the ones of the calibrator star. Calibrated CPs were
obtained by subtracting the raw CPs of the calibrator from the
ones of the source. Due to the observed changes in the observ-
ables at similar baselines, the data were split into two epochs
(January and February with equivalent pulsation phases of 0.56
and 0.66, respectively). The calibrated R Car data files can be
downloaded directly from the Optical Interferometric Data Base
(OiDB) archive hosted at the Jean-Marie Mariotti Center2.

2.3. GRAVITY spectrum calibration

GRAVITY data provide us K−band spectra (R∼4000) of the tar-
get and calibrator. For the posterior analysis of the CO band-
heads observed in the R Car spectrum, we calibrate and normal-
ize it to remove the telluric contribution from the Earth’s atmo-
sphere by using the following procedure:

– We averaged the R Car and calibrator spectra to obtain the
high signal-to-noise spectra FRCar

avg and FHD 80404
avg , respectively.

To remove the telluric lines from the averaged R Car spec-
trum, we used the following expression:

FRCar
λ =

FRCar
avg

FHD 80404
avg

× Fmodels
avg , (1)

where Fmodels
avg was calculated by averaging 15 theoretical

spectra from the Theoretical spectra web server 3(Allard
et al. 2010) of our calibrator spectral type A7 Ib.

– We flatten and normalized FRCar
λ (in the range of 2.21 - 2.34

µm) by using a polynomial function of third order.
– Finally, we applied a wavelength correction (equivalent to a

Doppler velocity of 17 kms−1) for the local standard of rest
(LSR) taking into account the proper motion and the distance
of the source. The normalized spectrum of R Car of each
epoch is presented in Fig. 2.

3. Analysis and results

3.1. Geometrical model

To obtain the angular size of R Car across the K-band, we ap-
plied a geometrical model of a uniform disk (UD) to the V2 data.
2 https://oidb.jmmc.fr/index.html
3 http://svo2.cab.inta-csic.es/theory/newov2/

Fig. 2. The top panel shows the normalized calibrated spectra of the
GRAVITY data. The blue spectrum corresponds to the January epoch
while the red one corresponds to the February one (see the labels on
the plot). The medium and bottom panels show plots of the V2 versus
wavelength for the two epochs observed.

The visibility function of this model is given by the following
equation (Berger & Segransan 2007):

VUD(u, v) = 2(Fr)
J1(πρΘUD)
πρΘUD

, (2)

where ρ =
√

u2 + v2, u and v are the spatial frequencies
sampled by the interferometric observations, J1 is the first order
Bessel function, ΘUD and Fr are the angular diameter of the uni-
form disk profile and a scaling factor that accounts for the over-
resolved flux in the observations, respectively. Prior to model
the pseudo-continuum data, we average 200 spectral bins into
one single measurement. This allows us to obtain eight spectral
channels across the range 2.0 µm - 2.4 µm. Considering the cali-
bration error in the averaged quantities, the final precision of the
V2 is σV2 ∼ 0.01 and the precision of the CPs σCP is ∼ 1 deg.
Figure A.1 shows the calibrated V2 and CPs as well as the u-v
coverage of the two epochs of observation for the eight spectral
channels probed.

To fit the data, we used a Monte-Carlo Markov-Chain
(MCMC) algorithm based on the Python package emcee
(Foreman-Mackey et al. 2013). We let 250 walkers evolve for
150 steps using the data of each spectral bin independently. Ta-
ble 1 shows the best-fit of ΘUD and Fr for each one of the ob-
served epochs. Figure 3 shows the V2 data and their correspond-
ing best-fit models. Figure 4 shows the evolution of the best-fit
ΘUD versus wavelength of the two epochs of observation. From
this figure, we observe two significant changes in the pseudo-
continuum structure of R Car.

First, the size of the target changes with wavelength, decreas-
ing as we move towards the center of the bandpass (λ ∼ 2.23 µm)
and then increasing again. This trend is expected due to the pres-
ence of molecules like H2O, at ∼ 2 µm, and CO, at ∼ 2.29-2.33
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Table 1. Best-fit parameters of the uniform disk geometrical model

λ[µm] ΘUD [mas] Fr
January February January February

2.016 20.44+0.17
−0.18 19.00+0.13

−0.13 0.808+0.010
−0.009 0.842+0.009

−0.008

2.069 19.71+0.12
−0.13 18.14+0.09

−0.10 0.910+0.008
−0.008 0.908+0.008

−0.007

2.122 18.37+0.08
−0.09 16.59+0.07

−0.07 0.940+0.006
−0.006 0.932+0.006

−0.006

2.175 17.36+0.07
−0.06 15.39+0.06

−0.06 0.954+0.006
−0.006 0.942+0.006

−0.006

2.228 16.67+0.06
−0.06 14.84+0.05

−0.05 0.964+0.005
−0.005 0.948+0.005

−0.006

2.281 16.97+0.06
−0.06 15.41+0.06

−0.05 0.945+0.005
−0.005 0.931+0.006

−0.005

2.333 19.12+0.08
−0.08 18.18+0.07

−0.08 0.932+0.006
−0.006 0.923+0.007

−0.007

2.386 20.83+0.10
−0.10 20.18+0.10

−0.10 0.928+0.006
−0.007 0.915+0.007

−0.007

µm, lying above the stellar surface (see e.g., Wittkowski et al.
2008). The smallest ΘUD value (at ∼ 2.23 µm) corresponds to
the closest pseudo-continuum emitting region due to the photo-
sphere. This size is the best estimate of the stellar disk diameter
in K−band. Ireland et al. (2004) derived wavelength-dependent
Gaussian FWHM between 15-20 mas at 700-920 nm. Our best-
fit UD diameter at ∼ 2.23 µm indicates that the star appears to
be larger near the V-band than in K-band. This size difference
is due to the presence of dust layers obscuring the stellar-disk
in the V-band, but being transparent at K−band, allowing us to
have a closer look at the continuum emitting region.

Second, the disk diameter is larger during the January epoch
by up to 12% compared with the February epoch. From the light
curve reported on Fig. 1, it can be observed that the magnitude
of the star increased in the February epoch, when the diameter
of the star is smaller. This behaviour comes with an expected
increment of the temperature during February, which makes the
star look brighter at the cost of having a smaller radius (see e.g.,
Wittkowski et al. 2012, 2018; Haubois et al. 2015). A rough esti-
mate of the temperature difference (TJ/TF) between the observed
epochs could be obtained using the Steffan-Boltzmann Law and
the magnitude difference (|∆Vmag| = 1.8), from Fig.1, resulting
in TJanuary/TFebruary ∼ 0.62.

3.2. Spherical thin layer: the MOLsphere model

The GRAVITY spectra show prominent CO band heads (see Fig.
2). The data show drops in the V2 of the CO 2-0 (λ0 ∼2.2946 µm)
and CO 3-1 (λ0 ∼2.3240 µm) vibro-rotational transitions com-
pared with the pseudo-continuum, which indicate that the CO
line-emitting region is more extended (see e.g., Wittkowski et al.
2012). The innermost CO layers are important to trace the dust
nucleation region since most of the carbon or oxygen present
in the atmosphere is concentrated in the stable bound of this
molecule (Höfner & Olofsson 2018).

To characterize the regions where those transitions originate,
we employed a single-layer model (called MOLsphere) which
has proven to be successful in explaining the absorption of the
CO molecule that appears in the visibilities of evolved stars (Per-
rin et al. 2004, 2005; Montargès et al. 2014; Rodríguez-Coira
et al. 2021). This model consists of a stellar disk with a compact
layer around it. The star is modeled by a stellar surface of radius
R∗ which emits as a black-body at a temperature T∗. It is sur-
rounded by a compact spherical layer of radius RL that absorbs
the radiation emitted by the star and re-emits it like a black-body.

Fig. 3. V2 of the pseudo-continuum versus spatial frequencies of both
epochs. The lines indicate the best-fit UD models. Each color corre-
sponds to a different wavelength (see the label on the plot). Notice that
the spatial frequencies increase in opposite directions depending on the
epoch. This allowed us to have a better visual comparison of the trends
present in the V2 data between the two epochs.

Fig. 4. Best-fit ΘUD as a function of wavelength for the two analyzed
epochs. Each color corresponds to a different epoch (see the labels on
the plot).

The MOLsphere is characterized by its temperature TL, radius
RL and its optical depth τλ. The region between the stellar pho-
tosphere and the layer is assumed to be empty (see Fig. 5 for a
sketch of the model). The analytical expression of the model is
given by:

Ir
λ =



Bλ(T∗)e(−τλ/cosθ)

+Bλ(TL)[1 − e(−τλ/cosθ)] i f r ≤ R∗

Bλ(TL)[1 − e(−2τλ/cosθ)] i f R∗ < r ≤ RL

0 otherwise,

(3)

where Ir
λ = Ir

λ(T∗,TL,R∗,RL, τλ), T∗ and TL are the temperatures
of the photosphere and of the CO layer, respectively; R∗ and RL
are the angular radius of the star and the layer, respectively; τλ is
the optical depth of the molecular layer at wavelength λ; Bλ(T)
is the Planck function (at wavelength λ and temperature T); and
β is the angle between the radius vector and the line-of-sight so
that cos β =

√
1 − (r/RL)2.

For the fitting, we adopted a T∗=2800 K and R∗=5 mas
(Monnier et al. 2014; McDonald et al. 2012). We use the disk
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Fig. 5. Illustration of the single-layer model. The yellow disk represents
the star, and the orange ring represents the layer. The parameters in
the image are as described in Sec. 3.2. This image was adapted from
Rodríguez-Coira et al. (2021).

estimation reported in the H−band because it is considerably
less affected from molecular contribution, in contrast with the
K-band where molecules like CO, H2O, and OH among others
(see e.g., Wittkowski et al. 2018; Paladini 2011) are present over
the entire band. The unknown parameters are then TL, RL and
τL. We performed a two-step process to estimate these parame-
ters. As first step, for each pair of TL and RL, we performed a
least-squares minimization to find the best-fit value of τL that re-
produces the spectrum FRCar

λ . The next step consisted of using an
MCMC method based on the Python library emcee to estimate
the best combinations of TL, RL, and τL that reproduce the V2.

To account for the over-resolved flux when modeling the V2

data, we added a scaling factor Fr. This value was estimated si-
multaneously with the other parameters in the model. Table 2
shows the corresponding results for the good quality spectral
channels across the two CO band heads. Figure 6 shows the R
Car’s spectra with the corresponding flux values obtained with
the single-layer model. From the best-fit models, we derive a
temperature range between 1300 - 1500 K, which is consistent
with the expected temperature values to produce the CO vibro-
rotational transitions observed in K−band (Geballe et al. 2007).
The values of the optical depth, τL, support that the layer is op-
tically thick across all the spectral channels, with higher τL to-
wards the centers of the band heads. In section 4, we discuss the
implications of these results in the context of the wind-driving
dust candidates that can coexist with the CO.

3.3. Image reconstruction

3.3.1. Regularized reconstructed images

The geometrical model described in Sec. 3.1 and the MOLsphere
model in Sec. 3.2 considered that the source is symmetric. How-
ever, the CPs observed in our data differ considerably from zero
or 180 degrees, which indicate that the source is asymmetric
(see Fig. A.1 in Appendix A). So, in order to depict the com-
plex nature of the source across the K-band and at the CO band
heads, we reconstruct aperture-synthesis images using the soft-
ware BSMEM (Baron & Young 2008). This code uses an itera-
tive regularized minimization algorithm of the form:

f (x) = fdata(x) + µ fprior(x) , (4)

where fdata(x) is a measurement of the log-likelihood and it char-
acterizes the discrepancy between the image model (at a given
iteration) and the observables; fprior(x) contains the prior infor-
mation included in the reconstruction, and the hyperparameter µ

is used to adjust the relative weight of the constraints between
the measurements and the ones set by the priors (Renard et al.
2011). BSMEM uses Entropy (Gull & Skilling 1984) as regular-
izer in fprior(x).

As initial setup for our reconstruction, we created images of
128 × 128 pixels with a pixel scale of 0.469 mas. The best-fit
sizes of the UD models were used as starting point in the recon-
struction process. We perform the reconstructions by taking all
the V2 and CPs on each individual channel, separately. Since
our data are constrained by a relatively sparse u-v coverage,
this could affect the quality of the reconstructed images. There-
fore, to properly distinguish intrinsic astrophysical features from
image reconstruction artifacts (Haubois et al. 2015; Sanchez-
Bermudez et al. 2018) and; to provide an estimate on the qual-
ity of our reconstructed images, we employed a bootstrapping
method (Zoubir & Iskander 2004).

We build new data samples from the original one. The sam-
ples were created by keeping the original number of data points
unaltered, but allowing random sampling with replacement. This
created data sets with points with higher weights than in the orig-
inal data set and, some others with zero weights. This algorithm
also produces slight changes in the u-v plane, which allows us
to trace the impact of the u-v coverage on the reconstructed im-
ages, without loosing the statistical significance of the original
number of data points. According to Babu & Singh (1983), the
statistical moments such as mean, variance and standard devia-
tion of the bootstrapped samples are good approximations to the
statistical moments of the original data sets.

We employed this method by creating 50 different sampled
data sets from the original observables, V2∗ = V2

1, ...,V
2
50 and

CP∗ = CP1, ...,CP50, using the Python scikit learn pack-
age (Pedregosa et al. 2011). We performed image reconstruc-
tions on each sample to obtain a set of bootstrapped images
I∗ = I1..., I50. All the reconstructions from the samples con-
verged and the best-fit image reproduces quite well the trend in
the sampled observables (V2 and CPs). We calculated the mean
and standard deviation per pixel along the 50 bootstrapped im-
ages to obtain a mean image Imean and a standard deviation map
Iσ. We used Imean/Iσ to estimate the signal to noise ratio (SNR)
of the structures present in the mean image. We discarded all
the features with a SNR < 3 as they are related to reconstruc-
tion artefacts. Figs. 9 - 11 show the Imean images for the pseudo-
continuum and CO band head channels recovered. All the ob-
served structures in the Imean images lie within the three SNR
contour. Figs. B.1 to B.3 in Appendix A show the best-fit syn-
thetic observables obtained from the Imean images to the original
data points. As it can be seen, the trends are well-reproduced at
all angular scales and wavelengths.

From a visual inspection of our best-reconstructed images,
Imean (Figs. 9 - 11), we note that all the pseudo-continuum im-
ages are asymmetric and show structural differences between the
observed epochs. In our January images we observe a spot to-
wards the south-east direction; while in February, a more elon-
gated (and centered) structure is observed. Excepting the change
in size across the band-pass, we do not see significant structural
changes with wavelength.

3.3.2. Principal Component Analysis to understand the
structure of R Car

To have a more precise characterization of the asymmetries in
the reconstructed images of the CO band-heads, we used the
Principal Component Analysis (PCA) described by Medeiros
et al. (2018). Those authors demonstrate that the visibilities of
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Fig. 6. Best-fit to the spectra with the single-layer model for the two CO band heads and epochs. The gray dots correspond to the data points and
the solid-lines correspond to the best-fit model (see the labels on the plot).

Fig. 7. Best-fit to the V2 from the best single-layer models across the 1st CO band head for our two epochs. The colored dots and the shaded
regions correspond to the best-fit models and their corresponding error-bars. Each color correspond to a different wavelength (see labels on the
plot). The data are shown with black dots. Notice that the spatial frequencies increase in opposite directions depending on the epoch. This allowed
us to have a better visual comparison of the trends present in the V2 data between the two epochs. Also, for a better visualization, we displaced
vertically the V2.

the Principal Components are equal to the Principal Components
of the visibilities. This method is useful to trace the changes
across a set of images that have the largest effect on the visibility
(amplitude and -closure- phase) profile. In our case, we estimate
the most significant structural changes of the observed asym-
metric structures across wavelength for each of the observed
epochs. The following procedure was applied to the ensemble
of wavelength dependent images per epoch to extract their Prin-
cipal Components.

For the PCA analysis, we normalize each data set by sub-
tracting the corresponding mean image and dividing by their
standard deviation image across the wavelength range. To per-

form the PCA analysis, we used the CASSINI-PCA4 package.
This software allows to compute the covariance matrix of the
data set and to transform it into the space of the principal com-
ponents. This allows us to determine the eigenvectors (or eigen-
images, in our case) and their corresponding eigenvalues. Since
we only have seven images per data set, and the possible num-
ber of components must be smaller or equal than the number of
images in the data set, we decided to only keep the first four
principal components. From our tests, we observed that those
components explain, at least, the 93% of the variance in the data
sets.

4 https://github.com/cosmosz5/CASSINI
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Fig. 8. Best-fit to the V2 from the best single-layer models across the 2nd CO band head for our two epochs. The panels are as described in Fig. 7.

Table 2. Parameters of the single-layer model for the two CO band heads and our two epochs

λ[µm] TL [K] RL [mas] τL Fr TL [K] RL [mas] τL Fr
January February

CO 2-0

2.2941 1316+136
−73 13.02+1.33

−1.73 1.3+0.3
−0.6 0.968+0.029

−0.030 1320+94
−60 12.61+1.09

−1.27 0.9+0.2
−0.5 0.973+0.024

−0.018

2.2944 1344 +90
−105 12.41 +1.65

−1.05 1.9 +0.5
−0.8 0.976+0.028

−0.029 1366 +120
−90 12.38 +1.35

−1.28 1.6 +0.5
−0.6 1.005 +0.033

−0.024

2.2946 1360 +106
−90 12.17 +1.22

−1.21 1.9 +0.6
−0.9 0.944 +0.027

−0.029 1413 +103
−117 12.12 +1.60

−1.09 1.7 +0.6
−0.8 0.956 +0.031

−0.032

2.2952 1358 +128
−84 12.22 +1.25

−1.34 1.6 +0.5
−0.8 0.981 +0.030

−0.026 1413 +129
−96 11.95 +1.26

−1.24 1.5 +0.6
−0.8 0.981 +0.025

−0.019

2.2954 1389 +95
−83 11.90 +1.15

−1.02 1.7 +0.5
−0.6 0.976 +0.031

−0.026 1406 +108
−83 12.07 +1.26

−1.03 1.4 +0.4
−0.6 0.989 +0.028

−0.022

2.2962 1448 +92
−111 11.28 +1.23

−0.83 1.7 +0.6
−0.9 0.962 +0.026

−0.025 1394 +195
−88 12.23 +1.39

−1.78 1.2 +0.4
−0.7 0.976 +0.029

−0.033

2.2968 1424 +148
−93 11.69 +1.17

−1.30 1.4 +0.4
−0.7 0.987 +0.023

−0.024 1504 +171
−126 10.95 +1.44

−1.18 1.3 +0.4
−0.7 0.972 +0.022

−0.023

CO 3-1

2.3229 1420 +123
−94 11.41+1.19

−1.05 1.5+0.5
−0.7 0.958 +0.026

−0.022 1467+159
−119 11.04+1.33

−1.20 1.2+0.4
−0.7 0.960 +0.021

−0.025

2.3232 1316 +131
−75 12.90 +1.43

−1.45 1.5 +0.3
−0.6 1.010 +0.027

−0.030 1406 +152
−100 11.79 +1.42

−1.40 1.2 +0.3
−0.6 0.996 +0.024

−0.025

2.3237 1309 +82
−76 12.78 +1.20

−1.07 2.1 +0.5
−0.7 0.958 +0.032

−0.033 1336 +86
−73 13.33 +1.18

−1.09 1.9 +0.5
−0.7 0.990 +0.028

−0.026

2.3240 1315 +81
−86 12.67 +1.30

−1.09 2.1 +0.6
−0.8 0.969 +0.030

−0.035 1351 +102
−79 12.80 +1.31

−1.15 1.8 +0.5
−0.7 0.971 +0.034

−0.027

2.3242 1330 +91
−81 12.18 +1.15

−1.07 1.9 +0.6
−0.8 0.960 +0.027

−0.027 1352 +116
−110 12.55 +1.88

−1.29 1.8 +0.5
−0.9 0.981 +0.034

−0.037

2.3245 1394 +112
−113 11.52 +1.51

−1.07 1.7 +0.6
−0.7 0.964 +0.026

−0.025 1401 +122
−106 12.02 +1.39

−1.17 1.5 +0.5
−0.8 0.969 +0.024

−0.024

2.3248 1393 +132
−88 11.83 +1.24

−1.26 1.4 +0.4
−0.6 0.995 +0.025

−0.024 1452 +142
−104 11.45 +1.25

−1.15 1.3 +0.4
−0.6 0.979 +0.021

−0.022

The maps that correspond to the first four Principal Compo-
nents of the CO band heads are reported in Fig. 12. For both
CO data-sets, we observe that the first two components trace
the variance associated with the general changes in brightness
and size observed in the images of the CO band heads across
wavelengths. However, components 3-4 show considerably more

asymmetric changes in the external structure of the target (for
contours between 50% and 10% of the peak). The observed vary-
ing structures in components 3-4 are evenly distributed across
the different position angles in the structure of the source. We
suspect that the variance explained by these components is as-
sociated with the more asymmetric structure in the CO images.
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(a)

(b)

Fig. 9. Best pseudo-continuum reconstructed images for (a) the January and (b) February epochs. The white ellipse located in the right corner of
the image at 2.0160 µm corresponds to the mean synthesized primary beam. The blue contours represent the 10, 30, 50, 70 90, 95, 97 and 99 % of
the intensity’s peak.

This could also be connected with the possibility of having a
clumpy CO distribution of material in the envelope around R
Car. As an example of the contribution of each component to
the asymmetric structure of the target, in Figure 13, we include
the CPs obtained at a wavelength of 2.2946 µm from the re-
covered images with cumulative components between 1-4. As it
can be observed, the recovered images improve the recovery of
the asymmetries traced by the CPs as we add more components

to them. This is an indication that the variance observed in the
eigen-images is tracing a more changing environment in the CO
distribution across the sampled wavelengths. Unfortunately, the
limited resolution of our observations is not enough to properly
resolve these asymmetries completely.
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(a)

(b)

Fig. 10. Best reconstructed images per spectral channel for (a) the January and (b) the February epochs across the 1st CO band head. The white
ellipse located at the right corner of the image at 2.2941 µm, and the blue contours are as described in Figure 9

3.4. Pure-line CO images

Our CO reconstructed images contain a contribution associated
with the underlying stellar component. To remove such contri-
bution, first, we center the images across the CO bandheads in
a common reference position. For this purpose, we use the dif-
ferential phases (DPs) in the GRAVITY data. DPs measure the
photocenter displacement of an emission line with respect to the
continuum for a given baseline length and orientation. We only

restrict the pure-line CO images to the first band head, since the
DPs of the second band head have much larger uncertainties.
To compute the global 2-D photocenter displacement vector at
a given spectral channel, we use the following relation (Kraus
2012):

−→p = −
φi

2π
·
λ
−→
Bi

, (5)
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(a)

(b)

Fig. 11. Best reconstructed images per spectral channel for (a) the January, and (b) the February epoch across the 2nd CO band head. The white
ellipse located at the right corner of the image at 2.3229 µm and the blue contours are as described in Figure 9

where φi is the GRAVITY differential phase measured on
baseline i,

−→
Bi is the corresponding baseline vector [Bx, By] and

λ is the central wavelength of the working spectral channel. By
solving the matrix represented by Eq. 5, we could find the global
[px, py] displacements of the emission line. We solve the system
of equations employing the least-squares algorithm implemented
in the Python function numpy.linalg.lstsq. This function
inverts the matrix formed by each one of the observed differen-

tial phases per baseline per channel to find the solution of the
astrometric displacements. To obtain an estimation of the preci-
sion (i.e., 1σ error-bars) of the reported displacements, we ap-
plied the same matrix inversion process to 100 different sam-
ples obtained with random points, using a Gaussian distribution
with a standard deviation equivalent to the error-bars of the dif-
ferential phases. The final astrometric displacements are equiva-
lent to the mean of the 100 different samples, while their error-
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(a) (b)

(c) (d)

Fig. 12. First four Principal Components for the January and February epochs for the 1st CO (plots a and b), and the 2nd CO band heads (plots
e and f). The relative scale of the structures in the eigen-images is displayed with a colorbar at the bottom of each panel. Only the central 20 mas
of the eigen-images are shown on each panel. The white contours correspond to the mean image across wavelength (per given data set) and they
represent 10, 30, 50, 70, 90, 95, 97, and 99% of the intensity’s peak.

Fig. 13. Representative example of the CPs versus spatial frequencies of the data set that corresponds to the 1st CO band-head at 2.2946 µm (gray
squares). The colored dots show the CPs from the recovered images obtained with different numbers of Principal Components (see label on the
plot).

bars are equivalent to the standard deviation of the displacements
from the samples.We obtained the displacements for the different
spectral channels across the CO band heads, as well as for a few
continuum channels. Fig. 14 show the 1st CO band head offsets
for our two epochs. We can observe that the wavelengths cor-
responding to the continuum emission lie close to the reference
position [0,0], and the ones of the band head show displacements
within 1 mas. It is interesting to highlight that the CO centroid
position of the two epochs is different, confirming the variability
of the structure of the source between them. Once the centroid
position of the images was computed, we use them to extract the
pure-line CO images using the following method:

– CPs are shift-invariant quantities, it means that images re-
constructed with this observable could be placed at different
positions in the pixel grid and, still, reproduce the CPs in
the data. Therefore, to account for this effect, we computed
the continuum and CO images, and we performed a sub-
pixel shift to the corresponding centroid position obtained

from the astrometric displacements [px, py] of the differen-
tial phases.

– For the subsequent analysis, we take the continuum images
at λcont = 2.228 µm. Once all the centroids of the images
match with the astrometric displacements, we subtracted the
continuum image from each one of the CO images across the
different spectral channels. Since the total flux in the recon-
structed images is normalized to the unity, before performing
the subtraction, we calibrate the total flux on each image by
scaling them with their corresponding normalized flux scale
from the spectra in Figure 2.

Figure 15 show the CO images with the continuum contribu-
tion subtracted. We masked the central region to better visualise
the CO emitting region. From a visual inspection of the images,
we can identify some features. First, there are different struc-
tures between wavelengths and epochs, suggesting the inhomo-
geneous nature of CO. The images also show bright and faint
regions at different position angles. We relate them with zones
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(a)

(b)

Fig. 14. 2D photocenters offsets in mas. The black dots correspond to
the photo-center position of the continuum emission and the labeled
colored dots to the photo-centers of the CO band head. The error-bars
of the reported displacements are smaller than the used symbols.

of lower (faint regions) and higher (bright regions) densities and
temperatures.

4. Discussion

4.1. CO column densities from the single-layer model

The single-layer model described in Section 3.2 allowed us to
obtain information about the CO layer’s physical conditions
(e.g., opacity, temperature and sizes). Using the optical thick-
ness and temperature derived for the layer, we estimate the cor-
responding column density, in units of cm−2, by using the fol-

lowing relation (Savage & Sembach 1991):

N =
τL∆v

√
π

fi jλi jc
πe2

mec2

, (6)

where τL is the optical thickness obtained from our single-layer
model, ∆v is the width of the band head in kms−1, fi j is the ab-
sorption oscillator strength which depends on the temperature,
λi j is the wavelength of the transition, c is the speed of light, e−

is the electron charge and me its mass, the constant term π e2/me
c2 = 8.8523×10−13 cm/mol. To calculate the column density, we
considered the following conditions:

– We set λi j = 2.2946 µm to calculate the column density at the
center of the first CO band head where the optical thickness
has its largest value.

– Using Eq. (3) from Goorvitch (1994), we calculate fi j for
the vibro-rotational transition V0−>2, J20−>21 (V and J are the
vibrational and rotational states respectively). We obtained
their corresponding Einstein coefficients, A, from Chandra
et al. (1996)

– We calculated ∆v by fitting an inverse Lorentzian profile
across the first CO band head for the two epochs. Since ∆v is
expressed in kms−1, ∆v = c∆λ/λ0.

The obtained column densities for both epochs lie in the
range NCO ∼ 9.19×1018 - 1.01×1019 cm−2. This result has two
implications. On one side, these values are consistent with the
range of column densities reported by authors like Rodríguez-
Coira et al. (2021) and Tsuji (2006) for other evolved stars. Fur-
thermore, these values, on average, are high enough for shield-
ing the dust particles allowing them to grow up to micron-size
scales, where the stellar radiation could act efficiently to drive
the observed winds in this kind of objects. On the other side,
our current single-layer model returns large uncertainties in the
estimated parameters. Therefore, we cannot confirm if CO for-
mation happened between both epochs.

To obtain a direct comparison between the size of the pho-
tosphere (R∗) and the size of the CO layer (RL), we calculated
the ratio RL/R∗. We take as reference the R∗ value reported by
Monnier et al. (2014) of 5 mas. From RL/R∗, we find a mean ex-
tension of the layer RL ∼ 2.4 R∗. To verify the consistency of our
results, we compared them with other O-rich Miras for which
the single-layer model has been applied. Table 3 shows the val-
ues of the layer temperature and RL/R∗ for the Mira stars R Leo,
χ Cyg, and T Cep, as well as for our R Car estimates. From the
values reported, we confirm that the parameters derived for R
Car are consistent with other estimates reported in the literature
for similar type of objects.

4.2. Observational restrictions to the wind driving candidates
for M-type Mira stars

Given the high chemical complexity around M-type AGB stars,
it is not easy to determine the chemical composition of dust-
driven winds. Even though observations tell us about the exis-
tence of different dust species in the circumstellar environment
(Molster et al. 2010), not all are efficient in absorbing/scattering
the star’s radiation to trigger a stellar wind. A condition for a dust
grain to be considered a wind driver is that it must be formed
closer to the stellar surface within reach of shock waves pro-
duced by the star. The closest distance from the star a dust grain
can be formed depends on its chemical and optical properties
(Bladh & Höfner 2012).
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(a)

(b)

Fig. 15. Pure-line CO images of the 1st CO band head for (a) the January and (b) the February epochs. The region that corresponds to the
subtracted continuum contribution has been masked for a better visualization of the CO region. The white ellipse located in the lower right corner
of the image at 2.2941 µm corresponds to the mean synthesized primary beam.

Table 3. Parameters of the single-layer model for other AGBs

Star T∗ (K) TL (K) RL/R∗
R Leo 3856±119 1598±24 2.29±0.19
χ Cyg 3211±158 1737±53 1.91±0.02
T Cep 3158±158 1685±53 2.15±0.02

R Car Jan (CO 2-0) 2800 1360 +106
−90 2.43 ± 0.20

R Car Feb (CO 2-0) 2800 1406 +108
−83 2.42 ± 0.20

R Car Jan (CO 3-1) 2800 1330 +91
−81 2.44 ± 0.20

R Car Feb (CO 3-1) 2800 1401 +122
−106 2.40 ± 0.20

Parameters of the singe-layer model extracted from Perrin et al.
(2004) for two O-rich AGB stars (R Leo and T Cep) and one
S-type (χ Cyg) compared with the parameters reported in this
work for the CO band heads and GRAVITY epochs analyzed.

As mentioned in Sec. 1, the observed CO vibro-rotational
transitions (with ∆V = 2) originate in the deep photospheric lay-
ers where dust is forming. Therefore, with the single-layer re-
sults, we can set constrains on the types of dust grains that are
considered wind-driving candidates and; which can coexist with
similar physical conditions as the CO innermost layers detected
with our GRAVITY observations. It is important to remember
that for winds to be triggered, it is required that the star pulsa-
tions levitate the gas to a certain distance (defined as levitation
distance, Rl) where dust can condense (known as condensation

distance, Rc). Bladh & Höfner (2012) define the levitation dis-
tance with the following expression:

Rl

R∗
=

R0

R∗

1 − R0

R∗

(
u0

uesc

)2−1

, (7)

where u0 is the initial velocity of the gas at a distance R0,
and uesc = (2GM∗/R∗)1/2 is the escape velocity. The levitation ra-
dius can be extracted directly from the size of the layer from our
single-layer model or from the pure-line CO reconstructed im-
ages. The single-layer model provides us an average estimate of
Rl = 2.43 R∗, since the model only considers a symmetric struc-
ture. However, the reconstructed images provide us a range of Rl
between 2.25 and 2.72 R∗, due to the observed asymmetries. As-
suming uesc = 44 km s−1, M = 0.87 M� (Takeuti et al. 2013), Teff

= 2800 K (McDonald et al. 2012), R∗ = 167 R� (Monnier et al.
2014) for Eq. 7; and that the CO band heads that we observed
are formed in a region from the stellar surface at R0 = 2 R∗, we
computed an initial velocity of the CO of u0 = 13 km s−1 consid-
ering the single-layer model and u0 between 10 and 16 km s−1

using the CO reconstructed images. These values are consistent
with the ones reported in the literature of the order of u0 ∼ 10
km s−1 (Nowotny et al. 2010).

The dust condensation radius, Rc, can be determined using
the following expression:

Rc

R∗
=

1
2

(
Tc

T∗

)−4 + p
2 where κabs ∝ λ

−p , (8)
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Fig. 16. Curve of constant condensation radius (Rc = 2.43 R∗) repre-
sented with a solid-black line. The plot shows the condensation tem-
perature, Tc, as a function of the dust absorption coefficient, p. The red
circles indicate the positions of a variety of dust grains. The blue and
green shaded regions correspond to the CO temperature ranges esti-
mated from the single-layer model (see labels on the plot).

where Tc is the dust’s condensation temperature, T∗ is the
star’s effective temperature, and p is the dust absorption coef-
ficient. The aforementioned equation considers a Planckian ra-
diation field and that the dust grain temperature is determined
by the condition of thermal equilibrium. For dust-driven winds
to be triggered, gas must be levitated beyond the dust conden-
sation radius. Therefore, we can obtain information for the type
of dust grains that could be formed considering the Rl values
obtained from our single-layer model and the pure-line CO im-
ages. For this purpose, we estimated the condensation radii for
several types of dust grains assuming the condensation coeffi-
cients and temperatures reported on Bladh & Höfner (2012) and
references therein. These values are reported in a p vs Tc dia-
gram. Considering that the levitation radius is smaller or equal
to the condensation radius, we estimated a curve of possible p
and Tc values with the Rl estimates from our single-layer model
and pure-line CO reconstructed images.

Figure 16 shows the Tc vs p, diagram. The red dots corre-
spond to a variety of dust grains with different condensation tem-
peratures and values of p. The solid-black line displays the val-
ues of Tc and p for the Rl value obtained from the single-layer
model. We observe that our CO layer radius is consistent with
the condensation radius for composites Mg2SiO4 and MgSiO3.
However, we find layer temperatures around 1300 ± 100 K (blue
and green shaded regions on Fig.16), which are slightly higher
than the expected condensation temperature for those two dust
composites (Tc ∼ 1100 K). This temperature discrepancy could
be explained by the fact that the single-layer model considers a
homogeneous and symmetric distribution of the CO layer. How-
ever, the reconstructed images clearly show that the CO distribu-
tion is neither homogeneous nor symmetric. Therefore, regions
with lower temperatures and larger levitation radius could exist
around R Car.

Figure 17 displays the Tc vs p diagrams using the Rl val-
ues extracted from the pure-line CO images for both observed
epochs. The diagrams show the CO levitation radii at different
orientations: 0◦, 90◦, 180◦, and 270◦. Since we have seven im-
ages per epoch, we adopted the median value per image data set
at each orientation. Similarly to Fig. 16, Mg2SiO4 and MgSiO3

(a)

(b)

Fig. 17. The panels are similar to Fig. 16 but they show the the me-
dian condensation radii obtained directly from the pure-line CO recon-
structed images at different position angles (see labels on the panels) for
a) the January and b) February epochs.

dust composites are consistent with the layer’s radii. However,
we notice that depending on the position angle, either one or both
of them lie below the estimated condensation/levitation radius.
This supports the hypothesis that dust formation could occur in
an anisotropic way over the CO shell extension.

Magnesium-iron silicates (olivines and pyroxenes) with
nano-grain sizes (∼ 0.1 µas) have been detected already in the
circumstellar environments of M-type AGB stars (Norris et al.
2012; Ohnaka et al. 2017), and they appear to be the main
responsible for the dust-driven winds observed in these stars.
While our GRAVITY observations and models suggest the pos-
sible coexistence of those dust types at the inner gaseous (CO)
shells , we require additional interferometric observations in the
mid-infrared (potentially with the beam-combiner MATISSE-
VLTI) to confirm this scenario. Very recent models of dusty
winds in M-type AGBs suggest Fe enrichment of the wind as
it moves far away from the photosphere (Höfner et al. 2022).
Those models suggest an inner core of Mg2SiO4 (or of a sim-
ilar composite) surrounded by more outer layers of MgFeSiO4.
New MATISSE-VLTI interferometric observations could help us

Article number, page 14 of 20



Rosales-Guzmán et al.: The K-band highest-resolution images of the Mira star R Car with GRAVITY-VLTI

to confirm this scenario in the proximity of R Car in the near-
future. By confirming this scenario, mid-infrared interferometric
observations could shed new light into the problem of a lack of
the 10 µm silicate feature in the spectra of M-type AGB stars.

4.3. The role of CO asymmetries on mass-loss estimates

The mass-loss rate is a crucial parameter for understanding the
evolution of M-type AGB stars. Bladh et al. (2019) present an ex-
tensive grid of DARWIN dynamic atmospheres-and-wind mod-
els to establish the mass-loss rates, wind velocities and grain
sizes for M-type AGB stars. These models assume that the prin-
cipal mechanism for wind triggering is the radiation scattering
on Mg2SiO4 composites. This grid of models produce mass-loss
rates of the order of 1×10−6 M� yr−1 for stellar parameters sim-
ilar to R Car (e.g., M∗ = 0.75 M�; log[L∗/L�] = 3.55; P = 283
days).

More importantly, those models show that, for the range of
mass (0.75 - 1 M�) and luminosity (log[L∗/L�] = 3.7) of R
Car, large values of the pulsation amplitude in the models and
high chemical enrichment develop stable winds based on the
Mg2SiO4 composites. However, there is a region (when ∆up =

2 km/s and nd/nH = 1×1015) of low chemical enrichment and
small pulsation amplitudes where those DARWIN models do
not develop stable dust-driven winds. While those models are
important to demonstrate the dynamical evolution of dust-driven
winds with chemical properties based on magnesium-iron sili-
cates, they do not incorporate the importance of asymmetries on
the development of the wind.

Liljegren et al. (2018) studied the effects of complex con-
vective structures on wind production and mass loss in M-type
AGB stars. The authors use the CO5BOLD code (Freytag et al.
2003) to simulate the convective surface and pulsations of AGBs,
using the results as boundary conditions in their DARWIN mod-
els. Those models show that gas is not levitated uniformly above
the star’s surface (only about 70% or less of the stellar surface
is covered), causing dust not to be formed in a spherical layer
around the star. Instead, it forms clumps. This appears to have
a direct implication in an overestimation of the mass-loss rate
determined with homogeneous models. In this context, our work
shows direct evidence of the asymmetric and variable gas distri-
bution at the innermost layers of M-type AGB stars. A specific
DARWIN model of R Car is beyond the scope of this paper and
it is left for future studies. However, by contrasting the struc-
tures observed in our reconstructed images and future dedicated
CO5BOLD/DARWIN models we could obtain better constraints
on the mass-loss evolution and the role of Magnesium dust com-
posites on the development of stable winds.

5. Conclusions

In this work, we reported an analysis of the GRAVITY-VLTI
(K−band) interferometric data of the M-type Mira star, R Car.
Our primary scientific goal is to provide new observational ev-
idence on the mass-loss mechanisms associated with M-type
AGB Mira stars. In particular, we were interested in linking the
structure of the gas around R Car with the origin of the dusty
winds observed in M-type Mira stars. For this purpose, we char-
acterize the morphology of the target within ∼3 stellar radii.

To obtain a first-order estimate of the size of the source, we
applied a geometrical model to the V2 across the K-band for
our two epochs of observation with GRAVITY-VLTI, which are
separated by ∼ 30 days that correspond to ∼ 10% of the full

pulsation period. We find that the size of the target changes with
wavelength due to the presence of molecules like H2O and CO at
∼ 2 µm and ∼ 2.29 − 2.33 µm, respectively. The best estimate of
the stellar disk diameter in K−band was derived at a wavelength
∼ 2.23 µm. Our parametric model allows us to obtain a diameter
of 16.67±0.05 mas (3.03 au) in January, 2018 and, 14.84±0.06
mas (2.70 au) in February, 2018.

We used a parametric single-layer model, which allowed us
to have a physical estimate of the size, temperature and optical
thickness of the CO layer. Using the estimated optical thickness
and temperature at the minimum peak of the first CO band head,
we derived a column density NCO ∼ 9×1018 - 1×1019cm−2. This
estimate is in agreement with the column densities reported for
other evolved stars and it is high enough for allowing coales-
cence dust formation. The precision of our geometrical single-
layer model is not enough to confirm the formation of CO.
For this, higher angular resolution measurements in combina-
tion with more complex models of the CO layer would allow
us to better constrain the sizes, temperatures and optical thick-
nesses of the gas, which would result in better estimations of the
column densities.

From the temperature and size of the CO layer, we set con-
straints on the dust candidates that could coexist with the gas.
We find that the composites Mg2SiO3 and MgSiO4 could co-
exist at the same distances as the ones we obtained for the CO
innermost layers (∼ 2 - 2.4 R∗). However, the condensation tem-
peratures for these dust particles are lower than the temperatures
obtained from the CO layer model. We propose that the temper-
ature discrepancy is due to the nature of the single-layer model,
which considers a homogeneous and symmetric distribution of
the CO layer, giving mean values for TL, RL and τL. Our hy-
pothesis is supported by the varying interferometric CPs and the
posterior image reconstruction, which show that the CO distri-
bution is neither homogeneous nor symmetric.

To complement the information obtained from our symmet-
ric parametric models, we reconstruct interferometric images
from the GRAVITY data. As we expected from the variation of
the CPs, we observed several asymmetries in the images across
the spectral ranges and for both epochs of observation. The pres-
ence of those asymmetries were confirmed (above 3 σ detec-
tion level) using bootstrap, PCA and spectro-astrometric anal-
yses. We propose that these asymmetries trace a complex, per-
haps clumpy structure of the CO molecule distribution, which
also changes within a period of 30 days or less.

Recent models of the convection and pulsation mechanisms
of M-type AGB stars support that an asymmetric levitation of
the gas at the innermost regions of these stars has a direct impact
on the estimation of mass-loss rates and the formation of stable
dust-driven winds. A dedicated characterization of the asymme-
tries observed in the CO distribution of R Car, together with new
GRAVITY-VLTI data (with the longest baselines available at the
VLTI) could provide unique observational evidence to test this
scenario. Furthermore, complementary mid-infrared interfero-
metric data with MATISSE-VLTI could help us to test the role
of Magnesium based dust composites in the formation of dust-
driven winds in M-type Mira stars and their subsequent chemical
evolution.
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Appendix A: Gravity observations’ list and
observables

Appendix B: Best-fit geometrical models

In this section, we show the best-fit images to the observed V2

and CPs across the pseudo-continuum, the 1st and 2nd CO band
heads for our January and February epochs (see Sec. 3.3.1). In
all figures, the red dots in the main panels correspond to the syn-
thetic V2 and CPs extracted from the raw reconstructed images,
while the data are shown with gray dots in the main panels. The
lower panels show the corresponding residuals (in terms of the
number of standard deviations) coming from the comparison be-
tween the data and the best-fit reconstructed images.

Article number, page 17 of 20



A&A proofs: manuscript no. aanda

Table A.1. Observation log of our GRAVITY R Car observations. HD80404 was selected as a calibrator star. The coherence time (τ0) was taken
from the Paranal Astronomical Site Monitoring (ASM)

No. Date Time
(UT) Target DIT NDIT Seeing (”) τ0 (ms)

1 2018-01-27 05:30:21 R Car 3 100 0.76 5.4
2 05:42:30 R Car 3 100 0.63 5.5
3 06:25:34 R Car 3 100 0.81 5.2
4 06:37:45 R Car 3 100 0.89 6.0
5 06:51:46 HD80404 30 10 0.76 6.1
6 07:03:09 HD80404 30 10 0.99 5.8
7 07:29:58 R Car 3 100 0.73 6.3
8 07:42:04 R Car 3 100 0.67 5.0
9 07:56:18 HD80404 30 10 0.85 5.0
10 08:07:34 HD80404 30 10 0.90 4.3
11 08:22:08 R Car 3 100 0.50 4.5
12 08:34:15 R Car 3 100 0.58 4.4
13 2018-02-22 05:48:54 R Car 3 100 0.47 12.3
14 06:01:00 R Car 3 100 0.63 9.8
15 06:17:41 HD80404 30 10 0.52 8.6
16 06:29:02 HD80404 30 10 0.65 11.8
17 2018-02-25 05:35:44 R Car 3 100 0.33 11.6
18 05:47:51 R Car 3 100 0.49 10.8
19 06:02:42 HD80404 30 10 0.45 7.7
20 06:14:04 HD80404 30 10 0.55 6.2
21 2018-03-12 00:51:56 R Car 3 100 0.79 4.3
22 01:04:06 R Car 3 100 0.74 5.4
23 01:10:39 R Car 3 100 0.76 5.4
24 01:25:50 HD80404 30 10 0.74 6.0
25 01:37:13 HD80404 30 10 0.78 6.4
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(a)

(b)

Fig. A.1. Left: V2 and CPs plotted versus spatial frequencies for the data sets obtained with GRAVITY. Right: The corresponding u-v coverage.
Panel (a) corresponds to the January epoch while panel (b) corresponds to the February one. The colors on the plots show different wavelengths
(see the labels on the plot).
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(a) (b)

Fig. B.1. Best-fit to the observed V2 and CPs from the best reconstructed images across the pseudo-continuum for (a) the January and (b) February
epochs. The red dots in the main panel correspond to the synthetic V2 and CPs extracted from the raw reconstructed images. The data are shown
with gray dots in the main panels. The lower panels show the residuals (in terms of the number of standard deviations) coming from the comparison
between the data and the best-fit reconstructed images.

(a) (b)

Fig. B.2. Fit to the observed V2 and CPs from the best reconstructed images across the 1st CO band head for a) the January and b) the February
epochs. The panels are as described in Figure B.1.

(a) (b)

Fig. B.3. Fit to the observed V2 and CPs from the best reconstructed images across the 2nd CO band head for a) the January and b) the February
epochs. The panels are as described in Figure B.1.
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