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VLTI-GRAVITY measurements of cool evolved stars

Il. Pulsation properties and mass-loss process of the Mira star R Car and the
red supergiant VX Sgr

Daniel J adlovsk}’ll’z’* , Markus Wittkowski?®, Andrea Chiavassa’®, Kateryna Kravchenko*®,
Bernd Freytag5 , Susanne Hofner>®, Jif{ Krti¢ka!, Claudia Paladini®®, Gioia Rau’-8®,
Miroslav Broz°®, Thomas Granzer'°®, and Michael Weber'?

! Department of Theoretical Physics and Astrophysics, Faculty of Science, Masaryk University, Kotldiskd 2, 61137 Brno,
Czech Republic

2 European Southern Observatory (ESO), Karl-Schwarzschild Str. 2, 85748 Garching bei Miinchen, Germany

3 Université Cote d’Azur, Observatoire de la Cote d’Azur (OCA), CNRS, Lagrange, CS 34229, 06304, Nice Cedex 4, France

4 Max Planck Institute for Extraterrestrial Physics (MPE), Giessenbachstrasse 1, 85748 Garching bei Miinchen, Germany

5 Theoretical Astrophysics, Department of Physics and Astronomy, Uppsala University, Box 516, 751 20 Uppsala, Sweden

6 European Southern Observatory (ESO), Alonso de Cérdova 3107, Vitacura, Santiago, Chile

7 Schmidt Sciences, New York, USA

8 National Science Foundation, 2415 Eisenhower Avenue, Alexandria, Virginia 22314, USA

® Charles University, Faculty of Mathematics and Physics, Institute of Astronomy, V HoleSovickach 2, 18000 Prague,
Czech Republic

10 Teibniz-Institut fiir Astrophysik Potsdam (AIP), An der Sternwarte 16, 14482 Potsdam, Germany

Received 30 January 2026 / Accepted 22 April 2026

ABSTRACT

Aims. The mass-loss process of red supergiant (RSG) and asymptotic giant branch (AGB) stars and its relation to variability are poorly
constrained. We aim to study the photosphere and near-surface atmospheric structure, where the mass-loss is initiated. For this purpose,
we studied two oxygen-rich evolved stars: the Mira-type AGB star R Car and the RSG VX Sgr.

Methods. We used the VLTI-GRAVITY instrument operating in the near-infrared K-band. Our sample comprises 54 VLTI-GRAVITY
snapshots (18 R Car, 36 VX Sgr) taken over about 7 years, making it the largest VLTI time series dataset to date. We determined the
angular diameter as a function of time for the continuum (photosphere) and selected atomic and molecular bands, i.e., lines of TiI and
Sc1 as well as bands of H,O and CO. Furthermore, we compared the variability and atmospheric structure to state-of-the-art radiative-
hydrodynamics COSBOLD 3D simulations.

Results. The radii of photosphere (R, ) and extended atmospheric layers are variable and relate to the light curve with phase shifts.
The near-photospheric layers show a maximum radius near visual brightness minima (¢y;; ~ 0.4—0.6). Inner atomic (Til, Sc1) and
molecular (H,O) layers are further phase-shifted by A¢is ~ 0.05. The more extended CO layers show longer, irregular periods and
maximum extensions of ~1.3—1.7 R, for R Car and of ~1.5-2.2 R, for VX Sgr. Comparison with synthetic interferometric data of an
AGB model based on several pulsation cycles in COSBOLD simulations revealed a similar behavior. The photosphere shows regular
pulsations, but with maximum diameters preceding minimum brightness (¢y;; < 0.5). The H,O layer showed a much weaker extension
compared to our observations, while CO showed a good agreement. Furthermore, during the 2020-2021 season, VX Sgr exhibited an
extreme mass-loss event similar to that of Betelgeuse, preceded by two strong shocks and culminating with the extreme expansion of
H,0 and CO layers, both up to ~2.2 R,.. Unexpectedly, during this event, we also detected Brackett y in interferometric data as well as
strong Balmer emission in optical spectra, both of which are also signatures of a shock propagating through the atmosphere.
Conclusions. The Mira R Car showed an estimated photospheric radius of R, = 280 + 25 Ry, with a regular fundamental mode (FM)
pulsation amplitude of ~13% of R,. During its active cycle, the extreme RSG VX Sgr showed R, = 1556 + 110 Ry, with an FM
pulsation amplitude of ~13% of R,, the same as R Car. During its quiescent cycle, it showed a smaller value, R, = 1456 + 108 Ry, and
low-amplitude pulsations near the first overtone (O1), only ~4% of R,. This supports a steady mass-loss process for Mira stars related
to stable large-amplitude FM pulsation, whereas the mass-loss process for RSGs may be dominated by extreme events connected to
changes in the pulsation mode from low-amplitude O1 to large-amplitude FM pulsations.

Key words. shock waves — techniques: interferometric — stars: AGB and post-AGB — stars: late-type — stars: mass-loss —
stars: winds, outflows

1. Introduction some of the main contributors to dust production in the interstel-
. ) o lar medium (e.g., Tielens 2005; van Loon et al. 2005; Levesque

Red supergiants (RSGs) and red giants on the asymptotic giant (17, Chiavassa et al. 2024). From the evolutionary point of
branch (AGB) experience significant mass loss and are thus  yiew these groups of evolved stars are quite different: AGBs
are low- and intermediate-mass stars, whereas RSGs are massive

* Corresponding author: jadlovsky@mail .muni.cz stars that will evolve toward core-collapse supernovae (SNe).
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On the other hand, from the observational point of view, these
groups of evolved stars share many similar characteristics, such
as variability, high mass-loss rates, and extended atmospheres
(e.g., Arroyo-Torres et al. 2015; Chiavassa et al. 2024). The
mass-loss rates range from 4 x 1078 to 8 x 107> Mg, yr~! for the
Mira-type AGB stars, while for the more massive RSGs, the
range is from 2 x 1077 to 3 x 10~ My yr™! (e.g., De Beck et al.
2010). Despite the importance of the mass loss from the cool
evolved stars to the chemical evolution of the Universe, we still
do not have a comprehensive understanding of all the physical
processes that come into play (Chiavassa et al. 2024), especially
for the RSGs.

For Mira-type AGB stars, the mass-loss mechanism is better
understood. They are radial fundamental-mode pulsators (Wood
et al. 1999; Wood 2000) with regular large-amplitude changes in
brightness, up to several magnitudes in V band. In this case, the
mass loss triggered by pulsation and convection would be the
most effective. Pulsation and large-scale convective flows levi-
tate the material to a distance far enough from the star where
the cooler extended atmosphere allows for molecule and dust
formation. Subsequently, the radiation pressure on dust grains
becomes effective and drags the gas, driving mass loss (Woitke
2006; Hofner & Olofsson 2018; Bladh et al. 2019; Freytag &
Hofner 2023). For carbon-rich (C/O > 1) AGB stars, the wind
is driven by amorphous carbon, whereas for the oxygen-rich
(C/O < 1) stars, the wind is driven by silicate grains (Hofner
et al. 2022). Dynamic 1D CODEX self-excited pulsation models
for Mira variables have shown that pulsations of the photosphere
are quite regular and generate global shocks, but with increasing
distance, the variability of extended layers becomes more irregu-
lar (Ireland et al. 2008, 2011). However, 3D CO5BOLD radiative
hydrodynamics (RHD) simulations give us a more complex pic-
ture. While the radial pulsations of the star are present, the
surface is also covered by various large-scale non-radial struc-
tures, such as the giant convective cells. The interaction between
convection and pulsation generates large-scale shocks, resulting
in increasingly patchy and clumpy structures in the extended
atmosphere and the dust formation zone (Freytag et al. 2017;
Hofner & Freytag 2019; Freytag & Hofner 2023). Observation-
ally, the presence of extended atmospheres up to several stellar
radii (R,) have been confirmed for AGBs (e.g., Mennesson et al.
2002; Ohnaka et al. 2005; Wittkowski et al. 2018) as well as
various large-scale structures on the surface (e.g., Paladini et al.
2018; Vlemmings et al. 2024).

The same mechanism appears less effective for RSGs (as
well as for semi-regular AGB stars). There, the variability is
more complex, consisting of several modes, such as pulsations
in higher overtones and long secondary periods (LSPs; Wood
et al. 1999; Kiss et al. 2006; Wood & Nicholls 2009), result-
ing in smaller brightness amplitudes and irregular variability.
Recently, it has been shown that LSP photometric variations
may be caused by low-mass companions (Decin et al. 2025), as
evidenced by Betelgeuse (Goldberg et al. 2024; MacLeod et al.
2025; Howell et al. 2025; Dupree et al. 2026). Based on 1D and
3D dynamical models of RSGs, Arroyo-Torres et al. (2015) and
Wittkowski et al. (2016) suggested that pulsation and convection
in these stars, based on current models, are not effective enough
to lift the atmosphere to such a distance where dust could form.
Nonetheless, comparable extended atmospheres and large-scale
surface structures similar to those of AGBs were also observa-
tionally confirmed for RSGs using interferometry (e.g., Haubois
et al. 2009; Chiavassa et al. 2010; Arroyo-Torres et al. 2013;
Wittkowski et al. 2017; Climent et al. 2020; Chiavassa
et al. 2022; Gonzalez-Tora et al. 2024), while the extended
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atmospheres of RSGs were also recently directly imaged by
Guarcello et al. (2025) using JWST. Narrow line emission com-
ponents in the first days of a Type II SN explosion have also
further proven the existence of a dense circumstellar medium
(CSM) around RSGs (e.g., Fransson et al. 2014) as well as of
enhanced mass loss of RSGs before the SN (e.g., Jacobson-
Galan et al. 2022). Additionally, empirical extended atmospheres
added to 1D MARCS models have shown good agreement with
interferometric observations (Davies & Plez 2021; Gonzélez-
Tora et al. 2023, 2024). Taken together, these findings indi-
cate a missing physics in our current understanding of the
RSG winds, namely, how the mass-loss process is triggered in
the near-surface regions and how the material is levitated to
form the observed extended atmospheres. Alternative mass-loss
mechanisms have been proposed, such as radiative pressure on
molecular lines (Josselin & Plez 2007). The recent event of the
Great Dimming of Betelgeuse (Guinan et al. 2020; Levesque &
Massey 2020; Dupree et al. 2020; Dharmawardena et al. 2020;
Montarges et al. 2021; Taniguchi et al. 2022) indicates that
episodic mass-loss events could be the missing component to
our understanding the mass-loss process of RSGs (Dupree et al.
2022; Humphreys & Jones 2022). In particular, powerful shocks
propagating through the photosphere on a timescale of a few
weeks were associated with this mass ejection (Kravchenko
et al. 2021; Jadlovsky et al. 2024). Recently, Freytag et al.
(2024) demonstrated, using their COSBOLD simulations, that
RSGs may irregularly show dimming events due to obscura-
tion by patches of cool gas, while for AGBs, this behavior is
characteristic of their pulsation cycles.

To date, not many interferometric studies have been able to
analyze the temporal variability of extended atmospheric layers
of cool evolved stars. Thompson et al. (2002) was one of the
first to analyze the near-infrared (IR) variability of the extended
layers of two Mira variables, RZ Peg and S Lac, using the Palo-
mar Testbed Interferometer (PTI). Later, Thompson et al. (2003)
presented results for many more Mira stars and found differ-
ent pulsation properties for oxygen and carbon-rich stars. The
full PTI sample consists of about 100 Mira stars, observed dur-
ing 1998-2008. Recently, analysis of the full sample (i.e., the
Mira Reference Dataset) was resumed by Baylis-Aguirre et al.
(2024), who reported systematic phase shifts of the continuum
and molecular bands with respect to the visual light curve.
Meanwhile, Wittkowski et al. (2018, Paper 1) used the VLTI
and the GRAVITY instrument to study the variability of the
atmospheric extension for a Mira-type star R Peg over one pul-
sation cycle and found that the maximum radius of continuum
and H,O layers were anticorrelated with the light curve, while
the CO layers were correlated. Rosales-Guzman et al. (2023,
2024) studied the variability of surface features of R Car and
found that substructures are correlated with the pulsation phase.
Until now, no similar study was done for RSGs, apart from
GRAVITY Collaboration (2021). They analyzed GCIRS 7, a
RSG in the Galactic center, and demonstrated that RSGs also
show significant diameter variations of the photosphere and
molecular layers.

In this work, we analyze the largest sample of spectro-
interferometric VLTI-GRAVITY observations of cool evolved
stars to date. We study the relation of the extended atmosphere
to the pulsation cycle. We aim at comparing a time series of
the spatially resolved variability of an AGB and a RSG star to
better understand the similarities and differences between cool
evolved stars of different types at the onset of the mass-loss
process close to the stellar surface. We also compare these obser-
vations to the most recent state-of-the-art 3D dynamical models
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Table 1. Fundamental physical parameters.

Parameter R Car (Mira) VX Sgr (RSG) References
Sp. type M5-MS8 M3-M8
Amy [mag] ~T74 ~6.0 AAVSO
mg [mag] -1.23 -0.17 5
P [d] 304-314 754+56 1,2,5-11
d [pc] 182 £16 1560 £ 110 6-12
Te [K] 2800-3100 2900-3700 3,7-9, 10
log(L/Ly) ~3.7 ~5.3 4,7-12
Ry [Ro] 240j§§ 1350-1940 7-10
M [Mg] O.87f8:‘3‘z 1040 7-9, 14
M [Mgyr™'] 1.6 x 107° 2% 1073 4,8-13

Notes. AAVSO - American Association of Variable Star Observers, 1 -
Samus’ et al. (2017), 2 - Vogt et al. (2016), 3 - McDonald et al. (2012),
4 - Groenewegen et al. (1999), 5 - Whitelock et al. (2008), 6 - Gaia
Collaboration (2021), 7 -Takeuti et al. (2013), 8 - Scicluna et al. (2022),
9 - Tabernero et al. (2021), 10 - Lockwood & Wing (1982), 11 - Kiss
et al. (2006), 12 - Xu et al. (2018), 13 - Mauron & Josselin (2011), 14 -
Arroyo-Torres et al. (2015).

(Ahmad et al. 2023). The first object is the oxygen-rich AGB
star R Car, which is a typical M-type Mira variable, with strong
single-mode pulsations and amplitude of brightness variations
of Amy ~7.4 mag (Rosales-Guzman et al. 2024). The second
object is VX Sgr, an extreme RSG exhibiting irregular vari-
ability, with a longer period during active cycles and a shorter
period during quiescent cycles (Tabernero et al. 2021). While
its large peak-to-peak amplitude of brightness variations up to
Amy ~6 mag during its active cycles resemble a Mira variabil-
ity (Lockwood & Wing 1982), it is considered to be a massive
supergiant experiencing an extensive mass loss (Gail et al. 2020).
However, it has also been hypothesized to be a super-AGB star
or Thorne—Zytkow object (TZO, Tabernero et al. 2021; O’Grady
et al. 2026). In Table 1, we list the fundamental parameters of
our objects from the literature. Neither of our targets is reported
to show the LSPs.

The present paper is structured as follows. In Sect. 2 we
describe our dataset and data reduction methods. In Sect. 3 we
present our results on the variability of the photosphere and
extended atmosphere, whereas in Sect. 4 we compare this to sim-
ilar features from state-of-the-art 3D RHD dynamical models. In
Sect. 5 we discuss the implications of our results, and then in
Sect. 6 we summarize our findings.

2. Observations and data reduction
2.1. Observations

We used near-IR spectro-interferometric observations from 2018
to 2025 for our two targets, obtained with the VLTI-GRAVITY
instrument (GRAVITY Collaboration 2017), namely 18 obser-
vations for R Car and 36 for VX Sgr. The instrument operates
in the near-IR K-band (2.0-2.4 wm) and we employed the high
spectral-resolution mode (R ~ 4000). Tables A.l and A.2 list
the VLTI observations of R Car and VX Sgr, respectively. A
major part of the data originates from our time series moni-
toring programs (105.207Y, PI: Wittkowski and 115.27VK, PI:
Jadlovsky), and the remaining data consists of archival data
from other programs (0100.D-0835, PI: Sanchez, 0101.D-0616,

PI: Wittkowski, 0102.D-0197, PI: Wittkowski, and 0103.D-0245,
PI: Kravchenko).

For each of our science observations, we took two observa-
tions of an interferometric calibrator (CAL-SCI-CAL sequence),
which improves the quality of visibility calibration. The majority
of the older archival data were taken in the CAL-SCI sequence,
and therefore they had only one calibrator. The details about the
calibrators are listed in Table A.3. As our targets are bright, all
the data were taken in split polarization mode to increase the
internal fringe contrast.

For all the observations, we used the small configuration
(stations A0-B2-D0-C1) of the four Auxiliary Telescopes (ATs),
resulting in baseline lengths between about 11.3 and 33.9 m. The
choice of the VLTI-AT configuration was driven by our observ-
ing strategy, which is focused on the variability of our targets at
scales of the overall stellar diameter. For this purpose, the most
suitable are spatial frequencies within the first lobe of the visi-
bility function. Since our targets have a large angular diameter
of ~10 mas, the small configuration allows us to study the rel-
evant spatial frequencies. The higher spatial frequencies (larger
configurations) would be sensitive to substructures of the stellar
disk, which is not the focus of this work.

2.2. Data reduction

We downloaded the raw data from the ESO archive and pro-
cessed it using the ESO Reflex workflow for VLTI-GRAVITY
in its version 1.6.7!. First, we used the gravity_wkf workflow to
reduce the raw data of our science target and its calibrator(s).
The calibrators were chosen as stars with a well-known angular
diameter (based on Bourges et al. 2017; see Table A.3) and thus
well-known visibility, allowing us to calibrate the visibility of
our science targets. Our targets require short exposures (as they
are bright), allowing for several objects and sky observations to
be taken as part of a single observing block. Therefore, apart
from the default settings in gravity_wkf, we also used average-vis
and average-sky to average object and sky observations.

For the reduced data, we used gravity_viscal to calibrate the
visibility of the science target using the visibility of the cali-
brator(s). This allowed us to obtain the final calibrated science
visibility. The formal visibility errors included in the data are
small (o < 0.002). For each observation with 2 calibrators
(CAL; and CAL,), we estimated realistic uncertainties by deter-
mining the relative error from the difference in the visibility
transfer function of the calibrators as (|TF; — TF|)/(TF; + TE,),
yielding o ~ 0.01-0.05 for different observations. The errors
were quadratically added to the errors in the original data.
For observations taken with only one calibrator, we used the
average error value from the epochs with 2 calibrators. The
split polarization mode produces two sets of visibility data for
each baseline, which we averaged for the final analysis. Fringe-
tracking was performed on-axis; thus, the dataset also includes
the low-resolution observations of the science target from the
fringe tracker (FT).

We calibrated the wavelength scale in our data using a
telluric model produced with the SkyCalc tool”> (Noll et al.
2012; Jones et al. 2013). This resulted in an average shift
of approximately —11 A for the observations taken before the
GRAVITY spectral grism change in October 2019, and a shift

I https://www.eso.org/sci/software/pipelines/gravity/
gravity-pipe-recipes.html

2 https://www.eso.org/observing/etc/bin/gen/form?INS.
MODE=swspectr+INS.NAME=SKYCALC
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of approximately —6.5 A for the newer data. Then, we also cali-
brated the flux. We used the MARCS stellar atmosphere models
(Gustafsson et al. 2008) to calibrate the flux of calibrators.
The obtained spectral transfer function was used to calibrate
the flux of our science targets. The parameters of synthetic
MARCS spectra used for each calibrator are listed in Table A.3.
All calibrated spectro-interferometric data are plotted in
Appendices B and C, including the FT data. In all the data,
the FT data agree with the science data, confirming the high
accuracy of the absolute visibility calibration.

2.3. Complementary data

We used visual and V light curves of R Car and VX Sgr from the
American Association of Variable Star Observers (AAVSO?).
This allowed us to establish the period phase for each epoch
(with ¢y;s = 0 at maximum visible brightness). Additionally, to
further discuss the unusual variability of VX Sgr (see Sect. 5),
we also compared it to optical spectra from the STELLA tele-
scope (Strassmeier et al. 2004; Weber et al. 2012, 2008). We
used the radial velocity data from STELLA, namely observa-
tions from 2016 to 2021 (PI: Dorda) and from 2024 to 2025 (PI:
Jadlovsky).

Lastly, for converting the determined diameters from angu-
lar units to physical size, for R Car, we adopt the distance d
of 182 = 16 pc (Gaia Collaboration 2021). For VX Sgr, dis-
tances determined based on Gaia measurements have a large
uncertainty. Fortunately, VX Sgr is a strong maser source; there-
fore, there are more precise measurements of distance based on
masers available. Namely, 1.57 + 0.27 kpc (Chen et al. 2007)
or 1.56 + 0.11 kpc (Xu et al. 2018). We adopted the latter more
precise value.

3. Results
3.1. Qualitative description

We begin with a qualitative description of the interferometric
dataset. Figure 1 shows an example of a typical calibrated flux,
squared visibility amplitude (|V|?), and closure phases plotted
versus wavelength for each of our two science targets. The first
and fourth panels of Fig. 1 show that the calibrated flux of both
our targets, the Mira-variable R Car and the RSG VX Sgr, are
similar and typical of other oxygen-rich AGBs and RSGs (e.g.,
Lancon & Wood 2000; Langon et al. 2007). Both our targets
have the peak flux near the continuum-dominated middle of the
passband at 2.2 wm. The flux decreases toward both sides of the
passband, below 2.1 wm due to the absorption bands of H,O,
and above 2.3 pm due to the strong absorption bands of CO, as
well as weaker bands of H,O. In Figs. 2 and 3, we show the flux
variability, for the full spectrum, as well as for molecular bands
of CO. For R Car, we see anticorrelated behavior for CO and
H,0 — the CO absorption is the strongest during the brightness
maximum (¢@yis ~ 0), while it is the weakest for H,O, sometimes
with peak flux shifted to ~2.1 wm (due to the higher T.g, pos-
sibly indicating thermal destruction of H,O molecules near the
maximum brightness). The opposite situation is reached during
the brightness minimum (¢vis ~ 0.5), when the absorption in
H,0O becomes stronger. A similar behavior can be seen for VX
Sgr, but it shows more complicated variability. The spectra of R
Car show the emergence of hydrogen Brackett y (Bry) emission
(2.167 um) before the brightness maximum (¢.is = 0.7—1.0).

3 https://www.aavso.org
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Fig. 1. Examples of the calibrated flux (averaged for four ATs), the
squared visibility amplitude |V|?> (averaged for both polarizations), and
the closure phase as a function of the wavelength for both our targets
at representative dates. The flux was calibrated using the spectral trans-
fer function of the calibrators. The |V|? dataset consists of six projected
baselines B, while the closure phase consists of four baseline triplets,
labeled using the longest baseline in the triplet B,.x. Spectral regions
analyzed in this work are highlighted. Upper three panels: R Car. Lower
three panels: VX Sgr.

For some Miras, hydrogen emission is known to appear as part
of their pulsation cycle before the maximum brightness, due to
propagation of shocks through the atmosphere, although it is
usually observed for Balmer and Paschen series (e.g., Fox et al.
1984; Lancon & Wood 2000; Fabas et al. 2011).

Likewise, the squared visibility amplitude (VP) in the
second and fifth panel of Fig. 1 shows similar features as
observed for other oxygen-rich Mira-variables and RSG stars
(e.g., Perrin et al. 2004; Arroyo-Torres et al. 2015; Wittkowski
et al. 2018; Gonzdlez-Tora et al. 2024). There is a maximum
of |V|? near the continuum-dominated region ~2.2 pm, which
would correspond to the smallest angular diameters, i.e., the
closest to the photosphere. |V|*> drops to lower values at wave-
lengths corresponding to H,O bands and even more significantly
at CO bands. VX Sgr also shows more prominent atomic features
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Fig. 2. Variability of the flux (calibrated using the spectral transfer function) for all our observations. The spectra were divided by mean flux in
the continuum region (2.22—2.28 wm). Upper panel: R Car. The spectra were vertically shifted, ordered, and color-coded by phase ¢yis (¢vis = 0
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color-coded by the nearest m,;s values from AAVSO.

extended with respect to the continuum, as has been shown by,
for example, Chiavassa et al. (2010). Brackett vy is not detected in
interferometric data for R Car.

In the third and sixth panel of Fig. 1, we also show closure
phases, even though they are not directly used in our analysis,
and we discuss them only qualitatively. They show quite sig-
nificant variations at most dates, at wavelengths corresponding
to H,O bands, but especially at those of CO bands. This could
suggest substructures within the overall structure or asymmetries
due to spatially localized outflows. Nonetheless, this is primarily
caused by the fact that at some baselines in the triplet the star is
already quite resolved. Indeed, by comparing the longest baseline
in the triplet (Bnax) for VX Sgr in the sixth panel of Fig. 1, the
two triplets with shorter By.x do not show a large deviation from
0 deg. For a few dates, the molecular bands also became more
resolved and reached the first null point of the visibility func-
tion at the longest baselines, and thus the closure phase changed
from 0 deg to 180 deg, while the signal of possible asymmetries
or substructures became enhanced.

3.2. Spectral selection of the squared visibilities

The main objective of our work is to study the overall variability
of the atmospheric extension of distinct spectral features in the
|V|? data. In the following subsections, we describe in more detail
the selected atomic and molecular features, and we give their
overview in Table 2.

A similar approach was used in several previous works,
e.g., Wittkowski et al. (2018); Arroyo-Torres et al. (2015);
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Fig. 3. Same as Fig. 2 but zoomed in on the CO molecular bands (2-0, 3-
1). The spectra show deeper CO absorption near the brightness maxima.
Upper panel: R Car. Lower panel: VX Sgr.

Gonzélez-Tora et al. (2024), while probably the most detailed
work was done by Kravchenko et al. (2020, hereafter K20). They
used the tomographic method to study lines forming in given
ranges of optical depths in the atmosphere. They used the VLTI-
AMBER instrument (Petrov et al. 2007) in its high-resolution
mode (R ~ 12000), which had three times the resolving power of
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Table 2. Wavelength regions used for our analysis. The reference optical
depth, 7¢, was computed at 4 = 5000 A from K20.

Region Wavelength [um] log 1o
Continuum 2.22-2.28 —-0.65 < log 1y < 0.25¢
Tiland Sc1 2.18-2.22¢ -1.75 < logtp < —1.00

H,O 1.98-2.05 -1.75 < logty < —1.00
12C1%0 (2-0) 2.29b -3.00¢ < log g < —2.10
12¢160 (3-1) 2.32° -3.00¢ < log 7 < —2.10
12¢160 (4-2) 2.35b -3.00¢ < log 1y < —=2.10
12160 (5-3) 2.38% -3.00¢ < log 1y < —2.10

Notes. ¢ Only lines in the indicated region were selected. * Minimum
|V|]> value in the band head. ¢ The optical depth range corresponds to
weak unresolved lines from the innermost layer from K20, which may
contaminate our continuum. ¢ The maximum extent of the atmospheric
model in K20.

VLTI-GRAVITY (R ~ 4000). Therefore, they could also resolve
weaker atomic lines than in this work.

3.2.1. Continuum

To study the variability of the photosphere, we selected the
region of the K band without strong atomic lines or molecu-
lar bands, dominated primarily by the continuum. The region
most suitable for this is between 2.22 and 2.28 pum. K20 showed
that the strongest features contributing in this region consisted
of Cal, Sil, and Fe1I atomic lines and weak molecular bands of
CN, all corresponding to the innermost layer of the atmosphere.
However, the resolution of VLTI-GRAVITY is not sufficient
to resolve these atomic and molecular features. Therefore, to
calculate the angular diameter of the continuum 6.y, which cor-
responds to the stellar photosphere, we make an average of |V|? in
this region, using only |V|? larger than its median as an arbitrary
threshold to remove contributions by slightly extended atomic
and molecular features.

3.2.2. Titanium | and Scandium | atomic lines

The strongest atomic features in our data are the lines of TiT and
Sc1. These lines belong to an intermediate layer of atmosphere
in K20, forming above the continuum. Indeed, [V|? in these lines
significantly drops compared to the continuum, especially for
VX Sgr. Therefore, we analyzed these lines separately from the
continuum. To determine the angular diameter of these atomic
layers 6ri1sc1, we take the minimum [V|? value of each line.

3.2.3. Water molecular bands

The part of the spectrum that is the most dominated by the H,O
molecular bands is located between 1.97 and 2.05 pm. However,
it consists of many weaker H,O bands, and therefore, the reso-
lution is not sufficient to determine specific band heads. Thus,
to determine the angular diameter 6y,0 in this region, we make
an average of |V|?> values lower than the median as an arbitrary
threshold. Some H;O bands were also part of the intermediate
atmospheric layer by K20, but from our data, it is clear that the
H,0O molecular bands form above the atomic layer of Til and
Sc1, and therefore we analyzed these features separately. Some
H,0O molecular bands also form above >2.3 pm, monotonically

A259, page 6 of 23

decreasing the visibility function in between the CO band heads.
In this work, we focus only on the H,O bands below <2.05 pm.

3.2.4. Carbon monoxide molecular bands

The most prominent features in |V|* data are the CO molecu-
lar bands, which consistently represent the most extended layers.
The same was the case in K20, where their most extended layer
consisted solely of CO bands. We can resolve specific molecular
band heads of '>C!60O corresponding to vibrational transitions
v = 2 — 0 (first overtone), 3 — 1,4 — 2, and 5 — 3. We can also
resolve the overtones for the isotopologs '3C'®0O and '2C'80,
while the overtone of the isotopolog '>C!70O is blended with the
v = 3 — 1 transition of '>C'®0. We focus on the transitions of
12C160, which are the strongest features. To determine the angu-
lar diameters 9(;0(2_0), 9@0(3_1), 000(4_2), and HCO(S_?,), we use the
minimum |V|? of each band head, i.e., the maximum extension.

3.3. Angular diameters

Due to our strategy of acquiring a large amount of time series
data to constrain the variability at larger scales, each epoch
includes data only in the first lobe of the visibility function
(small VLTI-AT configuration) such that targets are moderately
resolved at continuum (|V|?> > 0.2). It is thus not possible to use
a limb-darkened model, for which we would need to cover a
second lobe of the visibility function (requiring a larger VLTI-
AT configuration). Instead, to fit [V|?>, we use a simple uniform
disk (UD) geometrical model, which describes well the photo-
spheric continuum (e.g., Wittkowski et al. 2018). However, the
situation is more complicated for the visibility function of the
molecular bands, which yield significantly larger UDs compared
to the continuum and thus become partly resolved (V> ~ 0).
At such low |V|? near the first null point, the visibility function
may show departures from UD and may be more sensitive to
limb-darkening effects and surface substructures. To avoid these
effects in our data, we use only values larger than |V|*> > 0.05.
On some dates, the molecular bands become so extended that
|V]> data points in some longer baselines lie below this limit.
The situation is improved by binning our data in 2-week epochs
(about ~5% of the pulsation period), which gives us more data
points above this limit on some dates.

Another major component that affects the visibility function
is the contribution from the spatially over-resolved background.
The origin of this contribution is disputed (e.g., Kluska et al.
2019). To account for this in our data, we add a scaling factor A
that corresponds to the over-resolved flux in the following way
(e.g., Perrin et al. 2007):

VI oaet(As 0, 6up) = A [V (0, 6up), (1

where |VI2 . (A,p,0up) is the visibility function of the UD

model plug1 ?dﬁé spatially over-resolved background, p is the spa-
tial frequency p = Vu? +v*> = £, yp is the angular diameter,
and IVI%JD(p, 6up) is the visibility function of a simple UD model,
which is calculated from the first-order Bessel function J; (e.g.,
Born & Wolf 1980; Lawson 2000) as

11(77,,0’ QUD)

Vup(p, fup) = 2
ﬂp@UD

@)

We also explored the effect of varying uv coverage on the
determined 8 for all considered layers, as our observations are
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Table 3. Results related to the mean angular diameters and phase shifts for the analyzed spectral regions. The parameters of the sine fit are listed

as well as the average values for layers with no fit.

R Car
Region Mean angular diameter 6 [mas]  Scaling factor A  Phase shift A¢,;s Amplitude A6 [mas]

Continuum 14.3310,11 0.92 0.4310,01 1.81
Tirand Sc1 16.21.9.11 0.92 0.46.001 1.51

H,O 17.92.034 0.86 0.55.005 1.51
12¢16Q (2-0) 21.28.0.13 0.93 - ~0.87
12C10 (3-1) 22.2040.13 0.93 - ~1.01
12¢160 (4-2) 22.4040.11 0.90 - ~1.31
12¢160 (5-3) 22.63.0.12 0.91 - ~1.46

VX Sgr (active/quiescent phase)

Region Mean angular diameter 6 [mas]  Scaling factor A  Phase shift A¢,;s Amplitude A6 [mas]
Continuum 9.2910,10/8.6910,09 0.74 0.5610_02/ - 1.17/0.36
Tirand Sc1 11.05.4932/11.03 40,00 0.72 0.6110.06/ — 1.03/0.60

H,O 13.0140.60/13.50.9 08 0.63 0.59.0.05/ — 2.49/1.05
12¢160 (2-0) 16.38.0.06/17.01 9,10 0.63 - ~1.30/0.65
12¢l6Q (3-1) 17.0040.06/17.55 4012 0.61 - ~1.37/0.81
12C16Q (4-2) 17.0110.05/17.57 +0.00 0.61 - ~1.16/1.61
12C160 (5-3) 17.4510,06/17.6640.11 0.57 - ~1.49/1.70

taken at different local sidereal times, resulting in slight varia-
tions of p. Figure 4 demonstrates that the visibility data do not
show large variations and that the determined diameters during
1-2 nights fall within error bars from each other, and thus, at our
angular resolution, our targets are consistent with a UD model
across different directions.

To determine the angular diameter 6yp and the scaling fac-
tor A at each epoch, we used the Markov chain Monte Carlo
(MCMC) algorithm (Foreman-Mackey et al. 2013). We let 250
walkers evolve in 100 steps in each wavelength region dur-
ing our epochs. Before we proceed to the final fitting, we also
explored the extent of contribution of the over-resolved flux in
different wavelength regions. For the Mira-variable R Car, the
contribution from the over-resolved flux is small at most epochs
and close to unity, with A > 0.85 (similar values for R Car in
Rosales-Guzman et al. 2023). Thus, we choose to set a constant
scaling A for the final fitting of R Car. The constant value of A
was calculated for each wavelength region based only on epochs
with more than one observation. On the other hand, for VX Sgr,
the contribution from the over-resolved component is signifi-
cant and shows strong variations, with A down to ~0.5 in some
epochs. A similar contribution from a larger component was also
determined in Monnier et al. (2004) and Chiavassa et al. (2010).
Therefore, we fit A at each epoch.

Table 3 lists the average value of A in each wavelength
region, used as a constant parameter for the final fitting of R
Car and as a free parameter for VX Sgr. Determined errors for
A are about ~0.01. In Fig. 5 we show an example of the deter-
mined UD diameters across the entire K-band wavelength range
for both of our targets, at epochs corresponding to a maximum
and a minimum of 6.qy,.

3.4. Variability

The determined angular diameters 6yp and their multi-epoch
variability are shown in Figs. 6 and 7. Our results are compared
to visual and V light curves from AAVSO.

Our results demonstrate the variability of continuum and
molecular layers during several pulsation cycles and the rela-
tion between their variability through phase shifts. For both our
targets at all epochs, the smallest angular diameters are those
of continuum, and then increasing through the various atmo-
spheric layers, i.e., Ocont < frirsc1 < 0,0 < Oco. For specific CO
transitions, the situation is less clear, but at most times, layers
corresponding to the highest transition also form at larger radii
than the lowest transition, i.e., 8coe-0) $ Bcos-3)- Meanwhile,
the molecular layers are more extended for the RSG VX Sgr than
for the Mira R Car relative to their photospheric diameter Gcqp.
We defined the extension of atmospheric layers with respect to
the photosphere Ry as Bjayer/fcont at a given epoch, assuming that
Ry = Reont.

To estimate the mean radius of each layer, as well as the
phase shift in relation to the light curve, we fitted the data with
a sine curve, using the period of the light curve, similarly to
Paper 1. The periods are determined using the Lomb-Scargle
(LS) periodogram in the astropy package (Astropy Collaboration

2022). We determined phase shifts only for such atmospheric
layers that showed a similar period as the light curve (see
Fig. 8). The phase shifts and mean angular diameters are listed in
Table 3. For both targets, the phase shift increases with a larger
radius but becomes less regular at the most extended layers; see
specific details for each target below.

3.41. R Car

For R Car, the period analysis is more straightforward, as the
Mira variables are regular pulsators. There are slight variations
in the amplitude and the length of each cycle (a few days), but
this does not significantly affect our results. We thus treated R
Car as a single-mode pulsator and proceeded to determine the
period of pulsations. Based on the part of the AAVSO light
curve covered by our VLTI observations, we derived a period
of Pyo17-2004 ~ 307.4 d (see Fig. 8a), while the literature gives
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Fig. 4. Examples of UD fit for observations taken within a single epoch.
The fit demonstrates that the determined 6 does not strongly depend on
the uv orientation (shown as smaller plots), and the results are mostly
within error bars from each other. Different colors correspond to 6o
(green), Ori 51 (yellow), and 6coz-o) (red). The shaded part of the graph
corresponds to values below the adopted |V|> = 0.05 limit. Upper panel:
R Car for four observations taken on 27 January 2018. See Table A.2.
Upper panel: VX Sgr for three observations taken between 30 and 31
August 2021. See Table A.1.

Piiterature = 304—314d (McDonald et al. 2012; Samus’ et al. 2017;
Rosales-Guzmdn et al. 2023). We used the derived period to
study the phase shifts of the angular diameters of the continuum
and the extended atmospheres with respect to the AAVSO light
curve.

Based on the LS periodogram in Fig. 8a, we found nearly the
same periods as in the light curve for the variations of the pho-
tosphere ,n; and the near-photospheric layer of 6ri;s.; (within
1-2 d difference). For the more extended molecular layer y,0,
the same period is no longer the dominant one, although it is still
present in the LS periodogram, while the variations still show a
relation to the light curve. As a result, it is possible to determine
a phase shift. For the most extended layers of 8o, similar peri-
ods as for 6y,0 appear in the LS periodogram, but the variations
do not follow the light curve so closely, and thus it is no longer
possible to find a clear phase shift. For both 64,0 and 6co, longer
periods become prominent in the LS periodogram. Variations of
Ocont Show a maximum diameter near ¢.i; ~ 0.43, i.e., roughly
anticorrelated with respect to the light curve. For the neighbor-
ing layers (Bcont — Oritscr and Oriysc1 — 6O,0), the phase shift
increases by A¢yis ~ 0.05, i.e., about 2-3 weeks, with increasing
distance from the photosphere. The required photospheric veloc-
ity for such a phase shift between, for example, G.on and i sc;
would be from 15 to 20 kms™' (for radius difference of about
~40 Ry, from Fig. 5), which agrees with the expected values for
Mira pulsators (e.g., Scholz & Wood 2000; Kravchenko et al.
2018).

Overall, the variations of angular diameter show a clear rela-
tion to the light curve, especially for the photosphere .o and
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Fig. 5. Comparison between the determined wavelength-dependent
angular diameters during min (red) and max (blue) photospheric radius
for our two targets. The observation dates are denoted in the leg-
end. Conversion to the physical size (right y-axis) was done using the
adopted distances from Table 1. Upper panel: R Car. Lower panel:
VX Sgr.

near-photopsheric layers 6rj;sc;, which are roughly anticorre-
lated with the light curve, showing a maximum diameter close
to minimum brightness. The mean extension of the outermost
CO layers 6. With respect to the photosphere is ~1.5 R,, but
ranges between ~1.3 and 1.7 R, during pulsation cycles. Con-
version to geometrical size, using the distance and its uncertainty
from Table 1, yields R, = 280 + 25 Ry (~1.3 au) for the contin-
uum, with the pulsations amplitude of AR ~ 35 Ry. The mean
extension of CO layers is about ~430 + 38 Ry (~2 au).

3.4.2. VX Sgr

For RSGs, the variability is much more irregular and usually
consists of several different modes of variability (Kiss et al.
2006). VX Sgr is an extreme RSG, perhaps it is even more irreg-
ular than other RSGs, exhibiting active and quiescent phases
(Tabernero et al. 2021). Nonetheless, our results in Fig. 7 clearly
show a relation of atmospheric extension with the light curve
as well. First, there is an active phase with large brightness and
diameter variations, ending around mid-2021 (MJD ~ 59 450),
followed by a quiescent phase. During the time covered by our
observations, based on the light curve, we found Pjp17-2021 ~
748 d for the active phase, which agrees with the reported period
of 754 + 56 d for the full light curve by Kiss et al. (2000).
For the quiescent phase, we found Pygp1-2025 ~ 316 d. In the
following analysis, we therefore analyze pulsation properties dur-
ing the active and quiescent phases separately. The cycles are
highlighted in Fig. 7.

In the active cycle, O.one and 6t sc; showed a similar domi-
nant period to the light curve (see Fig. 8b) and reach maximum
diameter at ¢yis ~ 0.57-0.61 (shift of 4-5 weeks for O.one —
Bri1sci), 1.e., roughly anticorrelated with respect to the light
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curve. Similarly to R Car, the molecular layer 64,0 showed a sim-
ilar phase shift, but it has an irregular behavior and a relatively
large amplitude compared to other layers, while 8¢ also showed
a more irregular behavior. On the other hand, during the quies-
cent phase, variations of 6.,y and 67i; sc; showed a much smaller
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Fig. 8. Lomb-Scargle normalized periodograms that we calculated for R
Car (upper panels) and VX Sgr (lower panels). In the panels with diam-
eters, we also highlight the false alarm probability (FAP; VanderPlas
2018) for levels of 1 and 10% (dashed gray and black lines) determined
with astropy, which is one of the standard ways to judge peak signif-
icance. From our layers, usually only .o and O, sc, reach the 1%
threshold and show peaks similar to the AAVSO light curve. For VX
Sgr, the LS periodogram is shown for the full dataset and the quiescent
cycle.

amplitude and did not follow the light curve so closely. Period
analysis of their variations revealed period peaks relatively close
to the period of the light curve of ~316 d, but not statistically
significant (see Fig. 8b). Therefore, it was not possible to deter-
mine phase shifts relative to the light curve during the quiescent
phase.

The relative atmospheric extension of the RSG VX Sgr is
significantly larger compared to that of the Mira variable R Car.
For VX Sgr, the extension of the outermost CO layers is typically
in the range of ~1.5-2.0 R,, but it reached about ~2.2 R, during
some cycles. The maximum extension of molecular layers was
reached at the end of the active cycle, as shown by 3 observations
in August 2021 (MJD ~ 59450). Surprisingly, 6y,0 reached a
similar angular diameter as that of co, ~2.2 R, which is about
twice compared to the value of 6,0 in 2018, where it instead
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Fig. 9. Intensity profiles and intensity maps for snapshots 122 (¢ = 19.18 yr) and 131 (# = 20.61 yr) of the AGB model st28gm05n057. Left panels:
intensity profiles plotted for all wavelengths in the GRAVITY spectral range. Three representative wavelengths are highlighted. Right panels:
intensity maps for two selected representative wavelengths, 2.250 wm (continuum) and 2.384 wm (band head of '2C!°0, 5-3). A linear scale was
used for the intensity. The full movie is available in electronic format at the following link: https://www.aanda.org.

showed a very weak extension. Meanwhile, since 2020, 80, and
Bri1sc1 have contracted compared to their diameters in the active
phase, while showing much smaller diameter variations. Based
on the distance value from Table 1, we estimate the physical size
of VX Sgr in different cycles. During the active cycle, the mean
continuum radius was R, = 1556 = 110 Ry, (~7 au), with pul-
sation amplitude AR ~ 197 R. During the quiescent phase, the
star contracted, showing the mean radius of R, = 1456 + 108 Rg
and a smaller AR of ~60 Re. This demonstrates extreme change
to the pulsation properties of the star between the active and
quiescent cycles. The mean radius of CO extension was about
2850 + 200 Ry (~13 au). Moreover, during the extreme expan-
sion, R, reached a maximum of 1798 = 127 Ry, in September
2019, followed by a maximum of H,O and CO layers up to about
~3200 R observed in August 2021. This extreme event is further
discussed in Sect. 5.

4. Comparison to the CO5BOLD simulation
4.1. Extracting interferometric observables

We compared our observations to the COSBOLD simulations
(Freytag et al. 2012), which, along with Athena++ (Stone et al.
2020; Goldberg et al. 2022), are one of the few 3D RHD models
of AGB and RSG stars available in the community (Chiavassa
et al. 2024). A CO5SBOLD model is the most suitable for com-
parison to our results, similar to several previous works, e.g.,
K20 and Chiavassa et al. (2022). The computation of several
pulsation cycles of such 3D models is computationally expen-
sive; thus, the grid is not dense enough to provide a model with
exactly the same parameters as R Car (see Table 1). From the
extended grid of 3D models of low-mass AGB stars used for
pulsation studies (Ahmad et al. 2025), all relying on the gray
opacity approximation, we selected the st28gm05n057 model,
which is close to the physical parameters of R Car, except
for longer P. Namely, M = 1 Mg, R = 291 Ry, L = 5024 L,
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Ter = 2847 K, log(g) = —0.493 (cgs), and P = 375.1 d. This
newer model was also chosen as the most suitable because it
shows a similar behavior in terms of Mira-like regular pulsations,
while the majority of CO5BOLD models show more irregu-
lar behavior. The same is the case for the few available RSG
models, which generally do not reproduce the interferometric
observations so well (e.g., Arroyo-Torres et al. 2015) and are
usually calculated for smaller masses than RSGs have. There-
fore, in this work, we focus only on comparison for the selected
AGB model, which shows the best agreement with the observed
variability.

For the selected model st28gm05n057, we identified a part of
the model light curve that resembled the observed photometric
variability the most. Then, for the selected snapshots, we cal-
culated the intensity in K-band (at R ~ 4000, which is equal to
the spectral resolution of VLTI-GRAVITY) in a similar way as
described in Chiavassa et al. (2009), see Fig. 9. To determine
intensity profiles, we constructed rings around the center of the
star, at regularly spaced distances in r/Rgqss, Where Rgogs 1S the
Rosseland radius of the star. Then, we calculate p = cos ¢, where
¢ is the angle between the radial direction and the line of sight,

and is related to the radius as r/Rgess = /1 — u2. The observed
[V in the first lobe have been shown to be consistent with a UD
fit for both our targets (see Fig. 4), so we approximate the simula-
tions in the same way. Most importantly, our aim was to study the
overall pulsation variations and not the asymmetry of the model.
Therefore, following a similar approach as in, e.g., Davis et al.
(2000) and Wittkowski et al. (2001), we use the Hankel trans-
form. We calculated the interferometric visibility of the model,
based on I(w), angular diameter 6, and spatial frequencies B/A
corresponding to our observations, i.e., for baselines from 5 to
35 m.

Then, we apply the same fitting procedure as for the observa-
tions in Sect. 3.3 to obtain the angular diameters of continuum,
as well as atomic and molecular species. We also determined
periods and phase shifts.
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Table 4. Results related to the angular diameters of the AGB model and phase shifts (with respect to ¢y,) determined in the same way as for the

observations.

Region Mean angular diameter 6 [mas] Phase shift A¢p,,; Amplitude Af [mas]
Rosseland radius - 0.22.0.02 -

Continuum 14.81.0.06 0.07 +0.05 0.24
Tiland Sc1 15.76.40.06 0.08.0.04 0.38

H,O 16.29.9 10 0.20.0.04 0.53
12¢160 (2-0) 20.35.0.09 0.27 10.02 0.95
12¢160 (3-1) 20.53.0.16 0.30+0.03 1.14
12¢l6Q (4-2) 19.99.0.10 0.2240.03 0.74
12¢160 (5-3) 20.56.0.12 0.32.0.04 0.68

Calibrated Flux

Sq. Visibility

b

i\ .
0.0 P - L -
20000 20500 21000 21500 22000 22500 23000 23500

Wavelength [A]

24000

Fig. 10. Example of a snapshot of the AGB model that fits the obser-
vations of R Car well. The observation of R Car is the same as shown
in Fig. 1, i.e., 14 January 2023, and it is fitted with snapshot 122 for
6 = 14.87 mas. Upper panel: calibrated flux of R Car and the flux of the
AGB model. Lower panel: squared visibility amplitude |V|* of R Car.
Six baselines are shown in the same color and compared with the syn-
thetic |V|? of the AGB model for the same baselines.
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Fig. 11. Same as Fig. 5 but for the synthetic angular diameters computed
from snapshots 119 and 122, i.e., for the minimum (red) and maximum
(blue) photospheric radius of our AGB model. Compared to the obser-
vations (Fig. 5), the H,O bands show a weaker extension.

4.2. AGB model

For the AGB model st28gm05n057, we extracted 28 snapshots
(snapshot numbers from _117 to _145), covering ~18 — 23 yr,
i.e., 4 pulsation cycles. Example of the calculated observables
and their comparison to observations for one of the selected
snapshots are shown in Fig. 10. The comparison shows a close
agreement between the computed flux and |V|? for the continuum
region and the CO bands. The resulting atmospheric extension of
the model in the full K-band is shown in Fig. 11. The variability

® CO (2-0,3-1)

1376

=374

Angular diameter [mas]

Tigkscl @ CO(20,31)
® CO (4253

Angular diameter [mas]

0.0 0.2 04 0.6 08 10
Phase ¢y (P=384d)

Fig. 12. Upper panel: selected part of the synthetic bolometric light
curve (black line, smoothed), including the computed angular diame-
ters for 28 snapshots of our AGB model. The base value of the angular
diameter was set to be similar to that of R Car. The Rosseland radius
was converted to the angular diameter using the distance of R Car (ver-
tically shifted by —2 mas). Lower panel: phase diagram showing the
phase shifts between the synthetic light curve (black dots) and the angu-
lar diameters for different atmospheric layers.

of the model st28gm05n057 is shown in Fig. 12, and the results
are listed in Table 4.

We determined the period of the synthetic bolometric light
curve during the cycles covered by our snapshots, and we found
P = 383.5 d. This allowed us to determine phase shift with
respect to the bolometric light curve, ¢po. We note that ¢y =
dyis, as also shown in previous studies (e.g., Kravchenko et al.
2019). We then calculated a phase diagram, similar to that for
our observations of R Car, and compared the phase shifts ¢y,.
First, we compared the variability of Rgess to the bolometric
light curve, yielding a maximum diameter at ¢y, ~ 0.22, preced-
ing the minimum of the light curve. The variations of synthetic
angular diameter also follow the light curve, although, for vari-
ations of Ocone and Ori;sc;, we found even smaller phase shifts,
with maximum diameters approximately at ¢po ~ 0.07-0.08.
The phase shift between the photosphere and atomic layers
(Bcont = Ori1sc1) is smaller than for R Car, i.e., only Agpo ~ 0.01.
Nonetheless, we note that during the last two pulsation cycles,
Ocont Shows a better agreement with variations of Rross, shifting
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the maximum of 6o t0 Py ~ 0.12. The outer layers of H,O and
CO exhibit a regular behavior, allowing us to determine phase
shifts. Molecular bands of H,O are much weaker compared to
our observations, while 6,0 appear to show similar variations
as Ocony and Oy sc 1, With @ maximum at ¢pe ~ 0.2. Unlike for the
observations, molecular bands of CO also showed a clear rela-
tion to the light curve, with maximum diameters at ¢y ~ 0.3 for
variations of fcq.

Overall, for the Mira AGB model st28gm05n057, variations
of synthetic angular diameters show a clear relation to the light
curve, although the pulsation amplitudes are much smaller than
for the observations (see Tables 3 and 4). The model shows a
smaller relative atmospheric extension compared to R Car, espe-
cially at H,O bands, which show extension only up to ~1.1 R,.
The extension of the outermost CO layers of the model with
respect to the photosphere is better reproduced, showing a mean
extension of ~1.4 R,, but it ranges between ~1.3 and 1.5 R,
during pulsation cycles and shows a more regular behavior. Full
intensity maps in Fig. 9 give a more complete picture. The star
clearly shows a larger radius at the wavelengths corresponding
to CO band heads (as also shown in Fig. 11), while during each
pulsation cycle, non-spherical outflows occur.

5. Discussion
5.1. Comparison to other works

Our results are compatible with other works on the atmo-
spheric extension of AGBs and RSGs, with reported maximum
CO extensions up to ~1.5-2 R, in near-IR, obtained with
AMBER/GRAVITY, (e.g., Arroyo-Torres et al. 2015; Wittkowski
et al. 2018). Meanwhile, in mid-IR bands covered by MATISSE,
there are more extended layers of H,O, CO, and SiO, up to
~10 R, (e.g., Chiavassa et al. 2022; Gonzalez-Tora et al. 2024).
As recently shown by Gonzdlez-Tora et al. (2023, 2024) using
GRAVITY/MATISSE data, for a star of given stellar parameters,
higher mass-loss rates are correlated with larger atmospheric
contribution from molecular bands, altering the density profile
in outer layers.

Regarding the variability and phase shifts, for the Mira R Peg
in Paper I, it was found that 6.,y showed a maximum at ¢yis ~
0.57, while more extended layers showed longer phase shifts
with respect to the light curve. Meanwhile, using a longer time
coverage in this paper, for the Mira R Car, we found ¢,;; ~ 0.43
for the maximum of 0.,,.. We note that both these results are con-
sistent with published high-cadence observations over several
pulsation cycles for the Mira S Lac using PTI (Baylis-Aguirre
et al. 2024), where diameter variations revealed roughly a
plateau for the maximum 6., between ¢y ~ 0.3 and 0.6, while
they also reported a regular behavior for the spectral regions
dominated by H,O and CO. However, the spectral resolution
of PTI is much lower than that of GRAVITY, with only 5
spectral channels in K-band, i.e., a width of ~0.08 um per
channel. Therefore, their results for the CO layer are not fully
comparable, as in our work, we measured specific band heads
of CO. We also note that a sine fit may not be a precise repre-
sentation of the pulsations of radius and light curve; thus, the
determined phase shifts are approximations. In any case, for R
Car, the regular variations of the photospheric diameter do not
show large deviations from the fit. For RSGs, there are no models
that can fully reproduce the pulsation curves. However, recently,
first attempts have been made to model radial envelope pulsa-
tions of pre-SN RSGs (Suzuki & Shigeyama 2025; Bronner et al.
2025; Laplace et al. 2026; Farag et al. 2026).
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Additionally, we compared our observations to synthetic
K-band data calculated for our AGB COS5BOLD model
st28gm05n057 (see Sect. 4). For the photospheric radius (defined
as Rosseland radius of the model), we found a maximum at
¢vbol ~ 0.22, and at even earlier ¢, When using interferomet-
ric observables. We found a similar value for the AGB model
st29gm06n001, used in K20, which showed ¢po ~ 0.2—0.3,
while the RSG model st35gm04n38, used in Kravchenko et al.
(2019), showed ¢y, ~ 0.3-0.4. Additionally, in previous works
using the CODEX models (e.g., Ireland et al. 2011), maximum
photospheric diameter was also usually reached for ¢y, between
0.3 and 0.4. Therefore, all these previous modeling works sug-
gest a maximum photospheric radius preceding the minimum
brightness. In our AGB model, the outer layers of H,O and CO
exhibit a more regular behavior than the observations of R Car
and VX Sgr (see Sect. 3.4). The new generation of COSBOLD
models also show a similar irregular behavior of more extended
layers up to ~2 R, (velocity or density plots vs radius and time),
i.e., for AGB models in Freytag & Hofner (2023) and for RSG
models in Freytag et al. (2024).

We also investigated the atmospheric extension of molecu-
lar species in our AGB model. We found a good agreement with
the CO bands, as the AGB model showed comparable extension
to observations in all snapshots. However, there is a significant
discrepancy in the H,O bands, both in the flux and the visibil-
ity. The contribution from H,O bands appears much weaker in
the models compared to our observations, especially when com-
paring Figs. 5 and 11. The slope of the spectrum and visibility
below ~2.1 wm and above ~2.3 wm, where the weaker bands
of H,O should contribute, does not correspond to the observa-
tions. This difference could be due to the gray Rosseland opacity
approximation in the COSBOLD model, which may result in
a higher temperature in the upper atmosphere and thus pre-
vent the formation of some molecular species and dust (Hofner
& Freytag 2019). Indeed, Freytag & Hofner (2023) published
a few models with an extended computational box and with
wavelength-dependent opacity to properly reproduce molecular
formation and dust-driven wind. Such models would be best
suited for future comparison to observations, once the model
grid becomes more compatible with the actual observable stars.
The model grid we used in this work was constructed for pul-
sation studies and shows reasonable agreement with observed
pulsation periods and mode properties (Ahmad et al. 2023,
2025).

5.2. Extreme mass-loss event of VX Sgr

The RSG VX Sgr exhibits different pulsation properties during
its active and quiescent cycles (see Sect. 3.4). The determined
diameters showed an extreme expansion of 0,0 and Oco at the
end of the active cycle in mid-2021, the largest such expansion in
our data. This shows some similarity to the Great Dimming event
of Betelgeuse (Dupree et al. 2022; MacLeod et al. 2023), where a
similar behavior was observed for the photospheric layers using
the tomographic method (Kravchenko et al. 2021; Jadlovsky
et al. 2024), while following the event, the mode of pulsations
changed from the fundamental mode to the first overtone.

To further understand this event, we analyzed the optical
spectra from the STELLA telescope. The radial velocity was
determined using the cross-correlation function (CCF), in a sim-
ilar way as described in Jadlovsky et al. (2024). The radial
velocity and full width at half maximum (FWHM) of CCF
(approximately, this is the average width of spectral lines in
the optical spectra) are both compatible with the scenario of
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Fig. 13. Upper panel: radial velocity measurements and FWHM of
CCEF for VX Sgr from the STELLA telescope compared to V and visual
light curves from AAVSO. The data show similar behavior to that of
Betelgeuse (Kravchenko et al. 2021; Jadlovsky et al. 2024), namely,
the double-shock feature in the FWHM plot before the likely mass-loss
event. Lower panel: Ha for selected STELLA spectra showing the emer-
gence of the emission component during the 2020-2021 event.

a mass-loss event induced by a shock (see Fig. 13). Similar
to the case of Betelgeuse (Kravchenko et al. 2021; Jadlovsky
et al. 2024), two extreme shocks (as indicated by an increase in
FWHM of ~30 kms™!) preceded the major outflow event. Sur-
prisingly, within the time window from mid-2020 to mid-2021, a
very strong Balmer emission emerged (see Fig. 13). Simultane-
ously, we also discovered that in the March 2020 observations,
hydrogen Bry uniquely appeared and temporarily became very
prominent in the spectro-interferometric data, namely in the
differential phase but not in |V|? or closure phase.

This Bry hydrogen line is usually a signature of accretion,
such as in young accreting objects (e.g., GRAVITY Collab-
oration 2023, 2024), and it is also used to study massive
interacting binaries (e.g., Klement et al. 2025). It has not been
detected for single RSGs. Only recently it has been detected
for VV Cephei type RSG binary KQ Pup by Jadlovsky et al.
(2026), which is the first such detection for a RSG with VLTI-
GRAVITY. It was also detected in the spectrum of the extreme
RSG WOH G64 (Mufioz-Sanchez et al. 2026), which is likely
also a binary. In these systems, Bry traces the accreting hot
companions and/or their circumstellar disk. However, upon fur-
ther analysis of the behavior of this mysterious emission during
2020-2021, it appears that in the VX Sgr system, this may not
be the same scenario. The radial velocity of the emission peak
appears to follow the same curve as the radial velocity of VX Sgr
(see Fig. 13), which suggests this event originates in the atmo-
sphere of VX Sgr and does not trace a binary motion. We note
that Tabernero et al. (2021) also reported on occasional Balmer
emission, such as in 2018, but our data show much stronger
Balmer emissions, while Bry is not present in the VLTI data
from 2018.
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Fig. 14. Schematic overview of our results for R Car and VX Sgr show-
ing average atmospheric extension and diameter variations (arrows)
scaled by the continuum (photopsheric) radius 6., For VX Sgr, the
properties based on the active cycle are shown.

As already shown for R Car (Fig. 3), hydrogen emission
lines can appear as part of their pulsation cycle, due to the
passing of a strong shock (e.g., Fox et al. 1984; Fabas et al.
2011). This scenario seems much more likely, as we have also
detected signatures of strong shocks in the optical spectra. Thus,
we conclude that indeed, the 2020-2021 event was likely caused
by an extreme mass-loss event and not by a companion. We
note that even though VX Sgr was hypothesized to be a super-
AGB star (Tabernero et al. 2021), it is very unlikely, as based
on its high luminosity, it should rather be an extreme RSG
within the mass range of 20—-40 Mg (Arroyo-Torres et al. 2013,
2015). Indeed, we compared the published RSG pulsation mod-
els (Joyce et al. 2020) to our determined radius of VX Sgr
(Ryactive = 1556 = 110 Ry and Ry guiescent = 1456 + 108 Ro), as
well as to the ratio of likely fundamental mode (FM, ~748 d) and
first overtone (O1, ~316d) of O1/FM ~ 0.42. It is clear that only
the most massive RSG models would reproduce such properties.

6. Conclusions

In this work, we have analyzed the largest sample of time series
VLTI-GRAVITY observations up to the present time for two
cool evolved stars: the Mira-type AGB star R Car and the RSG
VX Sgr. A schematic overview of our results is shown in Fig. 14.
We studied the variability of the photosphere and atmospheric
extension spanning several pulsation cycles and analyzed its rela-
tion to brightness variability. We estimated the angular diameters
using a UD model. Our results demonstrate that the photosphere
and inner atmospheric extension of AGB and RSG stars follow
the brightness variability with a phase shift, showing maximum
diameters between ¢yis ~ 0.4 and 0.6. In other words, they are
roughly anticorrelated with the visual light curve. At outer lay-
ers (up to ~2 R,), the variability becomes increasingly irregular,
and the timescales are longer. Such behavior is compatible with
the results published based on AGB RHD 3D simulations with
COS5BOLD (e.g., Freytag & Hofner 2023; Freytag et al. 2024)
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and was also predicted by earlier 1D CODEX models based on
self-excited pulsation models (Ireland et al. 2008, 2011).

For the Mira-type AGB star R Car with regular variability,
we found that our determined angular diameters of photospheric
and near-photospheric layers are phase-shifted to the brightness
variability during each pulsation cycle. Maximum diameters
are reached the earliest for the photosphere, at ~0.43 (contin-
uum), followed by Til and Sc1 at ~0.46 and H,O at ~0.55,
corresponding to a delay of about 2-3 weeks between the neigh-
boring layers. The overall atmospheric extension reaches about
~1.3-1.7 R, at the CO layers. In addition, R Car shows Bry
emission in the flux near brightness maxima. For RSG VX Sgr,
there is a similar behavior. However, due to its irregular nature,
this RSG exhibits an extreme change to its pulsation proper-
ties during the active and quiescent cycles, with large-amplitude
FM pulsations in the former and low-amplitude O1 pulsations
in the latter. In the active cycle, the near-photospheric layers
behave similarly to those in R Car and show maximum diame-
ters between ¢yis ~ 0.57 and 0.61. However, here the phase shifts
translate to a larger time delay of about 4-5 weeks. The H,O
bands show variations similar to those of the light curve as well,
but with a large amplitude. The mean extension of CO reaches
up to ~1.5-2.0 R,.

Overall, R Car showed a mean photospheric diameter of
Ocont = 14.33+0.11 mas, which translates to an estimated phys-
ical size of the photosphere of R, = 280 + 25 Ry, with an
FM pulsation amplitude of AR ~ 35 Ry (~13% of R,). On the
other hand, during the active cycle, VX Sgr showed Ocont active =
9.29+0.10 mas, translating to Ry sciive = 1556 = 110 R, with a
pulsation amplitude of AR ~ 197 Ry (~13% of R,) and cor-
responding to pulsations in the FM. Meanwhile, during the
quiescent cycle, it showed Ocongquiescent = 8.69+0.09 mas, yield-
ing a smaller diameter, Ry quiescent = 1456 + 108 R, with a much
smaller pulsation amplitude of AR ~ 60 Ry (~4% of R,.), likely
corresponding to the Ol.

Furthermore, at the end of its active cycle during 2020-2021,
RSG VX Sgr likely showed an extreme mass-loss event pre-
ceded by two strong shocks. Following the event, the mode of
pulsations changed from ~748 d to ~316 d. This behavior is sim-
ilar to that of Betelgeuse (Kravchenko et al. 2021; Dupree et al.
2022; Jadlovsky et al. 2024), which also showed two shocks
preceding the Great Dimming. At the end of the active cycle
in mid-2021, the molecular layers of H,O and CO showed an
extreme expansion, both reaching up to about ~2.2 R,.. Uniquely,
during this event, VX Sgr showed strong Balmer emission, while
Bry was also detected in the interferometric data. The hydrogen
emission is a signature of a strong shock passing through the
photosphere.

While both R Car and VX Sgr show extended atmospheres,
which can appear observationally similar at single epochs, their
time variability is quite different. R Car shows a regular vari-
ability of the angular radii of the photosphere, near-photospheric
atomic and molecular layers, and more extended water vapor lay-
ers over several pulsation cycles. VX Sgr shows a more irregular
variability of the angular radii of these layers over a similar time
span, with an extreme event of levitation of these layers and a
change in pulsation period. This supports the episodic occur-
rence of extreme shock and levitation events as a main driver
of the mass-loss process in RSGs, as suggested by Dupree et al.
(2022); Humphreys & Jones (2022), instead of or in addition to
the regular pulsation observed in AGB stars. Furthermore, based
on the luminosity of VX Sgr and its refined maser distance by Xu
et al. (2018), we compared our results to pulsation models (e.g.,
Joyce et al. 2020), and we conclude that VX Sgr is very likely
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an extremely massive RSG as opposed to a super-AGB star, as
proposed in previous studies (e.g., Tabernero et al. 2021).

We also compared our time series of R Car to COSBOLD
simulations of AGB stars (Freytag et al. 2012), namely AGB
model st28gm05n057 (Ahmad et al. 2025). We calculated the
K-band intensity during several pulsation cycles. We found
a qualitative agreement for the variability of the atmospheric
extension, with the continuum and TiI and Sc1 showing pul-
sations related to the light curve, although showing maximum
angular diameters significantly preceding the minimum bright-
ness. The AGB model is less extended than our observed stars,
especially at the molecular bands of H,O, while CO shows a
reasonable agreement. Overall, the simulation shows pulsations
as well as several non-spherical outflows, which are different
in each pulsation cycle. The discrepancy in molecular bands of
H,O may be due to the gray Rosseland opacity approximation
in the models (Hofner & Freytag 2019). This shows the neces-
sity of properly accounting for wavelength-dependent opacity,
as already done by Freytag & Hofner (2023), to achieve better
agreement with the observations. A radiative pressure on molec-
ular lines could also play a major role (e.g., Josselin & Plez
2007).

Opverall, we have demonstrated that new 3D models show a
better agreement with the atmospheric extension than in previous
studies (e.g., Arroyo-Torres et al. 2015) and that it is possible
to reproduce similar pulsation properties over several pulsation
cycles. Future studies will compare the atmospheric extension of
new AGB and RSG models in CO5BOLD, and other new 3D
grids are also being developed, such as AREPO-RSG (Ma et al.
2025).

Data availability

Movie associated to available at

https://www.aanda.org.
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Appendix A: Observing logs

Table A.1. Observations VX Sgr taken with VLTI-GRAVITY at the small VLTI-AT configuration.

Date Time [UT] Science exposure [s] Seeing [’] Coherence time [ms] Calibrators Epoch
2018-04-09 07:37:30 10.0 0.39 8.88 24 Sgr, 28 Sgr 1
2019-03-26  08:38:02 10.0 0.89 5.79 24 Sgr, HD 176124 2
2019-03-27 08:53:22 10.0 1.38 2.32 24 Sgr, HD 176124 2
2019-06-01 06:23:50 5.0 1.06 2.21 14 Sgr 3
2019-06-01 08:07:00 5.0 1.31 2.53 14 Sgr 3
2019-06-01 08:56:57 5.0 1.44 3.11 14 Sgr 3
2019-06-04  02:36:50 5.0 0.94 5.58 14 Sgr 3
2019-07-31 00:24:19 5.0 0.97 3.03 14 Sgr 4
2019-07-31 03:45:03 5.0 1.35 2.91 14 Sgr 4
2019-07-31 22:58:04 5.0 0.98 2.62 14 Sgr 4
2019-08-01 02:18:55 5.0 1.32 1.90 14 Sgr 4
2019-08-01 02:35:28 5.0 1.40 1.93 14 Sgr 4
2019-08-02  03:32:50 5.0 1.78 1.56 14 Sgr 4
2019-08-03 23:41:41 5.0 0.63 5.63 14 Sgr 4
2019-09-04  02:35:58 5.0 0.54 3.84 14 Sgr 5
2020-03-20  07:48:18 5.0 0.98 5.44 14 Sgr 6
2020-03-20  08:10:54 5.0 0.84 6.80 14 Sgr 6
2021-08-30  02:24:52 0.3 1.29 1.68 14 Sgr 7
2021-08-31 01:35:48 0.3 0.84 2.84 14 Sgr 7
2021-08-31 23:47:58 3.0 0.76 4.42 24 Sgr, HD 176124 7
2022-04-30  09:02:21 3.0 0.56 6.02 24 Sgr, HD 176124 8
2022-06-24  06:26:41 3.0 0.90 2.10 24 Sgr, HD 176124 9
2022-08-21 03:02:24 3.0 0.79 4.03 24 Sgr, HD 176124 10
2022-08-21 03:14:43 3.0 0.9 3.26 24 Sgr, HD 176124 10
2022-09-23  00:44:09 3.0 1.04 2.86 24 Sgr, HD 176124 11
2022-10-14  00:24:04 3.0 1.04 6.24 24 Sgr, HD 176124 12
2022-10-14  00:45:02 3.0 0.68 5.47 24 Sgr, HD 176124 12
2023-03-27 07:58:35 3.0 0.44 6.48 24 Sgr, HD 176124 13
2023-05-13  04:36:34 3.0 1.20 4.36 24 Sgr, HD 176124 14
2023-06-08 07:01:38 3.0 0.38 11.10 24 Sgr, HD 176124 15
2023-07-12 05:11:47 3.0 1.04 1.92 24 Sgr, HD 176124 16
2023-08-10  03:41:39 3.0 1.27 1.52 24 Sgr, HD 176124 17
2023-09-22 01:41:55 3.0 1.38 2.28 24 Sgr, HD 176124 18
2025-04-05  06:59:49 3.0 0.52 7.61 24 Sgr, HD 152636 19
2025-05-19  09:02:23 3.0 0.65 6.01 24 Sgr, HD 152636 20
2025-06-24  06:02:35 3.0 0.70 2.99 24 Sgr, HD 152636 21
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Table A.2. Same as Table A.1 but for R Car.

Date Time [UT] Science exposure [s] Seeing [’] Coherence time [ms]  Calibrators  Epoch
2018-01-27 05:19:03 3.0 0.70 5.34 t Car 1
2018-01-27 06:15:11 3.0 0.81 5.22 t Car 1
2018-01-27 07:08:47 3.0 0.73 5.92 t Car 1
2018-01-27 08:13:16 3.0 0.50 6.25 t Car 1
2018-02-22 05:29:51 3.0 0.47 12.54 t Car 2
2018-02-25 05:27:26 3.0 0.33 13.34 t Car 2
2018-03-10  05:05:22 3.0 0.45 7.07 t Car 2
2018-03-12  00:44:15 3.0 0.79 4.90 t Car 2
2020-12-27  06:12:44 3.0 1.27 2.61 B Vol, t> Car 3
2021-02-21 06:15:38 3.0 0.54 9.12 B Vol, t> Car 4
2021-03-14 03:16:43 3.0 0.64 7.21 B Vol, t? Car 5
2021-05-20  23:25:02 3.0 0.92 2.67 S Vol, t* Car 6
2022-02-03  06:58:03 3.0 0.68 8.31 t> Car 7
2022-04-28  01:28:19 3.0 0.71 3.24 B Vol, t> Car 8
2022-11-20  07:15:40 3.0 0.61 4.99 B Vol, t> Car 9
2023-01-14  05:31:04 3.0 1.17 3.43 B Vol, t? Car 10
2023-02-25  01:06:22 3.0 0.78 4.02 S Vol, t? Car 11
2023-05-13  00:20:31 3.0 0.55 8.22 B Vol, t> Car 12

Table A.3. Properties of the calibrators used for VLTI-GRAVITY observations of R Car and VX Sgr.
Calibrator ~ Spectral Type LDD [mas] UDK [mas] T.s[K] logg (cgs)
14 Sgr K2IIT 2.28 +0.23 2.23 3900 1.5
24 Sgr K3III 3.52+0.36 3.44 4000 0.5
28 Sgr KS5IIT 2.81+ 0.25 2.74 3900 1.5
B Vol K2III 2.95+ 0.30 2.88 4750 3
t Car AT7Ib 1.87 £ 0.19 1.84 8000 2.0
t> Car K4/5(11I) 3.67 = 0.40 3.58 3900 1.5
HD 176124 M3III 425 +0.44 4.21 3300 2.0
HD 152636 KS5IIT 2.39 +0.23 2.33 3800 2.0

Notes. Listed are the limb-darkened disk (LDD) and K-band diameters (UDK) from Bourges et al. (2017). We also list properties of MARCS

models (Gustafsson et al. 2008) used for flux calibration, with 7.4 and log g estimated from spectral type.
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Appendix B: Full VLTI dataset of R Car
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Fig. B.1. Full spectro-interferometric dataset for R Car. Namely flux (calibrated using the spectral transfer function), squared visibility, and closure
phase. Data from the fringe tracker are also shown as black crosses.
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Appendix C: Full VLTI dataset of VX Sgr
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Fig. C.1. Same as Fig. B.1 but for VX Sgr.
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