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Close companions influence stellar evolution through tidal interactions, mass transfer, and47

mass loss effects. While such companions are detected around young stellar objects, main-48

sequence stars, red giants, and compact objects, direct observational evidence of close-in49

companions around asymptotic giant branch (AGB) stars has remained elusive. Here, we50

present (sub)millimeter time-domain imaging spectroscopy revealing the Keplerian motion51

of a close-in companion around the AGB star π1 Gruis. The companion, slightly more mas-52

sive than the AGB star, is likely a main-sequence star. Unlike more evolved stars with com-53

panions at comparable distances, π1 Gru’s companion follows a circular orbit, suggesting54

an eccentricity-generating mechanism late- or post-AGB. Our analysis suggests that model-55

predicted circularization rates may be underestimated. Our results highlight the potential of56

multi-epoch (sub)millimeter interferometry in detecting the Keplerian motion of close com-57

panions to giant stars and open avenues for our understanding of tidal interaction physics58

and binary evolution.59

Main60

Most stars with initial mass greater than 0.8 solar masses (M⊙) probably host at least one planetary61

or stellar companion 1, 2. Of these stars, ∼95% will evolve through the Asymptotic Giant Branch62

(AGB) phase assuming a Salpeter initial mass function with exponent of 2.3 3. Companions with63

close orbits influence stellar evolution at all stages, shaping mass loss, altering envelope dynamics,64

and driving interactions that affect planetary nebula formation, extrinsic carbon star creation, and65

the recycling of enriched material into the interstellar medium 4±8.66

Although close companions have been detected around a range of stars, from young stellar67

objects to main-sequence (MS) stars, red giants (RGB), white dwarfs (WD), and neutron stars 9±13,68

detecting companions in close orbits (≲ 5 stellar radii) around AGB stars has proven difficult.69

AGB stars can undergo strong pulsations causing photometric variations of several magnitudes70

and shock velocities up to ∼10 km s−1, extreme luminosities (up to 105 solar luminosities), and71

powerful winds with mass-loss rates (Ṁ ) from 10−8 to several times 10−5 M⊙ yr−1 14. These72

conditions make transit and radial-velocity methods unsuitable for detecting close companions.73

While high-energy (UV/X-ray) emission suggests the presence of companions around AGB stars,74
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indicating associated accretion flows and disks 15, it does not reveal any orbital characteristics.75

Long-term photometric monitoring of pulsating AGB stars reveals pulsation periods of hun-76

dreds of days, but in about a third of cases, a longer secondary period (LSP; 5±10 times the pulsa-77

tion period) is detected, possibly indicating a companion’s orbital period 16. The LSP radial veloc-78

ity amplitude can provide binary system properties only if it exceeds that of the stellar pulsation.79

In systems where the presence of a companion is independently confirmed, such as the red symbi-80

otic binary CH Cyg 17, orbital parameters can be derived from the radial velocity curve. However,81

estimates of orbital eccentricity can be inaccurate owing to perturbations of the radial velocity by82

gas streams from the AGB star’s extended atmosphere caught in the companion’s gravitational83

potential. Moreover, only the mass function can be derived, and astrometric data is required to84

derive inclination and system masses. A combined radial velocity and astrometric analysis has85

been successfully applied only to the carbon-rich AGB star V Hya 18. However, such analysis86

relies on narrow priors for primary mass and distance, and precise initial conditions for conver-87

gence. Moreover, this method cannot determine the barycentre’s proper motion. In addition, since88

the companion is undetected, the nature of the LSP remains debated, with alternatives including89

plasma ejection, triple system dynamics, episodic dust formation, or convective oscillations 19, 20.90

Another approach has been explored for the red symbiotic R Aqr 21, where the companion’s mo-91

tion is inferred over time by assuming its position coincides with the centre of the H30α jet or92

the edge of the continuum emission, although only a single direct detection exists. Combining93

this assumed relative position with radial velocity measurements allows estimates of the system’s94

orbital parameters.95

The interaction between the AGB wind and potential companion(s) offers an alternative96

method for characterizing giant binary systems. Observations with the Atacama Large Millime-97

ter/submillimeter Array (ALMA) have indirectly indicated the presence of companions to AGB98

stars through the detection of arcs, bipolar outflows, tori, rotating disks, and spirals in the other-99

wise smooth, radially outflowing wind 2. However, unlike wide companions (e.g., Mira AB 22, W100

Aql 23), no close companions have been directly detected in Keplerian motion through multi-epoch101

tracking of both components.102

For two AGB stars, L2 Pup and π1 Gru, ALMA continuum data around 331.6 GHz and103

241 GHz, respectively, reveal a maximum at the AGB star’s position, plus an offset peak, poten-104

tially indicating a close companion 24, 25. Alternatively, the secondary peak may represent a dense105

aggregate of dust and gas formed by episodic mass loss, proposed as the cause of π1 Gru’s fast106

bipolar outflow 26. Assuming the secondary peak in the ALMA π1 Gru image traces a stellar com-107

panion orbiting an AGB star of mass ∼1.5 M⊙, and approximating the tangential velocity anomaly108

by the orbital tangential velocity, it was inferred that this companion could be an accreting dwarf109

star of ∼0.86 M⊙ on an eccentric (e ∼ 0.35), ∼11-yr orbit29. The longevity (weeks to about a110

year) 24 and motion ± Keplerian for a companion or radial for an outflowing aggregate ± can help111

distinguish between these scenarios. To test this conjecture, we observed the AGB star π1 Gru112

at high angular resolution (∼0.′′020) with ALMA during Cycle 6 (C6, June±July 2019, band 6,113

241.0 GHz) and Cycle 10 (C10, October 2023, band 7, 334.7 GHz) (see ‘ALMA observations’ in114
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Methods).115

Results116

Direct evidence of the Keplerian motion of a close-in companion117

In both ALMA C6 and C10 epochs, continuum data reveal two emission maxima (see Fig. 1,118

Extended Data Fig. 1 and Extended Data Table. 1). The relative position of the secondary peak119

(referred to as M2) with respect to the AGB star (M1) was measured in right ascension (α⋆) and120

declination (δ) as (−12.0±1.2, −34.7±1.2) mas in the C6 data, and (−24.1±0.7, 32.9±1.0) mas121

in the C10 data (see ‘ALMA observations’ in Methods). This positional shift is inconsistent with122

pure radial motion, but can be explained by an elliptical orbital projection, as expected from New-123

tonian gravitational interaction between two masses (see ‘Orbital parameters’ in Methods). This124

marks the direct detection of the Keplerian motion of a close-in companion around an AGB star,125

confirming the earlier hypothesis of the presence of a close-in companion around π1 Gru 25, 27±29.126

π1 Gru also has a distant G0V companion, π1 Gru B, at a projected separation of 2.′′71, known since127

1953 30. This confirms π1 Gru as a hierarchical triple system, consisting of a close-in companion128

(π1 Gru C) and a widely separated tertiary companion, which is unlikely to significantly influence129

the inner binary’s dynamics (see ‘Orbital parameters’ in Methods).130

System’s orbital motion and barycentre’s proper motion131

Combining the multi-epoch ALMA proper motion images with Hipparcos and Gaia position-132

velocity vectors from epochs 1991.25 and 2016.0 (see Fig. 1), we assembled data spanning nearly133

25 years. Using 18 observational constraints, including astrometric positions, velocities, and par-134

allax, we solved the two-body problem under Newtonian gravity and determine both the system’s135

orbital motion and the barycentre’s proper motion.136

The proper motion vector is defined by six orbital elements (Ω, i, ω, a, e, T0), along with137

π1 Gru A’s mass (m1), the mass ratio (q = m2/m1, with m2 the mass of M2), the barycentre’s138

proper motion (µG
α , µG

δ ), and parallax (ϖ, or distance D). Here, Ω is the longitude of the ascending139

node, i inclination, ω argument of periastron, a semi-major axis, e eccentricity, and T0 time of140

periastron passage. Using Bayesian inference, we derived posterior distributions for these 11 pa-141

rameters. Broad, agnostic priors were adopted except for distance, which followed a Gamma prior.142

Geometrical degeneracies were present, with i degenerate with 360◦ − i and (ω,Ω) degenerate143

with their antipodal values (ω+180◦,Ω+180◦), but resolved using ALMA spectral line data (see144

‘Orbital parameters’ in Methods).145

Specifically, we derive that m1 = 1.12 ± 0.25M⊙, q = 1.05 ± 0.05, a = 6.81 ± 0.49 au,146

Ω = 101 ± 36◦, i = 11 ± 7◦, D = 179.74 ± 10.09 pc, µG
α = 45.203 ± 0.144mas yr−1, and147

µG
δ = −18.76± 0.061mas yr−1 where the analysis strongly favors a circular orbit; see corner plot148
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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; the149

orbital system is visualized in Extended Data Fig. 3. With a more informed Gaussian prior on m1150

with mean 1.5±0.5 M⊙, the retrieved m1 increases to 1.27±0.22 M⊙ (see ‘Orbital parameters’ in151

Supplementary Information), remaining within the uncertainty interval of our initial determination.152

We derive the barycentre’s radial velocity as −14.8±1.0 km s−1 (see ‘Orbital parameters’ in153

Methods). Using the celestial coordinates, and derived distance, proper motion, and radial velocity,154

we determined the system’s 6D Galactocentric phase-space position. By back-integrating its orbit155

over 2.8 Gyr, we find that the π1 Gru system likely formed near the Galactic plane, close to or156

slightly within the Solar orbit (see ‘Galactic orbit’ in Supplementary Information).157

Nature of π1 Gru C and its accretion disk158

We deduce that the companion orbits the AGB star in an anti-clockwise direction and is surrounded159

by an accretion disk. An SED analysis indicates that π1Gru C is either an F6±F8V MS star or a160

massive WD with a temperature up to 40,000 K, with additional (sub)millimeter emission from an161

accretion disk interacting with the companion. The UV emission is either intrinsic, from the AGB162

star’s chromosphere, or extrinsic, suggesting ongoing but weak accretion (see ‘Accretion disk’ in163

Supplementary Information).164

Wind Roche lobe overflow (RLOF) 31 shapes the AGB circumstellar envelope’s density struc-165

ture and the accretion disk around the companion (see ‘Hydrodynamical modelling’ in Methods).166

To estimate the mass accretion rate and investigate the accretion disk’s characteristics, we perform167

high-resolution hydrodynamic simulations 32, 33 (see ‘Hydrodynamical modelling’ in Methods).168

The resulting density distribution (Extended Data Fig. 4) shows a bow shock spiral in front of a169

dense, circular accretion disk with an outer radius of ∼0.83 au. The disk material orbits with tan-170

gential velocities of 80±100% of the Keplerian velocity and is flared in the edge-on view, with a171

density scale height of ∼0.15 au at the outer radius. The mass accretion is ∼15% of the mass loss172

rate (8× 10−7 M⊙ yr−1 26), corresponding to a mass accretion rate of 1.2× 10−7 M⊙ yr−1, and the173

disk’s total mass is 2 × 10−6 M⊙. ALMA band 6 and 7 at π1 Gru C’s position gives us a spectral174

index of αs
M2

= 2.3 ± 0.3 (Fν ∝ να
s

), indicating dust dominance 34. For the accretion disk to175

account for this emission, the estimated disk dust mass is ∼ 8.5× 10−8 M⊙ (see ‘Hydrodynamical176

modelling’ in Methods).177

System’s initial configuration and future evolution178

Using stellar evolution calculations 35, we estimate the initial mass of π1 Gru A. The core-mass179

luminosity diagram and the observed C/O ratio indicate a best-fit initial mass of 1.7 M⊙, with180

bounds of 1.25 M⊙ and 2 M⊙ (see ‘Stellar evolution’ in Methods). As an additional constraint, we181

analyzed π1 Gru A’s pulsation characteristics. Classified as an SRb long-period variable, π1 Gru A182

has a pulsation period of ∼195 days 36, which we attribute to the radial first overtone mode (see183

‘Stellar evolution’ in Methods; Extended Data Fig. 5). Stellar evolution models 35 combined with184
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linear pulsation calculations 37 indicate that the observed period and luminosity are consistent with185

an initial mass of 1.5 ± 2 M⊙. For an initial mass of 1.7 M⊙, the model predicts a current mass186

of ∼1.4 M⊙, near the end of the thermally pulsating (TP)-AGB evolution. Growth rates further187

confirm that the first overtone mode can dominate even during late thermal pulses (see Fig. 2).188

Thus, despite its advanced TP-AGB age, π1 Gru A remains a semi-regular variable rather than189

transitioning to a Mira variable pulsating in the fundamental mode. The TP-AGB mass estimate of190

∼1.4 M⊙ lies at the upper limit of the m1 agnostic prior retrieval, being more compatible with the191

Gaussian prior.192

The current system parameters allow us to reconstruct the past and predict the future of193

the π1 Gru inner binary through orbital evolution calculations. The survival of close companions194

depends on the balance between tidal forces, mass loss, and mass transfer. We account for non-195

conservative mass transfer by incorporating it into the orbital angular momentum balance equation.196

Additionally, we include both equilibrium and dynamical tide dissipation, with the latter incorpo-197

rating the excitation and dissipation of progressive internal gravity waves in evolved stars 8 (see198

‘Orbital evolution’ in Methods).199

Our orbital evolution calculations reveal that the π1 Gru system parameters remained rela-200

tively unchanged during the main-sequence and horizontal branch phases (Fig. 3). The orbit began201

to expand modestly during the RGB phase, driven by mass loss from the primary star. However,202

during the TP-AGB phase, the interplay of non-conservative mass transfer and enhanced tidal dis-203

sipation caused significant orbital contraction, which will eventually lead to a common envelope204

phase. Mass loss from π1 Gru A and accretion onto π1 Gru C shifted the mass ratio from q < 1205

to q > 1 (Fig. 3d). In the WD scenario, there remains a small probability that the system could206

explode as a Type Ia supernova, potentially allowing the system to avoid a common-envelope fate207

due to a WD kick.208

Discussion209

Close giant binaries with orbital periods Torb ≲ 4,000 days are expected to circularize through tidal210

dissipation 38. This is supported by our refined tidal models tailored to the specific configurations211

of π1 Gru. Specifically, we derive that higher eccentricities result in faster circularization rates and212

that the circularization mainly occurs at the very end of the TP-AGB phase (see ‘Orbital evolution’213

in Methods and Extended Data Fig. 6). Thus, the detection of an AGB binary with a circular214

orbit and Torb ∼ 11.76 years (∼4,295 days) might appear unsurprising. However, this contrasts215

with post-AGB binaries, where systems with Torb ≳ 1,000 days are observed to be exclusively216

eccentric, creating a discrepancy between theory and observations 39.217

Two main hypotheses address this discrepancy. The first suggests incomplete knowledge of218

tidal dissipation: tidal circularization rates may be underestimated for the (progenitor) solar-type219

main-sequence binaries 40, while overestimated during the giant phase for ellipsoidal red giant220

binaries 41. We add a single, critical data point to this discussion: confirmation that a TP-AGB221

binary system is circularized at Torb > 1,000 days. It tentatively favors the second hypothesis:222
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a mechanism generating eccentricity at the end of the TP-AGB or during the post-AGB phase.223

Proposed mechanisms include mass transfer at periastron, asymmetric mass loss, interactions with224

a circumbinary disk, white-dwarf kicks, hybrid wind-RLOF mass transfer, or the eccentric Kozai-225

Lidov mechanism in triple systems 38, 39. Future studies of AGB binary systems may allow a226

sampling of the e− log Torb distribution, providing critical evidence to this discussion.227

Our results also constitute an important test for tidal interaction physics. A key inference228

is that our orbital evolution models predict minimal change in the binary’s eccentricity, imply-229

ing an initially near-circular orbit since the system is currently circular (see Extended Data Fig. 6).230

Combined with the observed large eccentricities and deficit of systems with e < 0.15 among main-231

sequence solar-type binaries with orbital periods above 10 days 1, this may suggest that our cir-232

cularisation rates are underestimated. This tension between theory and observations is reinforced233

by a recent study of red giant binary eccentricities 42. One potential avenue for investigation is234

resonance locking, a phenomenon where the tidal forcing frequency and the frequency of a stellar235

pulsation mode vary in concert, enabling sustained resonant interactions over extended timescales236

compared to scenarios where either of these frequencies were constant 43.237

Alternatively, π1 Gru’s inner binary system may have already undergone circularization,238

which would lend support to the hypothesis that π1 Gru C evolved already through the AGB phase239

and is now a WD. However, post-AGB binary systems with WD companions ± such as extrinsic S-240

type stars, barium stars, red symbiotics and WD-MS systems ± are all observed to have non-circular241

orbits across orbital periods ranging from ∼1,000 ± 10,000 days 39. If the eccentricity-generating242

mechanism proposed for these systems applied here, it must have been unusually weak or inactive243

to result in the observed low eccentricity of the WD-AGB phase.244

Moreover, using the WD mass distribution function derived from Gaia data 44, the probabil-245

ity of π1 Gru C being a massive WD, with mass 1.18± 0.27M⊙, is only ∼3%. Such massive WDs246

are thought to form through the merger of two average-mass WDs in close binaries or from the247

evolution of massive intermediate-mass single stars 44. Massive WDs accreting at the rate inferred248

here (∼ 1.2×10−7 M⊙ yr−1) are present in symbiotic recurrent novae, whose optical and UV spec-249

tra show strong H I, He I, and He II emission lines 45, none of which are observed toward π1 Gru.250

Furthermore, the accreting companion was not detected with SPHERE-ZIMPOL 46, whereas the251

accreting WD in R Aqr was detected by the same instrument despite an order of magnitude lower252

accretion rate 47. These statistical and observational constraints make it more likely that π1 Gru C253

is a MS star in a primordial circular orbit.254

Hence, neither evolutionary scenario for π1 Gru C is without tension. Future spectrally re-255

solved UV observations with the Hubble Space Telescope may reveal the nature of the companion,256

with narrower line profiles pointing to a MS star, while broader profiles would be more indicative257

of a WD 15.258

This study presents the direct detection of the Keplerian motion of a close-in companion259

around an AGB star. By combining multi-epoch (sub)millimeter imaging with optical astrometric260

data, we achieve precise proper motion fitting, disentangling the barycentre’s motion from the bi-261
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nary’s orbital dynamics. The retrieved orbital parameters provide a crucial benchmark for stellar262

and binary evolution models, revealing tensions in tidal interaction physics. This work shows the263

potential of future multi-epoch (sub)millimeter imaging, particularly when combined with Gaia264

DR4’s optical astrometry, to derive orbital constraints for giant binaries and improve our under-265

standing of the tidal interactions and orbital transformations governing the evolution of stars, which266

commonly reside in binary systems.267

Methods268

1. ALMA observations269

1.1. Observations270

π1 Gru was observed at high resolution as part of ALMA project codes 2018.1.00659.L and271

2023.1.00091.S, during Cycle 6 (June 23 and July 6, 2019, Band 6, central frequency 241 GHz) and272

Cycle 10 (October 12 and October 26, 2023, Band 7, central frequency 334 GHz), respectively. In273

2019, π1 Gru was also observed in two other lower-resolution ALMA configurations, as described274

in ref. 48. The observations were made in multiple, non-contiguous spectral windows (spw) at an275

initial spectral resolution ∼ 1 MHz or finer. The data from each epoch were combined and are276

referred to as C6 and C10 data throughout this work. The 2019 observations and data reduction277

process are detailed in Ref. 48. Only the extended configuration data are used for continuum anal-278

ysis here. For the 2023 data, a similar method was employed, with the main difference being the279

use of a higher frequency and smaller frequency span ∆ν. J2230-4416 and J2235-4835 served as280

phase reference sources, while J2242-4204 and J2230-4416 were used as check sources in 2019281

and 2023, respectively. The check source, a compact source at a comparable angular separation282

from the phase reference as the target, was observed occasionally as if it were a target. The angular283

separations (in right ascension α⋆ and declination δ) of the check source and target from the phase284

reference are denoted by ψcheck and ψtarg, respectively. In both cases, the maximum recoverable285

scale (MRS) is larger than the region containing the π1 Gru system. Details are summarized in286

Supplementary Table 1. The principal data products are continuum images of the system, analysed287

in this paper, and spectral line cubes, of which only the CO, SiO, and SiS data are used here.288

1.2. Calibration and imaging289

In brief, we began with the target data after applying the ALMA pipeline calibration (excluding290

the pipeline self-calibration available in 2023). We identified line-free channels from the pipeline291

images for the 2019 data, and from the calibrated visibilities in 2023. Here, ∆ν represents the292

cumulative bandwidth of line-free channels distributed across νtot, and νmean denotes the mean293

frequency of the line-free continuum channels. For each epoch, we made channel-averaged copies294
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of the phase-referenced target data. These were used to create continuum images, excluding line295

emission, (from all data in 2019 and from the first execution with the best signal-to-noise ra-296

tio (S/N) in 2023), as starting models for phase and amplitude self-calibration. The system’s297

proper motion is ∼1 mas during the 2-week interval between observations at each epoch; the self-298

calibration aligned the image peak with the positions given on the dates provided in Supplementary299

Table 1 for C6 and C10, respectively, i.e. the mean date for C6 and the date of the first execution300

for C10.301

The array configuration used in 2019 provided slightly longer baselines relative to observing302

wavelength than in 2023. In order to provide images with similar synthesized beam sizes (θb)303

we weighted the data during imaging, using robust parameter values of +0.5 in 2019 and −0.5304

in 2023; the beams are within 5% of circular, hence the geometric mean sizes are quoted here.305

Supplementary Table 1 summarizes the main continuum imaging parameters, including the off-306

source noise σrms. The ALMA C6 2019 and ALMA C10 2023 continuum images are displayed in307

Extended Data Fig. 1.308

The target data at full spectral resolution were adjusted to constant velocity (vLSRK) in the di-309

rection of π1 Gru. We applied the continuum self-calibration solutions to these data and subtracted310

the continuum before making spectral image cubes for each spw. Here, we use measurements from311

2019 extended-configuration cubes only, with an angular resolution of ∼ 0.′′023 and a noise rms312

in quiet channels of 0.9±1.4 mJy, increasing with frequency; full details are tabulated in ref. 48.313

The details of the 2023 spectral cubes are given in Supplementary Table 2, including the synthe-314

sised beam sizes achieved with robust +0.5 in order to optimise sensitivity to extended molecular315

emission. In some cases, cubes were made at two spectral resolutions; at the highest resolution316

for masers and with channel averaging for thermal lines, and at higher angular resolution, robust317

−0.5 for SiO and CO v=1 J=3-2 shown in Supplementary Fig. 8. The positions and flux densities318

of maser spots at both epochs were measured by fitting 2-D Gaussian components in the AIPS319

package (task SAD); the position errors were estimated as described in Section 1.3.1, in the range 1320

± 10 mas depending on S/N. The transitions used in this paper are listed in Supplementary Table 3.321

1.3. Measurements of ALMA continuum sources322

We measured the positions of the primary (π1 Gru A, hereafter referred to as M1) and the nearby323

companion (π1 Gru C, hereafter referred to as M2) in two ways: using the CASA task imfit to fit324

two 2-D Gaussian components to M1 and M2 and using the uvmultifit add-on package 49 to325

fit a uniform disc (UD) plus a delta (point-like) component to the calibrated visibilities. For both326

epochs and methods we allowed the fit to M1 to be elliptical with the ratio of major and minor327

axes er ≥ 0.9, (where er = 1 is a perfect circle). We assumed that M2 is unresolved as its relative328

faintness and proximity to M1 rendered attempts to measure a size based on formal S/N errors329

(Section 1.3.1) unreliable, and therefore specified a point source.330

9



1.3.1 Stochastic and other relative measurement errors331

The errors reported by the packages are based on the assumption that the source can be described332

exactly by the model and on ideal phase noise, and tend to underestimate realistic errors. In fact333

these errors are ‘formal errors’ reported by the packages; they are not ‘absolute errors’ which may334

include systematic effects not fully calibrated. The relative position uncertainty due to phase noise335

in a Gaussian fit to an interferometry image from an array with gaps in the baseline coverage (as336

for ALMA in the extended configuration) is given by σpos,ϕ = θb × σrms/P where P is the fit-337

ted peak flux density. The two methods gave results within 1 mas for the relative positions of338

the components (although as expected, the FWHM of the Gaussian component for component M1339

underestimates the stellar size). It is likely that a UD is a better fit to the stellar continuum at340

(sub)millimeter wavelengths as visibility-plane fitting is not affected by deconvolution errors Ð341

although still potentially biased by blending of the components at the interferometer resolution and342

emission which is not included in the UD plus delta model. Any deviations of the apparent stellar343

shape from a circle are in reality not likely to be elliptical but random (due to stellar activity, lo-344

calised mass loss, dust clumps etc.) on scales large enough not to average into noise. We therefore345

adopt the UD plus delta model, utilizing the phase noise estimate (where P is calculated as the UD346

flux density multiplied by the ratio of the beam area to the UD area) and the ellipticity to estimate347

the errors.348

The provisional relative position uncertainties σprov are taken as the sum in quadrature of349

σpos,ϕ and, for component M1, the error due to the assumption of ellipticity. We estimated the350

latter as σpos,er = (fitted diameter)×(1 − er) ×
√
2. σprov thus represents the errors in UD plus351

delta visibility plane fitting, including phase noise. We then compared the positions obtained by352

visibility plane fitting with those from Gaussian fitting in the image plane, giving their differences353

in each direction, σpos,fit. σprov and σpos,fit are decomposed into equal components in α⋆ and δ, con-354

sidering that the synthesized beams are nearly circular and the other uncertainties have unknown355

orientations.356

We then took the larger of σprov or σpos,fit as the actual relative position uncertainty σpos,rel.357

σpos,fit was larger only for component M2 in 2023, probably due to slightly lower resolution and358

brighter dust. These values are listed in Extended Data Table 1 and can be used to determine the359

uncertainty in the separation of the two components at each epoch.360

The astrometric positions of M1 and M2 at both ALMA epochs are listed in Extended Data361

Table 1 and visualised in Extended Data Fig. 1. The relative position ofM2 with respect toM1 was362

measured as (α⋆, δ) = (−12.025±1.212, −34.700±1.212) mas in the ALMA 2019 C6 data and as363

(−24.103 ± 0.721, 32.910 ± 1.000) mas in the ALMA 2023 C10 data. Consequently, the angular364

separation between M1 and M2 changed from −37.702 ± 1.898 mas in 2019 to 40.775 ± 1.233365

mas in 2023. This positional shift is inconsistent with pure radial motion.366

The measured UD diameters DUD of M1 and the flux densities of both components, SUD and367

Sdelta, are given in Supplementary Table 4. We estimate the error σUD from the same phenomena368
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as those causing σpos,rel, given in Extended Data Table 1, using the combined α⋆ and δ errors, with369

an additional factor of
√
2 as the diameter is the difference between two position measurements.370

The relative continuum flux density errors in SUD and Sdelta are similar at each epoch, compris-371

ing the noise σrms and fitting uncertainties, shown as σS. When comparing the two epochs, the372

ALMA flux scale error, typically 7% at these frequencies 50, should also be included. Using νmean373

from Supplementary Table 1, the spectral index, αs of each component (ignoring any potential374

variability) is αs
M1

= 1.9± 0.3 and αs
M2

= 2.3± 0.3 (using the convention S ∝ να
s

).375

1.3.2 Astrometric uncertainty376

The absolute astrometric accuracy is determined by use of the phase reference source. The main377

contributions to astrometric errors are the phase reference position errors σphref , short-term phase378

jitter within each few-minute scan σshort, and errors in transferring phase solutions from the phase379

reference source to the target σtrans. We took σphref from the ALMA calibrator catalogue. σshort =380

θb × ϕrms/360, where the phase rms ϕrms in degrees was taken from the QA0 reports (for the381

best observation at each epoch) 50. σtrans is dominated by antenna position errors and by atmo-382

spheric differences between the directions of the sources, which we assume to be equivalent to383

a phase screen with a linear gradient. We estimated the effect on the target by comparing the384

apparent and catalogue positions of the check source to derive its error (σpos,check) and scaling385

these to the phase calibrator - target separation, σpos,scaled =
√

(σ2
pos,check + σ2

short)× (ψtarg/ψcheck)386

(from Supplementary Table 1). The target astrometric (absolute) uncertainty is then given by387

σpos,abs =
√

σ2
pos,ϕ + σ2

pos,scaled + σ2
short. The values are given in Supplementary Table 5. We388

use more significant figures than are strictly warranted in order to avoid rounding errors in later389

modelling.390

The check source catalogue position uncertainties are ∼1±2 mas. However, without a com-391

prehensive directional atmospheric model (i.e., multiple calibrators), it is not realistic to include392

these uncertainties, as their contribution would be minor.393

2. Orbital parameters394

In order to determine the orbital parameters of the close-in companion, π1 Gru C, we will first395

introduce the orbital model, followed by a description of the observational constraints obtained396

from the ALMA, Gaia, and Hipparcos data. We will then describe the Bayesian analysis used to397

derive the orbital parameters. Finally, a sensitivity analysis is performed to assess the robustness398

of the derived orbital parameters.399
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2.1. Orbital model400

The 2019 ALMA Cycle 6 continuum data revealed two maxima separated by 37.702 mas, with401

the secondary peak interpreted as a potential close companion 25. However, this feature could402

also be a dense clump of gas and dust resulting from a mass ejection from the AGB star, which403

would follow a more radial outflow. The 2023 ALMA Cycle 10 data provide a second epoch to404

confirm the proper motion, definitively ruling out the possibility of a radially outflowing aggregate.405

Instead, the positional shift observed in the 2023 C10 data is consistent with an elliptical projection406

on the sky, thereby establishing that the secondary continuum peak is a close-in companion on a407

Keplerian orbit around the AGB star. This confirms the hypothesis of Ref. 25, 27±29 that a close-in408

companion interacts with the wind of π1 Gru A. However, their study lacked the observational409

constraints necessary to determine the orbital parameters accurately.410

Since 1953, it is already known that π1 Gru has another far distant G0V companion, π1 Gru B,411

at a projected separation of 2.′′71 30. This establishes π1 Gru as a triple system. The dynamical412

evolution of triple systems with a close-in binary and a wider tertiary may be influenced by the413

‘Eccentric Kozai-Lidov’ (EKL) mechanism 51, 52, which can cause the inner binary to experience414

large-amplitude oscillations in eccentricity and inclination, driving it to small pericentre distances415

and potential merger, while the tertiary may move outward or become unbound over evolutionary416

timescales. On one hand, it has been demonstrated that for a circular inner orbit, a large mu-417

tual inclination (40◦ ± 140◦) can lead to long-timescale modulations that drive the eccentricity to418

very high values and can even result in orbital flips 53. Although we will derive the inclination of419

the inner orbit below, the inclination of the outer orbit (of π1 Gru B) is currently unconstrained,420

preventing an accurate assessment of the EKL effect for a potentially high mutual inclination.421

On the other hand, it has been shown that even starting with an almost coplanar configura-422

tion, for eccentric inner and outer orbits, the inner orbit’s eccentricity can still be excited to high423

values, and the orbit can flip by approximately 180◦, rolling over its major axis 53. However, as424

shown below, we derive a circular orbit for the inner orbit (of π1 Gru C), suggesting that the EKL425

mechanism is not active here.426

Even without considering the EKL mechanism, it is necessary to evaluate the effect of the427

distant companion on the orbital motion of the two inner bodies due to Newtonian gravitational428

interactions. This distant companion, with a mass of ∼1 M⊙, exerts a negligible influence on the429

orbital motion of the two inner bodies. Over a span of 24.25 years, the maximum induced change430

in the astrometric position of the inner bodies due to π1 Gru B is only about 0.65 × 10−5 mas.431

Consequently, we can model the astrometric motion of the primary AGB star, π1 Gru A (M1), and432

its inner companion, π1 Gru C (M2), as a two-body system, effectively neglecting the influence of433

π1 Gru B.434

We therefore model the orbital motion of the two celestial bodies, M1 and M2, in a binary435

system using Newton’s laws, aiming to determine their positions over time, t, while accounting for436

12



parallax, proper motion, and orbital parameters. This involves analyzing the motion of M1 and M2437

interacting solely through their mutual gravitational attraction.438

The remainder of the derivation of the orbital equations, including the explicit transformation439

from the orbital plane to the plane of the sky, the calculation of the true anomaly as a function of440

time, and the projection of the orbital motion onto the observed astrometric coordinates, is detailed441

in Supplementary Sect. 2.1. This section provides the full mathematical framework required to442

compute the predicted positions of both components at any given epoch, accounting for the effects443

of parallax, proper motion, and the orientation of the orbit in three-dimensional space. The deriva-444

tion also discusses the conventions adopted for the orbital elements and clarifies the treatment of445

degeneracies in inclination and node, ensuring that the model predictions can be robustly compared446

to the multi-epoch astrometric data from ALMA, Gaia, and Hipparcos.447

2.2. Observational input448

The orbital parameters for π1 Gru, as defined in Supplementary Sect. 2.1, can be constrained449

using data from ALMA C6, ALMA C10, Gaia DR3, and Hipparcos, along with their respective450

uncertainties.451

The ICRS astrometric positions of component M1 and M2 at the epoch of the ALMA C6452

and C10 observations are listed in Extended Data Table 1. The positional accuracy is given by453
√

σ2
pos,rel + σ2

pos,abs. These ALMA positions are not yet corrected for the parallactic shift since the454

parallax ϖ is one of the retrieval parameters.455

To summarize, for the ALMA C6 data:456

αC6(M1) = 22h22m44.269589s ± 0.000240s (OC1)

δC6(M1) = −45◦56′53.00641′′ ± 0.001697′′ (OC2)

αC6(M2) = 22h22m44.268393s ± 0.000212s (OC3)

δC6(M2) = −45◦56′53.04198′′ ± 0.001217′′ (OC4)

For the ALMA C10 data:457

αC10(M1) = 22h22m44.282263s ± 0.000200s (OC5)

δC10(M1) = −45◦56′53.12381′′ ± 0.001777′′ (OC6)

αC10(M2) = 22h22m44.279952s ± 0.000196s (OC7)

δC10(M2) = −45◦56′53.09090′′ ± 0.001612′′ (OC8)

Although the components of the binary system are not resolved in the Gaia and Hipparcos458

data, the fact that the companion remains undetected in the VLT/SPHERE data 46 taken contem-459
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poraneously with the ALMA C6 data (see Supplementary Sect. 5.2), implies that the mass-to-460

light ratios of π1 Gru A and π1 Gru C are significantly different, and that the Hipparcos and461

Gaia photocenters therefore track the photocentre of the AGB star M1. The Hipparcos catalogue462

(https://www.cosmos.esa.int/documents/532822/552851/vol9_all.pdf/463

50682119-3f37-4048-8f3a-e10961614b44) lists the following five-dimensional (5D)464

(the radial velocity could not be constrained from the Hipparcos and Gaia measurements) ICRS465

position-velocity vector for π1 Gru (= HIP 110478) at epoch 1991.25:466

yHip,M1
=













α∗

δ
ϖ
µα∗

µδ













M1

=













233.40516824561706
−45.94791727

6.54
27.89
−10.92













Hip

(OC9)±(OC13)

Both α∗ and δ are expressed in degrees, the Hipparcos parallax ϖ is expressed in milli-arcseconds467

(mas), and the proper motions µα∗ and µδ are expressed in mas yr−1. The corresponding covariance468

matrix ΣHip is469

ΣHip =













0.64 0.0496 −0.0808 −0.17952 −0.08528
0.0496 0.3844 −0.15655 −0.12648 −0.172856
−0.0808 −0.15655 1.0201 0.236946 0.132512
−0.17952 −0.12648 0.236946 1.0404 0.25092
−0.08528 −0.172856 0.132512 0.25092 0.6724













(1)

where the uncertainties of α∗, δ, and ϖ are expressed in mas.470

The Gaia DR3 archive 54 lists the following astrometric solution for π1 Gru ( = Gaia DR3471

6518817665843312000) at epoch 2016.0:472

yGaia,M1
=













α
δ
ϖ
µα∗

µδ













M1

=













335.6844004512271
−45.94804349249061
6.185845810192854
31.105558619539813
−10.338212763867













Gaia

(OC14)±(OC18)

where the units are the same as for the Hipparcos solution. The corresponding covariance matrix473

ΣGaia is:474

ΣGaia =













0.05428154 0.01727978 0.00399398 0.01529596 −0.01802598
0.01727978 0.0856448 −0.02478438 −0.0093199 −0.03776861
0.00399398 −0.02478438 0.19944953 −0.02224772 −0.05414651
0.01529596 −0.0093199 −0.02224772 0.06329501 0.02410661
−0.01802598 −0.03776861 −0.05414651 0.02410661 0.12071868













(2)

where the units are the same as for ΣHip.475
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These 18 observational constraints, (OC1)±(OC18), will be used to infer the 6 orbital param-476

eters (a, e, Ω, i, ω and T0), the primary mass m1, the mass ratio q = m2/m1, the parallax ϖ toward477

the π1 Gru system (or, equivalently, its distance D), and the proper motion vector of the barycentre478

µG.479

2.3. Predictables480

The 18 observational constraints (OC1) ± (OC18) are compared with 18 predicted values to derive481

the orbital parameters of the π1 Gru system. Specifically, we fit the astrometric positions and482

parallax shift of M1 and M2 at the ALMA C6 and C10 epochs, and fit the astrometric positions,483

parallax and proper motion of M1 from the Hipparcos and Gaia epochs.484

We have intentionally left the ALMA observations uncorrected for the parallactic shift, as485

this shift depends on parallax, one of the parameters in the Bayesian retrieval fitting. To correctly486

apply Bayes’ theorem, a clear distinction between observables and predictables must be main-487

tained, avoiding any mixing between them. Once the parallax has been determined in a way that is488

consistent with the ALMA, Hipparcos, and Gaia data, the ALMA observations can be corrected489

for the parallactic shift and only the motion fits including the proper motion and orbital motion490

can be displayed. Accordingly, all figures in this paper displaying proper motion fits have been491

constructed after applying this approach.492

It is important to note that the observed proper motion derived from Gaia and Hipparcos493

represents an average value over the duration of each mission. The Hipparcos mission lasted from494

1989.8 to 1993.2, while the Gaia mission spanned from 2014.5 to 2017.4. The timestamps for the495

Gaia observations of π1 Gru are readily available and were used to derive the mean proper motion496

of M1 for the Gaia epoch. However, the exact timestamps for the Hipparcos mission could not be497

retrieved. To address this, we sampled Hipparcos’ full observational time span with 300 linearly498

spaced timestamps, which were then used to calculate the right ascension and declination of M1 at499

each timestamp, and hence to derive the average proper motion for the Hipparcos epoch. Sampling500

with more data points did not impact the results. Additionally, given that the Hipparcos data have501

a limited impact on the overall results, as demonstrated in the sensitivity analysis presented in502

Supplementary Sect. 2.3.2, this assumption is considered well justified.503

2.4. Baysesian inference504

Using the Bayesian framework, we compute the posterior distribution P (θ | y) which is propor-505

tional to the product of the likelihood function and the prior distribution:506

P (θ | y) ∝ P (y | θ) P (θ). (3)

where θ = (m1, q, a, e, T0, ω,Ω, i, D, µ
G
α , µ

G
δ ) are the 11 model parameters, and y are the observa-507

tions outlined in Section 2.2. Since the Gaia, Hipparcos, and ALMA observations are statistically508
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independent, we can split the likelihood into509

P (y | θ) =P (yC6,M1
|θ) · P (yC6,M2

|θ) · P (yC10,M1
|θ) · P (yC10,M2

|θ) ·
P (yGaia,M1

|θ) · P (yHip,M1
|θ)

(4)

where we abbreviated yCn,Mi
= (αCn,Mi

, δCn,Mi
) and yGaia/Hip,M1

= (αM1
, δM1

, ϖ, µα∗

1
, µδ1)Gaia/Hip

.510

yCn,Mi
and yGaia/Hip,M1

are given in Section 2.2. Each of the likelihoods was chosen to be a Gaus-511

sian:512

P (yX |θ) = N (m(θ),ΣX)

=
1

√

(2π)k|ΣX |
exp

(

−1

2
(yX −m(θ))t Σ−1

X (yX −m(θ))

)

(5)

where m(θ) = E[yX ]. In the case of P (yGaia,M1
|θ) and P (yHip,M1

|θ), the non-diagonal covariance513

matrices ΣHip and ΣGaia are given by Expr. (1) and (2). In all other cases, the covariance matrices514

are diagonal with the square of the standard errors given in Section 2.2 on the diagonal.515

In each case the components of the expected value m = E[yX ] related to the sky coordinates516

(α, δ) of M1 or M2 are computed using the following model:517

(

E[α]

E[δ]

)

=

(

α0
G

δ0G

)

+

(

µG
α

µG
δ

)

(t− tC6) +

(

∆α

∆δ

)

. (6)

Here, (α0
G, δ

0
G) denote the ICRS coordinates of the binary system’s centre of mass at t = tC6:518

α0
G ≡ m1 αC6,M1

+m2 αC6,M2

m1 +m2

−∆p
α (7)

δ0G ≡ m1 δC6,M1
+m2 δC6,M2

m1 +m2

−∆p
δ . (8)

where the terms ∆p
α and ∆p

δ represent corrections for the parallax motion, accounting for the fact519

that (αC6,M1
, δC6,M1

) and (αC6,M2
, δC6,M2

) are the observed ALMA astrometric positions. The520

second term in Eq. (6) reflects the proper motion of the barycentre and the third term the change in521

coordinates with respect to the barycentre due to the orbital motion of the stars, and is computed522

as outlined in Supplementary Sect. 2.1.1.523

We assumed no a priori correlations between the model parameters, and decomposed the prior524

P (θ) into:525

P (θ) =
9
∏

n=1

P (θn) (9)
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where we implemented the following priors for each of the 11 model parameters:526

P (m1) = U(0.6, 3.5) [M⊙] (P1)

P (q) = U(0.2, 5.0) [ ] (P2)

P (a) = U(2, 15) [au] (P3)

P (e) = U(0, 0.95) [ ] (P4)

P (T0) = U(2009, 2030) [yr] (P5)

P (ω) = U(0, 360) [◦] (P6)

P (Ω) = U(0, 360) [◦] (P7)

P (i) = U(0, 360) [◦] (P8)

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

P (µG
α ) = U(42, 46) [mas yr−1] (P10)

P (µG
δ ) = U(−20,−17) [mas yr−1] (P11)

where U(u1, u2) indicates a uniform prior between ranges u1 and u2. We initially explored a527

broader prior range for T0 (1900±2200 yr), but all runs consistently converged to orbital periods528

around 11 yr. Based on this, we refined the prior to the range 2009±2030 yr.529

The Gamma prior for the distance D of the system, with shape parameter k = 3 and scale530

parameters L = 500 pc, reflects an exponentially decreasing stellar volume density in the nearby531

Milky Way 55. I.e. the prior for the distance is determined as532

F−1(p, k = 3, L = 500) (10)

where p is a uniform random variable (p ∈ [0, 1]) and533

F (x, k, L) =
1

Γ(k)

∫ x

0

tk−1e−t/L

L3
dt , (11)

with Γ(k) = (k − 1)! .534

To sample the posterior distribution, we used different sampling methods, for which nested535

sampling works the most efficient. More details on the sampling methods and the ultranest536

package can be found in Supplementary Sect. 2.3.1.537

2.5. Inferred orbital parameters for the π1 Gru system538

Using the observational data outlined in Sect. 2.2 and the ultranest 56 Bayesian modeling539

framework, we inferred the six orbital elements, the primary mass (m1), the mass ratio (q), the dis-540

tance (D), and the proper motion of the barycentre (µG). To assess robustness, ultranest was541
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executed 10 times, as detailed in Supplementary Sect. 2.3.2, with a summary of results presented542

in Supplementary Table 8. In this section the results of the best run are presented.543

The outcomes of Bayesian inference are characterized by two key metrics. First, we report544

the mean and standard deviation of the retrieved parameters, derived from the posterior samples545

(upper part of the table). The mean is weighted by the likelihood of each sample, while the standard546

deviation reflects the posterior spread. Second, we present the best-fit values, corresponding to the547

maximum posterior probability for each parameter (lower part of the table).548

The run that achieved the highest maximum marginalized likelihood, and we refer to this as549

the eccentric model. The Bayesian retrieval yields m1 = 1.02 ± 0.20M⊙, q = 1.04 ± 0.05,550

a = 6.60±0.41 au, e = 0.023±0.017, T0 = 2026.75±3.16 yr, ω = 101±98◦, Ω = 94±23◦, i =551

14±8◦,D = 174±9 pc, µG
α = 45.212±0.168mas yr−1, and µG

δ = −18.773±0.068mas yr−1. The552

small eccentricity implies ω and T0 are poorly constrained (see also Supplementary Sect. 2.3.2).553

However, the Bayesian marginalized likelihood (log z) ± factoring in both fit quality and554

model complexity ± indicates a preference for a circular orbit (e = 0) over the above eccentric555

model (see Supplementary Sect. 2.3.2). For a circular orbit, ω and T0 are undefined; instead,556

we define T0 as the time when the body crosses the ascending node. Similar to the eccentric557

case, ultranest was executed 10 times (see Supplementary Table 9). The highest maximum558

likelihood run, and we refer to this as the circular model. The inferred parameters are m1 =559

1.12± 0.25M⊙, q = 1.05± 0.05, a = 6.81± 0.49 au, T0 = 2016.39± 1.18 yr, Ω = 101± 36◦, i =560

11±7◦,D = 180±10 pc (or equivalently,ϖ = 5.555±0.309mas), µG
α = 45.203±0.144mas yr−1,561

and µG
δ = −18.776 ± 0.061mas yr−1. These results are shown in a corner plot (Extended Data562

Fig. 2) and summarized in Supplementary Table 6. The best-fit values are given in Supplementary563

Table 7.564

The fit of the astrometric positions and tangential velocities to the observational data, based565

on these best-fit parameters, is depicted in Fig. 1. The orbital system of π1 Gru, using the retrieved566

best-fit parameters, is visualized in Extended Data Fig. 3 for two different viewing angles. We567

deduce that the companion moves in a circular, anti-clockwise orbit relative to the AGB star, a568

conclusion further reinforced by ALMA and SPHERE-ZIMPOL data presented in ref. 25, 26, 46, 57.569

The arcs observed in these datasets, interpreted as segments of an anti-clockwise spiral, exhibit570

shapes consistent with this orbital motion. The ALMA data 25, 26, 57 trace the gas motion, while the571

SPHERE-ZIMPOL data 46, taken almost at the same time as the ALMA C6 observations, reveal572

that the dust tail, formed in the companion’s wake, also exhibits a shape consistent with this anti-573

clockwise orbit.574

The corner plot (Extended Data Fig. 2) demonstrates high-quality sampling with well-defined575

boundaries and Gaussian-like posterior distributions for m1, q, a,D, and µG, underscoring the576

effectiveness of the ultranest sampling method. It also reveals the expected strong correlations577

between m1, a, and D and Ω and T0. In particular, there is a perfect positive correlation between Ω578

and T0. Additionally, a strong positive degeneracy exists between a andm1 (with linear correlation579
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coefficient, ρ, of 0.99), between D and a (ρ = 0.94) and D and m1 (ρ = 0.90).580

For the derived best-fit circular system parameters, the predicted tangential velocity of the581

barycentre, vGtan, is 29.86 km s−1 with a position angle of 120.84◦. The tangential velocity anomaly,582

∆vtan, and its corresponding position angle, θ, at the Gaia and Hipparcos epochs are 7.03 km s−1
583

and 359.04◦, and 6.80 km s−1 and 336.39◦, respectively.584

The corresponding orbital period is 11.76 ± 1.85 years. Whether this period can be linked585

to a long secondary period (LSP) remains unclear. The periodogram derived from the ASAS light586

curve of π1 Gru reproduces the AGB pulsation period of 195.5 days well (see Sect. 4), and there587

are tentative indications of an LSP of approximately 10 years. However, the data span of ∼ 9 years588

is insufficient for a detection at the ≥ 3σ level. Furthermore, given the low inclination we derive589

for the system, the probability of detecting an LSP is inherently low.590

The relative motion fit of M2 with respect to M1 for the ALMA 2019 C6 and ALMA 2023591

C10 data is presented in Supplementary Fig. 5. Accounting for both σpos,abs and σpos,rel, the un-592

certainties in the relative position of M2 with respect to M1 in (α⋆, δ) are (3.34, 2.09) mas for593

the ALMA C6 epoch and (2.92, 2.40) mas for the ALMA C10 epoch. The difference between594

the observed and predicted astrometric positions is (0.48, 1.60) mas at ALMA C6 and (−0.95,595

−1.77) mas at ALMA C10, indicating consistency within the measurement uncertainties.596

The astrometric position ofM2 at the ALMA C6 epoch corresponds to an orbital contribution597

to the radial velocity of 0.06 km s−1 for the ALMA C6 epoch and 3.37 km s−1 for the ALMA C10598

epoch (see Supplementary Sect. 2.4). This orbital motion represents only one component of the599

overall velocity vector field. As discussed in Sect. 3, the velocity amplitude and direction exhibit600

significant variation at and around the position of M2, due to the formation of a bow shock spiral601

and an accretion disk. This complexity in the velocity vector field is also evident in the ALMA C6602

and C10 data, particularly in the analysis of the SiO maser lines; see Sect. 2.5.1.603

A comprehensive sensitivity analysis of the orbital parameter retrieval is presented in Sup-604

plementary Sect. 2.3.2. There, we systematically explore the robustness of the inferred orbital605

parameters by varying input assumptions, priors, and data subsets. This includes repeated runs606

of the Bayesian inference, alternative prior choices (e.g., for the primary mass), and exclusion607

of specific observational constraints. The resulting posterior distributions and best-fit values are608

compared to assess the stability of the solution and to identify any potential degeneracies or biases.609

2.5.1 Distinguishing between (ω,Ω) and its antipodal nodes using radial velocity measure-610

ments611

Although the radial velocity of π1 Gru’s barycentre remains unknown, we can use the difference612

in the orbital contribution to the radial velocity of M1 at the ALMA C6 and ALMA C10 epochs to613

initially resolve the (ω,Ω) versus (ω + 180◦,Ω + 180◦) ambiguity.614
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For the specific circular configuration, the predicted orbital contribution to the radial615

velocity of M1 is approximately 0.21 km s−1 at the ALMA C6 epoch, and about −1.67 km s−1
616

at the ALMA C10 epoch (see Supplementary Fig. 6). This leads to a predicted change in radial617

velocity between both epochs of ∆vorbrad ≈ −1.9 km s−1.618

This preliminary prediction can be compared to observational constraints. Specifically, we619

use the central velocities of various molecular lines to estimate v′rad of M1 in the kinematic local620

standard of rest (LSRK) frame at both the ALMA C6 and ALMA C10 epochs (see Supplementary621

Eq. (108)). To achieve this, we extracted data from a small aperture (of diameter 0.′′04) centered622

on the AGB continuum peak and select high-excitation lines probing the inner few stellar radii623

around the AGB star (see Supplementary Fig. 7). We used the extended configuration ALMA C6624

2019 data with an angular resolution of ∼ 0.′′019 48. The central velocities are derived by fitting a625

Gaussian to the line profiles.626

From this analysis, we obtain an LSRK velocity forM1 of approximately −16.8±1.0 km s−1
627

at the ALMA C6 epoch and −18.3 ± 0.5 km s−1 at the ALMA C10 epoch, with corresponding628

spectral resolution being 1.3 km s−1 and 0.17 km s−1, respectively. We note that the emission from629

behind the star is obscured and that within the inner few stellar radii, the wind could be in infall,630

causing the apparent velocity to be slightly blue-shifted. However, since the line profiles are fairly631

symmetric with aligned peaks at each epoch, this suggests that the blue-shifted bias is of similar632

strength at both epochs, effectively canceling out when calculating the velocity difference. The633

observed velocity difference is ∆vorbrad ≈ −1.5 ± 1.1. The good agreement between the predicted634

value and the observational constraint, both of which fall within the same ballpark, is reassuring635

and provides an initial indication that the current combination of (ω,Ω) is likely the correct one.636

This analysis also offers a first estimate of the radial velocity of π1 Gru’s barycentre, which637

we determine to be −14.8± 1.0 km s−1. This yields predicted radial velocities for M1 in the ICRS638

frame of −14.59± 1.0 km s−1 and −16.48± 1.0 km s−1 at the ALMA C6 and ALMA C10 epochs,639

respectively. When transformed into the LSRK frame, these values become −16.63± 1.0 km s−1
640

and −18.52 ± 1.0 km s−1, which are very close to the observed LSRK velocities of −16.8 ±641

1.0 km s−1 at the ALMA C6 epoch and −18.3±0.5 km s−1 at the ALMA C10 epoch, listed above.642

This predicted radial velocity for the barycentre is also confirmed when comparing to the ALMA643

2023 C10 moment-1 (intensity-weighted mean velocity) map of the 29SiO v=0 J=8-7 emission644

(panel (b) of Supplementary Fig. 8). Future ALMA line observations would provide additional645

velocity information, thus introducing even more observational constraints in the Bayesian fitting646

process.647

Another validation for the current combination of (ω,Ω) comes from the 2019 ALMA C6648

SiO maser data presented by Ref. 25. We complement this with a similar analysis of the 28SiO v=0,649

1, 2 J=8-7 lines (panel a of Supplementary Fig. 8), and the 12CO v=1 J=3-2 and 29SiO v=0 J=8-7650

position-velocity (PV) diagrams from the 2023 ALMA C10 data (Supplementary Fig. 8, panels d-651

e). Panel (c) of Supplementary Fig. 8 depicts a 28SiO v=1 J=6-5 PV diagram from the 2019 ALMA652

C6 data. The ALMA C10 data have a higher spectral resolution and spectral line signal-to-noise653

20



ratio (SNR) than the C6 data, allowing for a more detailed view of the velocity structure around654

the primary and companion stars.655

In particular, high resolution SiO data reveal the velocity structure close toM2 at both epochs.656

This is seen in Supplementary Fig. 8 and also in Fig. 11±12 of Ref. 25. SiO v > 0 emission,657

mostly masers, comes from high-energy level states and thus is confined close to the star. The658

v = 0 emission shows some signs of masing and, by selecting observations at the highest angular659

resolutions, the region around M1 and M2 can be resolved whilst large-scale thermal emission is660

resolved-out. However, when including short baselines sensitive to extended flux, such as the 2019661

combined data, v = 0 thermal emission on larger scales dominates, showing the circumbinary disc662

but obscuring the M1 −M2 interaction. Consequently, the 2019 SiO moment-1 map (intensity-663

weighted mean velocity) presented by Ref. 25 appears near zero at the position of M2. However,664

as we discuss below, this should not ± and does not ± imply that the radial velocity is actually665

zero at that location. Instead, this is likely due to weaker SiO emission, possibly caused by partial666

obscuration by the companion star and its accretion disk.667

In 2019, the SiO maser flow from M1 towards M2 showed an increasingly blue-shifted trend668

closer to M2. In contrast, by 2023, this maser flow had become red-shifted; see panel (a) of669

Supplementary Fig. 8. Accounting for the ALMA C10 barycentric radial velocity of approximately670

−18.3 km s−1, the relative radial velocity at and around the location of M2 is non-zero, reflecting671

the radial projection of the complex velocity structure, also seen in the hydrodynamical simulations672

presented in Sect. 3, where the radially outflowing wind and the spiral bow shock play key roles.673

The same velocity gradient is observed in the 2023 C10 12CO v=1 J=3-2 data (see panel (e)674

of Supplementary Fig. 8), where the radial velocity ranges from approximately −19 km s−1 to675

−12 km s−1 midway between M1 and M2; however, the emission is too weak to measure the ve-676

locity structure directly at M2. Additionally, the CO v=1 J=3-2 emission near M1 appears weaker,677

likely due to partial obscuration by the star. In this respect, the 2023 29SiO v=0 J=8-7 strong678

emission provides better diagnostics, with panel (d) of Supplementary Fig. 8 clearly showing the679

increasingly red-shifted stream towards M2.680

This streamer was progressively more blue-shifted in the 2019 data, as confirmed by the SiO681

maser analysis presented by Ref. 25. The blue-shift is also evident in, for example, the 28SiO v=1682

J=6-5 PV diagram presented in panel (c) of Supplementary Fig. 8. This shift from a blue-shifted683

(2019) to a red-shifted (2023) streamer between M1 and M2 is consistent with the retrieved orbital684

configuration, including (ω,Ω), as listed in Supplementary Table 6 and shown in Extended Data685

Fig. 3.686
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3. Hydrodynamical modelling687

For a circular orbit with synchronous stars, the Roche lobe radius of a star in a binary system688

depends solely on the system’s semi-major axis and mass ratio. It is expressed as 58:689

RL,1 =
0.49q2/3

0.6q2/3 + log(1 + q1/3)
a , (12)

where RL,1 represents the radius of a sphere with a volume equivalent to that of the Roche lobe.690

Using the derived values for a and q, we calculate a Roche lobe radius of approximately ∼ 2.61 au.691

For π1 Gru A, which has a radius of ∼ 1.65 au (see Sect. 4.1), this indicates that the star does not692

fill its Roche lobe.693

Mass-loss still occurs for the AGB star due to their dust-driven winds. This material can be694

attracted by the companion and will be accreted. In the most simple case where the wind velocity695

is much larger then the orbital velocity of the companion this mechanism can be described by696

the classical Bondi-Hoyle-Lyttleton (BHL) 59, 60 formalism. In the case of the π1 Gru system, the697

orbital velocity of the companion of ∼16 km s−1 almost equals the radial expanding wind velocity698

of ∼14 km s−1 (as derived by Ref. 57). This implies that a wind accretion scenario relying on this699

BHL formalism is not valid.700

This suggests that the wind-RLOF regime, first studied in the context of symbiotic binaries701

by Ref. 31, offers a more promising framework to understand the structure in the circumstellar702

envelope of π1 Gru A and the wind-companion interaction. For this mechanism to be effective, the703

dust condensation radius must extend beyond the Roche lobe, which is a reasonable assumption704

given that dust condensation in such environments typically occurs at a few stellar radii.705

The gravitational influence of a binary companion affects the wind morphology of an AGB706

star in two distinct ways 61. On the one hand, the companion’s gravity focuses a fraction of the707

wind material towards the equatorial plane into a detached bow shock or accretion wake flowing708

behind the companion 62. On the other hand, it induces an orbital motion of both stars around the709

barycentre. This generates a spiral shock with a stand-off radius defined by the orbital and wind710

velocity. The arc pattern due to the reflex motion of the mass-losing AGB star nearly reaches the711

orbital axis and introduces an oblate-shaped flattening of the circumstellar envelope density.712

To predict the wind morphology, estimate the mass accretion rate onto the companion, and713

explore the nature and properties of the accretion disk expected to form around the companion star,714

we perform high-resolution, three-dimensional smoothed particle hydrodynamics (SPH) simula-715

tions using the PHANTOM code 63. The numerical setup of the simulations is the same as described716

in Ref. 33. The stars are modelled as sink particles that can accrete wind particles and gain their717

mass and momentum 33, 63. The stellar wind is modelled using the free-wind approximation, where718

the gravitational force of the AGB star is artificially balanced by the radiation force. This allows719

for a computationally simple way to launch a wind, but it does not adequately take into account720

22



pulsations, dust formation and the impact of radiative transfer. Better wind prescriptions that in-721

corporate pulsations 6, dust nucleation 32 or radiation transport 64 are currently under development,722

but a fully integrated model that combines all these effects remains to be achieved.723

To model the accretion around the companion, we include H I cooling and assume the wind724

is atomic, with a mean molecular weight of 1.26 u 33. The model parameters are as follows: the725

companion’s accretion radius is R2,accr = 2.15R⊙, optimized for resolving the accretion disk726

in the model; the stellar masses are m1 = 1.12M⊙ and m2 = 1.17M⊙; the semi-major axis727

is a = 6.81 au; and the orbital eccentricity is e = 0.0. The AGB star’s mass-loss rate is 8 ×728

10−7 M⊙ yr−1 57, and the initial wind velocity is 8.85 km s−1 at the stellar surface, corresponding729

to a terminal velocity of ∼ 18 km s−1. To optimize computational efficiency, particles beyond a730

radius of 30 au are removed from the simulation. The simulation spans approximately 14.5 orbital731

periods, at which point the accretion disk’s mass stabilizes, indicating equilibrium between the732

wind accretion rate onto the disk and the mass accretion rate from the disk onto the companion.733

The simulation employs roughly 500,000 particles with a particle mass of 3.05× 10−11M⊙.734

The resulting density distribution around the stars is presented in Extended Data Fig. 4. A735

bow shock spiral originates in front of a dense accretion disk that surrounds the companion. The736

zoomed-in figure (panel b) reveals the 3D shape of the accretion disk, that is roughly circular in737

the orbital plane and flaring in the edge-on view, and reveals the tangential motion of matter in the738

accretion disk around the companion. Material is orbiting with tangential velocities in the range739

[0.8, 1.0] times the Keplerian velocity, i.e. (0.8− 1.0)×
√

Gm2/r.740

Adopting the method described in Ref. 33, we estimate that the disk has a radius of rdisk =741

0.83 au, a mass of Mdisk = 2.0 × 10−6 M⊙, a flared edge-on profile with maximum scale height742

H(rdisk) = 0.144 au, and a maximum midplane density at r = 0.09 au of ρmax = 8×10−11 g cm−3.743

The estimated mass accretion efficiency onto the companion sink particle is 14.5%, corresponding744

to a mass accretion rate of 1.16× 10−7 M⊙ yr−1. Given that the outer disk radius is less than 70%745

of the companion’s Roche lobe radius (of ∼1.6 au), tidal interactions that could truncate the disk746

can be safely neglected.747

4. Stellar evolution748

In order to access the evolutionary state of π1 Gru A, and estimate its initial mass, stellar properties749

are derived like the luminosity, temperature, and radius as well as its pulsation period. These750

properties are then compared to stellar evolution models to infer the star’s evolutionary state and751

initial mass.752
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4.1. Stellar properties of π1 Gru A753

To estimate the luminosity and temperature of π1 Gru A, we rely on the (V − K) colour index,754

which is a well-established temperature indicator for late-type stars. The mean Johnson V -band755

magnitude is reported in the ASAS-SN catalogue of variable stars as V = 7.06 with amplitude756

of variation of 1.4865. The K-band amplitude of variation is far less, ∼0.1, and we here use757

V −K = 8.61 as reported by Ref. 66.758

To estimate both interstellar and circumstellar extinction along the line of sight, we use the759

E(BP−RP ) colour excess from the Gaia DR3 archive 54. The GaiaBP band covers wavelengths760

from approximately 400 to 500 nm, while the RP band spans 600 to 750 nm. According to Gaia761

DR3, the colour excess is listed as E(BP − RP ) = 1.6056. Using established photometric762

transformations between Gaia and other systems (https://gea.esac.esa.int/archi763

ve/documentation/GEDR3/Data_processing/chap_cu5pho/cu5pho_sec_ph764

otSystem/cu5pho_ssec_photRelations.html), we derive a corresponding Hipparcos765

E(B − V ) value of 1.40.766

The total reddening caused by dust depends on the ratio of total to selective extinction, RV =767

AV /E(B−V ). For the diffuse interstellar medium,RV ∼ 3.1, but in dense or dusty environments,768

such as circumstellar regions of AGB stars, grain growth leads to higher RV values. Typical769

values range between 3.5 and 4.5 67. For oxygen-rich red supergiant stars, which share their dust770

composition with oxygen-rich AGB stars, RV has been determined to be ∼ 4.2 68. Applying this771

value, we calculate AV = 5.87 ± 0.70. Using the extinction relations from Ref. 69, we determine772

that (V −K)0 = 4.55± 1.65.773

To compute the bolometric correction, BCK , we use the ((V −K)0, BCK) relation from774

Ref. 70, which yields BCK = 2.78 ± 0.27. Adopting the solar bolometric magnitude of Mbol,⊙ =775

4.74 and a best-fit distance of 169.38 pc from the eccentric model, we derive a luminosity of776

7,300±2,100 L⊙. At a distance of 180 pc, the luminosity increases by ∼1,000 L⊙.777

The angular diameter of π1 Gru A, measured at 1.65µm, is 18.37±0.18 mas 71. At a distance778

of 169.38 pc, this translates to a stellar radius of 334±20R⊙. Using the derived luminosity, radius779

and mass (of 1.12 ± 0.25M⊙), the effective temperature is determined to be 2,900±200 K with780

surface gravity of log10 g [cgs] =−0.56 ± 0.11, or log10 g [cgs] =−0.51 ± 0.10 in the case of the781

higher current mass m1 derived from the Gaussian prior sensitivity study.782

4.2. Initial mass of π1 Gru A783

We provide an independent estimate of the initial mass from analysing π1 Gru A’s variability, when784

coupled with stellar evolution models. The stellar evolution models help to constrain the nature785

and evolution of π1 Gru A along the AGB phase.786
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We construct a core-mass luminosity diagram using AGB models between 1 M⊙ and 2 M⊙787

with solar metallicity, using models from Ref. 35, which is shown in Supplementary Fig. 10. The788

luminosity of π1 Gru A is indicated by the dashed lines, along with upper and lower bounds from789

the literature. This diagram illustrates that models with initial masses of around 1.7 M⊙ are the best790

fit to the luminosity as explained below, but the uncertainties are large. This figure demonstrates791

the degeneracy in the core-mass luminosity relationship for low-mass AGB stars. However, models792

below 1.25 M⊙ can be ruled out owing to the fact that these do not experience any third dredge-up793

mixing 35 which is needed to explain the fact that π1 Gru A is an intrinsic S-type AGB star with a794

clear detection of the radioactive isotope of s-process element technetium (99Tc) 72. Third dredge-795

up causes the star’s surface C/O ratio to increase from its RGB value of ≈ 0.3 to ≥ 0.5, which is796

the minimum C/O ratio in S-type stars like π1 Gru A. It is also possible to rule out higher-mass797

models such as the 2 M⊙ where the predicted luminosity is higher than π1 Gru A, especially near798

the end of its TP-AGB phase. Furthermore, this model becomes C-rich where the surface C/O ratio799

≥ 1, higher than observed in π1 Gru A (∼ 0.97 73).800

The Monash stellar evolution code was used to calculate the AGB models shown in Supple-801

mentary Fig. 10 and we refer to Ref. 35 for details of the input physics. We use the Mixing-length802

Theory of convection, with a mixing-length parameter αMLT = 1.86, and assume that mixing is803

instantaneous in convective regions. No overshoot or convective boundary mixing is included in804

the calculations prior to the AGB. We set the initial metallicity to be solar, here defined to be805

Z = Zsun = 0.014 given that π1 Gru A is a close AGB star found in the thin disk of the Milky806

Way. The evolution of the 1.7 M⊙ model provides the closest match to π1 Gru A’s luminosity,807

although it does so only during the last few thermal pulses. This is consistent with the fact that808

π1 Gru A has undergone mass loss.809

A major uncertainty in AGB stellar models is calculating the third dredge-up, which depends810

on the numerical model for convection and the treatment of convective borders 74. In the Monash811

models we include a simple prescription for convective overshoot discussed in Ref. 75, where we812

extend the base of the envelope by Nov pressure scale heights during dredge-up. In order for813

the masses considered here to become S-type, we use Nov ≤ 3. In the 1.7 M⊙ model shown in814

Supplementary Fig. 10 we use Nov = 2.5, which results in a final C/O = 1.16 after 18 thermal815

pulses noting that the star only becomes C-rich at the very last thermal pulse. The total TP-AGB816

lifetime is ∼1.65 million years. Mass loss on the AGB is another major uncertainty in AGB817

models; see for example Ref. 74. Using the mass-loss rate from Ref. 76 on the AGB in the 1.7 M⊙818

model with all the other input parameters the same results in a final C/O = 0.95, after 18 thermal819

pulses and a total TP-AGB lifetime of ∼1.7 million years.820

As an additional constraint for the initial mass of π1 Gru A, we analyse the characteristics of821

its pulsation. As mentioned previously, π1 Gru A is a long period variable (LPV) star of type SRb,822

with a pulsation period of roughly 195.5 days. This period is listed on The International Variable823

Star Index (VSX) 77 and is based on combined V-band light curves from the All Sky Automated824

Survey 78 and Ref. 36, as well as being further substantiated by long term light curves from the825

American Association of Variable Star Observers (AAVSO) (https://www.aavso.org)826
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and the All Sky Automated Survey for Supernovae (ASAS-SN) 79. The additional period listed827

in VSX of 128 d may be a result of convolution with the observing window and the true peak in828

the periodogram ((1/195.5 d + 1/365.25 d)−1 ∼ 128 d), so we omit this from our analysis. We829

then assign a pulsation mode for this period by π1 Gru A’s position on the period-luminosity (PL)830

diagram. LPVs form multiple parallel sequences on the PL diagram, each being associated to831

low order radial pulsation modes with mode order descending from left to right 80, excluding the832

lower right sequence D which is associated with long secondary periods. In Extended Data Fig. 5833

we compare π1 Gru A with the period-luminosity diagram for the Optical Gravitational Lensing834

Experiment (OGLE) catalogue of LPVs for the Large Magellanic Cloud (LMC) 81, as well as the835

ASAS-SN catalogue of LPVs 82. We construct the PL diagrams with J- and Ks-band photometry836

from 2MASS, using the NIR Wesenheit function WKs,J−Ks
= Ks − 0.686 · (J −Ks) to calculate837

a reddening free magnitude. We use a distance modulus of µ = 18.49 (D = 49.97 kpc) for the838

LMC 83, and the Bayesian geometric distances using Gaia DR3 parallaxes from Ref. 84 for the839

ASAS-SN catalogue to calculate absolute magnitudes. Additionally, we plot the PL sequence840

boundaries for the LMC from Ref. 85 to illustrate the positions of the sequences in the ASAS-SN841

PL diagram. We use the distance of 180 ± 10 pc for π1 Gru A, which places it on sequence C’842

on the PL diagram. In a similar fashion to Ref. 85, we can assign the pulsation mode of the 195.5843

d period to be the radial first overtone mode. However, the universality of the period-luminosity844

relation for LPVs remains somewhat uncertain for different metallicity environments 86, 87, though845

the clear offset in sequence C’ for the ASAS-SN PL diagram may be attributed to uncertain parallax846

distances for the brightest, more evolved AGB stars 88 or from saturation of the NIR photometry.847

Though the exact effects of metallicity on the LPV PL sequences are still under investigation,848

Ref. 85 compare LPVs the LMC and SMC to find that the variability amplitudes may be affected849

by metallicity, due to lower metallicities favouring the production of C-rich stars which have higher850

variability amplitudes and periods than O-rich stars on average. More recently, Ref. 87 find that851

stability against pulsation is likely sensitive to chemical composition, though further investigation852

is required to better understand the effects on LPVs in general. We have included the PL diagrams853

from OGLE (LMC) and ASAS-SN (all-sky) to represent different metallicity environments, and854

that the pulsation mode appears to be consistent. Ultimately, the present mode assignment is thus855

made under the assumption that the metallicity environment does not significantly shift the PL856

sequences, or their slopes, such that at the very least the period can be reasonably assigned to a857

sequence and thus a pulsation mode.858

Once we have assigned a pulsation mode to the period, we make comparisons to results859

from stellar evolution codes. We estimate the pulsation characteristics for the TP-AGB with the860

results of the linear pulsation models from Ref. 37, which provides an interpolation code to find861

the pulsation periods and amplitude growth rates for the radial pulsation modes given a set of862

stellar parameters which we take from the Monash models. In Supplementary Fig. 11, we begin863

by comparing π1 Gru A to the theoretical P-L diagram for models with initial masses of 1, 1.5 and864

2M⊙. These models use the same initial metallicity, mass-loss η and mixing-length αMLT as above,865

with Nov = 2.0. The pulsation period and luminosity (7, 300L⊙) for π1 Gru A is consistent with866

models between initial mass 1.5 ± 2 M⊙. We also include the model tracks on the HR diagram with867

the luminosity and effective temperature derived above for π1 Gru A, and find them to be roughly868
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consistent with the PL diagram.869

As with the above discussion on the core-mass luminosity relationship, we adopt a likely870

mass of approximately 1.7M⊙. Fig. 2 presents the time evolution of the total stellar mass, lumi-871

nosity, pulsation periods for the first and fundamental modes, the amplitude growth rates of these872

modes and the C/O for this model. The amplitude growth rate describes the fractional rate of873

change in the radial amplitude per cycle, and may be used as a general indicator of the dominant874

pulsation mode, though we do note that this quantity is still subject to the uncertain interaction875

between convection and pulsation. The total mass of this model at the onset of the TP-AGB is876

1.62M⊙ due to mass loss on the RGB, and reaches the current mass of ∼ 1.46M⊙ during the last877

two thermal pulses. The combined period and luminosity of π1 Gru A appears to be consistent878

with the last few thermal pulses for this model mass. Importantly, the growth rates suggest that879

even in the last few thermal pulses, the first overtone mode can still be dominant at the period and880

luminosity of π1 Gru A. That is, despite appearing to be late on the TP-AGB, π1 Gru A can still881

appear as a semi-regular variable, instead of a Mira variable pulsating in the fundamental mode.882

We also demonstrate the effects of key model parameters on this estimate, namely the convec-883

tive overshoot parameter Nov and the mass-loss prescription on the TP-AGB. Fig. 2 demonstrates884

the effect of different Nov, where a lower value of Nov = 2.0 will terminate the TP-AGB with885

greater mass-loss in the final interpulse phases, and will only reach a C/O ratio of ∼ 0.7, which is886

somewhat lower than the estimated value for π1 Gru A. The previously described model with the887

mass-loss prescription from Ref. 76 behaves somewhat differently compared to this model, due to888

continuous mass-loss over the whole TP-AGB instead of episodic mass-loss in the final thermal889

pulses. This model approaches a total mass of 1.46M⊙ before the model luminosity, pulsation890

period and C/O reaches the measured values, and it also survives for roughly 0.1 Myr longer. This891

prescription does not however take into account the episodic nature of pulsation-enhanced, dust-892

driven winds that π1 Gru A is more likely experiencing. Furthermore, it must be mentioned that893

neither mass-loss prescription accounts for any effects a close companion may have on mass-loss894

rates and pulsation, a topic which requires further detailed investigation.895

5. Orbital evolution896

Given the current properties of the binary system, as well as the estimated initial mass of π1 Gru C,897

the orbital properties are projected back in time to understand the past evolution of the system, as898

well as forward in time to understand the future evolution of the system. To do this, an orbital899

evolution model is established, which is then used to project the system properties. Finally, a900

sensitivity study is performed to understand the impact of the observed properties on the final901

outcome of the system.902

Given that gravitational wave radiation and magnetic braking are negligible for the system903

under consideration, the change in orbital elements arises from two main components. First, mass904

loss ± in particular during the giant phases ± may lead to a widening of the companion’s orbit.905
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Second, tidal dissipation may cause the orbit to shrink. To compute the changes in the orbital906

parameters, both effects must be taken into account (the change in eccentricity is computed as the907

change in the square of the eccentricity to prevent numerical issues when the eccentricity is close908

to 0):909

1
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dt

∣

∣

∣

∣

wind

+
1

a

da

dt

∣

∣

∣

∣

tides

,
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+
de2
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∣

∣

∣

tides

. (13)

Here, the first term represents the contribution of wind mass loss, while the second term accounts910

for tidal dissipation.911

5.1. Impact of stellar winds on orbital dynamics912

If the donor star, here M1, is losing mass and mass transfer is non-conservative, the companion913

star (M2) will accrete a fraction of the material and the rest will be lost, thereby carrying away914

angular momentum from the system and impacting the orbital separation and eccentricity. We first915

consider the case of a circular orbit, and then work out the equations for an eccentric orbit.916

5.1.1 The case of a circular orbit917

In the case of a circular orbit, the change in orbital separation due to wind mass loss is given by 89
918

1
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wind
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2

1

(1 + q)

)

, (15)

where q = m2/m1, ṁ1 is the mass loss from the primary (here taken negative) and ṁ2 the mass919

gained by the companion, i.e. ṁ2 = −βṁ1, with β the mass accretion efficiency. If β < 1, mass920

transfer is non-conservative. The change in angular momentum can be expressed as 5
921

L̇orb

∣

∣

∣

wind
= ηa2Ωo(ṁ1 + ṁ2) , (16)

where Ωo is the orbital frequency and η the specific orbital angular momentum of the material lost922

in units of the orbital angular momentum of the system per reduced mass. Combining Eqs. (15)±923

(16), the change in the orbital separation can be written as 5
924

1

a
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∣
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∣

wind

= −2
ṁ1

m1

(

1− β

q
− η(1− β)

1 + q

q
− 1− β

2

1

1 + q

)

. (17)

Assuming a fast isotropic wind, where the velocity of the wind at the location of the com-925

panion is much larger than the orbital velocity, the mass accretion efficiency is given by the Bondi-926
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Hoyle-Lyttleton (BHL) analytical approximation 5
927

βBHL =
q2

(1 + q)2
v4orb

vw(v2w + v2orb)
3/2

, (18)

where vorb =
√

G(m1 +m2)/a is the orbital velocity and vw is the wind velocity. In this specific928

case (in this context also called Jeans’ mode), the specific angular momentum taken from the orbit929

and transferred to the outflowing gas is given by 5
930

ηiso =
q2

(1 + q)2
. (19)

However, in the case of AGB binary stars, the fast-wind scenario may not hold. For exam-931

ple, in this particular case of π1 Gru A and C, the orbital velocity and the wind velocity at the932

location of the companion are both around 15 km s−1. In such a case, no simple analytical ex-933

pressions exist for β and η. Instead, these quantities must be computed numerically using detailed934

hydrodynamical simulations (see, e.g., Sect. 3). Performing such models throughout the evolution935

of the system is extremely computationally expensive, and infeasible with current computational936

resources. However, we can rely on the work of Ref. 5, who calibrated β and η as a function of the937

mass ratio q and the ratio of the terminal wind velocity to the orbital velocity, v∞/vorb, using their938

3D hydrodynamical simulations. These authors obtained that:939

β
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η

(
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= min







1

max (1/q, 0.6q−1.7) +
(

(1.5 + 0.3/q) v∞
vorb

)3
+ ηiso, 0.6






. (21)

As these equations depend on the terminal wind velocity, this property needs to be computed940

throughout the entire stellar evolution. Similar to Ref. 90, we assume the terminal wind velocity to941

be a fraction of the escape velocity, i.e.942

v∞ =

√

2αW
Gm1

R1

, (22)

where αW is a constant taken to be 1/8 90.943

5.1.2 The case of an eccentric orbit944

When the orbit is eccentric, the change in the orbital separation and eccentricity due to mass loss945

becomes more complicated as it becomes phase-dependent. The change in the orbital parameters946
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is then given by 91
947
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e2 + e cos f
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. (24)

Integrating these equations over the true anomaly f as a function of time is computationally expen-948

sive. Instead, the change in the orbital separation and eccentricity can be computed by averaging949

over the orbital period, allowing these averages to be used in the orbital evolution equations. The950

orbit-averaged quantities can be computed using 91
951

⟨(. . .)⟩ = (1− e2)
3/2

2π

∫ 2π

0

(. . .)
df

(1 + e cos f)2
. (25)

However, the dependence of β and η on the true anomaly f remains an open question, not952

fully understood or calibrated, therefore requiring further investigation. It can be hypothesized that953

the mass accretion efficiency, β, is proportional to954

(1 + e cos f)2

a2(1− e2)2
,

as βBHL primarily depends on the inverse square of the orbital distance (a consequence of the955

orbital velocity scaling as the fourth power in orbital velocity, in the limit where the orbital velocity956

is larger than the wind velocity). Conversely, the specific angular momentum carried away by the957

wind, η, can be assumed independent of the true anomaly, consistent with the assumption that ηiso958

does not vary with f . Under these assumptions, the changes in orbital separation and eccentricity959

due to mass loss can be expressed as:960
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. (27)

where961

βenh = ⟨β⟩1 + e2

1− e2

is the enhanced mass accretion efficiency effect for the change in the orbital separation,962

⟨β⟩ = βc
1√

1− e2

is the average mass accretion efficiency over an orbit, and βc is the mass accretion efficiency for963

a circular orbit (with the same a), taken from Eq. (20). These equations have been tested against964

a limited sample of hydrodynamic models of eccentric systems from Ref. 92, giving consistent965

results.966

30



5.2. Impact of tidal dissipation on orbital dynamics967

To calculate the rate of change of the orbital separation and eccentricity due to tidal interactions,968

the tidal potential must be calculated. Using the tidal potential, the tidal strength can be computed969

and the orbital evolution equations can be solved. Tidal dissipation of an evolved star is dominant970

compared to the dissipation during the MS for the same orbital distance 8. Changes in the orbital971

evolution will therefore mainly occur during these giant phases (see Sect. 5.4). As evolved stars are972

known to be slow rotators 93, the rotation of the star can be neglected and only the tidal dissipation973

of the evolved star will be taken into account.974

5.2.1 Tidal potential975

For two bodies, where only the deformation of one object is considered, the tidal potential is given976

by the difference between the gravitational potential induced by the secondary object at each point977

of the extended primary body and its value at its barycentre. The tidal potential Ψ can be expressed978

as 94:979

Ψ(r, θ, φ, t) = Re

{

∞
∑

l=2

l
∑

m=0

∞
∑

n=−∞

Gm2

a
Al,m,n(e, i)

(r

a

)l

× Y m
l (θ, φ) exp(−inΩot)

}

, (28)

where r, θ, φ are the spherical coordinates centered at the origin of the reference frame attached980

to the primary centre of mass, Y m
l are the spherical harmonics, and Al,m,n are the tidal coeffi-981

cients 43, 94
982

Al,m,n(e, i = 0) =
4π

2l + 1
ϵmϵm,nY

m
l (π/2, 0)hl,mn (e) , (29)

with hl,mn (e) the Hansen coefficients, ϵm = 1 for m = 0 and ϵm = 2 for m > 0, where ϵm,n = 1983

for m > 0 or m = n = 0, ϵm,n = 2 for m = 0, n > 0 and ϵm,n = 0 for m = 0, n < 0 to ensure984

orthogonality. For companions not too close to their host star, the quadrupolar approximation 95 is985

valid and only l = 2 needs to be taken into account, which results in A2,0,n(e) =
√

π/5 h2,0n (e)986

and A2,2,n(e) =
√

6π/5 h2,2n (e). The contribution from m = 1 vanishes for i = 0.987

The Hansen coefficients are given by 43
988

( a

r′

)l+1

eimf =
∞
∑

n=−∞

hl,mn (e) exp(−inM) , (30)

which leads to989

hl,mn (e) =
1

2π

∫ 2π

0

(a

r

)l+1

exp [i(mf − nM)] dM , (31)
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with M the mean anomaly, f the true anomaly, and r the instantaneous orbital distance (see990

Sect. 2.1). By using Kepler’s equations, the Hansen coefficients can be written as 96
991

hl,mn (e) =
(1− e2)

1/2−l

2π

∫ 2π

0

(1 + e cos f)l−1 cos(mf − nM) df , (32)

which is integrated numerically. In the special case of a circular orbit (e = 0), the Hansen coeffi-992

cients simplify to hl,mn (e) = δmn . Consequently, A2,0,0(0) =
√

π/5 and A2,2,2(0) =
√

6π/5.993

5.2.2 Tidal orbital evolution equations994

The tidal orbital evolution is determined by the rate of change of the orbital energy and angular995

momentum, which are given by 43, 94
996
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where997

El,m
n = nΩoT l,m

n , Ll,m
n = mT l,m

n , (34)

T l,m
n =

(2l + 1)R⋆|φT (R⋆)|2
8πG

Im(kl,mn ) . (35)

Here, R⋆ is the stellar radius, φT (R⋆) the tidal potential at the stellar radius, and kl,mn the Love998

number (see Sect. 5.2.3). T l,m
n can be rewritten by plugging in the tidal potential as999

T l,m
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(2l + 1)

8π

Gm2
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Having the tidal power and torque, the tidal orbital evolution can be calculated. The change1000

in semi-major axis is given by ref. 43
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when assuming the quadrupolar approximation. The change in eccentricity is given by ref. 43
1002
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∣

∣

∣

tides
− Ωo

√
1− e2 L̇orb

∣

∣

∣

tides

)

, (40)

32



which can be rewritten in terms of the Love numbers as:1003
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again using the quadrupolar approximation. Once the tidal Love numbers are known, the tidal1004

orbital evolution can be calculated.1005

5.2.3 Tidal Love Numbers1006

The imaginary part of the Love number has two components: the equilibrium tide dissipation1007

and the dynamical tide dissipation. The equilibrium tide dissipation originates from the turbulent1008

friction applied by the turbulent convection on the displacement induced by the hydrostatic defor-1009

mation of the body triggered by the gravitational companion of a companion 97. The tidal Love1010

number of the equilibrium tide for evolved stars can be calculated following Sect. 2.3.1 of Ref. 8.1011

The dynamical tide dissipation arises from the excitation of waves due to the gravitational potential1012

of the companion. For evolved stars, the dynamical tide consists of the excitation and dissipation1013

of progressive internal gravity waves 8 and can be calculated following Sect. 2.3.2 of Ref. 8. The1014

total tidal Love number is calculated by summing the equilibrium and dynamical tide contribu-1015

tions. The equations for the tidal Love numbers provided by Ref. 8 are specifically designed to1016

calculate the tidal Love number for l = m = n = 2. The tidal Love number is an intrinsic property1017

of the perturbed body, defined as the ratio of the primary’s gravitational potential perturbation Ð1018

induced by the companion’s presence Ð to the tidal potential, evaluated at the surface. Since the1019

gravitational potential perturbation follows a linear response, the dependence on the tidal potential1020

cancels out within the equations, eliminating any dependence on m and n. As a result, only the1021

tidal frequency (ωt = nΩo−mΩs, where Ωs is the spin frequency if rotation were to be considered)1022

varies when evaluating different combinations of m and n.1023

5.3. Choice of stellar structure and evolutionary models1024

The stellar evolutionary models from the Monash stellar evolutionary code presented in Sect. 4 do1025

not provide the necessary output parameters needed to calculate the tidal Love numbers. Therefore,1026

different stellar evolutionary models will be used in this section. These models are computed using1027

the Modular Experiments in Stellar Astrophysics (MESA) code 98 with the inlist of Ref. 8 that is1028

based on the inlist of Ref. 99 to be consistent with the Monash code. These models have initial1029
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masses between 1 and 2 M⊙ at solar metallicity (Z = 0.0134) and are evolved from the pre-main1030

sequence to the white dwarf phase.1031

5.4. Orbital evolution of the π1 Gru system1032

To compute the orbital evolution of the π1 Gru system, we need to estimate the current stellar1033

age of the system. To evaluate the current stellar age, we use the stellar evolutionary model to1034

determine the time at which the mass of the primary star equals the current mass. At this moment1035

in time, we impose the current system parameters. The orbital evolution is then integrated (using a1036

first-order Euler method, a Runge±Kutta 4th order scheme was also tested and results in exactly the1037

same solution. To reduce computational time, the Euler method was chosen) until the primary star1038

reaches the white dwarf phase forward in time, as well as backward in time until the primary star1039

reaches the PMS phase. As discussed in Supplementary Sect. 2.3.2, which addresses the sensitivity1040

of the prior on m1, there are two potential scenarios for the current mass of π1 Gru A. The first1041

scenario where π1 Gru A starts with an initial mass of 1.7 M⊙ and has a current mass of 1.231042

M⊙ (qcurrent = 1.03 M⊙, acurrent = 7.10 au, ecurrent = 0), and the second scenario where π1 Gru A1043

starts with an initial mass of 1.5 M⊙ and has a current mass of 1.12 M⊙ (qcurrent = 1.05 M⊙,1044

acurrent = 6.81 au, ecurrent = 0).The orbital evolution is calculated for both scenarios. The results of1045

this evolution are shown together with a zoom-in to the TP-AGB phase in Supplementary Fig. 91046

for the first scenario and Fig. 3 for the second. For clarity on the timescale, we plot ªstellar age ±1047

stellar age WD [yr]º on the x-axis, where ªstellar age WDº indicates the age at which the white1048

dwarf (WD) has cooled to a luminosity of 10−1 L⊙. During these evolutionary calculations, we1049

follow the evolution of the primary star, while the secondary star is assumed to be a non evolving1050

companion (where the mass is increased by accreting material lost from the primary). This is a1051

adequate assumption if the companion is a lower mass main-sequence star, but it is also possible1052

that the companion is a white dwarf with a complicated history (see Supplementary Sect. 5). In1053

this second scenario our computations are thus only valid from the moment π1 Gru C became a1054

white dwarf, from which point in time the mass will remain constant.1055

Tracing the system’s past, the orbital evolution calculations indicate that the system param-1056

eters remained relatively unchanged during the MS and HB phases. During the RGB phase, the1057

mass loss from π1 Gru A causes the orbital separation to increase. The gradual change in orbital1058

distance starts to change more dramatically during the AGB phase, especially during the TP-AGB1059

phase. During this phase, the non-conservative mass loss from the system is able to lose a lot of1060

angular momentum as it is significantly enhanced due to the comparable wind and orbital velocity1061

(see Sect. 5.1.1). This causes the orbit to shrink instead of expand. Additionally, tidal dissipation1062

became more significant during the AGB phase compared to the RGB phase, as the star’s radius1063

increased substantially. This leads to a continuous decrease in orbital separation throughout the1064

TP-AGB phase, ultimately resulting in the current configuration of the system. Projecting into the1065

future, this trend of decreasing orbital separation persists, eventually resulting in a common enve-1066

lope phase. However, this assumes that stellar rotation is neglected. When rotation is taken into1067

account, the tidal frequency decreases, leading to reduced tidal dissipation.1068
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Throughout the evolution of this system, the equilibrium tide dissipation dominates over the1069

dynamical tide dissipation, where the dynamical tide dissipation only contributes with a factor1070

10−5 in strength compared to the equilibrium tide dissipation. This is in line with the results of1071

Ref. 8.1072

A sensitivity analysis of the orbital evolution is performed in Supplementary Sect. 4.1, where1073

the impact of uncertainties in the system parameters on the orbital evolution is discussed, including1074

the current semi-major axis, the current mass of π1 Gru A, the current mass of π1 Gru C, and the1075

initial mass of π1 Gru A. Within these uncertainties, the orbital evolution remains qualitatively1076

similar, with the system evolving towards a common envelope phase.1077

5.5. The effect of a non-circular orbit1078

The Bayesian retrieval of the multi-epoch proper motion ALMA, Gaia and Hipparcos observations1079

indicates that the current eccentricity of the system is zero. Therefore, the sensitivity study of the1080

orbital dynamics presented in the previous section considered only circular orbits. An important1081

question to address is how this system transitioned to a circular orbit.1082

To examine how rapidly the system circularizes, the current eccentricity is increased while1083

keeping the other orbital parameters constant. The results of this analysis are shown in Extended1084

Data Fig. 6. The figure illustrates that, in the case of a non-zero initial eccentricity, the system1085

begins to circularize during the TP-AGB phase, but the circularization process is not rapid at the1086

start of this phase. At the current estimated age of the system, the eccentricity is expected to retain1087

about 80% of its initial value. For higher eccentricity cases, tidal circularization involves more1088

wave numbers (see Sect. 5.2.2), causing the circularization process to accelerate, but it must also1089

remove a greater amount of eccentricity. If the system had started with an eccentric orbit, it would1090

still exhibit significant eccentricity at the current age. This indicates that either the system must1091

have started with a very low eccentricity before entering the AGB phase, or tidal circularisation is1092

even stronger then currently predicted during the evolved phases (see main text).1093
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Data availability Standard ALMA pipeline products and the enhanced products and scripts for 2018.1.00659.L1094

are available via the ALMA Science Archive. The ALMA data from the proposal 2023.1.00091.S can be1095

retrieved from the ALMA data archive at http://almascience.eso.org/aq/. Other ALMA1096

products, including molecular line maps, will be made available on reasonable request by sending a request1097

to A.M.S. Richards1098

(a.m.s.richards@manchester.ac.uk).1099
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Figure 1: Proper motion of the π1 Gru system. Panel (a): 2019 ALMA C6 and 2023 ALMA C10

data with white contours at (3, 10, 30, 50, 100, 300)× 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 π1 Gru A. The grey arrow

(µG) 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 π1 Gru A (M1), while the dotted white line

shows the orbit of π1 Gru C (M2), 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 π1 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 π1 Gru A. We include models with

two different values for the overshoot parameter in pressure scale heights,Nov, 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 π1 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 m1, 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 π1 Gru A.
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Figure 3: Orbital evolution of the π1 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 π1 Gru A (orange line). Panel (b) shows the mass evolution of π1 Gru A (orange line)

and π1 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 π1 Gru A is set to 1.5 M⊙,

and the current mass of π1 Gru C is set to 1.12 M⊙. Initially, the system has a mass ratio q < 1,

but mass loss from π1 Gru A and mass accretion onto π1 Gru C lead to an increase, resulting in

q > 1. For clarity on the timescale, the x-axis represents ªstellar age ± stellar age WD [yr]º, where

ªstellar age WDº indicates the age at which the white dwarf (WD) has cooled to a luminosity of

10−1 L⊙. The vertical dashed grey line in each panel marks the current age of the π1 Gru system.
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