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Close companions influence stellar evolution through tidal interactions, mass transfer, and
mass loss effects. While such companions are detected around young stellar objects, main-
sequence stars, red giants, and compact objects, direct observational evidence of close-in
companions around asymptotic giant branch (AGB) stars has remained elusive. Here, we
present (sub)millimeter time-domain imaging spectroscopy revealing the Keplerian motion
of a close-in companion around the AGB star 7' Gruis. The companion, slightly more mas-
sive than the AGB star, is likely a main-sequence star. Unlike more evolved stars with com-
panions at comparable distances, 7' Gru’s companion follows a circular orbit, suggesting
an eccentricity-generating mechanism late- or post-AGB. Our analysis suggests that model-
predicted circularization rates may be underestimated. Our results highlight the potential of
multi-epoch (sub)millimeter interferometry in detecting the Keplerian motion of close com-
panions to giant stars and open avenues for our understanding of tidal interaction physics
and binary evolution.

Main

Most stars with initial mass greater than 0.8 solar masses (M) probably host at least one planetary
or stellar companion 2. Of these stars, ~95% will evolve through the Asymptotic Giant Branch
(AGB) phase assuming a Salpeter initial mass function with exponent of 2.3 3. Companions with
close orbits influence stellar evolution at all stages, shaping mass loss, altering envelope dynamics,
and driving interactions that affect planetary nebula formation, extrinsic carbon star creation, and
the recycling of enriched material into the interstellar medium *3.

Although close companions have been detected around a range of stars, from young stellar
objects to main-sequence (MS) stars, red giants (RGB), white dwarfs (WD), and neutron stars %3,
detecting companions in close orbits (< 5 stellar radii) around AGB stars has proven difficult.
AGB stars can undergo strong pulsations causing photometric variations of several magnitudes
and shock velocities up to ~10 km s~!, extreme luminosities (up to 10° solar luminosities), and
powerful winds with mass-loss rates (/) from 10~® to several times 107° Mg, yr—' '*. These
conditions make transit and radial-velocity methods unsuitable for detecting close companions.
While high-energy (UV/X-ray) emission suggests the presence of companions around AGB stars,
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indicating associated accretion flows and disks '°, it does not reveal any orbital characteristics.

Long-term photometric monitoring of pulsating AGB stars reveals pulsation periods of hun-
dreds of days, but in about a third of cases, a longer secondary period (LSP; 5-10 times the pulsa-
tion period) is detected, possibly indicating a companion’s orbital period '°. The LSP radial veloc-
ity amplitude can provide binary system properties only if it exceeds that of the stellar pulsation.
In systems where the presence of a companion is independently confirmed, such as the red symbi-
otic binary CH Cyg 7, orbital parameters can be derived from the radial velocity curve. However,
estimates of orbital eccentricity can be inaccurate owing to perturbations of the radial velocity by
gas streams from the AGB star’s extended atmosphere caught in the companion’s gravitational
potential. Moreover, only the mass function can be derived, and astrometric data is required to
derive inclination and system masses. A combined radial velocity and astrometric analysis has
been successfully applied only to the carbon-rich AGB star V Hya '®. However, such analysis
relies on narrow priors for primary mass and distance, and precise initial conditions for conver-
gence. Moreover, this method cannot determine the barycentre’s proper motion. In addition, since
the companion is undetected, the nature of the LSP remains debated, with alternatives including
plasma ejection, triple system dynamics, episodic dust formation, or convective oscillations %2,
Another approach has been explored for the red symbiotic R Agr !, where the companion’s mo-
tion is inferred over time by assuming its position coincides with the centre of the H30« jet or
the edge of the continuum emission, although only a single direct detection exists. Combining
this assumed relative position with radial velocity measurements allows estimates of the system’s
orbital parameters.

The interaction between the AGB wind and potential companion(s) offers an alternative
method for characterizing giant binary systems. Observations with the Atacama Large Millime-
ter/submillimeter Array (ALMA) have indirectly indicated the presence of companions to AGB
stars through the detection of arcs, bipolar outflows, tori, rotating disks, and spirals in the other-
wise smooth, radially outflowing wind 2. However, unlike wide companions (e.g., Mira AB 2 W
Agl #), no close companions have been directly detected in Keplerian motion through multi-epoch
tracking of both components.

For two AGB stars, Ly Pup and 7! Gru, ALMA continuum data around 331.6 GHz and
241 GHz, respectively, reveal a maximum at the AGB star’s position, plus an offset peak, poten-
tially indicating a close companion >*2°. Alternatively, the secondary peak may represent a dense
aggregate of dust and gas formed by episodic mass loss, proposed as the cause of 7! Gru’s fast
bipolar outflow *°. Assuming the secondary peak in the ALMA 7! Gru image traces a stellar com-
panion orbiting an AGB star of mass ~1.5 M, and approximating the tangential velocity anomaly
by the orbital tangential velocity, it was inferred that this companion could be an accreting dwarf
star of ~0.86 M, on an eccentric (e ~ 0.35), ~11-yr orbit?®. The longevity (weeks to about a
year) >* and motion — Keplerian for a companion or radial for an outflowing aggregate — can help
distinguish between these scenarios. To test this conjecture, we observed the AGB star 7' Gru
at high angular resolution (~07020) with ALMA during Cycle 6 (C6, June-July 2019, band 6,
241.0 GHz) and Cycle 10 (C10, October 2023, band 7, 334.7 GHz) (see ‘ALMA observations’ in
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Methods).

Results

Direct evidence of the Keplerian motion of a close-in companion

In both ALMA C6 and C10 epochs, continuum data reveal two emission maxima (see Fig. 1,
Extended Data Fig. 1 and Extended Data Table. 1). The relative position of the secondary peak
(referred to as Ms) with respect to the AGB star (M) was measured in right ascension () and
declination (9) as (—12.0£1.2, —34.7+1.2) mas in the C6 data, and (—24.140.7, 32.9+1.0) mas
in the C10 data (see ‘ALMA observations’ in Methods). This positional shift is inconsistent with
pure radial motion, but can be explained by an elliptical orbital projection, as expected from New-
tonian gravitational interaction between two masses (see ‘Orbital parameters’ in Methods). This
marks the direct detection of the Keplerian motion of a close-in companion around an AGB star,
confirming the earlier hypothesis of the presence of a close-in companion around 7! Gru 2272,
7! Gru also has a distant GOV companion, 7 Gru B, at a projected separation of 2”71, known since
1953 . This confirms 7! Gru as a hierarchical triple system, consisting of a close-in companion
(m! Gru C) and a widely separated tertiary companion, which is unlikely to significantly influence
the inner binary’s dynamics (see ‘Orbital parameters’ in Methods).

System’s orbital motion and barycentre’s proper motion

Combining the multi-epoch ALMA proper motion images with Hipparcos and Gaia position-
velocity vectors from epochs 1991.25 and 2016.0 (see Fig. 1), we assembled data spanning nearly
25 years. Using 18 observational constraints, including astrometric positions, velocities, and par-
allax, we solved the two-body problem under Newtonian gravity and determine both the system’s
orbital motion and the barycentre’s proper motion.

The proper motion vector is defined by six orbital elements (2, ¢, w, a, e, Tj), along with
71 Gru A’s mass (m,), the mass ratio (¢ = mo/my, with my the mass of Ms), the barycentre’s
proper motion (u&, u§), and parallax (co, or distance D). Here, () is the longitude of the ascending
node, ¢ inclination, w argument of periastron, a semi-major axis, e eccentricity, and 7 time of
periastron passage. Using Bayesian inference, we derived posterior distributions for these 11 pa-
rameters. Broad, agnostic priors were adopted except for distance, which followed a Gamma prior.
Geometrical degeneracies were present, with i degenerate with 360° — ¢ and (w, §2) degenerate
with their antipodal values (w + 180°, Q2 + 180°), but resolved using ALMA spectral line data (see
‘Orbital parameters’ in Methods).

Specifically, we derive that m; = 1.12 + 0.25Mg, ¢ = 1.05 £ 0.05, @ = 6.81 + 0.49 au,
QO =1014+36° 7 = 11+£7, D = 179.74 £ 10.09pc, u& = 45.203 & 0.144 mas yr!, and
u§ = —18.76 £ 0.061 mas yr~* where the analysis strongly favors a circular orbit; see corner plot
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in Extended Data Fig. 2. The fit to the proper motion data is shown in Fig. 1 and Suppl. Video 1; the
orbital system is visualized in Extended Data Fig. 3. With a more informed Gaussian prior on m4
with mean 1.54+0.5 M, the retrieved m; increases to 1.274+0.22 M, (see ‘Orbital parameters’ in
Supplementary Information), remaining within the uncertainty interval of our initial determination.

We derive the barycentre’s radial velocity as —14.8 +1.0km s~ * (see ‘Orbital parameters’ in
Methods). Using the celestial coordinates, and derived distance, proper motion, and radial velocity,
we determined the system’s 6D Galactocentric phase-space position. By back-integrating its orbit
over 2.8 Gyr, we find that the 7! Gru system likely formed near the Galactic plane, close to or
slightly within the Solar orbit (see ‘Galactic orbit’ in Supplementary Information).

Nature of 7! Gru C and its accretion disk

We deduce that the companion orbits the AGB star in an anti-clockwise direction and is surrounded
by an accretion disk. An SED analysis indicates that 7'Gru C is either an F6—F8V MS star or a
massive WD with a temperature up to 40,000 K, with additional (sub)millimeter emission from an
accretion disk interacting with the companion. The UV emission is either intrinsic, from the AGB
star’s chromosphere, or extrinsic, suggesting ongoing but weak accretion (see ‘Accretion disk’ in
Supplementary Information).

Wind Roche lobe overflow (RLOF) ! shapes the AGB circumstellar envelope’s density struc-
ture and the accretion disk around the companion (see ‘Hydrodynamical modelling’ in Methods).
To estimate the mass accretion rate and investigate the accretion disk’s characteristics, we perform
high-resolution hydrodynamic simulations *>* (see ‘Hydrodynamical modelling’ in Methods).
The resulting density distribution (Extended Data Fig. 4) shows a bow shock spiral in front of a
dense, circular accretion disk with an outer radius of ~0.83 au. The disk material orbits with tan-
gential velocities of 80-100% of the Keplerian velocity and is flared in the edge-on view, with a
density scale height of ~0.15 au at the outer radius. The mass accretion is ~15% of the mass loss
rate (8 x 1077 Mg, yr~! ?), corresponding to a mass accretion rate of 1.2 x 1077 M, yr!, and the
disk’s total mass is 2 x 107% M. ALMA band 6 and 7 at 7! Gru C’s position gives us a spectral
index of a3, = 2.3+ 0.3 (F, « v*), indicating dust dominance **. For the accretion disk to
account for this emission, the estimated disk dust mass is ~ 8.5 x 1078 M, (see ‘Hydrodynamical
modelling’ in Methods).

System’s initial configuration and future evolution

Using stellar evolution calculations ¥, we estimate the initial mass of 7! Gru A. The core-mass
luminosity diagram and the observed C/O ratio indicate a best-fit initial mass of 1.7 Mg, with
bounds of 1.25 M., and 2 M, (see ‘Stellar evolution’ in Methods). As an additional constraint, we
analyzed 7! Gru A’s pulsation characteristics. Classified as an SRb long-period variable, 7! Gru A
has a pulsation period of ~195 days *°, which we attribute to the radial first overtone mode (see
‘Stellar evolution’ in Methods; Extended Data Fig. 5). Stellar evolution models 35 combined with
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linear pulsation calculations *7 indicate that the observed period and luminosity are consistent with
an initial mass of 1.5-2M,. For an initial mass of 1.7 M, the model predicts a current mass
of ~1.4 Mg, near the end of the thermally pulsating (TP)-AGB evolution. Growth rates further
confirm that the first overtone mode can dominate even during late thermal pulses (see Fig. 2).
Thus, despite its advanced TP-AGB age, 7' Gru A remains a semi-regular variable rather than
transitioning to a Mira variable pulsating in the fundamental mode. The TP-AGB mass estimate of
~1.4 Mg, lies at the upper limit of the m; agnostic prior retrieval, being more compatible with the
Gaussian prior.

The current system parameters allow us to reconstruct the past and predict the future of
the 7! Gru inner binary through orbital evolution calculations. The survival of close companions
depends on the balance between tidal forces, mass loss, and mass transfer. We account for non-
conservative mass transfer by incorporating it into the orbital angular momentum balance equation.
Additionally, we include both equilibrium and dynamical tide dissipation, with the latter incorpo-
rating the excitation and dissipation of progressive internal gravity waves in evolved stars ® (see
‘Orbital evolution’ in Methods).

Our orbital evolution calculations reveal that the 7! Gru system parameters remained rela-
tively unchanged during the main-sequence and horizontal branch phases (Fig. 3). The orbit began
to expand modestly during the RGB phase, driven by mass loss from the primary star. However,
during the TP-AGB phase, the interplay of non-conservative mass transfer and enhanced tidal dis-
sipation caused significant orbital contraction, which will eventually lead to a common envelope
phase. Mass loss from 7! Gru A and accretion onto 7! Gru C shifted the mass ratio from ¢ < 1
to ¢ > 1 (Fig. 3d). In the WD scenario, there remains a small probability that the system could
explode as a Type la supernova, potentially allowing the system to avoid a common-envelope fate
due to a WD kick.

Discussion

Close giant binaries with orbital periods 7,1, < 4,000 days are expected to circularize through tidal
dissipation *%. This is supported by our refined tidal models tailored to the specific configurations
of ! Gru. Specifically, we derive that higher eccentricities result in faster circularization rates and
that the circularization mainly occurs at the very end of the TP-AGB phase (see ‘Orbital evolution’
in Methods and Extended Data Fig. 6). Thus, the detection of an AGB binary with a circular
orbit and T,,;, ~ 11.76 years (~4,295 days) might appear unsurprising. However, this contrasts
with post-AGB binaries, where systems with 75,5, = 1,000 days are observed to be exclusively
eccentric, creating a discrepancy between theory and observations *.

Two main hypotheses address this discrepancy. The first suggests incomplete knowledge of
tidal dissipation: tidal circularization rates may be underestimated for the (progenitor) solar-type
main-sequence binaries “°, while overestimated during the giant phase for ellipsoidal red giant
binaries *'. We add a single, critical data point to this discussion: confirmation that a TP-AGB
binary system is circularized at 7;,;, > 1,000 days. It tentatively favors the second hypothesis:

6
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a mechanism generating eccentricity at the end of the TP-AGB or during the post-AGB phase.
Proposed mechanisms include mass transfer at periastron, asymmetric mass loss, interactions with
a circumbinary disk, white-dwarf kicks, hybrid wind-RLOF mass transfer, or the eccentric Kozai-
Lidov mechanism in triple systems **%. Future studies of AGB binary systems may allow a
sampling of the e — log T}, distribution, providing critical evidence to this discussion.

Our results also constitute an important test for tidal interaction physics. A key inference
is that our orbital evolution models predict minimal change in the binary’s eccentricity, imply-
ing an initially near-circular orbit since the system is currently circular (see Extended Data Fig. 6).
Combined with the observed large eccentricities and deficit of systems with e < 0.15 among main-
sequence solar-type binaries with orbital periods above 10 days !, this may suggest that our cir-
cularisation rates are underestimated. This tension between theory and observations is reinforced
by a recent study of red giant binary eccentricities “*. One potential avenue for investigation is
resonance locking, a phenomenon where the tidal forcing frequency and the frequency of a stellar
pulsation mode vary in concert, enabling sustained resonant interactions over extended timescales
compared to scenarios where either of these frequencies were constant +*.

Alternatively, 7! Gru’s inner binary system may have already undergone circularization,
which would lend support to the hypothesis that 7! Gru C evolved already through the AGB phase
and is now a WD. However, post-AGB binary systems with WD companions — such as extrinsic S-
type stars, barium stars, red symbiotics and WD-MS systems — are all observed to have non-circular
orbits across orbital periods ranging from ~1,000— 10,000 days *. If the eccentricity-generating
mechanism proposed for these systems applied here, it must have been unusually weak or inactive
to result in the observed low eccentricity of the WD-AGB phase.

Moreover, using the WD mass distribution function derived from Gaia data 4 the probabil-
ity of 7! Gru C being a massive WD, with mass 1.18 +0.27 M, is only ~3%. Such massive WDs
are thought to form through the merger of two average-mass WDs in close binaries or from the
evolution of massive intermediate-mass single stars **. Massive WDs accreting at the rate inferred
here (~ 1.2 x 107 M, yr~1) are present in symbiotic recurrent novae, whose optical and UV spec-
tra show strong HI, He I, and He II emission lines *°, none of which are observed toward 7! Gru.
Furthermore, the accreting companion was not detected with SPHERE-ZIMPOL “°, whereas the
accreting WD in R Aqr was detected by the same instrument despite an order of magnitude lower
accretion rate *7. These statistical and observational constraints make it more likely that 7! Gru C
is a MS star in a primordial circular orbit.

Hence, neither evolutionary scenario for 7! Gru C is without tension. Future spectrally re-
solved UV observations with the Hubble Space Telescope may reveal the nature of the companion,
with narrower line profiles pointing to a MS star, while broader profiles would be more indicative
of a WD 13,

This study presents the direct detection of the Keplerian motion of a close-in companion
around an AGB star. By combining multi-epoch (sub)millimeter imaging with optical astrometric
data, we achieve precise proper motion fitting, disentangling the barycentre’s motion from the bi-
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nary’s orbital dynamics. The retrieved orbital parameters provide a crucial benchmark for stellar
and binary evolution models, revealing tensions in tidal interaction physics. This work shows the
potential of future multi-epoch (sub)millimeter imaging, particularly when combined with Gaia
DR4’s optical astrometry, to derive orbital constraints for giant binaries and improve our under-
standing of the tidal interactions and orbital transformations governing the evolution of stars, which
commonly reside in binary systems.

Methods

1. ALMA observations

1.1. Observations

7! Gru was observed at high resolution as part of ALMA project codes 2018.1.00659.L and
2023.1.00091.S, during Cycle 6 (June 23 and July 6, 2019, Band 6, central frequency 241 GHz) and
Cycle 10 (October 12 and October 26, 2023, Band 7, central frequency 334 GHz), respectively. In
2019, 7! Gru was also observed in two other lower-resolution ALMA configurations, as described
in ref. 48. The observations were made in multiple, non-contiguous spectral windows (spw) at an
initial spectral resolution ~ 1 MHz or finer. The data from each epoch were combined and are
referred to as C6 and C10 data throughout this work. The 2019 observations and data reduction
process are detailed in Ref. *®. Only the extended configuration data are used for continuum anal-
ysis here. For the 2023 data, a similar method was employed, with the main difference being the
use of a higher frequency and smaller frequency span Av. J2230-4416 and J2235-4835 served as
phase reference sources, while J2242-4204 and J2230-4416 were used as check sources in 2019
and 2023, respectively. The check source, a compact source at a comparable angular separation
from the phase reference as the target, was observed occasionally as if it were a target. The angular
separations (in right ascension «, and declination ¢) of the check source and target from the phase
reference are denoted by tcheck and .., respectively. In both cases, the maximum recoverable
scale (MRS) is larger than the region containing the 7! Gru system. Details are summarized in
Supplementary Table 1. The principal data products are continuum images of the system, analysed
in this paper, and spectral line cubes, of which only the CO, SiO, and SiS data are used here.

1.2. Calibration and imaging

In brief, we began with the target data after applying the ALMA pipeline calibration (excluding
the pipeline self-calibration available in 2023). We identified line-free channels from the pipeline
images for the 2019 data, and from the calibrated visibilities in 2023. Here, Av represents the
cumulative bandwidth of line-free channels distributed across v4.;, and V., denotes the mean
frequency of the line-free continuum channels. For each epoch, we made channel-averaged copies
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of the phase-referenced target data. These were used to create continuum images, excluding line
emission, (from all data in 2019 and from the first execution with the best signal-to-noise ra-
tio (S/N) in 2023), as starting models for phase and amplitude self-calibration. The system’s
proper motion is ~1 mas during the 2-week interval between observations at each epoch; the self-
calibration aligned the image peak with the positions given on the dates provided in Supplementary
Table 1 for C6 and C10, respectively, i.e. the mean date for C6 and the date of the first execution
for C10.

The array configuration used in 2019 provided slightly longer baselines relative to observing
wavelength than in 2023. In order to provide images with similar synthesized beam sizes (6y,)
we weighted the data during imaging, using robust parameter values of +0.5 in 2019 and —0.5
in 2023; the beams are within 5% of circular, hence the geometric mean sizes are quoted here.
Supplementary Table 1 summarizes the main continuum imaging parameters, including the off-
source noise o,,s. The ALMA C6 2019 and ALMA C10 2023 continuum images are displayed in
Extended Data Fig. 1.

The target data at full spectral resolution were adjusted to constant velocity (visgrk) in the di-
rection of 7! Gru. We applied the continuum self-calibration solutions to these data and subtracted
the continuum before making spectral image cubes for each spw. Here, we use measurements from
2019 extended-configuration cubes only, with an angular resolution of ~ (7023 and a noise rms
in quiet channels of 0.9—1.4 mly, increasing with frequency; full details are tabulated in ref. *5.
The details of the 2023 spectral cubes are given in Supplementary Table 2, including the synthe-
sised beam sizes achieved with robust +0.5 in order to optimise sensitivity to extended molecular
emission. In some cases, cubes were made at two spectral resolutions; at the highest resolution
for masers and with channel averaging for thermal lines, and at higher angular resolution, robust
—0.5 for SiO and CO v=1 J=3-2 shown in Supplementary Fig. 8. The positions and flux densities
of maser spots at both epochs were measured by fitting 2-D Gaussian components in the AIPS
package (task SAD); the position errors were estimated as described in Section 1.3.1, in the range 1
— 10 mas depending on S/N. The transitions used in this paper are listed in Supplementary Table 3.

1.3. Measurements of ALMA continuum sources

We measured the positions of the primary (7 Gru A, hereafter referred to as M) and the nearby
companion (7! Gru C, hereafter referred to as M>) in two ways: using the CASA task imfit to fit
two 2-D Gaussian components to M; and M, and using the uvmultifit add-on package * to
fit a uniform disc (UD) plus a delta (point-like) component to the calibrated visibilities. For both
epochs and methods we allowed the fit to M, to be elliptical with the ratio of major and minor
axes e, > 0.9, (where e, = 1 1s a perfect circle). We assumed that M5 is unresolved as its relative
faintness and proximity to M; rendered attempts to measure a size based on formal S/N errors
(Section 1.3.1) unreliable, and therefore specified a point source.



331

332

333

334

335

336

337

338

339

340

341

342

344

345

346

347

348

350

351

352

353

354

355

356

357

358

359

360

363

364

365

366

368

1.3.1 Stochastic and other relative measurement errors

The errors reported by the packages are based on the assumption that the source can be described
exactly by the model and on ideal phase noise, and tend to underestimate realistic errors. In fact
these errors are ‘formal errors’ reported by the packages; they are not ‘absolute errors’ which may
include systematic effects not fully calibrated. The relative position uncertainty due to phase noise
in a Gaussian fit to an interferometry image from an array with gaps in the baseline coverage (as
for ALMA in the extended configuration) is given by 0p0s¢ = 6 X 0rms/P Where P is the fit-
ted peak flux density. The two methods gave results within 1 mas for the relative positions of
the components (although as expected, the FWHM of the Gaussian component for component M,
underestimates the stellar size). It is likely that a UD is a better fit to the stellar continuum at
(sub)millimeter wavelengths as visibility-plane fitting is not affected by deconvolution errors —
although still potentially biased by blending of the components at the interferometer resolution and
emission which is not included in the UD plus delta model. Any deviations of the apparent stellar
shape from a circle are in reality not likely to be elliptical but random (due to stellar activity, lo-
calised mass loss, dust clumps etc.) on scales large enough not to average into noise. We therefore
adopt the UD plus delta model, utilizing the phase noise estimate (where P is calculated as the UD
flux density multiplied by the ratio of the beam area to the UD area) and the ellipticity to estimate
the errors.

The provisional relative position uncertainties o, are taken as the sum in quadrature of
Opos,» and, for component M, the error due to the assumption of ellipticity. We estimated the
latter as opese, = (fitted diameter)x (1 — e,) X V2. Oprov thus represents the errors in UD plus
delta visibility plane fitting, including phase noise. We then compared the positions obtained by
visibility plane fitting with those from Gaussian fitting in the image plane, giving their differences
in each direction, 0pos fit- Oprov aNd Tpes st are decomposed into equal components in «, and J, con-
sidering that the synthesized beams are nearly circular and the other uncertainties have unknown
orientations.

We then took the larger of 0,4y Or 0p0s it @s the actual relative position uncertainty opos rel-
Opos,fit Was larger only for component A/, in 2023, probably due to slightly lower resolution and
brighter dust. These values are listed in Extended Data Table 1 and can be used to determine the
uncertainty in the separation of the two components at each epoch.

The astrometric positions of M, and M, at both ALMA epochs are listed in Extended Data
Table 1 and visualised in Extended Data Fig. 1. The relative position of M, with respect to M; was
measured as (o, 0) = (—12.0254+1.212, —34.700 £ 1.212) mas in the ALMA 2019 C6 data and as
(=24.103 £ 0.721, 32.910 £ 1.000) mas in the ALMA 2023 C10 data. Consequently, the angular
separation between ) and M, changed from —37.702 £ 1.898 mas in 2019 to 40.775 £ 1.233
mas in 2023. This positional shift is inconsistent with pure radial motion.

The measured UD diameters Dyp of M; and the flux densities of both components, Syp and
Sdelta, are given in Supplementary Table 4. We estimate the error oyp from the same phenomena
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as those causing o, re1, given in Extended Data Table 1, using the combined «, and ¢ errors, with
an additional factor of v/2 as the diameter is the difference between two position measurements.
The relative continuum flux density errors in Syp and Sgey, are similar at each epoch, compris-
ing the noise 0., and fitting uncertainties, shown as os. When comparing the two epochs, the
ALMA flux scale error, typically 7% at these frequencies °, should also be included. Using Vyean
from Supplementary Table 1, the spectral index, a® of each component (ignoring any potential
variability) is oy, = 1.9+ 0.3 and aj;, = 2.3 £ 0.3 (using the convention S’ o ).

1.3.2 Astrometric uncertainty

The absolute astrometric accuracy is determined by use of the phase reference source. The main
contributions to astrometric errors are the phase reference position errors oppef, short-term phase
jitter within each few-minute scan oy, and errors in transferring phase solutions from the phase
reference source to the target oyans. We took opprer from the ALMA calibrator catalogue. ogpore =
Op X Prms/360, where the phase rms ¢, in degrees was taken from the QAO reports (for the
best observation at each epoch) . .., is dominated by antenna position errors and by atmo-
spheric differences between the directions of the sources, which we assume to be equivalent to
a phase screen with a linear gradient. We estimated the effect on the target by comparing the
apparent and catalogue positions of the check source to derive its error (0poscheck) and scaling

these to the phase calibrator - target separation, 0pos scaled = \/ (03057Check + 02 ) X (Vtarg/Veheck)

(from Supplementary Table 1). The target astrometric (absolute) uncertainty is then given by

— 2 2 2 : :
Opos,abs = \/ O5os.6 T Oposscaled T Oshorg-  LDE Values are given in Supplementary Table 5. We

use more significant figures than are strictly warranted in order to avoid rounding errors in later
modelling.

The check source catalogue position uncertainties are ~1-2 mas. However, without a com-
prehensive directional atmospheric model (i.e., multiple calibrators), it is not realistic to include
these uncertainties, as their contribution would be minor.

2. Orbital parameters

In order to determine the orbital parameters of the close-in companion, 7! Gru C, we will first
introduce the orbital model, followed by a description of the observational constraints obtained
from the ALMA, Gaia, and Hipparcos data. We will then describe the Bayesian analysis used to
derive the orbital parameters. Finally, a sensitivity analysis is performed to assess the robustness
of the derived orbital parameters.
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2.1. Orbital model

The 2019 ALMA Cycle 6 continuum data revealed two maxima separated by 37.702 mas, with
the secondary peak interpreted as a potential close companion >°. However, this feature could
also be a dense clump of gas and dust resulting from a mass ejection from the AGB star, which
would follow a more radial outflow. The 2023 ALMA Cycle 10 data provide a second epoch to
confirm the proper motion, definitively ruling out the possibility of a radially outflowing aggregate.
Instead, the positional shift observed in the 2023 C10 data is consistent with an elliptical projection
on the sky, thereby establishing that the secondary continuum peak is a close-in companion on a
Keplerian orbit around the AGB star. This confirms the hypothesis of Ref. *>?"-%" that a close-in
companion interacts with the wind of 7! Gru A. However, their study lacked the observational
constraints necessary to determine the orbital parameters accurately.

Since 1953, it is already known that 7! Gru has another far distant GOV companion, 7! Gru B,
at a projected separation of 2771 3°. This establishes 7' Gru as a triple system. The dynamical
evolution of triple systems with a close-in binary and a wider tertiary may be influenced by the
‘Eccentric Kozai-Lidov’ (EKL) mechanism °'-32, which can cause the inner binary to experience
large-amplitude oscillations in eccentricity and inclination, driving it to small pericentre distances
and potential merger, while the tertiary may move outward or become unbound over evolutionary
timescales. On one hand, it has been demonstrated that for a circular inner orbit, a large mu-
tual inclination (40° —140°) can lead to long-timescale modulations that drive the eccentricity to
very high values and can even result in orbital flips 3°. Although we will derive the inclination of
the inner orbit below, the inclination of the outer orbit (of 7' Gru B) is currently unconstrained,
preventing an accurate assessment of the EKL effect for a potentially high mutual inclination.

On the other hand, it has been shown that even starting with an almost coplanar configura-
tion, for eccentric inner and outer orbits, the inner orbit’s eccentricity can still be excited to high
values, and the orbit can flip by approximately 180°, rolling over its major axis >>. However, as
shown below, we derive a circular orbit for the inner orbit (of 7! Gru C), suggesting that the EKL
mechanism is not active here.

Even without considering the EKLL mechanism, it is necessary to evaluate the effect of the
distant companion on the orbital motion of the two inner bodies due to Newtonian gravitational
interactions. This distant companion, with a mass of ~1 M, exerts a negligible influence on the
orbital motion of the two inner bodies. Over a span of 24.25 years, the maximum induced change
in the astrometric position of the inner bodies due to 7! Gru B is only about 0.65 x 10~° mas.
Consequently, we can model the astrometric motion of the primary AGB star, 7' Gru A (M,), and
its inner companion, 7! Gru C (M), as a two-body system, effectively neglecting the influence of
7! Gru B.

We therefore model the orbital motion of the two celestial bodies, M; and Ms, in a binary
system using Newton’s laws, aiming to determine their positions over time, ¢, while accounting for
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parallax, proper motion, and orbital parameters. This involves analyzing the motion of M; and M,
interacting solely through their mutual gravitational attraction.

The remainder of the derivation of the orbital equations, including the explicit transformation
from the orbital plane to the plane of the sky, the calculation of the true anomaly as a function of
time, and the projection of the orbital motion onto the observed astrometric coordinates, is detailed
in Supplementary Sect. 2.1. This section provides the full mathematical framework required to
compute the predicted positions of both components at any given epoch, accounting for the effects
of parallax, proper motion, and the orientation of the orbit in three-dimensional space. The deriva-
tion also discusses the conventions adopted for the orbital elements and clarifies the treatment of
degeneracies in inclination and node, ensuring that the model predictions can be robustly compared
to the multi-epoch astrometric data from ALMA, Gaia, and Hipparcos.

2.2. Observational input

The orbital parameters for 7' Gru, as defined in Supplementary Sect. 2.1, can be constrained
using data from ALMA C6, ALMA C10, Gaia DR3, and Hipparcos, along with their respective
uncertainties.

The ICRS astrometric positions of component M; and M, at the epoch of the ALMA C6
and C10 observations are listed in Extended Data Table 1. The positional accuracy is given by

\/ 2 ssrel T Thos.ans: These ALMA positions are not yet corrected for the parallactic shift since the
parallax t is one of the retrieval parameters.

To summarize, for the ALMA C6 data:

ace(M) = 22"929™44.969589° + 0.000240° (0C1)
dce( M) = —45°56'53.00641" 4+ 0.001697” (0C2)
ace(Ms) = 22h929™m44 268393° 4 0.000212° (0C3)
dce(My) = —45°56'53.04198”" 4+ 0.001217" (0C4)
For the ALMA C10 data:

acio(My) = 22"929™44.982263° + 0.000200° (0C5)
dcro(My) = —45° 56'53.12381” + 0.001777" (0Co6)
acio(Ms) = 2219944 279952° 4+ 0.000196° (0C7)
dcr0(My) = —45° 56'53.09090” + 0.001612” (0CB)

Although the components of the binary system are not resolved in the Gaia and Hipparcos
data, the fact that the companion remains undetected in the VLT/SPHERE data 46 taken contem-
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poraneously with the ALMA C6 data (see Supplementary Sect. 5.2), implies that the mass-to-
light ratios of 7! Gru A and 7' Gru C are significantly different, and that the Hipparcos and
Gaia photocenters therefore track the photocentre of the AGB star M;. The Hipparcos catalogue
(https://www.cosmos.esa.int/documents/532822/552851/vol9_all.pdf/
50682119-3£f37-4048-8f3a-e10961614b44) lists the following five-dimensional (5D)
(the radial velocity could not be constrained from the Hipparcos and Gaia measurements) ICRS
position-velocity vector for 7! Gru (= HIP 110478) at epoch 1991.25:

a* 233.40516824561706
o —45.94791727
Yuipr, = | @ = 6.54 (0C9)—(0C13)
T 27.89
1s ) ar, —10.92 Hip

Both o* and ¢ are expressed in degrees, the Hipparcos parallax w is expressed in milli-arcseconds
(mas), and the proper motions .~ and /s are expressed in mas yr—!. The corresponding covariance
matrix 2yjp 18

0.64 0.0496 —0.0808 —0.17952 —0.08528
0.0496 0.3844  —0.15655 —0.12648 —0.172856
Yuip = | —0.0808  —0.15655 1.0201  0.236946  0.132512 (1)

—0.17952 —0.12648 0.236946  1.0404 0.25092
—0.08528 —0.172856 0.132512  0.25092 0.6724

where the uncertainties of o, 9, and w are expressed in mas.

The Gaia DR3 archive 3 lists the following astrometric solution for 7! Gru (= Gaia DR3
6518817665843312000) at epoch 2016.0:

a 335.6844004512271
5 —45.94804349249061

Youars = | @ | = | 6.185845810192854 (OC14)~(0C18)
Yo 31.105558619539813
. ~10.338212763867 ) .

where the units are the same as for the Hipparcos solution. The corresponding covariance matrix
EGaia 1s:

0.05428154  0.01727978  0.00399398  0.01529596 —0.01802598
0.01727978 0.0856448  —0.02478438 —0.0093199 —0.03776861

Ygaia = | 0.00399398  —0.02478438  0.19944953 —0.02224772 —0.05414651 (2)
0.01529596  —0.0093199 —0.02224772 0.06329501  0.02410661
—0.01802598 —0.03776861 —0.05414651 0.02410661  0.12071868

where the units are the same as for Xp;p.
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These 18 observational constraints, (OC1)—(OC18), will be used to infer the 6 orbital param-
eters (a, €, §2, i, w and T}), the primary mass m1, the mass ratio ¢ = my/my, the parallax @ toward

the 7! Gru system (or, equivalently, its distance D), and the proper motion vector of the barycentre

ne.

2.3. Predictables

The 18 observational constraints (OC1)—(OC18) are compared with 18 predicted values to derive
the orbital parameters of the 7' Gru system. Specifically, we fit the astrometric positions and
parallax shift of M; and M, at the ALMA C6 and C10 epochs, and fit the astrometric positions,
parallax and proper motion of M, from the Hipparcos and Gaia epochs.

We have intentionally left the ALMA observations uncorrected for the parallactic shift, as
this shift depends on parallax, one of the parameters in the Bayesian retrieval fitting. To correctly
apply Bayes’ theorem, a clear distinction between observables and predictables must be main-
tained, avoiding any mixing between them. Once the parallax has been determined in a way that is
consistent with the ALMA, Hipparcos, and Gaia data, the ALMA observations can be corrected
for the parallactic shift and only the motion fits including the proper motion and orbital motion
can be displayed. Accordingly, all figures in this paper displaying proper motion fits have been
constructed after applying this approach.

It is important to note that the observed proper motion derived from Gaia and Hipparcos
represents an average value over the duration of each mission. The Hipparcos mission lasted from
1989.8 to 1993.2, while the Gaia mission spanned from 2014.5 to 2017.4. The timestamps for the
Gaia observations of ! Gru are readily available and were used to derive the mean proper motion
of M, for the Gaia epoch. However, the exact timestamps for the Hipparcos mission could not be
retrieved. To address this, we sampled Hipparcos’ full observational time span with 300 linearly
spaced timestamps, which were then used to calculate the right ascension and declination of M, at
each timestamp, and hence to derive the average proper motion for the Hipparcos epoch. Sampling
with more data points did not impact the results. Additionally, given that the Hipparcos data have
a limited impact on the overall results, as demonstrated in the sensitivity analysis presented in
Supplementary Sect. 2.3.2, this assumption is considered well justified.

2.4. Baysesian inference

Using the Bayesian framework, we compute the posterior distribution P(6 | y) which is propor-
tional to the product of the likelihood function and the prior distribution:

P(6[y) o< Py | 0) P(6). 3)

where 6 = (my,q,a, e, Ty, w,Q,4, D, uS, 1§) are the 11 model parameters, and y are the observa-
tions outlined in Section 2.2. Since the Gaia, Hipparcos, and ALMA observations are statistically
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independent, we can split the likelihood into

P(y | 0) =P(ycem,|0) - P(ycem,|0) - P(ycion |0) - P(yciom,|0) -
P(yGaia,M1 |0) : P(yHiP,Ml |0)

)

where we abbreviated Yo, s, = (Qcn a5 6cn,v;) @0d Yéaia/mip My = (O Oy s T, fags 161) g JHip®
Yon,M; and Yeaia/mip, M, are given in Section 2.2. Each of the likelihoods was chosen to be a Gaus-

T Plyx]8) = N(m(6), =x)
1 1
= oxp (== (yx —m(8))' T (yx — m(6)) )
(2m)" Sy | ( 2 )

where m(6) = E[yx]. In the case of P(Ygaian, |0) and P(ymip M, |0), the non-diagonal covariance
matrices Ypip and Y, are given by Expr. (1) and (2). In all other cases, the covariance matrices
are diagonal with the square of the standard errors given in Section 2.2 on the diagonal.

In each case the components of the expected value m = E|[yy| related to the sky coordinates
(cv,0) of M, or My are computed using the following model:

() = (5) G Je—re0+(55) ’

Here, (o, 02) denote the ICRS coordinates of the binary system’s centre of mass at t = t¢g:

0 _ M1 Qcem + M2 Qoen, AP %
aG — o
mq + mo
50, — M1 0cenn + M2 Ocer,  Ap 8)
G = 5
mq + mo

where the terms AP and Af represent corrections for the parallax motion, accounting for the fact
that (ace,nr, 0ce ) and (ace arn, dcen,) are the observed ALMA astrometric positions. The
second term in Eq. (6) reflects the proper motion of the barycentre and the third term the change in
coordinates with respect to the barycentre due to the orbital motion of the stars, and is computed
as outlined in Supplementary Sect. 2.1.1.

We assumed no a priori correlations between the model parameters, and decomposed the prior
P(0) into:

P6) = 1] P6.) )
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where we implemented the following priors for each of the 11 model parameters:

P(my) = U(0.6,3.5) [Mp)] (P1)
P(q) = U(0.2,5.0) ] (P2)
P(a) = U(2,15) [au] (P3)
P(e) = U(0,0.95) ] (P4)

P(Ty) = U(2009, 2030) [yr] (P5)
P(w) = U(0,360) [°] (Po)
P(Q) = U(0, 360) [°] (P7)

P(i) = U(0, 360) [°] (P8)

P(D) = Gamma(k = 3, L = 500) (] (P9)

P(ug) = U(42,46) [mas yr~'] (P10)

P(ug') = U(—20,-17) (mas yr~'] (P11)

where U(uq,us) indicates a uniform prior between ranges u; and uy. We initially explored a
broader prior range for 7; (1900-2200 yr), but all runs consistently converged to orbital periods
around 11 yr. Based on this, we refined the prior to the range 2009-2030 yr.

The Gamma prior for the distance D of the system, with shape parameter £ = 3 and scale
parameters L. = 500 pc, reflects an exponentially decreasing stellar volume density in the nearby
Milky Way . Le. the prior for the distance is determined as

F~(p,k =3,L = 500) (10)

where p is a uniform random variable (p € [0, 1]) and

1 :Etkfleft/L
Fleh L) = g | gt (11)

with T(k) = (k — 1)!.

To sample the posterior distribution, we used different sampling methods, for which nested
sampling works the most efficient. More details on the sampling methods and the ultranest
package can be found in Supplementary Sect. 2.3.1.

2.5. Inferred orbital parameters for the ! Gru system

Using the observational data outlined in Sect. 2.2 and the ultranest °° Bayesian modeling
framework, we inferred the six orbital elements, the primary mass (), the mass ratio (¢q), the dis-
tance (D), and the proper motion of the barycentre (). To assess robustness, ult ranest was
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executed 10 times, as detailed in Supplementary Sect. 2.3.2, with a summary of results presented
in Supplementary Table 8. In this section the results of the best run are presented.

The outcomes of Bayesian inference are characterized by two key metrics. First, we report
the mean and standard deviation of the retrieved parameters, derived from the posterior samples
(upper part of the table). The mean is weighted by the likelihood of each sample, while the standard
deviation reflects the posterior spread. Second, we present the best-fit values, corresponding to the
maximum posterior probability for each parameter (lower part of the table).

The run that achieved the highest maximum marginalized likelihood, and we refer to this as
the eccentric model. The Bayesian retrieval yields m; = 1.02 £ 0.20Mg, ¢ = 1.04 £+ 0.05,
a=6.60+0.41au, e = 0.023+£0.017, 75 = 2026.75+3.16 yr, w = 101 £98°, Q2 =94 4+-23°,7 =
14+8°, D = 17449 pc, u = 45.21240.168 mas yr~ !, and p§ = —18.77340.068 mas yr—'. The
small eccentricity implies w and 7 are poorly constrained (see also Supplementary Sect. 2.3.2).

However, the Bayesian marginalized likelihood (log z) — factoring in both fit quality and
model complexity — indicates a preference for a circular orbit (e = 0) over the above eccentric
model (see Supplementary Sect. 2.3.2). For a circular orbit, w and 7j are undefined; instead,
we define 7j as the time when the body crosses the ascending node. Similar to the eccentric
case, ultranest was executed 10 times (see Supplementary Table 9). The highest maximum
likelihood run, and we refer to this as the circular model. The inferred parameters are m; =
1.124+0.25Mg, ¢ = 1.05+0.05, 0 = 6.81 £0.49au, Ty = 2016.39 £ 1.18 yr, Q2 = 101 £36°, 7 =
11£7°, D = 180410 pc (or equivalently, = = 5.55540.309 mas), u& = 45.2034-0.144 mas yr—!,
and p§ = —18.776 4+ 0.061 mas yr—!. These results are shown in a corner plot (Extended Data
Fig. 2) and summarized in Supplementary Table 6. The best-fit values are given in Supplementary
Table 7.

The fit of the astrometric positions and tangential velocities to the observational data, based
on these best-fit parameters, is depicted in Fig. 1. The orbital system of 7! Gru, using the retrieved
best-fit parameters, is visualized in Extended Data Fig. 3 for two different viewing angles. We
deduce that the companion moves in a circular, anti-clockwise orbit relative to the AGB star, a
conclusion further reinforced by ALMA and SPHERE-ZIMPOL data presented in ref. 2%26:46.57,
The arcs observed in these datasets, interpreted as segments of an anti-clockwise spiral, exhibit
shapes consistent with this orbital motion. The ALMA data ?>-2%7 trace the gas motion, while the
SPHERE-ZIMPOL data “°, taken almost at the same time as the ALMA C6 observations, reveal
that the dust tail, formed in the companion’s wake, also exhibits a shape consistent with this anti-
clockwise orbit.

The corner plot (Extended Data Fig. 2) demonstrates high-quality sampling with well-defined
boundaries and Gaussian-like posterior distributions for m;,q, a, D, and pu%, underscoring the
effectiveness of the ult ranest sampling method. It also reveals the expected strong correlations
between mq, a, and D and (2 and 7. In particular, there is a perfect positive correlation between (2
and 7. Additionally, a strong positive degeneracy exists between a and m, (with linear correlation
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coefficient, p, of 0.99), between D and a (p = 0.94) and D and m; (p = 0.90).

For the derived best-fit circular system parameters, the predicted tangential velocity of the
barycentre, v<_, is 29.86 km s ™! with a position angle of 120.84°. The tangential velocity anomaly,
Avian, and its corresponding position angle, 6, at the Gaia and Hipparcos epochs are 7.03 km s+
and 359.04°, and 6.80 km s~! and 336.39°, respectively.

The corresponding orbital period is 11.76 = 1.85 years. Whether this period can be linked
to a long secondary period (LSP) remains unclear. The periodogram derived from the ASAS light
curve of 7 Gru reproduces the AGB pulsation period of 195.5 days well (see Sect. 4), and there
are tentative indications of an LSP of approximately 10 years. However, the data span of ~ 9 years
is insufficient for a detection at the > 3o level. Furthermore, given the low inclination we derive
for the system, the probability of detecting an LSP is inherently low.

The relative motion fit of M, with respect to M, for the ALMA 2019 C6 and ALMA 2023
C10 data is presented in Supplementary Fig. 5. Accounting for both 005 abs and opes rel, the un-
certainties in the relative position of M, with respect to M; in (o, 0) are (3.34, 2.09) mas for
the ALMA C6 epoch and (2.92, 2.40) mas for the ALMA C10 epoch. The difference between
the observed and predicted astrometric positions is (0.48, 1.60) mas at ALMA C6 and (—0.95,
—1.77) mas at ALMA C10, indicating consistency within the measurement uncertainties.

The astrometric position of M, at the ALMA C6 epoch corresponds to an orbital contribution
to the radial velocity of 0.06 km s~! for the ALMA C6 epoch and 3.37 km s~ for the ALMA C10
epoch (see Supplementary Sect. 2.4). This orbital motion represents only one component of the
overall velocity vector field. As discussed in Sect. 3, the velocity amplitude and direction exhibit
significant variation at and around the position of M5, due to the formation of a bow shock spiral
and an accretion disk. This complexity in the velocity vector field is also evident in the ALMA C6
and C10 data, particularly in the analysis of the SiO maser lines; see Sect. 2.5.1.

A comprehensive sensitivity analysis of the orbital parameter retrieval is presented in Sup-
plementary Sect. 2.3.2. There, we systematically explore the robustness of the inferred orbital
parameters by varying input assumptions, priors, and data subsets. This includes repeated runs
of the Bayesian inference, alternative prior choices (e.g., for the primary mass), and exclusion
of specific observational constraints. The resulting posterior distributions and best-fit values are
compared to assess the stability of the solution and to identify any potential degeneracies or biases.

2.5.1 Distinguishing between (w, {2) and its antipodal nodes using radial velocity measure-
ments

Although the radial velocity of 7! Gru’s barycentre remains unknown, we can use the difference
in the orbital contribution to the radial velocity of M; at the ALMA C6 and ALMA C10 epochs to
initially resolve the (w, {2) versus (w + 180°, €2 4+ 180°) ambiguity.
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For the specific circular configuration, the predicted orbital contribution to the radial
velocity of M, is approximately 0.21 km s~! at the ALMA C6 epoch, and about —1.67 km s~ *
at the ALMA C10 epoch (see Supplementary Fig. 6). This leads to a predicted change in radial
velocity between both epochs of Av%h ~ —1.9 km s~ L.

This preliminary prediction can be compared to observational constraints. Specifically, we
use the central velocities of various molecular lines to estimate v, , of M in the kinematic local
standard of rest (LSRK) frame at both the ALMA C6 and ALMA C10 epochs (see Supplementary
Eq. (108)). To achieve this, we extracted data from a small aperture (of diameter 0704) centered
on the AGB continuum peak and select high-excitation lines probing the inner few stellar radii
around the AGB star (see Supplementary Fig. 7). We used the extended configuration ALMA C6
2019 data with an angular resolution of ~ (7019 3. The central velocities are derived by fitting a
Gaussian to the line profiles.

From this analysis, we obtain an LSRK velocity for M of approximately —16.84+1.0 km s™!

at the ALMA C6 epoch and —18.3 4 0.5 km s! at the ALMA C10 epoch, with corresponding
spectral resolution being 1.3 km s~! and 0.17 km s~ !, respectively. We note that the emission from
behind the star is obscured and that within the inner few stellar radii, the wind could be in infall,
causing the apparent velocity to be slightly blue-shifted. However, since the line profiles are fairly
symmetric with aligned peaks at each epoch, this suggests that the blue-shifted bias is of similar
strength at both epochs, effectively canceling out when calculating the velocity difference. The
observed velocity difference is Av%h ~ —1.5 & 1.1. The good agreement between the predicted

value and the observational constraint, both of which fall within the same ballpark, is reassuring
and provides an initial indication that the current combination of (w, §2) is likely the correct one.

This analysis also offers a first estimate of the radial velocity of 7' Gru’s barycentre, which
we determine to be —14.8 &+ 1.0km s~!. This yields predicted radial velocities for A, in the ICRS
frame of —14.59 £ 1.0kms™! and —16.48 &= 1.0kms~! at the ALMA C6 and ALMA C10 epochs,
respectively. When transformed into the LSRK frame, these values become —16.63 4 1.0 km s~1
and —18.52 £ 1.0 km s~!, which are very close to the observed LSRK velocities of —16.8 &+
1.0 km s—! at the ALMA C6 epoch and —18.3+0.5 km s~! at the ALMA C10 epoch, listed above.
This predicted radial velocity for the barycentre is also confirmed when comparing to the ALMA
2023 C10 moment-1 (intensity-weighted mean velocity) map of the 2*SiO v=0 J=8-7 emission
(panel (b) of Supplementary Fig. 8). Future ALMA line observations would provide additional
velocity information, thus introducing even more observational constraints in the Bayesian fitting
process.

Another validation for the current combination of (w, {2) comes from the 2019 ALMA C6
SiO maser data presented by Ref. 2. We complement this with a similar analysis of the 8Si0 v=0,
1, 2 J=8-7 lines (panel a of Supplementary Fig. 8), and the >CO v=1 J=3-2 and ?°SiO v=0 J=8-7
position-velocity (PV) diagrams from the 2023 ALMA C10 data (Supplementary Fig. 8, panels d-
e). Panel (c) of Supplementary Fig. 8 depicts a 28Si0 v=1 J=6-5 PV diagram from the 2019 ALMA
C6 data. The ALMA C10 data have a higher spectral resolution and spectral line signal-to-noise
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ratio (SNR) than the C6 data, allowing for a more detailed view of the velocity structure around
the primary and companion stars.

In particular, high resolution SiO data reveal the velocity structure close to M at both epochs.
This is seen in Supplementary Fig. 8 and also in Fig. 11-12 of Ref. ?°>. SiO v > 0 emission,
mostly masers, comes from high-energy level states and thus is confined close to the star. The
v = 0 emission shows some signs of masing and, by selecting observations at the highest angular
resolutions, the region around M/, and M, can be resolved whilst large-scale thermal emission is
resolved-out. However, when including short baselines sensitive to extended flux, such as the 2019
combined data, v = (0 thermal emission on larger scales dominates, showing the circumbinary disc
but obscuring the M; — M, interaction. Consequently, the 2019 SiO moment-1 map (intensity-
weighted mean velocity) presented by Ref. 2> appears near zero at the position of M,. However,
as we discuss below, this should not — and does not — imply that the radial velocity is actually
zero at that location. Instead, this is likely due to weaker SiO emission, possibly caused by partial
obscuration by the companion star and its accretion disk.

In 2019, the SiO maser flow from M towards M, showed an increasingly blue-shifted trend
closer to M. In contrast, by 2023, this maser flow had become red-shifted; see panel (a) of
Supplementary Fig. 8. Accounting for the ALMA C10 barycentric radial velocity of approximately
—18.3 km s~!, the relative radial velocity at and around the location of M5 is non-zero, reflecting
the radial projection of the complex velocity structure, also seen in the hydrodynamical simulations
presented in Sect. 3, where the radially outflowing wind and the spiral bow shock play key roles.

The same velocity gradient is observed in the 2023 C10 2CO v=1 J=3-2 data (see panel (e)
of Supplementary Fig. 8), where the radial velocity ranges from approximately —19 km s to
—12 km s~! midway between M, and M,; however, the emission is too weak to measure the ve-
locity structure directly at Ms. Additionally, the CO v=1 J=3-2 emission near )M, appears weaker,
likely due to partial obscuration by the star. In this respect, the 2023 2°SiO v=0 J=8-7 strong
emission provides better diagnostics, with panel (d) of Supplementary Fig. 8 clearly showing the
increasingly red-shifted stream towards M.

This streamer was progressively more blue-shifted in the 2019 data, as confirmed by the SiO
maser analysis presented by Ref. 23. The blue-shift is also evident in, for example, the 28SiO v=1
J=6-5 PV diagram presented in panel (c) of Supplementary Fig. 8. This shift from a blue-shifted
(2019) to a red-shifted (2023) streamer between M, and M5 is consistent with the retrieved orbital
configuration, including (w, §2), as listed in Supplementary Table 6 and shown in Extended Data
Fig. 3.
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3. Hydrodynamical modelling

For a circular orbit with synchronous stars, the Roche lobe radius of a star in a binary system
depends solely on the system’s semi-major axis and mass ratio. It is expressed as >®:

0.49¢%/3
Ry q

= 12
1T 06425 + log(1+ ¢ (12)

where Ry ; represents the radius of a sphere with a volume equivalent to that of the Roche lobe.
Using the derived values for a and ¢, we calculate a Roche lobe radius of approximately ~ 2.61 au.
For 7! Gru A, which has a radius of ~ 1.65 au (see Sect. 4.1), this indicates that the star does not
fill its Roche lobe.

Mass-loss still occurs for the AGB star due to their dust-driven winds. This material can be
attracted by the companion and will be accreted. In the most simple case where the wind velocity
is much larger then the orbital velocity of the companion this mechanism can be described by
the classical Bondi-Hoyle-Lyttleton (BHL) > formalism. In the case of the 7! Gru system, the
orbital velocity of the companion of ~16 km s~! almost equals the radial expanding wind velocity
of ~14km s~! (as derived by Ref. 37). This implies that a wind accretion scenario relying on this
BHL formalism is not valid.

This suggests that the wind-RLOF regime, first studied in the context of symbiotic binaries
by Ref. *!, offers a more promising framework to understand the structure in the circumstellar
envelope of 7' Gru A and the wind-companion interaction. For this mechanism to be effective, the
dust condensation radius must extend beyond the Roche lobe, which is a reasonable assumption
given that dust condensation in such environments typically occurs at a few stellar radii.

The gravitational influence of a binary companion affects the wind morphology of an AGB
star in two distinct ways ®'. On the one hand, the companion’s gravity focuses a fraction of the
wind material towards the equatorial plane into a detached bow shock or accretion wake flowing
behind the companion ®2. On the other hand, it induces an orbital motion of both stars around the
barycentre. This generates a spiral shock with a stand-off radius defined by the orbital and wind
velocity. The arc pattern due to the reflex motion of the mass-losing AGB star nearly reaches the
orbital axis and introduces an oblate-shaped flattening of the circumstellar envelope density.

To predict the wind morphology, estimate the mass accretion rate onto the companion, and
explore the nature and properties of the accretion disk expected to form around the companion star,
we perform high-resolution, three-dimensional smoothed particle hydrodynamics (SPH) simula-
tions using the PHANTOM code . The numerical setup of the simulations is the same as described
in Ref. 3. The stars are modelled as sink particles that can accrete wind particles and gain their
mass and momentum >3, The stellar wind is modelled using the free-wind approximation, where
the gravitational force of the AGB star is artificially balanced by the radiation force. This allows
for a computationally simple way to launch a wind, but it does not adequately take into account
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pulsations, dust formation and the impact of radiative transfer. Better wind prescriptions that in-
corporate pulsations ¢, dust nucleation *? or radiation transport ® are currently under development,
but a fully integrated model that combines all these effects remains to be achieved.

To model the accretion around the companion, we include HI cooling and assume the wind
is atomic, with a mean molecular weight of 1.26 u *3. The model parameters are as follows: the
companion’s accretion radius is Ry acer = 2.15 R, optimized for resolving the accretion disk
in the model; the stellar masses are m; = 1.12 M and my = 1.17 My; the semi-major axis
is a = 6.81 au; and the orbital eccentricity is e = 0.0. The AGB star’s mass-loss rate is 8 X
10~ Mg yr* 7, and the initial wind velocity is 8.85kms ™' at the stellar surface, corresponding
to a terminal velocity of ~ 18 kms™'. To optimize computational efficiency, particles beyond a
radius of 30 au are removed from the simulation. The simulation spans approximately 14.5 orbital
periods, at which point the accretion disk’s mass stabilizes, indicating equilibrium between the
wind accretion rate onto the disk and the mass accretion rate from the disk onto the companion.
The simulation employs roughly 500,000 particles with a particle mass of 3.05 x 10~1*M,,.

The resulting density distribution around the stars is presented in Extended Data Fig. 4. A
bow shock spiral originates in front of a dense accretion disk that surrounds the companion. The
zoomed-in figure (panel b) reveals the 3D shape of the accretion disk, that is roughly circular in
the orbital plane and flaring in the edge-on view, and reveals the tangential motion of matter in the
accretion disk around the companion. Material is orbiting with tangential velocities in the range
[0.8, 1.0] times the Keplerian velocity, i.e. (0.8 — 1.0) x \/Gmy/r.

Adopting the method described in Ref. 3, we estimate that the disk has a radius of rgig =
0.83 au, a mass of Myg = 2.0 x 1079 M, a flared edge-on profile with maximum scale height
H (rqisk) = 0.144 au, and a maximum midplane density at 7 = 0.09 au of pyax = 8 X 107" gem3.
The estimated mass accretion efficiency onto the companion sink particle is 14.5%, corresponding
to a mass accretion rate of 1.16 x 10~7 M, yr~!. Given that the outer disk radius is less than 70%
of the companion’s Roche lobe radius (of ~1.6 au), tidal interactions that could truncate the disk
can be safely neglected.

4. Stellar evolution

In order to access the evolutionary state of 7! Gru A, and estimate its initial mass, stellar properties
are derived like the luminosity, temperature, and radius as well as its pulsation period. These
properties are then compared to stellar evolution models to infer the star’s evolutionary state and
initial mass.
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4.1. Stellar properties of w! Gru A

To estimate the luminosity and temperature of ' Gru A, we rely on the (V' — K) colour index,
which is a well-established temperature indicator for late-type stars. The mean Johnson V' -band
magnitude is reported in the ASAS-SN catalogue of variable stars as V' = 7.06 with amplitude
of variation of 1.48%. The K-band amplitude of variation is far less, ~0.1, and we here use
V — K = 8.61 as reported by Ref. .

To estimate both interstellar and circumstellar extinction along the line of sight, we use the
E(BP— RP) colour excess from the Gaia DR3 archive >*. The Gaia B P band covers wavelengths
from approximately 400 to 500 nm, while the R P band spans 600 to 750 nm. According to Gaia
DR3, the colour excess is listed as F(BP — RP) = 1.6056. Using established photometric
transformations between Gaia and other systems (https://gea.esac.esa.int/archi
ve/documentation/GEDR3/Data_processing/chap_cubpho/cubpho_sec_ph
otSystem/cubpho_ssec_photRelations.html), we derive a corresponding Hipparcos
E(B — V) value of 1.40.

The total reddening caused by dust depends on the ratio of total to selective extinction, Ry =
Ay /E(B—V). For the diffuse interstellar medium, Ry ~ 3.1, but in dense or dusty environments,
such as circumstellar regions of AGB stars, grain growth leads to higher Ry values. Typical
values range between 3.5 and 4.5 ©’. For oxygen-rich red supergiant stars, which share their dust
composition with oxygen-rich AGB stars, Ry has been determined to be ~ 4.2 %, Applying this
value, we calculate Ay, = 5.87 + 0.70. Using the extinction relations from Ref.  we determine
that (V — K), = 4.55 £ 1.65.

To compute the bolometric correction, BC'x, we use the (V — K )0, BC¥) relation from
Ref. %, which yields BC = 2.78 + 0.27. Adopting the solar bolometric magnitude of M) o =
4.74 and a best-fit distance of 169.38 pc from the eccentric model, we derive a luminosity of
7,300£2,100 L. At a distance of 180 pc, the luminosity increases by ~1,000 L.

The angular diameter of 7! Gru A, measured at 1.65 i, is 18.3740.18 mas /', At a distance
of 169.38 pc, this translates to a stellar radius of 334 £+ 20 R . Using the derived luminosity, radius
and mass (of 1.12 £ 0.25 M), the effective temperature is determined to be 2,900+200 K with
surface gravity of log,, g [cgs]=—0.56 £ 0.11, or log,, g [cgs] =—0.51 £ 0.10 in the case of the
higher current mass m; derived from the Gaussian prior sensitivity study.

4.2. Initial mass of 7! Gru A

We provide an independent estimate of the initial mass from analysing 7w Gru A’s variability, when
coupled with stellar evolution models. The stellar evolution models help to constrain the nature
and evolution of 7! Gru A along the AGB phase.
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We construct a core-mass luminosity diagram using AGB models between 1 My and 2 M,
with solar metallicity, using models from Ref. 3°, which is shown in Supplementary Fig. 10. The
luminosity of 7' Gru A is indicated by the dashed lines, along with upper and lower bounds from
the literature. This diagram illustrates that models with initial masses of around 1.7 M, are the best
fit to the luminosity as explained below, but the uncertainties are large. This figure demonstrates
the degeneracy in the core-mass luminosity relationship for low-mass AGB stars. However, models
below 1.25 M, can be ruled out owing to the fact that these do not experience any third dredge-up
mixing *> which is needed to explain the fact that 7! Gru A is an intrinsic S-type AGB star with a
clear detection of the radioactive isotope of s-process element technetium (**Tc) 72. Third dredge-
up causes the star’s surface C/O ratio to increase from its RGB value of ~ 0.3 to > 0.5, which is
the minimum C/O ratio in S-type stars like 7! Gru A. It is also possible to rule out higher-mass
models such as the 2 M., where the predicted luminosity is higher than 7! Gru A, especially near
the end of its TP-AGB phase. Furthermore, this model becomes C-rich where the surface C/O ratio
> 1, higher than observed in 7! Gru A (~ 0.97 7).

The Monash stellar evolution code was used to calculate the AGB models shown in Supple-
mentary Fig. 10 and we refer to Ref. * for details of the input physics. We use the Mixing-length
Theory of convection, with a mixing-length parameter aipr = 1.86, and assume that mixing is
instantaneous in convective regions. No overshoot or convective boundary mixing is included in
the calculations prior to the AGB. We set the initial metallicity to be solar, here defined to be
Z = Zgw = 0.014 given that 7' Gru A is a close AGB star found in the thin disk of the Milky
Way. The evolution of the 1.7 M, model provides the closest match to 7' Gru A’s luminosity,
although it does so only during the last few thermal pulses. This is consistent with the fact that
7! Gru A has undergone mass loss.

A major uncertainty in AGB stellar models is calculating the third dredge-up, which depends
on the numerical model for convection and the treatment of convective borders *. In the Monash
models we include a simple prescription for convective overshoot discussed in Ref. 7>, where we
extend the base of the envelope by N, pressure scale heights during dredge-up. In order for
the masses considered here to become S-type, we use N,, < 3. In the 1.7 Mg model shown in
Supplementary Fig. 10 we use N,, = 2.5, which results in a final C/O = 1.16 after 18 thermal
pulses noting that the star only becomes C-rich at the very last thermal pulse. The total TP-AGB
lifetime is ~1.65 million years. Mass loss on the AGB is another major uncertainty in AGB
models; see for example Ref. "*. Using the mass-loss rate from Ref. 7 on the AGB in the 1.7 M,
model with all the other input parameters the same results in a final C/O = 0.95, after 18 thermal
pulses and a total TP-AGB lifetime of ~1.7 million years.

As an additional constraint for the initial mass of 7! Gru A, we analyse the characteristics of
its pulsation. As mentioned previously, 7! Gru A is a long period variable (LPV) star of type SRb,
with a pulsation period of roughly 195.5 days. This period is listed on The International Variable
Star Index (VSX) ”7 and is based on combined V-band light curves from the All Sky Automated
Survey 7® and Ref. %, as well as being further substantiated by long term light curves from the
American Association of Variable Star Observers (AAVSO) (https://www.aavso.orq)
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and the All Sky Automated Survey for Supernovae (ASAS-SN) ”. The additional period listed
in VSX of 128 d may be a result of convolution with the observing window and the true peak in
the periodogram ((1/195.5 d + 1/365.25 d)~! ~ 128 d), so we omit this from our analysis. We
then assign a pulsation mode for this period by 7! Gru A’s position on the period-luminosity (PL)
diagram. LPVs form multiple parallel sequences on the PL diagram, each being associated to
low order radial pulsation modes with mode order descending from left to right 3°, excluding the
lower right sequence D which is associated with long secondary periods. In Extended Data Fig. 5
we compare 7t Gru A with the period-luminosity diagram for the Optical Gravitational Lensing
Experiment (OGLE) catalogue of LPVs for the Large Magellanic Cloud (LMC) 8!, as well as the
ASAS-SN catalogue of LPVs 2. We construct the PL diagrams with J- and K,-band photometry
from 2MASS, using the NIR Wesenheit function W, ;_x, = K; — 0.686 - (J — K) to calculate
a reddening free magnitude. We use a distance modulus of ;1 = 18.49 (D = 49.97 kpc) for the
LMC ¥, and the Bayesian geometric distances using Gaia DR3 parallaxes from Ref. 3¢ for the
ASAS-SN catalogue to calculate absolute magnitudes. Additionally, we plot the PL sequence
boundaries for the LMC from Ref. % to illustrate the positions of the sequences in the ASAS-SN
PL diagram. We use the distance of 180 + 10 pc for 7' Gru A, which places it on sequence C’
on the PL diagram. In a similar fashion to Ref. 3, we can assign the pulsation mode of the 195.5
d period to be the radial first overtone mode. However, the universality of the period-luminosity
relation for LPVs remains somewhat uncertain for different metallicity environments %87, though
the clear offset in sequence C’ for the ASAS-SN PL diagram may be attributed to uncertain parallax
distances for the brightest, more evolved AGB stars % or from saturation of the NIR photometry.
Though the exact effects of metallicity on the LPV PL sequences are still under investigation,
Ref. 8 compare LPVs the LMC and SMC to find that the variability amplitudes may be affected
by metallicity, due to lower metallicities favouring the production of C-rich stars which have higher
variability amplitudes and periods than O-rich stars on average. More recently, Ref. ®’ find that
stability against pulsation is likely sensitive to chemical composition, though further investigation
is required to better understand the effects on LPVs in general. We have included the PL diagrams
from OGLE (LMC) and ASAS-SN (all-sky) to represent different metallicity environments, and
that the pulsation mode appears to be consistent. Ultimately, the present mode assignment is thus
made under the assumption that the metallicity environment does not significantly shift the PL
sequences, or their slopes, such that at the very least the period can be reasonably assigned to a
sequence and thus a pulsation mode.

Once we have assigned a pulsation mode to the period, we make comparisons to results
from stellar evolution codes. We estimate the pulsation characteristics for the TP-AGB with the
results of the linear pulsation models from Ref. ¥, which provides an interpolation code to find
the pulsation periods and amplitude growth rates for the radial pulsation modes given a set of
stellar parameters which we take from the Monash models. In Supplementary Fig. 11, we begin
by comparing 7! Gru A to the theoretical P-L diagram for models with initial masses of 1, 1.5 and
2M,. These models use the same initial metallicity, mass-loss 77 and mixing-length a1 as above,
with N,, = 2.0. The pulsation period and luminosity (7,300 L) for 7! Gru A is consistent with
models between initial mass 1.5—2 M. We also include the model tracks on the HR diagram with
the luminosity and effective temperature derived above for 7! Gru A, and find them to be roughly
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consistent with the PL. diagram.

As with the above discussion on the core-mass luminosity relationship, we adopt a likely
mass of approximately 1.7 M. Fig. 2 presents the time evolution of the total stellar mass, lumi-
nosity, pulsation periods for the first and fundamental modes, the amplitude growth rates of these
modes and the C/O for this model. The amplitude growth rate describes the fractional rate of
change in the radial amplitude per cycle, and may be used as a general indicator of the dominant
pulsation mode, though we do note that this quantity is still subject to the uncertain interaction
between convection and pulsation. The total mass of this model at the onset of the TP-AGB is
1.62 Mg, due to mass loss on the RGB, and reaches the current mass of ~ 1.46 M, during the last
two thermal pulses. The combined period and luminosity of 7! Gru A appears to be consistent
with the last few thermal pulses for this model mass. Importantly, the growth rates suggest that
even in the last few thermal pulses, the first overtone mode can still be dominant at the period and
luminosity of 7! Gru A. That is, despite appearing to be late on the TP-AGB, 7! Gru A can still
appear as a semi-regular variable, instead of a Mira variable pulsating in the fundamental mode.

We also demonstrate the effects of key model parameters on this estimate, namely the convec-
tive overshoot parameter NV, and the mass-loss prescription on the TP-AGB. Fig. 2 demonstrates
the effect of different V,,, where a lower value of N,, = 2.0 will terminate the TP-AGB with
greater mass-loss in the final interpulse phases, and will only reach a C/O ratio of ~ 0.7, which is
somewhat lower than the estimated value for 7! Gru A. The previously described model with the
mass-loss prescription from Ref. 7® behaves somewhat differently compared to this model, due to
continuous mass-loss over the whole TP-AGB instead of episodic mass-loss in the final thermal
pulses. This model approaches a total mass of 1.46M., before the model luminosity, pulsation
period and C/O reaches the measured values, and it also survives for roughly 0.1 Myr longer. This
prescription does not however take into account the episodic nature of pulsation-enhanced, dust-
driven winds that 7! Gru A is more likely experiencing. Furthermore, it must be mentioned that
neither mass-loss prescription accounts for any effects a close companion may have on mass-loss
rates and pulsation, a topic which requires further detailed investigation.

5. Orbital evolution

Given the current properties of the binary system, as well as the estimated initial mass of 7! Gru C,
the orbital properties are projected back in time to understand the past evolution of the system, as
well as forward in time to understand the future evolution of the system. To do this, an orbital
evolution model is established, which is then used to project the system properties. Finally, a
sensitivity study is performed to understand the impact of the observed properties on the final
outcome of the system.

Given that gravitational wave radiation and magnetic braking are negligible for the system
under consideration, the change in orbital elements arises from two main components. First, mass
loss — in particular during the giant phases — may lead to a widening of the companion’s orbit.

27



906

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

Second, tidal dissipation may cause the orbit to shrink. To compute the changes in the orbital
parameters, both effects must be taken into account (the change in eccentricity is computed as the
change in the square of the eccentricity to prevent numerical issues when the eccentricity is close
to 0):

lda 1da 1da de?  de? de?

adl T adt|yy  adlly. dE | b
Here, the first term represents the contribution of wind mass loss, while the second term accounts
for tidal dissipation.

. (13)

tides

wind tides wind

5.1. Impact of stellar winds on orbital dynamics

If the donor star, here M, is losing mass and mass transfer is non-conservative, the companion
star (M5) will accrete a fraction of the material and the rest will be lost, thereby carrying away
angular momentum from the system and impacting the orbital separation and eccentricity. We first
consider the case of a circular orbit, and then work out the equations for an eccentric orbit.

5.1.1 The case of a circular orbit

In the case of a circular orbit, the change in orbital separation due to wind mass loss is given by ¥

]_d Lor . o . N
—da — _g orb _olM M2 T Ty (14)
adt|, . 4 Low | . my Mo Mq + Mo
Lo ' 1— 1
= g b —2@(—5——5 > (15)
Lw| —mi\' g 2 (1+g)

where ¢ = my/my, 1 is the mass loss from the primary (here taken negative) and 7, the mass
gained by the companion, i.e. 1y = —fry, with 8 the mass accretion efficiency. If 8 < 1, mass
transfer is non-conservative. The change in angular momentum can be expressed as °

Low| = na?Q,(my + 1) (16)

wind

where (2, is the orbital frequency and 7 the specific orbital angular momentum of the material lost
in units of the orbital angular momentum of the system per reduced mass. Combining Eqgs. (15)—
(16), the change in the orbital separation can be written as °

__ﬁ _é_ _ l—l—q_l—ﬁ 1
- 2m1(1 PRI 1+q>‘ an

1da
a dt

wind

Assuming a fast isotropic wind, where the velocity of the wind at the location of the com-
panion is much larger than the orbital velocity, the mass accretion efficiency is given by the Bondi-
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Hoyle-Lyttleton (BHL) analytical approximation °

2 4

q Uorb
BeuL = ; (18)
(1+ q)2 Vg (V2 + 02 )3/2

orb

where Vo1, = /G (my + my)/a is the orbital velocity and vy, is the wind velocity. In this specific
case (in this context also called Jeans’ mode), the specific angular momentum taken from the orbit
and transferred to the outflowing gas is given by >

q2

_r 19
(1+¢) 1

Thiso =

However, in the case of AGB binary stars, the fast-wind scenario may not hold. For exam-
ple, in this particular case of 7' Gru A and C, the orbital velocity and the wind velocity at the
location of the companion are both around 15 km s~1. In such a case, no simple analytical ex-
pressions exist for 5 and 7). Instead, these quantities must be computed numerically using detailed
hydrodynamical simulations (see, e.g., Sect. 3). Performing such models throughout the evolution
of the system is extremely computationally expensive, and infeasible with current computational
resources. However, we can rely on the work of Ref. >, who calibrated 3 and 7 as a function of the
mass ratio ¢ and the ratio of the terminal wind velocity to the orbital velocity, Vs / Vo, Using their
3D hydrodynamical simulations. These authors obtained that:

s . 1
3 (q, Y > — min | | 0.75 + - | Ben, 0.3, 1442 | (20)
Vorb L7+03/q+ ((0.5+0.2/g) 2 )
Voo . 1
n (Q7 > = min 3 T+ iso; 0.6] . (21)
Vorb

max (1/¢, 0.6¢-17) + ((1.5 + 0.3/q)ﬁ>

As these equations depend on the terminal wind velocity, this property needs to be computed
throughout the entire stellar evolution. Similar to Ref. °°, we assume the terminal wind velocity to
be a fraction of the escape velocity, i.e.

Gm1
Ry’

Voo = 4/ 20y (22)

where oy is a constant taken to be 1/8 *°.

5.1.2 The case of an eccentric orbit

When the orbit is eccentric, the change in the orbital separation and eccentricity due to mass loss
becomes more complicated as it becomes phase-dependent. The change in the orbital parameters
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is then given by *!

1da my 15} 1+4q 1—-p05 1 e? +2ecos f+1

-— =-2—(1—=—n(1- — 23
adt|,; 4 ml( q n(1=p) 2 1+4¢ 1—e? 23)
de? My 6] l14q 1-p5 1 9

— | =4—(1-Z -y - - : 24
dt wind my ( q n( 5) q 2 I+ q [6 ecos f} ( )

Integrating these equations over the true anomaly f as a function of time is computationally expen-
sive. Instead, the change in the orbital separation and eccentricity can be computed by averaging
over the orbital period, allowing these averages to be used in the orbital evolution equations. The
orbit-averaged quantities can be computed using °!

I N df
== [ I ©5)

However, the dependence of $ and 7 on the true anomaly f remains an open question, not
fully understood or calibrated, therefore requiring further investigation. It can be hypothesized that
the mass accretion efficiency, £, is proportional to

(1 + ecos f)2
a2(1 —e2)*

as Oppr primarily depends on the inverse square of the orbital distance (a consequence of the
orbital velocity scaling as the fourth power in orbital velocity, in the limit where the orbital velocity
is larger than the wind velocity). Conversely, the specific angular momentum carried away by the
wind, 7, can be assumed independent of the true anomaly, consistent with the assumption that 7,
does not vary with f. Under these assumptions, the changes in orbital separation and eccentricity
due to mass loss can be expressed as:

lda ml ﬂenh 1+ q 1- 5enh 1
-— =—-2—(1- —1(1 — Ben — 26
<adt>wind my ( q 77( ﬁ h) 2 1+q ( )
de? m 1 1+ 1 1
<E> = —4e*—(B) (——77 L ) : (27)
wind m q ¢ 2l4gq
where )
1+e
Benh - <6> 1 _ 62
is the enhanced mass accretion efficiency effect for the change in the orbital separation,
1
<ﬁ> = B

V1—e?

is the average mass accretion efficiency over an orbit, and f3. is the mass accretion efficiency for
a circular orbit (with the same a), taken from Eq. (20). These equations have been tested against
a limited sample of hydrodynamic models of eccentric systems from Ref. °2, giving consistent
results.
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5.2. Impact of tidal dissipation on orbital dynamics

To calculate the rate of change of the orbital separation and eccentricity due to tidal interactions,
the tidal potential must be calculated. Using the tidal potential, the tidal strength can be computed
and the orbital evolution equations can be solved. Tidal dissipation of an evolved star is dominant
compared to the dissipation during the MS for the same orbital distance ®. Changes in the orbital
evolution will therefore mainly occur during these giant phases (see Sect. 5.4). As evolved stars are
known to be slow rotators °?, the rotation of the star can be neglected and only the tidal dissipation
of the evolved star will be taken into account.

5.2.1 Tidal potential

For two bodies, where only the deformation of one object is considered, the tidal potential is given
by the difference between the gravitational potential induced by the secondary object at each point
of the extended primary body and its value at its barycentre. The tidal potential W can be expressed
as 7

=2 m=0n=—oc0

U(r,0,p,t) {ZZ Z Gm2Almn (e z)( ) X}/lm(Q,gp)exp(—inQot)} . (28)

where 7, 0, ¢ are the spherical coordinates centered at the origin of the reference frame attached
to the primary centre of mass, ;" are the spherical harmonics, and A4, ,,, are the tidal coeffi-

cients 4% A
s
A | =0)=—— Y™ (/2,0)RL™ 2
Lmmn(€,i=0) ol 4 1mema ] (r/2,0)h;™(e) (29)
with h%™ (e) the Hansen coefficients, ¢,, = 1 form = 0 and¢,, = 2 form > 0, where ¢,,,, = 1
form >0orm =n =0, ¢,, =2form =0,n > 0and¢,,, = 0form = 0, n < 0 to ensure

orthogonality. For companions not too close to their host star, the quadrupolar approximation ** is

valid and only [ = 2 needs to be taken into account, which results in Az, (e) = /7/5 h20(e)
and Az 2, ( \/67/5 h*2(e). The contribution from m = 1 vanishes for i = 0.

The Hansen coefficients are given by +

I+1
( ) emf = Z hL™(e) exp(—inM) , (30)
which leads to
1 (2™ g\ l+1
hbm(e) = —/ (—) exp [i(mf —nM)| dM , (31)
2m Jo r
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s0 with M the mean anomaly, f the true anomaly, and r the instantaneous orbital distance (see
o1 Sect. 2.1). By using Kepler’s equations, the Hansen coefficients can be written as *°

R () = e

/27r (14 ecos )" cos(mf —nM)df (32)
0

s Which is integrated numerically. In the special case of a circular orbit (e = 0), the Hansen coeffi-
ss  cients simplify to h™(e) = §™. Consequently, Ay (0) = 1/7/5 and Az 54(0) = 1/67/5.

904 5.2.2 Tidal orbital evolution equations

995 The tidal orbital evolution is determined by the rate of change of the orbital energy and angular
%6 momentum, which are given by >%4

Bo| == 0 > B, Low| ==> > > L" (33)
tides =2 m—0 ne—oo tides 12 m—0 ne—oo
997 Where
E" =nQ, T, L =mT,"™, (34)
im _ CUF )R or(R)P Lm
= Im (k™) . 35

ws Here, R, is the stellar radius, ¢7(R,) the tidal potential at the stellar radius, and /cflm the Love
09 number (see Sect. 5.2.3). 7./™ can be rewritten by plugging in the tidal potential as

20 + 1) Gm3 R\
Thm = Qﬂml,m,n(eﬂ?(—) Tm(K4™) . (36)
8 a a
1000 Having the tidal power and torque, the tidal orbital evolution can be calculated. The change
101 in semi-major axis is given by ref. 43
lda 2a
lda) 20 p | (37
adt tides Gm2m1 tides
2+ 1my (R &
== —\ Qo| Atnn(€) * Im (k™ 38
222 EE L sty s
5 mo R* P >
=———|— QoA pn(e)]? Im(E2™ 39
(W)L L mimormn. o
102 when assuming the quadrupolar approximation. The change in eccentricity is given by ref. **
de? 2 . .
Tl = (=) B —QVT= P Ln| ) (40)
dt tides Gm2m1 tides tides
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which can be rewritten in terms of the Love numbers as:

de?

e = vV1-— Q 1— 2 Im 41
dt tides GQOl ‘ l;z < € ) 7;" ( )
o 21 + ],7712 5 2 ) L

T T om ( ) VI=e20, 3 (nV/T= e = m) [Aya P Im(kS™) 42)

l,m,n

5 R\’

—_2m (—) V1 —e2Q, Z (n\/ 1—e2— m) \AQ,m,n|2 Im(k2™) . (43)
drmy \ a —

again using the quadrupolar approximation. Once the tidal Love numbers are known, the tidal

orbital evolution can be calculated.

5.2.3 Tidal Love Numbers

The imaginary part of the Love number has two components: the equilibrium tide dissipation
and the dynamical tide dissipation. The equilibrium tide dissipation originates from the turbulent
friction applied by the turbulent convection on the displacement induced by the hydrostatic defor-
mation of the body triggered by the gravitational companion of a companion °’. The tidal Love
number of the equilibrium tide for evolved stars can be calculated following Sect. 2.3.1 of Ref. 5.
The dynamical tide dissipation arises from the excitation of waves due to the gravitational potential
of the companion. For evolved stars, the dynamical tide consists of the excitation and dissipation
of progressive internal gravity waves ® and can be calculated following Sect. 2.3.2 of Ref. 8. The
total tidal Love number is calculated by summing the equilibrium and dynamical tide contribu-
tions. The equations for the tidal Love numbers provided by Ref. 8 are specifically designed to
calculate the tidal Love number for [ = m = n = 2. The tidal Love number is an intrinsic property
of the perturbed body, defined as the ratio of the primary’s gravitational potential perturbation —
induced by the companion’s presence — to the tidal potential, evaluated at the surface. Since the
gravitational potential perturbation follows a linear response, the dependence on the tidal potential
cancels out within the equations, eliminating any dependence on m and n. As a result, only the
tidal frequency (w; = nf), —mfl, where (), is the spin frequency if rotation were to be considered)
varies when evaluating different combinations of m and n.

5.3. Choice of stellar structure and evolutionary models

The stellar evolutionary models from the Monash stellar evolutionary code presented in Sect. 4 do
not provide the necessary output parameters needed to calculate the tidal Love numbers. Therefore,
different stellar evolutionary models will be used in this section. These models are computed using
the Modular Experiments in Stellar Astrophysics (MESA) code °® with the inlist of Ref. ® that is
based on the inlist of Ref. * to be consistent with the Monash code. These models have initial
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masses between 1 and 2 M, at solar metallicity (Z = 0.0134) and are evolved from the pre-main
sequence to the white dwarf phase.

5.4. Orbital evolution of the 7! Gru system

To compute the orbital evolution of the 7! Gru system, we need to estimate the current stellar
age of the system. To evaluate the current stellar age, we use the stellar evolutionary model to
determine the time at which the mass of the primary star equals the current mass. At this moment
in time, we impose the current system parameters. The orbital evolution is then integrated (using a
first-order Euler method, a Runge—Kutta 4th order scheme was also tested and results in exactly the
same solution. To reduce computational time, the Euler method was chosen) until the primary star
reaches the white dwarf phase forward in time, as well as backward in time until the primary star
reaches the PMS phase. As discussed in Supplementary Sect. 2.3.2, which addresses the sensitivity
of the prior on m, there are two potential scenarios for the current mass of 7! Gru A. The first
scenario where ' Gru A starts with an initial mass of 1.7 M, and has a current mass of 1.23
Mo (Geurrent = 1.03 Mg, Geurrent = 7.10 au, €currene = 0), and the second scenario where 7! Gru A
starts with an initial mass of 1.5 M, and has a current mass of 1.12 Mg (Geurrent = 1.05 Mg,
Qeurrent = 0.81 au, ecyrent = 0).The orbital evolution is calculated for both scenarios. The results of
this evolution are shown together with a zoom-in to the TP-AGB phase in Supplementary Fig. 9
for the first scenario and Fig. 3 for the second. For clarity on the timescale, we plot “stellar age —
stellar age WD [yr]” on the x-axis, where “stellar age WD” indicates the age at which the white
dwarf (WD) has cooled to a luminosity of 10~ L. During these evolutionary calculations, we
follow the evolution of the primary star, while the secondary star is assumed to be a non evolving
companion (where the mass is increased by accreting material lost from the primary). This is a
adequate assumption if the companion is a lower mass main-sequence star, but it is also possible
that the companion is a white dwarf with a complicated history (see Supplementary Sect. 5). In
this second scenario our computations are thus only valid from the moment 7! Gru C became a
white dwarf, from which point in time the mass will remain constant.

Tracing the system’s past, the orbital evolution calculations indicate that the system param-
eters remained relatively unchanged during the MS and HB phases. During the RGB phase, the
mass loss from 7! Gru A causes the orbital separation to increase. The gradual change in orbital
distance starts to change more dramatically during the AGB phase, especially during the TP-AGB
phase. During this phase, the non-conservative mass loss from the system is able to lose a lot of
angular momentum as it is significantly enhanced due to the comparable wind and orbital velocity
(see Sect. 5.1.1). This causes the orbit to shrink instead of expand. Additionally, tidal dissipation
became more significant during the AGB phase compared to the RGB phase, as the star’s radius
increased substantially. This leads to a continuous decrease in orbital separation throughout the
TP-AGB phase, ultimately resulting in the current configuration of the system. Projecting into the
future, this trend of decreasing orbital separation persists, eventually resulting in a common enve-
lope phase. However, this assumes that stellar rotation is neglected. When rotation is taken into
account, the tidal frequency decreases, leading to reduced tidal dissipation.
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Throughout the evolution of this system, the equilibrium tide dissipation dominates over the
dynamical tide dissipation, where the dynamical tide dissipation only contributes with a factor
1075 in strength compared to the equilibrium tide dissipation. This is in line with the results of
Ref. 8.

A sensitivity analysis of the orbital evolution is performed in Supplementary Sect. 4.1, where
the impact of uncertainties in the system parameters on the orbital evolution is discussed, including
the current semi-major axis, the current mass of 7! Gru A, the current mass of 7! Gru C, and the
initial mass of 7' Gru A. Within these uncertainties, the orbital evolution remains qualitatively
similar, with the system evolving towards a common envelope phase.

5.5. The effect of a non-circular orbit

The Bayesian retrieval of the multi-epoch proper motion ALMA, Gaia and Hipparcos observations
indicates that the current eccentricity of the system is zero. Therefore, the sensitivity study of the
orbital dynamics presented in the previous section considered only circular orbits. An important
question to address is how this system transitioned to a circular orbit.

To examine how rapidly the system circularizes, the current eccentricity is increased while
keeping the other orbital parameters constant. The results of this analysis are shown in Extended
Data Fig. 6. The figure illustrates that, in the case of a non-zero initial eccentricity, the system
begins to circularize during the TP-AGB phase, but the circularization process is not rapid at the
start of this phase. At the current estimated age of the system, the eccentricity is expected to retain
about 80% of its initial value. For higher eccentricity cases, tidal circularization involves more
wave numbers (see Sect. 5.2.2), causing the circularization process to accelerate, but it must also
remove a greater amount of eccentricity. If the system had started with an eccentric orbit, it would
still exhibit significant eccentricity at the current age. This indicates that either the system must
have started with a very low eccentricity before entering the AGB phase, or tidal circularisation is
even stronger then currently predicted during the evolved phases (see main text).
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1005 are available via the ALMA Science Archive. The ALMA data from the proposal 2023.1.00091.S can be
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Figure 1: Proper motion of the w! Gru system. Panel (a): 2019 ALMA C6 and 2023 ALMA C10
data with white contours at (3, 10, 30, 50, 100, 300) x the continuum rms value. The ALMA beam
sizes are shown in orange (2019 C6) and yellow (2023 C10) at the bottom. Data are corrected for
the parallactic shift. The red cross marks the Gaia 2016.0 position of 7t Gru A. The grey arrow
(1) indicates the proper motion of the binary system’s center of mass (CoM, G,). The white,
pink, and grey crosses mark the barycentre’s position at the 2019, 2023, and Gaia 2016.0 epochs,
respectively. The dashed white line shows the orbit of 7! Gru A (M), while the dotted white line
shows the orbit of 7' Gru C (My), both in the ICRS frame based on Bayesian best-fit parameters.
Panel (b): Similar to (a), but also including the Hipparcos 1991.25 position of 7 Gru A (green
cross). ALMA contour levels are omitted for clarity. In both panels, observed proper motion is in
yellow, predicted motion in orange, with vectors representing 1-year (panel a) and 3-year (panel
b) intervals. The orange vector is nearly indistinguishable due to the almost perfect fit with the
observed motion. An accompanying video is in Suppl. Video 1.
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Figure 2: Time evolution of stellar parameters for a 1.7 M, model near the end of the
thermally-pulsing AGB, compared to observed values for 7! Gru A. We include models with
two different values for the overshoot parameter in pressure scale heights, N, of 2.0 (dotted lines)
and 2.5 (solid lines). The panels show from top to bottom: (a): total (lines) and core masses (grey
shaded region), (b): luminosity, (c): first overtone mode period, (d): amplitude growth rates for
the first overtone mode (orange) and fundamental mode (blue) and (e): C/O ratio; all with respect
to time since the onset of the TP-AGB phase. Also included are the measurements for 7! Gru A
(red dashed lines and shaded regions): luminosity of 7,300 L, period of 195.5 d and C/O ratio of
0.97 (between 0.75 and 1). In the top panel, we plot the derived masses from both agnostic and
Gaussian priors on my, which are 1.12 and 1.27 M, respectively. The period, luminosity and total
mass are consistent with the final few thermal pulses of this model, though the higher mass using
the Gaussian prior is favoured for this model mass. The first overtone mode is also dominant at
these model times (i.e. the growth rate is higher), which is consistent with the observed pulsation
mode of 7! Gru A.
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Figure 3: Orbital evolution of the ! Gru system during the TP-AGB phase. Panel (a) illus-
trates the variation in orbital separation a over time (blue line), along with the evolution of the
radius of 7! Gru A (orange line). Panel (b) shows the mass evolution of 7! Gru A (orange line)
and ! Gru C (blue line). Panels (c) and (d) show a zoom-in to the TP-AGB phase. These panels
show the evolution of the system parameters when the initial mass of 7! Gru A is set to 1.5 M,
and the current mass of 7' Gru C is set to 1.12M,,. Initially, the system has a mass ratio ¢ < 1,
but mass loss from 7! Gru A and mass accretion onto 7 Gru C lead to an increase, resulting in
q > 1. For clarity on the timescale, the x-axis represents “stellar age — stellar age WD [yr]”, where
“stellar age WD” indicates the age at which the white dwarf (WD) has cooled to a luminosity of
107! L. The vertical dashed grey line in each panel marks the current age of the 7! Gru system.
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