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ABSTRACT

Aims. We investigate how the presence of a binary companion appears to affect dust and molecule formation in the circumstellar
environment of a star on the asymptotic giant branch (AGB).

Methods. L- and N-band observations obtained over the course of one month with the multi aperTure mid-infrared spectroScopic
experiment instrument (MATISSE) at the very large telescope interferometer (VLTI) were used to constrain the distribution of dust
and molecules in the close environment of 7! Gru through image reconstruction. The reconstructed images were fit to the interfero-
metric observables, that is, the visibilities and closure phases, using the two Python-based tools Python for MiRA (PYRA) and mean
astrophysical images with PYRA (MYTHRA) built around the multi-aperture image reconstruction algorithm (MiRA).

Results. Our observations support (i) a wind Roche-lobe overflow (WRLOF) scenario, where mass transfer from the AGB star to its
companion produces a possible circumcompanion disk in the L band around n! Gru C, with a central cavity that likely traces dust
sublimation and a circumcompanion envelope in the N band. (ii) A main-sequence nature for the companion: Because both Atacama
large millimeter/submillimeter array (ALMA) and the VLTI/MATISSE N-band observations show emission, we favor a thermal in-
frared emission from the main-sequence star over free-free emission from a with dwarf companion. Finally, (iii) a plume-like structure
extending from ! Gru C, likely marking the onset of the spiral observed at larger scales. Together, this provides direct evidence that
links small-scale mass transfer and disk formation through WRLOF to the global circumstellar morphology.

Conclusions. These results highlight the atmospheric deformation induced by the companion, reveal ongoing mass transfer between
the evolved star and its companion, and indicate a circumcompanion disk-like structure.
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1. Introduction ter to the interstellar medium (ISM) via the mass-loss process.
L . Theoretical models still face difficulties in accurately reproduc-
z?lsyr;llptofuclglar%t }? ranch f(ACl}B)' sta;s are kf:y contrlbut((l)rs to ing the mass-loss process, however, which is partially due to
the chemical enrichment of galaxies by injecting processed mat- i yite observational constraints (Groenewegen & Sloan 2018).
The formation of dust and molecules in the atmosphere of

* Corresponding author: julien.drevon@eso.org AGBs remain poorly understood, especially in the presence of
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close companions (Decin et al. 2020; Danilovich et al. 2025).
High-angular-resolution facilities operating at submilliarcsec-
ond scales have revealed clumpy and strongly asymmetric
structures in most of the inner circumstellar regions of AGB
stars (Wittkowski et al. 2007; Ohnaka et al. 2016), suggest-
ing that pulsations, shocks, convection, and binarity play a
significant role in shaping the wind (Vlemmings et al. 2017;
Velilla-Prieto et al. 2023; Danilovich et al. 2025). Moreover,
three-dimensional radiation-hydrodynamic models of single
stars also predict clumps and asymmetries in these regions
(Wiegert et al. 2024), while binary interactions introduce addi-
tional structures such as spirals and arcs, which further affect the
morphology of the outflows (Malfait et al. 2024b). This work
focuses on the triple system of the S-type AGB star pi Gru.
n' Gru A (the central star) has an H-band photospheric angular
diameter of 18.37 = 0.18 mas (2 R, = 3.3 au.) and an effective
temperature of 7. = 3200 K (Paladini et al. 2017). The MID-
infrared Interferometric instrument (MIDI) observations show a
dense, extended molecular outer atmosphere up to 4.4 R, that
is composed of oxygen-bearing molecules (H,O, SiO), which
serves as a precursor to the observed thin dust shell composed of
70% warm silicates and 30% Al,O3 grains (Sacuto et al. 2008).
Atacama large millimeter/submillimeter array (ALMA) obser-
vations revealed a dusty torus, a bipolar outflow, and a spiral
structure at larger scales in the circumstellar envelope that are
likely caused by binary interactions (Doan et al. 2017, 2020;
Homan et al. 2020). 7' Gru B is a GOV-type companion sep-
arated from 7' Gru A by 2.8 arcsec (Feast 1953; Wycoff et al.
2006). 7' Gru B is outside the field of view of the obser-
vations we present here. The system includes a close com-
panion, 7 Gru C, which orbits at 38 mas (6.81 + 0.49 au)
from 7 Gru A. Esseldeurs et al. (2025) derived a circular orbit
with a period of 11.76 + 1.85 yr and a companion mass of
1.12 £ 0.25 M,,. The nature of the close companion, white dwarf
(WD) or a main-sequence (MS) star, is a matter of debate
Montarges et al. (2025), Esseldeurs et al. (2025). This work is
focused on the effect of the closest companion (! Gru C) on
the molecule and dust distribution in the close environment of
n! Gru A using VLTI/MATISSE interferometric data in the L and
N bands.

2. Observations
2.1. Data acquisition

The 7' Gru data were obtained using the very large tele-
scope interferometer (VLTI) and the multi aperTure mid-infrared
spectroScopic experiment (MATISSE) instrument (Lopez et al.
2022). The data are part of the VLTI/MATISSE BIN-AGB
Large Program (ID 108.22E9), which aims to image the close
environments of evolved stars that are thought to host stellar
companions. The VLTI/MATISSE standalone observations of
n' Gru were acquired at medium spectral resolution (R =
506) in the L band (4.02—4.17 um) and at low spectral reso-
lution (R = 30) in the N band (7.90-13.00 wm). The source
is bright and complex, and auxiliary telescopes (ATs) were
therefore employed in four different configurations: small (AO-
B2-D0-C1), medium (K0-G2-D0-J3), and large (AO0-G1-J2-J3,
and A0-B2-D0-J3). These configurations allowed an efficient
(u, v)-plane coverage (see Fig. A.1) that was suitable for image
reconstruction.

The observations span multiple nights over one month and
cover approximately 15% of the n! Gru A 195-day pulsation
period (Mayer et al. 2014). Over this timescale, the circum-
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stellar environment is assumed to be stable at the MATISSE
wavelengths. No changes are expected due to the close binary
orbital period of about 11 years (Esseldeurs et al. 2025). Con-
sequently, the data were merged for the analysis. All observa-
tions we used are summarized in Tables A.1 and A.2. Calibrator
stars were selected to be free of infrared excess and variability
(Cruzalebes et al. 2019). The data reduction and calibration were
performed using version 2.0.2 of the ESO MATISSE pipeline!
with the consortium Python wrapper mat-tools version 0.6°.

2.2. First overview of the data

Appendix B presents the calibrated VLTI/MATISSE L- and N-
band spectra. They reveal a chemically rich and complex cir-
cumstellar environment. Appendix C shows the squared vis-
ibilities and closure phases in the L and N bands. In the L
band (Appendix C, panels a—c), high visibilities at short spatial
frequencies might indicate negligible contributions from over-
resolved components or background emission. The visibility
profile extends to the third lobe, which confirms that the central
object is well resolved. Closure phases near zero at short spatial
frequencies but significant deviation at higher frequencies reveal
asymmetries that are smaller than the overall shape of the star.
In the N band (Appendix C, panels d—f), the dispersion of the
visibilities and closure phases already seen from the first lobe
indicates strong departure from the single-disk geometry. Image
reconstruction is thus essential to constrain the geometry of the
circumstellar environment of 7' Gru A.

This study focuses on six spectral features: a pseudo-
continuum at 4.033 um, SiO absorption bands at 4.043 um (SiO%)
and 4.084 pm (SiO°), acombined SiO+H, O feature at 8.4 um, and
two dust-emission features at 9.8 um (Dust;) and 11.0 pm (Dusty).
The spectral features were identified following Aringer et al.
(1997) and Sacuto et al. (2008). Spectral windows were defined
after data reduction by combining wavelength ranges over which
the interferometric observables remain constant.

3. Image reconstructions: Morphological analysis

The detailed description of the reconstruction process is avail-
able in Appendix D. We describe the main structures that are vis-
ible in our reconstructed images for both bands briefly here, as
shown in Fig 1. In both bands, the minimum dynamic threshold
for trusting the structures is about 10% of the maximum intensity
(computed using a 50 threshold derived from the MAD-based
noise estimate). The main structures observed in the N-band
images (Fig. 1, bottom row) are (i) the star seen as a Gaussian-
like central source, elongated in the west and northwest direc-
tion, and (ii) an elongated disk-like structure in the northwest
direction around the companion. In the L band, the pattern of
low-contrast blobs that form a spiral around the central star sug-
gests that this structure is an artifact caused by gaps in the (u,v)-
plane coverage. Therefore, the main structures observed in the
images (Fig. 1, top row) are (i) a nonuniform intensity within
the stellar angular diameter of the source with a main bright
spot in the photosphere at the center that corresponds to twice
the mean intensity within the stellar disk, (ii) an irregular stel-
lar atmosphere pointing west and northwest, and (iii) a disk-like
structure at the same position as in the N band.

' https://www.eso.org/sci/software/pipe_aem_table.html
2 https://gitlab.oca.eu/MATISSE/tools
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Fig. 1. Square-root intensity maps of the reconstructed images of 7' Gru. From left to right and top to bottom, the panels show the pseudo-
continuum (4.033 um), the SiO absorption bands SiO* (4.043 um) and SiO¢ (4.084 wm), the combined SiO+H,O feature (8.4 um), and the dust-
emission features Dust, (9.8 um) and Dust, (11.0 um). The blue circle marks the H-band photospheric angular diameter of 7' Gru A (Paladini et al.
2017) and serves as a reference angular diameter for comparison with the larger sizes observed in the L and N bands. The white curve traces the orbit
of the close companion 7! Gru C (Esseldeurs et al. 2025), with the blue dot and associated bars indicating its expected position and uncertainties
at the MATISSE epoch. The white arrow shows the counterclockwise orbital motion. The dashed curves indicate the projected Roche lobes of the
two stars. The 1 au scale is derived using the 180 + 10 pc distance from Esseldeurs et al. (2025). The filled ellipse in the bottom left corner shows

the resolution element.
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Fig. 2. Zoom into the L-band image reconstructions from Fig. 1, focusing on the disk-like structure surrounding 7' Gru C. From left to right: the
pseudo-continuum (4.033 um), the SiO absorption bands SiO¢ (4.043 um) and SiO¢ (4.084 um). Blue bars indicate the positional uncertainties of

the companion.

4. Discussion
4.1. Chemical composition of the r' Gru environment

Chemical equilibrium models indicate that SiO molecules form
within O-rich atmospheres (Tsuji 1973) and are abundant in
the 1-5 R, region, prior to efficient silicate dust condensa-
tion (Agtndez et al. 2020). In the L band, the visibility differ-
ences between SiO, and SiO, relative to the pseudo-continuum
are small, which results in small variations in the stellar angu-
lar diameter. The subtraction of the pseudo-continuum image
(Fig. D.1) from the SiO image highlights an asymmetric SiO
extension toward the binary companion, however, as well as a
circumstellar environment that is globally affected by irregular
SiO patches/clumps.

Sacuto et al. (2008) modeled their N-band MIDI data with
a SiO+H,O shell extending up to 4.4 R,. This large appar-
ent size likely arises because their data included the central
star and the binary companion within a single SiO+H,O shell.
While the SiO+H,0O contribution becomes marginal at longer
wavelengths (Sacuto et al. 2008), our images clearly resolve
the stellar and circumcompanion environments as distinct com-
ponents in Dust; and Dust,. Both regions show evidence of
a mixture of SiO, H,O, silicates, and alumina, although the
close environment around the star, within ~1.5 R,, is more
likely dominated by alumina because silicate condensation is
not expected at these small radii (Hofner et al. 2016). A detailed
modeling of the data presented here is beyond the scope of
this work.

L1, page 30f9
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Fig. 3. Linear intensity distribution of SPHERE/ZIMPOL (purple;
Montarges et al. 2023) and our best N-band reconstruction: Dust, (yel-
low/red), rotated to match the observation epoch of SPHERE.

4.2. Location, nature, and mass transfer of x' Gru C

Figure 1 shows the orbit of ! Gru C from Esseldeurs et al.
(2025) superimposed on the MATISSE images. The expected
position of the companion (blue dot) coincides with the observed
blob reported in the previous section. Although the nature of
7' Gru C (WD or MS; Montarges et al. 2025; Esseldeurs et al.
2025) remains uncertain, the mid-infrared emission of the disk-
like structure in the N band favors dust emission over free-free
emission, and thus, the MS scenario, which is also supported by
Esseldeurs et al. (2025) and Montarges et al. (2025).

Wind Roche-lobe overflow (WRLOF) is a mass-transfer
mechanism in long-period binary systems in which a slow,
dense stellar wind is efficiently captured by the gravitational
potential of a companion. We specifically considered the case
of an AGB donor. Therefore, WRLOF occurs when the dust
condensation radius lies close to the Roche lobe of the pri-
mary (Mohamed & Podsiadlowski 2007). For iron-free silicates
(Teona = 1000K), the condensation radius of our system is
Reonda ® 2R, =~ 3.3au. With R, ~ 1.65au (18.37 mas at 180
pc; Paladini et al. 2017; Esseldeurs et al. 2025) and an orbital
separation of 6.81 au, the Roche-lobe radius is ~2.6 au. Since
Reong lies near this limit, the WRLOF condition is fulfilled. This
enables efficient mass transfer to the companion.

In the L- and N-band images, the photosphere of ! Gru A
appears to be elongated westward toward the companion
(Fig. D.1). We speculate that this elongation traces the WRLOF,
and in this particular configuration, a disk of material might form
around the companion with an angular diameter of ~1au and
temperatures within the accretion disk that can reach ~10*K
(Malfait et al. 2024a). This is sufficiently high to destroy dust
grains and prevent their formation. The L-band images (Fig. 1
and Fig. 2) show a central hole at all wavelengths, with a size
comparable to the dirty beam (~1 au). This is required to repro-
duce the high spatial frequency visibilities and fit the observa-
tions. This hole probably traces a hotter region in which dust and
molecules cannot survive. In contrast, the N-band images reveal
surviving molecules and dust near 7' Gru C. Either the N-band
resolution might be insufficient to reproduce the possible cavity
seen in the L band, or we are likely imaging an outer envelope
surrounding the disk-like structure, however, where lower tem-
peratures allow dust to persist. In addition, the best reconstruc-
tion (Dust,, Fig. 1), selected as the image with the lowest XZ
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for the visibilities and the closure phases, reveals a plume-like
feature that extends westward from the blob. This suggests that
localized dust around the companion might feed the larger-scale
outflow seen with SPHERE/ZIMPOL (Montarges et al. 2023).
When we rotate our image so that it aligns with the time of the
observations of Montarges et al. (2023), the plume and trailing
dust structures are spatially consistent (Fig. 3). This supports the
hypothesis that the elongation is real.

5. Conclusion

Our VLTI/MATISSE observations of 7! Gru resolve SiO (L
band), silicates, alumina, and SiO+H,O (N band) structures
and reveal a localized emission around the expected location
of 7' Gru C. This suggests a physical association between the
main star and the companion. The thermal dust emission favors
a main-sequence star. Image reconstructions support a WRLOF
scenario, with the AGB wind focused toward 7' Gru C and
forming a dust disk with a possible hole observed in the L band.
Surviving dust indicates cooler outer regions and not a hot accre-
tion disk, and a westward plume might trace the onset of trailing
dust structures. These results highlight the interplay of binary
interaction, dust formation, and mass loss. Future interferomet-
ric observations are needed to constrain the evolution of the com-
panion environment and the accretion structures.
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Table A.1. Log of the MATISSE observations of 7! Gru.

Date Time [UT] AT stations® Name  Seeing ["] 7o[ms]”® FT¢ BCD-LM? BCD-N?
2022-07-02  06:44:03 KO0-G2-D0-J3 7! Gru 0.63 3.30 1.00 - 3
2022-07-02 07:08:44 KO0-G2-D0-J3 v Tuc 0.68 2.98 1.00 - 3
2022-07-26  03:52:53 A0-B2-D0-C1 v Tuc 0.88 2.68 1.00 1,2,3,4 -

04:14:54 7! Gru 1.08 2.88 1.00 1,2,3,4 -
04:38:17 n Scl 1.14 2.88 0.99 1,2,4 2
05:00:16 7! Gru 1.47 2.88 1.00 1,2,4 2
05:22:11 n Scl 1.19 1.94 0.97 1,2,3,4 -
05:44:35 7! Gru 1.51 1.33 1.00 1,2,3,4 -
06:56:34 w Cap 1.57 2.26 1.00 1,2,3 -
07:26:42 7! Gru 1.08 2.49 1.00 1,2,3 2,3,4
07:53:00 n Scl 1.22 2.49 1.00 1,2,3,4 2,34
08:16:56 7! Gru 1.55 2.13 1.00 1,2,3,4 -
08:53:21 vy Tuc 0.98 2.66 1.00 1,3 2,3
09:16:19 7! Gru 1.38 1.98 1.00 1,3 2,3
2022-07-29 02:04:44 A0-B2-D0-J3 601 Gru 1.08 5.32 1.00 1,2,3 -
02:17:40 7! Gru 1.07 4.41 1.00 1,2,3 -
05:46:31 001 Gru 0.52 5.09 1.00 1,2,3 -
05:59:24 7! Gru 0.49 5.41 1.00 1,2,3 -
2022-07-30  03:01:01 KO0-G2-D0-J3 601 Gru 0.43 8.15 1.00 1,2,3,4 -
03:14:14 7! Gru 0.48 7.61 1.00 1,2,3,4 1,2,3,4
03:36:04 v Tuc 0.41 9.17 1.00 - 1,2,3,4
06:04:14 A Gru 0.52 7.83 1.00 1,2,3,4 -
06:15:51 7! Gru 0.62 6.46 1.00 1,2,3,4 -
07:54:37 v Tuc 0.39 6.59 1.00 - 1,3
08:27:50 7! Gru 0.40 6.48 1.00 - 1,3
2022-08-05 08:03:35 A0-G1-J2-J3 601 Gru 0.94 4.02 1.00 2 -
08:16:13 7! Gru 0.65 4.19 0.94 2 -
2022-08-08 08:25:35 A Gru 0.59 6.02 1.00 1,2,3,4 -
08:39:56 7! Gru 0.55 5.98 1.00 1,2,3,4 3
09:03:45 n Scl 0.77 2.90 1.00 1,2,3,4 3

Notes. “AT (Auxiliary Telescope) shows the different configurations kept for our observations and used in this work. 7 stands for the coherence
time ¢ FT stands for the mean fringe tracking ratio for each exposure and is a data quality indicator (>0.70 is considered very good) ¢ The numbers
1,2,3, and 4 in the Beam Commuting Device (BCD) columns corresponds respectively to BCD IN-IN, IN-OUT, OUT-IN, OUT-OUT. The missing
BCD configurations did not pass the quality control.

Table A.2. Properties of the calibrators from the Mid-infrared stellar Diameters and Fluxes compilation Catalogue (MDFC) catalog
(Cruzalebes et al. 2019) used to calibrate the data.

Name

| Spectral Type | Angular diameter [mas] | L-band flux (#) Jy] [ N-band flux (#) [Jy]

v Tuc
n Scl
w Cap
A Gru
601 Gru

MA4III 7.60 £0.75
M?2/311 6.30 £ 0.50
MOIIIBa0.5 5.16 £ 0.50
K3III 271 £ 0.03
G6/8111 2.11 +0.01

244 £ 125 (3)
228 + 66 (3)
248 + 18 (3)
88 +7(3)
119 + 58 (4)

Ax105)
41 +8(5)
34 + 4 (5)
12 + 4 (6)
12 +3(6)

Notes. We regrouped for each calibrator, the spectral type, angular diameter, the L-band and N-band flux and the associated error bar with the
number of photometric observations used to estimate those quantities in between parentheses.
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Fig. A.1. (4, v)-plane coverage of the VLTI/MATISSE data obtained during the observations with the small (A0-B2-D0-C1), medium (K0-G2-DO-
J3), large (AO-G1-J2-J3, and A0-B2-D0-J3) AT configurations.

Appendix B: Calibrated spectra from MATISSE

: . . 1 . . . —— Spectrum
24001 Si0, SiOp SiO¢ Si0q 5106 = Error
_ i ; —— Images
= : !
x 2200 1
El
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Wavelengths [um]
1600 — Spectrum
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—_— 1400 — Images
el
< 1200
3
w1000
8001 H,O + SiO Dust; Dust;

8 9 10 11 12
Wavelengths [um]

Fig. B.1. Top: Calibrated MATISSE spectrum of the L-band data with, from left to right, the pseudo-continuum (P-Cont.), SiO,: a mixture of the
SiO (v = 2 — 0) and SiO (v = 3 — 1) rotational-vibrational band-heads, SiO;: SiO (v = 3 — 1), SiO.: a mixture of SiO (v = 4 — 2) and SiO
(v =3 —1),Si0,: SiO (v = 4 — 2), and SiO,: a mixture of SiO (v = 5 — 3) and SiO (v = 4 — 2). Bottom: Calibrated MATISSE spectrum
of the N-band data with the main chemical elements contributing to the emission on top of the continuum estimated by Sacuto et al. (2008) with
Dust; and Dust, corresponding to both a mixture of silicates and alumina. For each band, the red section represents the part of the spectrum used
to make the various image reconstructions. For the L band the vertical dashed lines represent the central part of the respective spectral absorption
signature.
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Appendix D: Image reconstructions

Image reconstructions were performed using two Python-based
tools built around the multi-aperture image reconstruction algo-
rithm (MiRA, Thiébaut 2008): PYRA (Python for MiRA)? and
MYTHRA (mean astrophysical images with PYRA*; Drevon et al.
in prep.). Images were first reconstructed from optical interfero-
metric data using the MiRA algorithm, which fits model images
to observed visibilities and closure phases. Then, the PYRA
Python-based tool was used to automatically generate a large
set of image reconstructions (1000 in this study), by varying key
parameters such as field of view, pixel scale, and the weight of an
image prior. In particular, a smoothness constraint was applied,
which favors a smooth intensity gradient rather than abrupt. This
approach helps guide the reconstruction despite the incomplete
and noisy nature of interferometric data, a process known as
regularization: it introduces additional information or assump-
tions to stabilize the solution. The MYTHRA package then find an
image subset which fits the optimal balance between fitting the
data and enforcing this regularization. Then MYTHRA processes
this subset, remove outliers, and compute the final representative
image by averaging the remaining reconstructions. The effective
resolution (dirty beam) was modeled as an ellipse: 4X2 mas in
the L band and 9X5 mas in the N band. To prevent artifacts,
the pixel scale was set smaller than half the instrument reso-
lution, i.e., 0.5 X 4/(2B). The final L- and N-band images and
their corresponding visibility and closure phase fits are shown in
Appendix C.
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Fig. D.1. Pseudo-continuum image subtracted from the SiO,, after a flux
normalization with respect to the MATISSE spectrum.

3 https://github.com/jdrevon/PYRA/tree/main
4 https://github.com/jdrevon/MYTHRA/tree/main
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