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ABSTRACT

Context. Asymptotic giant branch (AGB) stars enrich the interstellar medium through their mass loss. The mechanism(s) shaping the
circumstellar environment of mass-losing stars is not clearly understood so far.
Aims. Our purpose is to study the effect of binary companions located within the first 10 stellar radii from the primary AGB star. In
this work, we target the mass-losing carbon star V Hydrae (V Hya) and search for signatures of its companion in the dust-forming
region of the atmosphere.
Methods. The star was observed in the L and N bands with the VLTI/MATISSE instrument at low spectral resolution. We recon-
structed images of the photosphere and surroundings of V Hya using the two bands and compared our interferometric observables with
VLTI/MIDI and VISIR archival data. To constrain the dust properties, we used the 1D radiative transfer code DUSTY to model the
spectral energy distribution.
Results. The star is dominated by dust emission in the L- and N-bands. The MATISSE reconstructed images show asymmetric and
elongated structures in both infrared bands. In the L band, we detected an elongated shape of approximately 15 mas that likely is of
photospheric origin. In the N band, we found a 20 mas extension northeast from the star and perpendicular to the L-band elongated
axis. The position angle and the size of the N-band extension match the prediction of the companion position at the MATISSE epoch.
By comparing MATISSE N-band with MIDI data, we deduce that the elongation axis in the N-band has rotated since the previous
interferometric measurements 13 yr ago, supporting the idea that the particle enhancement is related to the dusty clump moving along
with the companion. The VISIR image confirms the presence of a large-scale dusty circumstellar envelope surrounding V Hya.
Conclusions. The MATISSE images unveil the presence of a dust enhancement at the position of the companion. This opens new
doors for further analyses of the binary interaction with an AGB component.
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1. Introduction

During the Asymptotic giant branch (AGB) phase, low- to
intermediate-mass stars eject most of their mass through stellar
winds (Ṁ > 10−8 M⊙ yr−1; Höfner & Olofsson 2018), contribut-
ing to the dust and chemical enrichment of the Galaxy. When
they begin their transition from the AGB to the pre-planetary
nebula (pPN) or post-AGB phase, a variety of complex geome-
tries arises. The emergence of asymmetric outflows in these final
stages of stellar evolution (multipolar jets, spirals, or discs) is
thought to be driven by the interaction of the AGB environment
with a binary companion (Jones & Boffin 2017; Decin et al.
2020). However, there are two main limitations in trying to detect
binary companions of evolved stars: on one hand, the primary
is close and much brighter (a few hundred to a thousand times)
than the secondary, limiting direct-imaging detection of the com-
panion. On the other hand, the AGB star often exhibits strong
variability related to pulsation, making indirect detection of the
⋆ Based on observations made at the Paranal Observatory under ESO

Programmes ID 108.22E9, 096.D-0568, and 079.D-0140(A).
⋆⋆ Research fellow, NRS, Belgium.

companion through radial-velocity difficult as well. Only a few
AGB binaries have been detected so far, and very few of them
have been studied in depth (e.g. Ramstedt et al. 2014; Kervella
et al. 2016; Doan et al. 2020). Direct observations of these sys-
tems are nevertheless needed to improve our understanding of
the mechanism with which the stellar wind shapes the geome-
tries. The BIN-AGB ESO Large Program (nickname for BINary
AGBs, PI Paladini, prog ID: 108.22E9) aims at imaging the first
10 stellar radii of ten different AGB stars with different chem-
istry and variability classes. Many of the targets, including the
target presented here, are suspected binaries, and the main aim
is to observe how the presence of a companion affects the onset
and morphology of the stellar wind.

V Hydrae (V Hya) is a carbon star that exhibits peculiar prop-
erties for an AGB star: a high mass-loss rate (10−5 M⊙ yr−1,
Knapp et al. 1997), a mean spectral broadening of 13.5 km s−1

with a periodic variation of 9 km s−1 (Barnbaum et al. 1995),
and a dense equatorial disc combined with a bipolar outflow
mapped by the radio emission of CO J = 2–1 and J = 3–2 (from
a 15′′ spatial mesh). The latter suggests that the star may be at
the transition from the AGB phase to a planetary nebula, and its
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environment is shaped by a companion (Tsuji et al. 1988; Kahane
et al. 1996; Hirano et al. 2004). The distance estimates to V Hya
range from 340 pc to 550 pc (Barnbaum et al. 1995; Bergeat et al.
1998) and the measured parallax of 2.31± 0.11 mas corresponds
to a distance of 434 ± 21 pc (Gaia Collaboration 2021), which is
adopted in the current paper1.

Photometric monitoring in the visual band shows a nearly
sinusoidal variation with a period of 530 ± 30 days, typical
of Mira-type stars, as well as a periodic dimming event every
17 ± 1 yr. Knapp et al. (1999) interpreted the dimming event
as caused by a thick cloud that orbits the star and is connected
to the binary companion. Hints of the presence of a compan-
ion were also revealed by the detection of forbidden emission
lines in the blue part of the optical spectrum (Lloyd Evans 1991)
and by an excess of UV flux that Sahai et al. (2008) explained
as arising from a hot accretion disc surrounding the companion.
An accretion disc resulting from mass transfer in a binary sys-
tem was also suggested as the origin of the varying high-velocity
(up to 120 km s−1) jet seen in the 4.6 µm CO vibration-rotation
band (Sahai & Wannier 1988; Sahai et al. 2009) and in optical
atomic lines (Lloyd Evans 1991; Planquart et al. 2024). From
a long-term radial velocity monitoring combined with proper
motion acceleration, Planquart et al. (2024) proposed an orbital
solution with an orbital period of 17.5 yr, a low eccentricity,
and an inclination angle of 40◦ between the orbital plane and
the plane of sky, leading to a separation of about 11 au. Given
the orbital model, the periodic dimming event coincides with
the superior conjunction and is explained by a dusty clump that
moves with the companion, whereas the blueshifted absorption
lines are explained by the presence of a conical high-velocity jet
launched at the position of the companion.

Previous imaging studies already demonstrated the complex
circumstellar environment around the star at different scales,
however, none of them directly identified the companion. Start-
ing from the large spatial scales at the interface with the inter-
stellar medium, ALMA images at an angular resolution of 0.5′′
(220 au adopting a distance of 434 pc) by Sahai et al. (2022)
revealed concentric rings and bipolar arcs surrounding the star
in the sub-millimeter range. HST images taken at six different
epochs showed that the system undergoes periodic ejections of
so-called bullets in the form of high-velocity collimated material
seen in the emission line of [S II] (Sahai et al. 2016).

With the Gemini Planet Imager instrument (GPI), Sahai et al.
(2019) imaged the polarized (scattered) light of an extended cen-
tral dusty disc (radius ∼0.5′′) in the near-infrared (Y band). The
dusty environment was imaged in the thermal infrared (N band)
with the mid-infrared TIMMI camera by Lagadec et al. (2005),
revealing a hot spot offset from the star, 0.9′′ in the north-
east direction. Additionally, interferometric observations with
higher angular resolution in the same infrared band were also
performed. Townes et al. (2011), using short-baseline (4 m
to 35 m) configurations, detected a central source dominated
by an extended environment with a radius of about 280 mas.
Zhao-Geisler et al. 2012, using baselines ranging up to 70 m,
confirmed the extended background and reported the complexity
of the data at larger baselines.

1 Andriantsaralaza et al. (2022) reported that the uncertainties on Gaia
distances for red stars are underestimated by up to a factor of 5. Hence,
caution should be exercised when converting parallaxes into distances
by a simple inversion because the parallax resulting from this inversion
becomes largely biased when the parallax fractional error is larger than
0.2 (Bailer-Jones 2015).

In this paper, we report the first polychromatic images of the
star V Hya and its close environment (between 1 and 10 stel-
lar radii) obtained from interferometric observations in the L
and N bands. The paper is structured as follows: in Sect. 2, we
summarize the observational setup and the data-reduction proce-
dure. In Sects. 3 and 4, we describe the visibility fitting and the
image reconstruction strategy, respectively. In Sect. 5, we fit the
spectral energy distribution of V Hya to derive the dust proper-
ties of the circumstellar environment. In Sect. 6, we present our
main results, including the images of V Hya and its complex cir-
cumstellar environment. In Sect. 7, we discuss the origin of the
geometry of the circumstellar environment and the asymmetric
structures within it. In Sect. 8, we provide concluding remarks.

2. Observations and data reduction

2.1. MATISSE data

The main dataset presented in this paper was obtained using
the Multi Aperture Mid-Infrared SpectroScopic Experiment
(MATISSE) instrument (Lopez et al. 2022). MATISSE works
simultaneously in three infrared bands: L (3.0 to 4.0 µm),
M (4.5 to 5.0 µm), and N (8 to 13 µm). It combines the beams
of four telescopes of the Very Large Telescope (VLT; at Cerro
Paranal, Chile). These telescopes are either Unit Telescopes (UT;
8 m aperture) or the Auxiliary Telescopes (AT; 1.8 m aperture).
The AT telescopes can be moved on the VLT platform. They
span baselines from about 12 up to 140 m2. These configurations
allow us to cover different regions in the (u, v)-plane, reaching an
unprecedented angular resolution in the L (λ/2Bmax = 2.2 mas,
at λ = 3 µm and Bmax = 140 m), and in the N band (up to 7 mas
at λ = 10 µm).

The target V Hya was observed during the first semester of
2022 as part of the Large Program 108.22E9. The complete jour-
nal of observations can be found in Table A.1. The goal of the
program is to image the overall geometry of the various targets,
hence the L- and N-band low spectral resolution (R = 30) setup
was chosen. The L-band data of V Hya were obtained using
the slow-detector reading speed and a detector-integration time
(DIT) of 0.075 s with central wavelength 3.5 µm. At the time
of the observations, this detector setup was the only one opti-
mised to cover entirely the C2H2+HCN absorption features in
the spectrum of C-rich AGB stars (Jørgensen et al. 2000). How-
ever, it was limited to the wavelength range 2.85–4.20 µm and
did not allow us to observe at the M band. The data analysis pre-
sented here starts at 3 µm because data at shorter wavelengths
are too noisy. The N band data were taken with the only detec-
tor mode available for the low spectral resolution setup (high
gain and DIT= 0.020 s), allowing us to cover the full N-band
wavelength range.

The time interval between the first and last observation night
was 93 days, corresponding to a phase span of 0.17 (over the
530-day pulsation period; Knapp et al. 1999). As we demon-
strate below, based on the integration of the radial velocity
curve to derive diameter variations, this variation remains below
the resolution of MATISSE as long as the time span does not
exceed one-fifth of the period. As a consequence, the effect of
the pulsation is ignored in the data analysis, and all the data
are merged together. The peak-to-peak radial velocity amplitude
measured in the optical is about 10.7 km s−1 over the pulsa-
tion cycle (Barnbaum et al. 1995). Assuming the radial pulsation

2 Since 2023, the 200 m baseline configuration is offered to the
community.
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follows a sinusoidal evolution, this velocity amplitude would cor-
respond to a variation in stellar radius of about 0.5 au over the
entire cycle (Planquart et al. 2024). The radius evolution during
the MATISSE observing span would correspond to ±0.3 mas
(taking a distance of 340 pc as a lower boundary), which is
well below the angular resolution of the MATISSE observa-
tions. Additionally, estimates of the radius variation for AGB
stars in the thermal infrared through interferometric measure-
ments were performed by Zhao-Geisler et al. (2011) for the
SRa/Mira star W Hya. Zhao-Geisler et al. (2011) concluded that
the diameter variation (5.4±1.8 mas) between visual minimum
and maximum depends weakly on pulsation. Translating this into
the distance of V Hya (the distance of W Hya is estimated to
be about 98+30

−18 pc; Vlemmings et al. 2003), an overall diameter
variation of 1.8±0.6 mas would be expected, in accordance with
the estimates obtained from the variation in the radial velocity
observations.

Each observing block of the science target was preceded
and/or followed by the observation of a calibrator star. Table A.2
lists the calibrators, the spectral type, their L- and N-band
diameters, and their corresponding fluxes. The raw data were
processed using the Python tools mat_tools3 provided by
the MATISSE consortium. The Python interface encompasses
the standard ESOREX (version 3.13.5) data-reduction tool for
ESO/MATISSE. The data reduction was performed following
the standard steps described in Drevon et al. (2022a). Due to
the different geometrical setups for the N- and L-band detectors,
the phase convention of the N band was flipped with respect to
that of the L band. As of version 1.5.2 of the DRS, this results
in a sign inversion for the N-band closure phase, and hence, in
a 180° rotation in the final reconstructed images (see Sect. 4.8
in Gámez Rosas et al. 2022). The images presented in this paper
have been rotated accordingly to project them correctly onto the
sky plane.

Figure B.1 shows the squared visibilities and closure phases
as a function of the spatial frequencies. The plot of the squared
visibility shows a lack of data points above the 0.3 level in both
bands, which is due to the presence of an extended thermal emis-
sion background that is over-resolved by the instrument. The
closure phase plot exhibits a non-zero signal, revealing that the
source is not centro-symmetric.

2.2. VISIR data

For a complementary view of V Hya in the N band, we also
used archival data from the VLT mid-infrared spectro-imager
VISIR (Lagage et al. 2004). V Hya and the point spread func-
tion calibrator (hereafter PSF) HD 93813 were observed on 30
January 2016 (Program: 096.D-0568) in coronographic imaging
mode (λ0 = 11.3 µm, ∆λ= 0.5 µm, filter name = 11_3_4QP).

The annular groove phase mask coronagraph optimized for
working in the N band was used (Delacroix et al. 2012). The
total point source rejection of this type of vortex coronagraph
is typically about 50. The observational procedure was iden-
tical to standard imaging, that is, chopping and nodding in
parallel mode to suppress the large thermal background. After
the chopping/nodding correction, the resulting images were
background-noise limited. A total integration time of 600 s was
dedicated to V Hya, half of which was spent with the object
under the coronagraph (the rest of the time, the object was out of
the coronagraph center due to the chopping/nodding sequence).
After a standard data reduction using a custom-made pipeline

3 Freely available at https://gitlab.oca.eu/MATISSE/tools

Fig. 1. (u, v)-plane coverage of MATISSE (red dots) and MIDI obser-
vation (open blue circles). U and V represent the coordinates of the
sky-projected baseline vectors (expressed in meters).

(Pantin 2010), the high-level datacubes were analysed and sorted
out. The worst frames (based on centring under the coronagraph
and point source leaks) were rejected using an automatic selec-
tion algorithm. Several levels of rejection yield (30%, 60%, and
90%) were tested, and the resulting images can be found in
Appendix F. A visual inspection of the results after frame selec-
tion showed very similar structures, and the rejection yield with
the best signal-to-noise ratio (90%) was retained so that the final
image was obtained by disregarding the 10% worst frames of the
datacube. This image was then corrected for PSF residuals using
observations of the standard star HD93813, which is assumed to
be a point source. The final data were then flux calibrated using
the standard star (from the infrared calibrators list of Cohen et al.
2003), where HD 93813 was assumed to have a flux density of
27.83 Jy in the filter used.

2.3. MIDI data

V Hya has been observed over the years by various instruments.
Zhao-Geisler et al. (2012) presented VLTI/MIDI (Leinert et al.
2003) data that are quite relevant for the current study. MIDI,
the predecessor of MATISSE, was a two-telescope beam com-
biner observing in the N band with similar spectral setups as
MATISSE. The MIDI data from Zhao-Geisler et al. (2012) are
in low spectral resolution (R = 30), and they were taken with
various baselines and orientations as shown in Fig. 1. The obser-
vations were carried out between the end of 2007 and 2009,
about 13 yr before the MATISSE observations. In Fig. 2, the
epochs of the observations are superimposed on the visual light
curve of V Hya from the American Association of Variable Star
Observers (AAVSO, Kloppenborg 2023). These data are used in
the following sections to help in the scientific interpretation of
the MATISSE data.

As shown in Fig. 2, the observations taken by the three
instruments sample different epochs. The respective 530 days
pulsation and 17 yr obscuration phases (φpuls, φobs) are
(0.00−0.57, 0.32−0.34) for MIDI, (0.91, 0.73) for VISIR, and
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Fig. 2. AAVSO light curve of V Hya in the visual band (black points).
The blue rectangle corresponds to the MIDI epoch of observation,
the green line to the VISIR epoch, and the filled red rectangle to the
MATISSE epoch.

Table 1. Dusty circumstellar envelope parameters for V Hya obtained
with DUSTY.

Parameter Value

Chemical composition 90 ± 5% AmC
10 ± 5% SiC

Grain distribution n(a) ∝ a−3.5

Shell relative thickness, Y 10 000
Inner radius, Rin (au) 20 ± 2
Inner boundary temperature, Tin (K) 1050 ± 90

(0.10–0.27, 0.08–0.1) for MATISSE. The zero-phase of each
cycle was taken as the closest light-maximum.

3. Parametric modelling of the visibility

As a first step, the interferometric data were interpreted using
a parametric-model approach. As the visibility curve is com-
plex, a simple geometrical model (i.e. Gaussian, uniform disc)
cannot fit the data completely, but it provides a first character-
isation of the general geometry of the object. The GEometrical
Model Fitting for INterferometric Data (GEM-FIND; Klotz et al.
2012) software fits the visibility data with composite geometrical
models using a Levenberg-Marquardt minimisation method (see
Markwardt 2009). Five models with one or two components were
tested in this work: (1) an elliptical Gaussian, (2) an elliptical
uniform disc, (3) a detached shell model composed of a uniform
disc and a ring, (4) a binary model composed of two uniform
discs, and (5) a combination of an elliptical Gaussian and a uni-
form disc of a given radius. GEM-FIND is designed for N-band
analysis and was applied to both MIDI and MATISSE data. This
tool was preferred over other available geometric-model tools
because it was specifically designed to read text files such as the
old MIDI pipeline output4. The results, summarised in Table 2,
are discussed in Sect. 6.1.

The second tool we used for the parametric interpreta-
tion is called Reconstructing Hankel rAdial Profiles in centro-
Symmetric Objects with Discrete rings for astrophYsics (RHAP-
SODY; Drevon et al. 2022b). It reconstructs the visibility with

4 The MIDI pipeline also delivered a first version of OIFITS, but they
are not available for the V Hya data.

Table 2. Results of the visibility fitting for the best GEM-FIND model
and RHAPSODY-reconstructed intensity profile.

GEM-FIND MIDI MATISSE
λ (µm) 11.35 11.35
PA (◦) 160 ± 10 71 ± 20
Axis ratio 0.7 ± 0.1 0.8± 0.2
Brightness ratio 4.9 ± 0.1 5.5 ± 0.3
FWHM (mas) 21.3± 0.2 16.4 ± 0.5
χ2 29 3.68

RHAPSODY MATISSE MATISSE

λ (µm) 3.66 11.35
PA (◦) 150 65
Axis ratio 0.5 0.7
Hyperparameter 104 5 × 104

χ2 2.18 2.74

Notes. PA is the position angle, counted from North to East. The
brightness ratio is between the uniform disc and the Gaussian.

a set of concentric discrete uniform rings using a reduced chi-
squared and Bayesian minimisation method. The relative weight
of the constraints from the measurements and those set by the
prior is controlled by the so-called hyperparameter.Additionally,
the method uses two angles of rotation (inclination and posi-
tion angle) to add an angular dependence to the visibility profile,
transforming the circular rings into elliptical ones.

The MATISSE closure phase is non-zero and non-π, imply-
ing strong asymmetries in the brightness distribution that can-
not be modelled by fitting the visibility curve alone. The
non-centrosymmetric signature can be retrieved with image-
reconstruction methods that are able to simultaneously fit the
visibility and the closure phase signal.

4. Image-reconstruction procedure

The (u, v)-plane coverage obtained from our observations (see
Fig. 1) is dense and spatially well distributed, making the
MATISSE interferometric observables suitable for the use of
image-reconstruction techniques. The images were reconstructed
using SQUEEZE (Baron et al. 2010), based on simulated anneal-
ing as minimisation engine. The images were obtained by the
following procedure: 50 chains were initialised on a differ-
ent random image and were run for 6000 iterations, using the
transpectral regularizer. The final image was the mean image
over the 50 chains. Images at one standard deviation from the
mean display the same overall features (see Fig. C.1). The
image size was set to 128 × 128 pixels, and the resolution was
set to 1 mas for the L-band and 2 mas for the N-band. Four
wavelength intervals, probing different molecular- and/or dust-
forming regions have been selected to produce images (see
Fig. 3): 3.15−3.20 µm (in C2H2+ HCN absorption band), 3.60–
3.65 µm (in the L-band pseudo-continuum), 10.50–10.55 µm
(in the N−band pseudo-continuum), and 11.45–11.50 µm (near
the SiC emission peak). Images reconstructed in a narrow wave-
length range (∆λ = 0.05 µm) are needed to detect a wavelength-
dependent structural change in the source morphology. On the
other hand, images reconstructed in a larger spectral band (here
∆λ = 1 µm) allow us to constrain with an increased preci-
sion geometrical features as more interferometric observables
are fitted simultaneously. For the N band, we also reconstructed
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Fig. 3. Spectral energy distribution of V Hya. The red dots represent the
photometric data from Table E.1. The blue shades from left to right are,
the MATISSE (L and N bands) and the HERSCHEL-PACS spectrum.
The green line is the (unreddened) COMARCS stellar spectrum. The
dotted line represents the reddened spectrum. The dashed line is the
contribution of the dust emission and the thick black line represents the
resulting DUSTY model. The inset zooms onto the MATISSE spectra.
The vertical orange bars mark the wavelength region selected for image
reconstruction.

images for the interval 10.50−11.50 µm, by simultaneously fit-
ting 2016 square-visibility points and 1343 closure phase points,
for a final χ2

r of 1.86.
To assess the reliability of the images obtained with

SQUEEZE, two additional reconstruction packages were used:
MIRA by Thiébaut (2008) and IRBis by Hofmann et al. (2014).
The detailed procedure is described in Appendix C. The final
images obtained with the three methods are displayed in Fig. C.3,
where they are convolved with a theoretical point spread function
using a Gaussian with a full width at half maximum (FWHM)
equal to the interferometer resolution λ/2Bmax. The images are
found to be similar, revealing the convergence of the recon-
struction process. As a last validation step, we performed a
reconstruction with SQUEEZE on a simulated dataset to quan-
tify the impact of the limited (u, v)-coverage on the image quality.
The simulation step allowed us to obtain an estimate of the
feature arising from reconstruction artefacts. The results of the
simulations are detailed in Appendix D.

5. Modelling the spectral energy distribution

In this section we perform a qualitative study of the spectral
energy distribution (SED) of V Hya using a composite model,
following the approach of Sacuto et al. (2011).

This analysis was performed in the first place to later inter-
pret the MATISSE photometric and interferometric data and
compare the model prediction with the infrared images. As the
star undergoes a photometric variability (see Sect. 1), deriving
precise stellar parameters from the fitting process of the opti-
cal region is not possible with the available photometry. We
therefore first selected a carbon star hydrostatic model compati-
ble with the properties of V Hya from literature. This synthetic
spectrum was used as input radiation in the 1D radiative-transfer
DUSTY code to model the effect of a dusty environment on the
spectral energy distribution (Ivezic & Elitzur 1997).

5.1. Photometric data

The calibrated MATISSE spectra are shown in the spectral
energy distribution (Fig. 3) together with the HERSCHEL-
PACS5 spectrum and photometric data (listed in Table E.1) To
correct the photometric data for the interstellar reddening, the
visual extinction equation is estimated using the tri-dimensional
maps of the interstellar matter (Lallement et al. 2019) and the
extinction curves of Gordon et al. (2009) were adopted. The
extinction value in the visual is 0.09, and the impact of the
interstellar extinction is negligible in the infrared.

5.2. Hydrostatic model

To reproduce the stellar contribution to the total flux, we used
the synthetic COMARCS6 spectra (Aringer et al. 2009). The
COMARCS spectra are computed from 1D hydrostatic models
and take the absorption by atomic and molecular species from
the Copenhagen Opacities for Model Atmospheres (COMA)
opacity tables into account. Further information about the
COMA code and COMARCS spectra can be found in Aringer
et al. (2009) and Lederer & Aringer (2009). From the available
COMARCS spectra, we selected an input spectrum compati-
ble with the V Hya inferred properties: temperature of 2700 K
(Knapp et al. 1997), a C/O ratio of 1.05 (Lambert et al. 1986) and
a mass of 1 M⊙ (Kahane et al. 1996). The other fixed parameters
of the COMARCS model were a surface gravity log g of –0.4 and
solar metallicity. The final C/O ratio is 1.4 (see Sect. 5.3), which
is well above the value 1.05 obtained by Lambert et al. (1986).

5.3. Dust contribution

To account for the dust contribution of the circumstellar envi-
ronment, the 1D radiative transfer code DUSTY7 (Ivezic &
Elitzur 1997) was used. This 1D approach constitutes a simplistic
approximation, but is justified by the fact that the MATISSE and
VISIR images we present (see Fig. 7 in Sect. 6.4) show no strong
asymmetric signatures, which are instead observed at different
wavelengths (see Sect. 1). The main purpose of the DUSTY
modelling was to provide a first approximation of the dust param-
eters and composition and to calibrate the flux of the images. A
multi-dimensional modelling of the system is beyond the scope
of this paper.

DUSTY solves the radiative transfer problem in a circumstel-
lar environment assuming spherical symmetry. For AGB stars,
the density distribution is assumed to be driven by the pressure
on dust grains, which produces winds, known as radiatively-
driven winds (Höfner & Olofsson 2018). The dust grain-size

5 http://archives.esac.esa.int/hsa/whsa/
6 http://stev.oapd.inaf.it/synphot/Cstars/
7 http://faculty.washington.edu/ivezic/dusty_web/
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Fig. 4. MATISSE images of V Hya reconstructed with SQUEEZE at four different spectral ranges across the L and N bands. The green circle
represents the expected star diameter of 14.5 mas as measured in the K band (Millan-Gabet et al. 2003). The white contour is drawn at 3σ (as
described in Appendix C). The white ellipse in the bottom right corner represents the mean synthesised primary beam.

distribution was assumed to follow the standard MRN power
law (Mathis et al. 1977) for the grain radius, a, ranging from
0.005 µm to 0.25 µm. The dust shell density is assumed to vary
as ρ(r) ∝ r−2. For carbon stars, the grain mixture is expected to
be mainly composed of amorphous carbon, AmC (Rouleau &
Martin 1991), with a small contribution of silicon carbide, SiC
(Pegourie 1988).

To derive the uncertainty of the input parameters AmC/SiC
ratio, inner radius, and shell thickness, we assessed their impact
on the SED. The adopted AmC/SiC ratio is 90/10, and a varia-
tion by ±5% of the SiC fraction does not allow us to reproduce
the shape of the 11.3 µm SiC feature. The inner radius of the
circumstellar envelope (CSE) is upper bounded by the loca-
tion of the dust grain temperature of T = 1300 K, as found for
IRC +10216 (Danchi et al. 1994). To correctly fit the L- and
N-band fluxes simultaneously, an inner boundary located at
20 au is required, corresponding to an inner boundary tempera-
ture of 1050 K. Temperatures above 1200 K would lead to a lack
of flux in the MATISSE bands, while temperatures below 950 K
imply a flux excess in the N-band compared to the L-band. The
value adopted for the temperature at the inner CSE boundary
(thus fixing correspondingly the value of the inner radius) was
taken in between the two threshold values mentioned above.

The geometrical thickness of the CSE was arbitrarily set to
10 000 inner radii of the dust shell. Values ranging from 100
to 105 have no significant impact on the SED for wavelengths
below 100 µm (Sargent et al. 2010). Finally, the C/O ratio of the
COMARCS model was fine-tuned to reproduce the absorption
feature around 3.15 µm. The values are summarized in Table 1.

The composite COMARCS+DUSTY model is displayed in
Fig. 3, together with the photometric data. The bolometric flux
obtained is 3×10−9 W m−2, corresponding to a stellar luminosity
of L = 18 000 L⊙ for the adopted distance of 434 pc.

Longward of 1.7 µm, the dust emission becomes the main
contributor to the overall flux and dominates in the thermal
infrared range (L and N bands).

6. Mid-infrared results

In this section, we first present the results of the parametric mod-
elling of the visibility curves for the MATISSE and the MIDI
data. Then we present the reconstructed images obtained for the
MATISSE data. The latter are then used to assess the temporal
variability in the visibility data between the two epochs. Finally,
the MATISSE N-band image is flux calibrated and compared
with the VISIR coronagraphic image to obtain the large-scale
information of the CSE.

6.1. Visibility fitting

The results of the parametric modelling for MATISSE and MIDI
are summarised in Table 2.

The best GEM-FIND model for both MATISSE and MIDI
is composed of an over-resolved uniform disc (with a diame-
ter fixed to 500 mas to mimic a background component) and an
elliptical Gaussian. The extended uniform disc contributes 80%
of the total flux. These values are consistent with the low visibil-
ity observed at small baselines (Fig. B.1), revealing an extended
object that is fully resolved by the instrument. This ratio is
similar to that previously found by Zhao-Geisler et al. (2012)
using circular models (a uniform disc and a Gaussian) to fit the
MIDI data: a central source of radius 19.3 ±3.5 mas that con-
tributes 23% of the total flux. The FWHM of the central elliptical
Gaussian, its brightness ratio, and its axis ratio, listed in Table 2,
reveal similar values for the MIDI and MATISSE data. The elon-
gation is well pronounced, resulting from the dependence on
position-angle of the visibility. Remarkably, the position angle
(PA, counted from north to east) of the major axis we obtained
is shifted by about 90◦ between the two datasets. This change
in the ellipse orientation between the two epochs is discussed in
Sect. 7. The reconstructed intensity profile obtained with RHAP-
SODY at 11.35 µm and the model obtained with GEM-FIND
for the same wavelength exhibit the same geometry: an elon-
gated structure in the north–east direction with an axis ratio
of 0.7 (Table 2). In the L band at 3.66 µm, the elongation is
perpendicular to the one obtained in the N band.

In summary, the geometry of the central source depends on
the position angle, but the two infrared bands do not share the
same PA for their elongation axis. For the N band, the PA is not
stationary on a 13-yr timescale. The temporal evolution of the
N-band observables is further discussed in Sects. 6.3 and 7.2.

6.2. MATISSE images

The images obtained with SQUEEZE at four selected wave-
length ranges are shown in Fig. 4. Their corresponding visibility
and closure phase fits are displayed in Fig. B.1.

6.2.1. L Band

The image at 3.15–3.20 µm (leftmost panel of Fig. 4) probes the
C2H2 and HCN absorption features. At these wavelengths, the
image we obtained shows an elongated central source with an
extension visible in the north-east quadrant. At 3.60−3.65 µm
(second leftmost panel of Fig. 4), falling within the pseudo-
continuum (see the inset in Fig. 3), the central source does not
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Fig. 5. MATISSE image of V Hya for the spectral interval 10.50–
11.50 µm. Top: Image reconstructed with SQUEEZE. The white contour
levels, labelled with the fraction of the peak intensity, highlight the elon-
gation towards the upper left corner. In the text, this feature is referred to
as the “20 mas extension”. Bottom: radial cuts (starting from the central
brightest pixel) in the image for different PAs, as indicated.

exhibit a circular shape either: an hook-like extension is directed
toward the north-east quadrant and the central source diame-
ter is smaller than the estimate from the K-band Millan-Gabet
et al. (2003). The interpretation of these features is presented in
Sect. 7.

6.2.2. N band

The N band images at 10.50−10.55 µm and 11.45–11.50 µm
(Fig. 4, right panels) are displayed with a field of view twice
larger to fully characterise the circumstellar environment. Both
images exhibit a similar geometry: A central source with a
diameter of about 14 mas (enclosed in the green circle, and
corresponding to a fractional intensity of 0.7) and an extended
emission in the north-east quadrant, hereafter referred as the
“20 mas extension”, whose PA is consistent with the elonga-
tion axis found from our preliminary model fitting (see Table 2).
Comparison of the angular extension of the circumstellar dust in
the two rightmost panels of Fig. 4 reveals that the source appears
to be more compact at 10.50 µm than at 11.45 µm.

The image in the 10.50–11.50 µm band displayed in Fig. 5,
together with the contour levels and the radial cuts at PAs of 0◦,
45◦, and 90◦, illustrate the strong angular asymmetries (Fig. 9,
discussed in Sect. 7.2 below, presents the same data, but in the
form of a L- and N-band colour-composite image).

Fig. 6. Visibility measurements at 11.45 µm at phase ϕpuls = 0.18±0.08.
The blue points are the MIDI measurements from Zhao-Geisler et al.
(2012). The red points are extracted from the MATISSE-reconstructed
image at the (u, v)-coordinates of MIDI (see Fig. 1).

Given the simulations described in Appendix D, we may
state that the spiral-like structure appearing in the N-band (best
visible in the rightmost panel of Fig. 4 and to a lesser extent in
Fig. 5) is likely an artefact of the image-reconstruction process
related to the specific (u, v)-plane coverage.

6.3. Multi-epoch analysis of the visibility curve

The MIDI and MATISSE observations probe the same wave-
length band but are separated in time by about a decade (see
Fig. 2). Their (u, v)-plane coverage being slightly different in
terms of PA or baseline lengths (see Fig. 1), a direct compar-
ison of the visibility measurements is not straightforward. In
Sect. 6.1, we fitted the visibilities using simple geometrical mod-
els and showed that the best-fitting models are not oriented along
the same direction at the two epochs. To ensure that this dif-
ference is not an artefact of the different (u, v)-coverages, we
extracted from the MATISSE-reconstructed image the visibili-
ties at the exact (u, v)-coordinates of the MIDI observations. To
eliminate the effect of pulsation, only the MIDI observations
matching the pulsation phase of MATISSE (ϕpuls = 0.10–0.27)
were selected. The extrapolated visibility curve obtained from
the MATISSE N-band image and the MIDI data are displayed
in Fig. 6. The uncertainties on the synthetic MATISSE visibil-
ities were extracted from the MEAN±STD image displayed in
Fig. C.1. The general shape of the visibility curve strongly dif-
fers between the two epochs and is unlikely to originate from the
flux variation induced by the pulsation.

6.4. Multi-scale analysis of the CSE

VISIR and MATISSE probe similar wavelength ranges but at dif-
ferent spatial scales. Figure 7 displays the coronagraphic image
obtained with VISIR, together with the MATISSE N-band image
at 11.45−11.50 µm. The field of view of VISIR is about 10 times
larger than that of MATISSE. The VISIR image displays a cir-
cular emission pattern. The overall integrated flux (without the
coronagraph) is equal to 1756 Jy, consistent with the MATISSE
photometry (see Fig. 3). In the following we describe the proce-
dure applied to calibrate MATISSE images in flux, as well as the
comparison of the radial profiles of the images obtained from the
two instruments.
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2 ] Fig. 7. VISIR-MATISSE comparison. Left:
the VISIR coronagraphic images. Right:
the corresponding MATISSE-reconstructed
image. The scale of the MATISSE field of
view is represented by a white rectangle at
the centre of the VISIR image. The green
continuous circle represents the size of the
stellar disc as measured in the K band while
the green dashed circle is its interpolated
value in the N band (see text). North is up,
and east is left.

As the MATISSE image is reconstructed from visibility and
closure-phase measurements, each pixel value corresponds to its
relative weight over the image and does not bear information
about the absolute intensity of the source. To flux calibrate the
image, we used as conversion factor the stellar flux from the SED
computation (see Fig. 3, where the attenuated stellar radiation at
11.45 µm is 102 Jy). In the MATISSE image, only the pixels
inside the photospheric radius contribute to the flux of the cen-
tral component. The N-band uniform disc radius was derived by
means of dynamic model predictions from the measured K-band
value (7.25 mas from Millan-Gabet et al. 2003). A ratio of about
1.6 between the K- and N-band radii is expected for a carbon star
with a stellar wind (Paladini et al. 2009), leading to an N-band
radius of 12.3 mas. The K- and N-band radii are represented by
the continuous and dashed green circles in Fig. 7.

The relative flux contribution of a central disc of 12.3 mas
radius is 11% and corresponds to the stellar contribution plus an
additional contribution from the dust emission located in the line
of sight. The dust contribution was corrected for by removing the
contribution of an annulus of half8 the stellar area located just
around the stellar radius. After implementing this correction, the
stellar contribution drops to about 8% of the image flux density.

The radial intensity profile (averaged over the azimuthal
angle) for the MATISSE N-band and VISIR images is displayed
in Fig. 8. The two profiles are shown together with the radial pro-
file from the DUSTY modelling (see the description in Sect. 5.3)
for the same wavelength range. The good agreement between the
model and the composite VISIR-MATISSE radial profile implies
that the dust density profile roughly follows the r−2 trend adopted
in the DUSTY model computation.

7. Discussion

In this section, we interpret the features found in the MATISSE
images, and discuss their properties and possible origin. We
compare our interpretation with the signature predicted for a
close-by companion, and finally, we discuss the overall shape of
the dusty environment including the larger-scale image obtained
from VISIR (see Fig. 7) and observations previously reported in
the literature.

8 This factor 1/2 comes from the fact that we need to subtract the con-
tribution of the dust located in front of the stellar disc using an annulus
around the stellar disc that includes dust located both in front of and
behind the star along these grazing lines of sight. When we assumed
that the dust distribution is symmetric in front of and behind the factor
1/2 is justified, along with the fact that the dust is optically thin at the
considered wavelengths (see Sect. 5.3).
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Fig. 8. Radial intensity cut of the 11.4 µm emission around V Hya,
averaged over azimuthal angle. The MATISSE radial profiles (blue line,
and its relative error represented by the shaded light blue area) are cali-
brated taking a photospheric radius of 12.3±5.0 mas. The VISIR radial
profiles are displayed with square red symbols. The DUSTY model pro-
file, downgraded to the MATISSE resolution, is displayed by the dashed
black line.

7.1. Morphology

7.1.1. Asymmetric stellar photosphere

As mentioned in Sect. 6.2.1, the images in the L band (Fig. 4)
display an elongated structure (with a major axis oriented at
about 150◦, counted from north to east). Given the spatial scales
of the asymmetries, they are likely to originate from the pro-
cesses in the photosphere: The asymmetries are found within the
expected angular radius of 7.25 mas (see Fig. 4). It is known
from modelling that the dynamic process of pulsation and con-
vection taking place in AGB stars can lead to surface-brightness
asymmetries due to the presence of hot and cool convective
cells on the photosphere (Chiavassa et al. 2011; Paladini et al.
2018). Previous near-infrared interferometric observations of the
carbon-rich star R Scl show that the dimension of these cells can
be up to one-third of the scale of the stellar photosphere with a
brightness ratio of 1:2.5 (Wittkowski et al. 2017).

The shape of the stellar image in the L band also displays an
extension in the north-east direction (see Fig. 4). This structure
might also be related to the underlying convective atmosphere,
like the structure observed in R Scl (Drevon et al. 2022a), but
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in Sect. 7.2, we speculate that it might be linked to the binary
companion.

7.1.2. North-east thermal emission

The images in the N band also display an elongation. How-
ever, in contrast to the L band, the major axis is oriented along
the direction corresponding to the position angle of 45◦, and is
therefore perpendicular to the L-band major axis. As described
in Sect. 6.4, the central emission is composed of a circular
disc with a radius of ∼12 mas and a 20 mas extension in the
north-east direction. The extension is more prominent at longer
wavelengths. The SED modelling (see Sect. 5) shows that the
N-band range is dominated by the dust emission. The dusty
envelope is mainly composed of amorphous carbon, and sili-
con carbide causes the emission feature seen around 11.4 µm.
As a consequence, the extension seen is likely to be related to
the dust-forming region.

Two scenarios can be proposed to explain the origin of a
dust clump located around the AGB star. It either an asymmet-
ric ejection of material during the pulsation that cools down
when pushed away from the AGB star, creating dust emission
away from the central body in a random direction, as mod-
elled by Höfner & Freytag (2019) and Freytag & Höfner (2023).
The other explanation which we tend to favour given the binary
nature of the star (see Sect. 1), is a dust clump induced by the
presence of the close companion. Mohamed & Podsiadlowski
(2012) and Chen et al. (2020) (to cite just a few) modelled
the outflows from detached Mira-type binaries as wind Roche-
lobe overflow (WRLOF). The simulations led to the creation
of complex and asymmetric structures shaped by the binary
motion, with particle enhancement in the vicinity of the loca-
tion of the companion . In the next section, we argue why the
binary scenario is considered as more likely and compare the
interferometric observables with the orbital model.

7.2. Impact of a companion

Planquart et al. (2024) proposed for V Hya an orbital solution
with a period of 17.5 yr (compatible with the light-curve mod-
ulation), a low eccentricity, an inclination of about 40◦, and a
semi-major axis of about 11.2 ± 1.5 au (25.8 ± 3.5 mas at 434 pc),
the companion is therefore expected to fall in the MATISSE field
of view. More precisely, knowing that the orbital phase differ-
ence between the system superior conjunction (corresponding to
the last dimming event) and the MATISSE observation is ∆ϕ =
0.6, it is possible to estimate the position of the companion in
2022. The companion (V Hya B) is expected to be offset from the
central source by about 20 mas with a position angle of 60◦ ±20◦
or 120◦ ± 20◦, depending on whether a clockwise or counter-
clockwise motion around the AGB star is adopted (see Sect. 3.2
in Planquart et al. 2024). These two possible positions predicted
for the companion at the epoch of the MATISSE observation
and the corresponding orbital motion since the last superior con-
junction are displayed in the colour-composite MATISSE image
(Fig. 9). The north-east 20 mas extension, agrees with the pre-
diction of the position of the companion for a clockwise orbital
motion.

The clockwise orbital motion is also slightly preferred by
the difference in the proper motions of V Hya between the lat-
est two Gaia data releases (GDR2 and GDR3 at epochs 2015.5
and 2016.0, respectively). The proper motion curve in declination
between the two epochs can be described by a linear trend with
a negative slope (non-zero within a 75% confidence interval).

20 mas

Fig. 9. Composite-colour image with the flux in L band (3.60 µm)
displayed in red and flux in N band (10.50–11.50 µm) shown in blue.
The solid white (dashed) circle represents the 3σ position prediction at
MATISSE epoch for the clockwise (counter-clockwise) orbital motion.
The white arcs show the path of the companion around the primary
since the last superior conjunction, and the blue (red) arrow represents
the sky-projected jet axis for the blueshifted (redshifted) direction.

This proper motion trend around the GDR2 and GDR3 epochs in
turn corresponds to a declination sky-motion of V Hya following
a downward-facing parabola, hence an opposite (upward-facing
parabola) for the companion. This condition is met by the
clockwise path in Fig. 9.

Additionally, the relation between the 20 mas extension and
the companion orbital motion is supported by the PA of the elon-
gation found in the earlier MIDI data. The MATISSE and MIDI
datasets are separated by about 13 yr, and given the orbital period
of 17.5 yr, this corresponds to a phase difference of 0.75. Con-
sidering that a full orbital revolution would induce a complete
revolution of the 20 mas extension, the PA offset between the two
epochs separated by 13 yr would be equal to 270◦, in accordance
with the PA values found by the model fitting (see Table 2).

The above arguments tend to favour the position prediction
that matches the extension seen in the MATISSE N-band image.
More precisely, since the companion is expected to be a main-
sequence star, necessarily hotter than the AGB star (Sahai et al.
2008), it is supposed to be unresolved and not directly detectable
in the infrared band (about a 1000 times fainter than the AGB
star). The infrared emission observed close to the position of the
companion would instead reveal particle (dust and molecules)
enhancement. Chen et al. (2020) predict particle enhancement in
the vicinity of the companion location, by up to three orders of
magnitude above the ambient density.

The hook observed in V Hya L-band images (Fig. 4) points
towards the unseen companion located north-east from V Hya
(and 7 au farther away from the observer than the primary), sug-
gesting a possible accreting flow, as imaged for Mira in the UV
(Karovska et al. 2004). The north-east emission prominent in
the L-band image taken in the C2H2 absorption feature (Fig. 4,
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first panel) but not in the L-band image taken in the pseudo-
continuum (Fig. 4, second panel) could correspond to a C2H2
enhancement close to the companion – C2H2 being a building
block in the formation of amorphous carbon (Hanner 1988) and
SiC (Pitman et al. 2008). It might also be an opacity effect that
reduces the stellar contribution to the total flux in the molecular
absorbing feature (see Fig. 5) and therefore increases the relative
intensity of the clump.

The remaining open question concerns the structure (geome-
try and composition) of the clump and its possible connection
with the periodic obscuration. The MATISSE N-band image
confirms localised emission like this, but, as the image only gives
us the sky-projected geometry of the emission region (seen as a
20 mas extension), no 3D geometry can be retrieved.

7.3. Link with the periodic obscuration

Constraints on the dust distribution in the system come from the
light-curve shape and the system inclination: The dust clump
should be opaque and extended along the jet axis to obscure
the primary for about one-third of the orbital cycle and to cause
obscuration up to ∆m = 3 mag in the optical during the superior
conjunction (see Fig. 2 and Planquart et al. 2024). The location
of the obscuring cloud, above the orbital plane, cannot be easily
explained by WLROF-type mass transfer, but it seems to require
more sophisticated models involving jets, of the type encoun-
tered in pre-main sequence stars and post-AGB binaries (Ferreira
et al. 2007; Verhamme et al. 2024).

The mass grain column density n required for the obscuration
can be estimated through ∆m = 1.086 n κext, where κext is the
total extinction cross section per unit mass in the visible range.
Assuming the Rayleigh regime, κλext is given by Q/a × (3/4ρ)
= 3×104 cm2 g−1, where ρ is the adopted mean grain den-
sity of 1.85 g cm−3 (Rouleau & Martin 1991), and Q/a (the
extinction efficiency over the grain radius) is about 105 cm−1 at
0.55 µm (Andersen et al. 1999). Hence, a mass column density
of about 10−4 g cm−2 would be required. This implies a total dust
mass (contained in the absorbing cylinder located in the line of
sight with an area subtended by V Hya photosphere with radius
of 7.25 mas) of about 10−10 M⊙. During the dimming events,
this amount of dust would alter the SED shape by inducing an
additional absorbing source in the optical to near-infrared region.

The dust dynamics (dust cloud formed continuously or
attached to the companion) cannot be retrieved with a single
image of the dust-forming region. The only conclusion that can
be drawn at this point is that a particle enhancement around the
companion is present and that the obscuring dust clump should
extend along the jet axis. Further observations in the infrared
N band taken at a different orbital phase (e.g. during a dimming
event) would constrain the geometrical structure of the 20-mas
extension by probing the component positions from a different
vantage point.

7.4. Large-scale morphology

The largest structure resolved by the MATISSE images is limited
by the shortest baseline (∼15 m) of the interferometric measure-
ments. As a consequence, any structure more extended than the
largest recoverable scale (λ/Bmin ∼ 165 mas at 12 µm) is not
resolved. The low visibilities measured at the shortest baseline
separation (see Fig. B.1) and the SED (Fig. 3) both confirm the
extended dusty envelope. The large-scale geometry of the star
has already been imaged in the thermal infrared with TIMMI
in the N band (Lagadec et al. 2005) and with NACO in the L

band (Lagadec et al. 2007). These observations, together with
the VISIR coronagraphic image reveal an extended emission
region (with a radius up to 2 arcsec). However, the limited angu-
lar resolution capabilities of the large-scale images do not allow
the authors to resolve the innermost part of the structure. As a
consequence, these observations only bring information on the
extended structure and can be seen as fully complementary to
the image provided by MATISSE.

One question that arises is the overall geometry of the CSE.
If infrared observations favour an extended CSE (elliptical in the
MATISSE field of view but nearly circular at larger scales), other
observations at different wavelengths (e.g. Sahai et al. 2022)
favour an overall geometry consisting of a combination of a bipo-
lar high-velocity wind and an equatorial dense disc fed by a slow
wind. This scenario is compatible with the different CO outflows
found by Knapp et al. (1997) and with the high-velocity ejection
(Sahai et al. 2016). More recently, the dense disc was revealed
by asymmetric emission in near-infrared scattered light (Sahai
et al. 2019). These two possible geometries (dense equatorial disc
and/or high-velocity bipolar outflow) can neither be confirmed
nor dismissed by the thermal infrared imaging (both MATISSE
and previous observations).

The high-velocity gaseous bipolar outflow cannot be detected
in the images because the low spectral resolution mode (R = 30)
does not allow us to characterise the velocity structure of the
emission, in contrast to what was done with Brackett lines in
η Car where a spectral channel width of 20–40 km s−1 was
achieved for Brγ in the K band and a width of 170 km s−1

for Brα in the L band (Weigelt et al. 2016, 2021, GRAVITY
Collaboration 2018).

Regarding the presence of an equatorial density enhance-
ment, given the low inclination of the system, such disc-like
configuration emitting in the infrared would lead to a large emis-
sion region that is slightly elongated in a 2D image, making it
indistinguishable from an elongated dusty CSE. If a disc causes
for the extended emission instead of a CSE, it should be cir-
cumbinary. Discs like this are extensively found in post-AGB
binaries (Kluska et al. 2022). As no signature of the disc is
found in the MATISSE images, its inner radius should be located
outside the field of view of the instrument.

8. Summary and conclusions

We presented the reconstructed images of V Hya in the thermal
infrared obtained with the MATISSE instrument. We first mod-
elled the spectral energy distribution using a composite model
combining a hydrostatic COMARCS spectrum with DUSTY. It
revealed that the star is surrounded by an extended dusty CSE,
made of amorphous carbon and silicon carbide, which dominates
the emission in the thermal infrared.

We performed a preliminary model-fitting of the visibility
measurements. Then, we performed image reconstruction using
the visibility and closure phase signals. The images of V Hya
obtained from MATISSE interferometric measurements were
processed using SQUEEZE, MIRA, and IRBis. In the L band, we
presented the stellar photosphere in a molecular absorption band
of C2H2-HCN and in the pseudo-continuum. We showed that
both images display a non-spherically symmetric structure and
explained it by photospheric material ejection. In the N band, we
a north-east 20 mas extension to the stellar photosphere. We con-
cluded that the extension arises from a dust enhancement whose
position roughly matches the prediction for the position of the
companion. We compared our MATISSE image with archive
data from MIDI and observed changes in the interferometric data
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between the two epochs, compatible with the orbital motion.
Hence, the presence of a dusty clump around a companion is
favoured compared to a blob ejected in a random direction by
a single star. Finally, we compared the theoretical radial pro-
file from the SED modelling with the observed composite radial
profile constrained at the small scales by the MATISSE N-band
image and at large scales by the images obtained with VISIR.
We confirmed the extended dusty CSE around the central source.
The high-velocity gaseous jet is not detected in the image, and
a higher spectral resolution is required to resolve its origin and
kinematic structure.

Future observations at different epochs would be of partic-
ular interest to retrieve temporal information about the dusty
wind as a function of the orbital motion. This would provide
strong constraints on the dust distribution around the binary
components. Eventually, multi-dimensional radiative transfer
reproducing the circumstellar and circumbinary environment of
the V Hya system should be foreseen to connect the binary
interaction to the large-scale morphology.
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Appendix A: Observation log

Table A.1 summarises the log of MATISSE observations
for V Hya. Table A.2 lists the calibrators we used and their
characteristics.

Table A.1: Observation log used for V Hya.

Date Time [UT] VLTI config. Object Seeing [′′] τ0 [ms] FT
2022-02-25 04:22:16 A0-G1-J2-K0 HD 98993 0.55 15.33 1

04:44:46 V Hya 0.55 19.49 0.98
04:58:09 α Hya 0.53 16.38 1

2022-02-27 06:43:12 A0-G1-J2-K0 HD 98993 0.41 11.98 1
07:05:36 V Hya 0.35 12.10 0.99
07:27:56 ϵ Crv 0.40 15.08 1

2022-02-28 05:21:38 A0-G1-J2-J3 HD 98993 0.55 8.02 1
05:43:24 V Hya 0.67 5.41 1
05:56:18 α Hya 0.61 6.45 1

2022-03-02 07:23:51 A0-G1-J2-J3 HD 98993 0.43 14.07 1
07:48:21 V Hya 0.58 12.24 1
08:02:42 ϵ Crv 0.54 13.09 1

2022-03-07 04:47:02 K0-G1-D0-J3 HD 98993 0.43 10.28 1
05:06:53 V Hya 0.37 11.23 0.98
05:23:09 α Hya 0.33 9.56 1
05:45:10 HD 98993 0.28 10.63 1
06:04:02 V Hya 0.31 8.60 1
06:18:17 α Hya 0.30 13.54 1

2022-03-10 05:05:15 K0-G2-D0-J3 HD 98993 0.77 5.35 1
05:16:55 V Hya 0.66 7.23 1
05:45:46 ϵ Crv 0.45 12.58 1

2022-03-11 07:02:41 A0-B2-D0-J3 HD 98993 0.45 7.15 1
07:22:25 V Hya 0.49 6.92 0.99
07:46:13 ϵ Crv 0.38 7.93 1

2022-03-12 00:40:55 A0-B2-D0-C1 V Hya 1.26 3.00 1
01:01:58 α Hya 1.25 2.32 1
00:53:11 α Hya 1.26 2.08 1
01:22:22 V Hya 1.11 2.47 1
01:47:04 α Hya 1.05 3.18 1
01:37:11 α Hya 1.02 3.23 1
02:54:09 V Hya 0.85 3.32 1
03:15:15 α Hya 0.82 4.41 1
03:09:03 α Hya 0.83 3.32 1
03:39:05 V Hya 0.84 5.47 1
04:00:56 α Hya 0.83 5.62 1
04:16:50 V Hya 0.93 4.44 1
04:58:25 α Hya 0.92 4.47 1

2022-04-12 00:41:38 A0-G1-J2-K0 HD 98993 0.88 2.96 1
01:01:04 V Hya 0.89 3.53 0.98
01:23:31 ϵ Crv 0.63 4.30 1

2022-04-30 01:52:21 A0-B2-D0-C1 α Hya 1.32 4.55 1
02:11:33 V Hya 0.91 8.83 1

2022-05-30 00:55:00 K0-G2-D0-J3 HD 98993 0.77 3.33 1
01:16:24 V Hya 0.66 3.81 1
01:36:40 ϵ Crv 0.79 3.28 1

Notes. The column labelled “VLTI config.” refers to the AT stations, τ0 is the coherence time in the visible and FT refers to the fringe tracking ratio,
a FITS keyword providing the percentage of fringes tracked by the MATISSE master-band (L band in the specific case) during the observations.
The latter is an indicator of the data quality.
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Table A.2: List of the calibrator targets used.

Name Spec. Typ. θUD L [mas] θUD N [mas] FL [Jy] FN [Jy]
HD 98993 K4 2.71 ± 0.33 2.73 ± 0.33 80 ± 2 12± 3
HD 81797 (α Hya) K3 8.71 ± 0.63 8.79 ± 0.63 948 ± 48 70 ± 8
HD 105707 (ϵ Crv) K2 5.25 ± 0.42 5.29 ± 0.42 283 ± 67 43± 12

Notes. The diameters of the calibrators are from the II/346 Vizier catalog (Bourges et al. 2017). Flux values from Cruzalèbes et al. (2019).

Appendix B: MATISSE observables

Figure B.1 displays the calibrated squared visibilities and
closure phases we used for the image reconstruction.
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Fig. B.1: Squared visibilities and closure phases from the MATISSE observation (blue error bars). For comparison, the synthetic data from the
SQUEEZE image reconstruction are also shown (red dots). The closure phase x-axis represents the longest baseline of each telescope triplet.
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Appendix C: Image-reconstruction comparison

Figure C.1 displays the mean SQUEEZE images over the
chains, together with images obtained at ±1 standard deviation
from the mean. The S/N threshold is defined as the ratio of the
mean image over the standard deviation image. The evolution of
the posterior distribution for each chain of the four SQUEEZE
images is shown in Fig. C.2. Figures C.3 and C.4 compare the

images obtained with three image-reconstruction packages. The
SQUEEZE procedure is described in Sect. 4, and the packages
MIRA and IRBis and their application are described below. To
allow a direct comparison of the images, the field of view, the
pixel resolution and the spectral range are the same for all three
methods.
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Fig. C.1: SQUEEZE-reconstructed images. (a) Mean image over the chains, (b) image one standard deviation below the mean image, and (c) image
one standard deviation above the mean image. The ellipse in the bottom right corner represents the primary synthesised beam. In the upper panels,
the white contours are drawn at the 3σ level, defined as three times the S/N threshold.
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Fig. C.2: Evolution of the posterior distribution as a function of the iteration for the four SQUEEZE images.
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Fig. C.3: Image-reconstruction comparison. From top to bottom: image reconstructed with SQUEEZE (top row), with MIRA (middle row) and
with IRBIS (bottom row) for four different wavelength ranges. The images are convolved by a Gaussian beam with an FHWM equal to the angular
resolution of the interferometer (from left to right: 2.3 mas, 2.67 mas, 7.75 mas, and 8.45 mas). The colour scale is the same as in Fig. C.1.
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Fig. C.4: Same as Fig. C.3 but for the image reconstructed in the wavelength range 10.50–11.50 µm.

– MIRA procedure: The multi-aperture Image Reconstruction
Algorithm (MIRA; Thiébaut 2008) follows a gradient-based
search to minimise the weighted sum of the likelihood and
a regularisation term that priorities information imposed by
the regularizer. The total variation regularization was used
with a hyper-parameter, µ, of 10000. The µ value was set
using the L-curve technique for values ranging from 0.1 to
100,000 in a semi-log scale. The initial image is a centred
Dirac peak. The final images were obtained after performing
bootstrapping.

– IRBis procedure: The image reconstruction software using
the bispectrum (IRBis; Hofmann et al. 2014) was designed

for MATISSE and is included in the mat_tools pipeline. It
also uses a gradient-based search but includes additional
parameters such as two minimisation engines, six regular-
isation functions, a weighting of the (u, v)-plane and three
cost functions; see Hofmann et al. (2014) for more details.
All images were obtained using the cost function 1 (equal
weighting of the visibilities and the closure phases in the
computation of the χ2) and the reduction engine 2 (L-BFGS-
B). Table C.1 summarises the input parameters used for each
image and the χ2 obtained, for the squared visibility and the
closure phase.

Table C.1: IRBis image parameters.

λ [µm] (u, v)-plane weight Reg. Func. µ (χ2
V2 , χ2

CP)
3.15–3.20 0.5 5 0.05 [0.9, 1.4]
3.60–3.65 0.5 5 0.05 [0.7, 1.6]
10.50–10.55 0.2 6 100 [1.7, 2.9]
11.45–11.50 0.2 2 100 [1.7, 3.4]

Appendix D: Image simulation

D.1: Estimate of the image noise level

To quantify the reliability threshold of the images obtained
with SQUEEZE, an artificial model was created and an anal-
ogous reconstruction was performed. The artificial model con-
sisted of the median image over the 50 chains obtained for the
11.45 µm range. The interferometric observables (squared visi-
bilities and closure phases) of the artificial image were created

using the same (u, v)-coverage. The observables are extracted
using the OIFITS modeler (https://amhra.oca.eu/AMHRA/
oifits-modeler/input.htm) and the same uncertainty val-
ues as our observations. The artificial image, its reconstruction
and the residual map are displayed in Fig. D.1.

D.2: Dirty beam

The reconstruction artefacts are features without any obser-
vational counterparts that arise in the inverse problem due to the
limited (u, v)-plane coverage. The best way to identify them is to
compute the so-called dirty beam. The dirty beam is computed
by taking the Fourier transform of the (u, v)-plane function. The
(u, v)-plane function was estimated as Dirac peaks at the spatial

frequencies of the interferometric measurements. The dirty beam
for the L- and N- band images is shown in Fig. D.2. The shape is
the same for both bands but the dimensions of the feature are dif-
ferent as different spatial frequencies are probed. The secondary
lobes of the dirty beam have a symmetric spiral shape, with a
counter-clockwise winding.
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Fig. D.1: Estimate of the image noise level. Left: model image used to assess the reconstruction process. Centre: image reconstructed with the
SQUEEZE reconstruction for the 11.45 µm range. Right: residual map. The root mean square of the map is 3.06% of the peak flux level of the
original image. This sets the 3σ S/N threshold at 9.2 % in the reconstructed image.

Fig. D.2: Dirty beam estimated for the MATISSE (u, v)-coverage in the L and N bands.

D.3: Estimate of image artefacts

To characterise how the dirty beam impacts the shape of the
features obtained, an image error-estimate step was performed.
First, the interferometric observables of the mirror image were
simulated for the two infrared bands. The mirror image is defined
as the final reconstructed image (from Fig. 4), but flipped with
respect to the vertical axis. The interferometric observables were
extracted from the mirror images using the same (u, v)-plane cov-
erage and similar values for the uncertainties as for the original
observables. The images were reconstructed using SQUEEZE
and following the same procedure as described in Sect. 4: Fifty
simulated-annealing chains, starting with a different 128×128-
pixel random image, were run using the transpectral regulariser

for 6000 iterations. The final image was obtained by taking the
mean image over the chains. Comparison of both images allows
us to identify features arising from the dirty beam.

The mirror images and their reconstructed counterparts are
displayed in Fig. D.3 for the L band and in Fig. D.4 for the
N band. Figure D.3 shows that the L-band mirror image is
fully recovered, meaning that the elongated shape is reliable. For
Fig. D.4, the mirror image recovered the expected flipped elon-
gation but the background emission displaying a clockwise spiral
in the initial image is not recovered. We can therefore conclude
that the shape of the spiral feature is not reliable and arises from
the reconstruction process.
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Fig. D.3: Image simulation in the L band. Left: simulated mirror image. Right: image reconstructed with SQUEEZE. North is up, and east is left.

Fig. D.4: Image simulation in the N-band. Left: the simulated mirror image. Right: the image reconstructed with SQUEEZE. North is up, East is
left.

Appendix E: Photometric data

Table E.1 reports the photometric data (filter name and flux
value) used to plot the spectral energy distribution. The data are
taken from https://vizier.cfa.harvard.edu/viz-bin/

VizieRwith a search radius of 5′′. The WISE photometric fluxes
from Schlafly et al. (2020) were disregarded due to their quality
factor of 0, implying a heavily saturated detection.
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Table E.1: Photometric data used in the spectral energy distribution of V Hya.

Filter MJD Flux [Jy]
Tycho:VT − 2.26 ±0.03
Gaia DR2:Gbp 57204 1.3 ±0.12
Gaia DR2:G 57204 6.84 ±0.32
Gaia DR2:Grp 57204 27.6 ±1.5
Gaia DR3:Gbp 57388 1.7 ±0.07
Gaia DR3:G 57388 13.8 ±0.2
Gaia DR3:Grp 57388 32.0 ±1.9
Johnson: V 51242 5.77 ±0.16
Johnson: J 51242 353 ±101
Johnson: H 51242 859 ±161
Johnson: K 51242 1230 ± 250
2MASS: J 51242 345 ±100
2MASS: H 51242 868 ±162
2MASS: Ks 51242 1270 ± 260
IRAS: 12 µm − 1110 ±60
IRAS: 25 µm − 460 ±23
IRAS: 60 µm − 98.9 ±13.8
IRAS: 100 µm − 29.9± 4.8
AKARI:N60 − 34.3 ± 12.0
AKARI:WIDE-S − 54.0 ± 16.2
AKARI:WIDE-L − 15.2 ± 9.1
AKARI:N160 − 5.1 ± 3.1

Appendix F: VISIR images

Figure F.1 shows the final VISIR coronagraphic image, PSF
subtracted, for three percentages of retained frames.

Fig. F.1: VISIR coronagraphic images for rejection yields of 30% (left), 60 % (centre) and 90% (right).
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