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Hidden massive eclipsing binaries in red supergiant systems
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ABSTRACT

Context. The majority of massive stars are part of binary systems and may interact with their companions during their evolution. This has important
consequences for systems in which one star evolves into a red supergiant (RSG). However, not many RSGs have been found in binary systems,
and only a few have constrained orbital parameters.
Aims. We aim to better characterize and constrain the properties of some of the known RSGs in binaries. We were inspired to do so by recent
observations where these RSGs transitioned to an earlier spectral type, likely following a major interaction event with their companions.
Methods. We searched the available TESS photometry for eclipsing companions. We focused on the best candidate, the VV Cephei-type RSG
binary KQ Pup, which is made up of an RSG, KQ Pup A, and a B-type companion, KQ Pup B and has an orbital period of 26 years. For this
system, we have enough data to constrain the system’s properties. We used archival photometry and UV spectroscopy along with newly acquired
optical spectra and interferometric data from VLTI-GRAVITY.
Results. Using TESS light curves, we discovered eclipses with a period of 17.2596 d associated with KQ Pup B, making it a binary. We refer
to the two components as KQ Pup Ba and Bb. Meanwhile, the detection of the hydrogen Brγ line with VLTI-GRAVITY enabled us to track the
orbital motion of the Ba+Bb pair relative to A and thus determine the astrometric orbit of A+B. The dynamical masses agree with independent
estimates from asteroseismology and evolutionary models. The results give a mass of ∼ 10 M� for the RSG KQ Pup A and ∼ 14 M� for the sum
of the hot components Ba+Bb. The observed properties of the system are compatible with a coeval hierarchical triple star, where we constrained
the mass of KQ Pup Bb to be & 1.2 M�. We determined an orbital parallax of π = 1.24+0.05

−0.04 mas based on the detailed orbital model of the system,
which is the first such parallax measurement for an RSG, and the value is consistent with Gaia DR3.
Conclusions. KQ Pup represents a unique demonstration of mass transfer in a wide, eccentric RSG system. The variability of Balmer emission
lines and the detection of Brγ are a strong signature of accretion to the Ba+Bb pair near periastron. With the RSG filling its Roche lobe by only
∼ 70% at periastron (φA+B ∼ 0), the mass transfer is instead driven by accretion from its extended atmosphere via the wind Roche-lobe overflow.
The accretion disk is formed already by φA+B ∼ 0.95, while TESS light curves also begin to show a signature of occultations by the circumbinary
disk, similar to young stellar objects. Through apastron (φA+B ∼ 0.5), Balmer emissions weaken and indicate a decaying disk. Overall, using TESS,
we discovered that several previously assumed RSG binaries host eclipsing inner systems, corresponding to ∼ 10% of all known Galactic RSG
binaries. This suggests that many of the other RSG binaries may also be hierarchical triples.
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1. Introduction

Red supergiants (RSGs) are a critical point of evolution for mas-
sive stars (M > 8 M�). During the RSG phase, stars experience
increased mass-loss rates (van Loon et al. 2005), which signif-
icantly contributes to the dust production in galaxies (Levesque
2017). Red supergiants may explode as Type IIP/L supernovae
(SN) or further evolve and explode as a different type of SN
(Smartt et al. 2009). While the effect of the mass loss can sig-
nificantly alter the final evolution of RSGs, there are many un-
certainties in the mass-loss process. Recently, it has been shown
that episodic mass-loss events may be the missing link to explain
the mass-loss process, as shown, for example, through the dim-
ming event of Betelgeuse (e.g., Montargès et al. 2021; Dupree
et al. 2022; Humphreys & Jones 2022) and RW Cep (Anugu

? Based on observations made with the Very Large Telescope
Interferometer (VLTI) at the Paranal Observatory under program
114.27NF.001 and 116.28P0.001 (PI: Jadlovský)

et al. 2023). The binary interaction can be one of the deciding
factors (Ercolino et al. 2024), as the majority of massive stars
have a companion that they will interact with at some point dur-
ing their evolution (Sana et al. 2012). Nonetheless, there are only
a few binary RSG systems that are well characterized (Patrick &
Negueruela 2024).

Most of the few well-studied binary RSG systems belong to
the VV Cephei-type binaries (Cowley 1969), i.e., wide interact-
ing systems with periods from years to decades, which consist
of a cool K/M supergiant and an early B-type star. The opti-
cal spectra show broad emission wings of the Balmer series and
many singly ionized emission lines, including forbidden emis-
sion lines. In the initial sample by Cowley (1969), there were
13 RSGs. Some of the VV Cephei binaries also belong to the
rare type of ζ Aurigae type binaries, i.e., an eclipsing binary
(EB) system undergoing the chromospheric eclipse phenomenon
(Ake & Griffin 2015). In VV Cephei and ζ Aurigae binaries, their
companions essentially probe the subsonic part of the cool wind,
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which is otherwise difficult to constrain by observations. This di-
agnostic capability was exploited for determining the mass-loss
relation of red giants and supergiants by Reimers (1975), Dupree
(1986), and Dupree & Reimers (1987).

In recent years, the number of identified RSG binaries has
increased considerably. For the most up-to-date list of Galactic
RSG binaries, we consulted the list of Galactic RSGs and RSG
candidates from Healy et al. (2024), which includes about 79
binaries, out of which 44 are identified as RSGs in SIMBAD1

(Wenger et al. 2000). The situation has been further improved
by newly detected populations of binary RSG+B binaries in the
Local Group (Neugent et al. 2018, 2019; Dorda & Patrick 2021;
Patrick et al. 2022, 2025), increasing the sample by a few hun-
dred binaries. These results yielded the fraction of RSG bina-
ries relative to single RSGs: ∼ 10 − 30% in Magellanic Clouds
(Neugent et al. 2020; Dai et al. 2025) and ∼ 15 − 40% in M31
and M33 (Neugent 2021). Considering that the binary fraction
of OB-type stars is between 80–100% (Chen et al. 2024), these
lower RSG fractions indicate that RSGs may lose companions
(either through escape or mergers; Wheeler et al. 2017) or that
they have gone undetected so far.

It is not clear what fraction of binary RSGs in these new sam-
ples show properties similar to those of the classical VV Cephei
binaries. Patrick et al. (2025) spectroscopically studied 16
RSG+B systems in the Small Magellanic Cloud and found that
four of them also show signatures of being embedded in the wind
of the RSG. They found that in several of their systems, the ages
for the RSG star and hot companion disagree, suggesting a past
mass transfer, while the rest of the sample can be explained by
co-eval evolution. The recent temporary, dramatic transition of
RSG WOH G64 in the Large Magellanic Cloud to an earlier
spectral type, very likely due to an interaction with its compan-
ion (Muñoz-Sanchez et al. 2026; van Loon & Ohnaka 2026),
demonstrated that binary interaction can indeed have a strong
impact on the final evolution of an RSG. Furthermore, other sin-
gle RSGs, such as Betelgeuse, were recently hypothesized to
have a low-mass companion (Goldberg et al. 2024; MacLeod
et al. 2025). Following several non-detections (Goldberg et al.
2025; O’Grady et al. 2025), it seems that the companion has fi-
nally been detected via speckle imaging (Howell et al. 2025),
and there are signs of a possible chromospheric wake (Dupree
et al. 2026).

Studies of RSG systems are further complicated by their
large stellar radii, which result in angular diameters that signifi-
cantly exceed parallax angles. This coupled with the surface in-
homogeneities caused by giant convective cells that affect the
position of the photocenter of the star (Chiavassa et al. 2011;
Béguin et al. 2024) and possible binary motion makes distance
measurements complicated. Alternate distance inferences are
therefore sought after. The seismic parallax method for RSGs,
based on stellar pulsations, was pioneered by Joyce et al. (2020),
but orbital parallaxes, based on astrometric orbits, have mostly
been limited to smaller stars (see, e.g., Gallenne et al. 2023).

In this work, we report on the discovery of several possi-
ble hierarchical triple RSG systems identified with the Transit-
ing Exoplanet Survey Satellite (TESS; Ricker et al. 2015). We
focus on the VV Cephei-type RSG binary KQ Pup (e.g., Rossi
et al. 1992), for which we have sufficient data to constrain the
system, and we also list other RSG candidates that will require
further observations to confirm or rule out new eclipsing com-
panions. KQ Pup is one of the most prominent members of the
VV Cephei-type binaries, and it used to be one of the systems

1 https://simbad.cds.unistra.fr/simbad/

with the longest orbital periods known (26 yr, González-Riestra
et al. 2002). It is also considered a southern analogue of the
more famous VV Cep system (e.g., Bauer & Bennett 2000), al-
though, unlike VV Cep, it is not known to undergo atmospheric
eclipses. A unique UV spectrum of VV Cep during the atmo-
spheric eclipse (hot component behind the RSG) was described
by Bauer et al. (2007).

The paper is structured as follows: In Sect. 2 we list the in-
terferometric, spectroscopic, and photometric data used in this
work. In Sect. 3 we list candidates for hierarchical triple RSG
systems based on TESS. In Sect. 4 we focus on the most promis-
ing candidate, KQ Pup, and derive the properties of the system,
while in Sect. 5 we unveil the mass transfer mechanism and de-
duce the likely properties of the third component, KQ Pup Bb.
Lastly, in Sect. 6, we discuss the classification of RSG binaries
and the implications of the newly discovered systems to the evo-
lution of massive stars, and in Sect. 7 we summarize our results.

2. Observations and data reduction

2.1. Photometry

We used photometry from TESS (Ricker et al. 2015). We ex-
tracted TESS light curves from Full Frame Images (TESS-
SPOC; Caldwell et al. 2020) for KQ Pup as well as other RSG
targets (see Sect. 3) using the lightkurve package (Lightkurve
Collaboration et al. 2018). We inspected observations in every
sector and the available reduction pipeline. The chosen primary
target, KQ Pup, has been observed in four sectors so far, in Sec-
tors 7, 34, 61, and 88. In all cases, 120 s short-cadence postage-
stamp data were collected, so we used these observations for our
analysis.

Additionally, for KQ Pup, we use time-domain photometry
from Hipparcos (van Leeuwen et al. 1997), the All-Sky Auto-
mated Survey for Supernovae (ASAS-SN), using their new satu-
rated stars pipeline (Kochanek et al. 2017; Winecki & Kochanek
2024), and from the Kamogata/Kiso/Kyoto Wide-field Survey2

(KWS, Maehara 2014). Hipparcos used its own specific, wide
passband. ASAS-SN data were initially collected in the John-
son V, and later in the Sloan g passband. KWS is collected in
the V passband. We also used differential photometry for KQ
Pup taken with the T2 0.25 m Automatic Photoelectric Telescope
(APT) at Fairborn Observatory by one of the authors (G. W.
Henry) in the V filter.

2.2. Interferometry

We obtained spectro-interferometric observations of KQ Pup us-
ing the VLTI-GRAVITY instrument (GRAVITY Collaboration
et al. 2017) at Paranal Observatory. The observations are part of
the observing programme 114.27NF.001 and 116.28P0.001 (PI:
Jadlovský) focused on the analysis of the mass-loss process of
a large sample of southern RSGs. The majority of observations
were taken using a small configuration of Auxiliary Telescopes
(ATs), with baselines between ∼ 10 − 35 m. The instrument op-
erates in the near-infrared K-band (1.98−2.40µm), and we used
the high spectral resolution mode (R ∼ 4000). For each observa-
tion, we used two calibrators with the CAL-SCI-CAL sequence,
thereby improving the calibration quality. The observing logs
and properties of the calibrators are listed in Appendix A. Con-
sidering the high brightness of KQ Pup (K ∼ 0.11mag), we used
the split polarization instrumental mode.

2 http://kws.cetus-net.org/~maehara/VSdata.py
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We reduced the raw data of KQ Pup and its calibrators us-
ing the ESO Reflex workflow for VLTI-GRAVITY in its ver-
sion 1.9.0.3 Interferometric visibility of the calibrators was used
to calibrate the visibility of KQ Pup. The final interferomet-
ric calibrated dataset includes the visibilities (|V |) and differen-
tial phases (DPHI) for six baselines as well as closure phases
(T3PHI) for four telescope triangles.

2.3. Spectroscopy

To obtain new high-cadence spectral time series of KQ Pup, we
used the Stellar Activity (STELLA) echelle spectrograph (SES)
mounted on the fully robotic 1.2 m telescope at the Izanã Ob-
servatory in Tenerife, which is operated by the Leibniz Insti-
tute for Astrophysics Potsdam (AIP, Strassmeier et al. 2004,
2010). The spectra cover the 390−880nm wavelength range with
R ∼ 55 000. Our time series consists of 66 spectra taken between
April 2024 and February 2026. Spectra were reduced using the
IRAF-based SESDR 4.0 pipeline (Weber et al. 2008, 2012). The
determination of radial velocities (RVs) is described in Sect. 4.5.

We also took new optical spectra for KQ Pup as well as for
other candidates (see Table 1) using PLATOSpec4 (Kabáth et al.
2026) mounted on the ESO 1.52m telescope at the La Silla Ob-
servatory, which covers the wavelength range from 380 nm to
680 nm with R ∼ 70 000. By default, data from PLATOSpec are
processed using the CERES+ pipeline (Brahm et al. 2017), but
for the stars we measured, where emission lines are observed,
standard IRAF routines were used. Additionally, we analyzed
the archival ESPaDOnS (Manset & Donati 2003) spectra down-
loaded from the Polarbase database5 and archival FEROS spectra
downloaded via SPLAT.6

Lastly, we employed archival spectra of KQ Pup taken
with the International Ultraviolet Explorer (IUE) satellite dur-
ing 1978-1995. We downloaded IUE spectra from the MAST
archive7. The total dataset of high-resolution UV spectra for KQ
Pup consists of 23 spectra in the short wavelength region (SWP;
1150 − 1980 Å) and 26 in the long wavelength region (LWP/R,
1850−3350 Å). However, some spectra associated with KQ Pup
are at a distance of ∼ 7 arcsec and ∼ 48 arcsec, which we ex-
cluded from our analysis, as well as a few low signal-to-noise
spectra.

3. RSG systems with eclipsing companions in TESS

Single companions to RSGs are very difficult to detect from pho-
tometric variations alone, unless they themselves are very lumi-
nous, and produce measurable eclipses, which is known to be
the case only for three RSGs, i.e., AZ Cas, VV Cep, and 32 Cyg
(e.g., Patrick & Negueruela 2024), similar to ζ Aurigae-type sys-
tems (Ake & Griffin 2015). Recently, long secondary periods in
RSGs have been linked to close-by low-mass companions that
may cause photometric variations through interaction and modu-
lation of the circumstellar medium (CSM), but this has only been
investigated in detail for Betelgeuse so far (Goldberg et al. 2024;
MacLeod et al. 2025; Howell et al. 2025; Dupree et al. 2026).
However, if the companion itself is a binary system, it can pro-
duce their own eclipses, albeit heavily diluted by the luminosity

3 https://www.eso.org/sci/software/pipelines/gravity/
gravity-pipe-recipes.html
4 https://stel.asu.cas.cz/plato/spectrograph.html
5 https://www.polarbase.ovgso.fr/
6 https://www.g-vo.org/pmwiki/About/SPLAT
7 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html

contribution of the RSG in the system. The orbital periods of
such inner binary companions are expected to be significantly
shorter than their orbits around the outer RSG.

As such, high-precision, space-based photometric missions,
such as TESS (Ricker et al. 2015), could reveal their presence
through the detection of low-amplitude eclipses in the system.
TESS observes the sky in Sectors: a 24◦ × 96◦ area with four
cameras for 27 days. For many stars, data coverage is typically
limited to one or a few sectors per observing season, which is
too short to follow the slow pulsations and oscillations of RSGs.
However, TESS is very well-suited to detect faster variations
even at very low amplitudes.

3.1. List of candidates

We cross-checked the list of 651 Galactic RSGs (and RSG can-
didates) by Healy et al. (2024) with the TESS catalogue, and
searched for eclipses in RSG systems. At first, we identified 13
candidates. To remove false candidates, we verified that there are
no blends with nearby EBs with a similar period within 5 arcmin,
and we also verified the validity of the association of the light
curve with the candidate systems by plotting the nearby Gaia
sources onto the Target Pixel Files (TPF) with the lightkurve
package (Lightkurve Collaboration et al. 2018). We identified
seven of the initial candidates as likely blends with near EBs.
Thus, we are left with a sample of six promising candidates, see
Table 1. TESS data for the promising candidates are shown in
Fig. B.2. We also list the discarded candidates in Appendix B.

All promising candidates show closely consecutive eclipses,
on the order of several days. Considering the short orbital periods
such eclipses indicate, they cannot occur for the RSG compo-
nent. The shortest orbital periods of known companions of RSGs
have periods of at least several years (e.g., Patrick & Negueruela
2024). From Kepler’s third law, a period of the order of several
weeks would result in an orbit of several ∼ 10 R�, i.e., inside the
RSG. This further validates our sample of promising candidates,
as all are known or suspected RSG+B binaries. This scenario is
more likely, as there are many short-period companions of B-
type stars known in the literature. For example, several papers
report on eclipses and variability detected with TESS, such as
for B stars (e.g., Sharma et al. 2022), as well as for Be stars (e.g.,
Labadie-Bartz et al. 2022), with the shortest periods of the order
of days. Therefore, the detected eclipses can likely be associated
with the companions of RSGs. We test this hypothesis on the
KQ Pup system, and discuss the eclipses of the other candidates
briefly in Appendix B. We also took new PLATOSpec spectra for
the promising candidates to verify whether they display binary
spectral properties, see Fig. C.8.

We note that four targets from our sample were part of the
TESS Eclipsing Binary stars catalogue (Prša et al. 2022), which
consists of several thousand candidates identified with an auto-
matic algorithm. KQ Pup was also part of the list, but with incor-
rect ephemeris and period. For the other three stars, HD 300933,
V340 Sge, and V349 Car, there is a period in their catalog that is
similar. Furthermore, two of our candidates, AZ Cas and V1092
Cen, are also included in Dorn-Wallenstein et al. (2020), who
studied the stochastic variability in selected evolved supergiants
with TESS, but did not discuss any eclipses.

3.2. Eclipses in KQ Pup and the discovery of KQ Pup Bb

We chose the TESS data for the KQ Pup system for further in-
vestigation. This system exhibits clear primary and secondary
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Table 1. List of promising hierarchical triple RSG candidates from TESS.

Confirmed TESS candidates

Star Spectral type Period [d] H i em. [Fe ii] em. Multi-core Na I Notes
KQ Pup M2Iab+B0V 17.26 X X X VV Cep type

Promising TESS candidates

Star Spectral type Period [d] H i em. [Fe ii] em. Multi-core Na I Notes
AZ Cas K5Iab+B 1.25 X X X VV Cep type, irregular ecl.

HD 300933 M3Iab+B2V 2.91 X X X binary RSG
HD 303344 M2Ib+B 2.59 X X X binary RSG

FR Sct M0+B 3.53 X X X VV Cep type
V340 Sge K4Ib(+A)* 1.63 X weak broad single RSG?

Notes. The spectral binary signatures are listed based on our newly taken PLATOSpec spectra (Fig. C.8). The discarded candidates are listed in
Table B.1. (*) V340 Sge has a wide companion at 30 arcsec (Dommanget & Nys 2002), but its light variations cannot be separated with TESS. The
eclipses appear to be present in the full PSF of the RSG.

eclipses in all four sectors covered with TESS between 2019–
2025, with a period of about PBa+Bb = 17.2596 d and the sec-
ondary eclipse offset from the midpoint of the orbital period,
which indicates that the related orbit is eccentric. In Fig. B.1,
we show the full TESS-SPOC pipeline data for KQ Pup, and
in Fig. 1, we show cleaned, phased, and normalized data. The
TESS light curves were detrended using Chebyshev polynomi-
als. Each sector was divided into smaller parts to better cover the
trend influence and fitted by a polynomial of degree n between 5
and 10.

After normalizing the light curve and folding it with the or-
bital period, the eclipses can be seen clearly in Fig. 1. Both
eclipses are distinctly V–shaped, indicating that the eclipses are
not central but partial or even grazing. The depths are also
slightly different, which for a circular orbit would indicate small
differences in stellar radii R and/or effective temperature Teff val-
ues. However, since the phase offset between the main and sec-
ondary minima indicates an eccentric orbit, the impact parame-
ters (b) of the eclipses may also differ, if the orbit is not perfectly
planar (i < 90◦) and/or if the semi-major axis is not perpendicu-
lar to parallel to the line of sight. In that case, breaking the degen-
eracies between R, Teff , and b would require RV observations of
the orbit, as well. We also note that the normalized light curves
in Fig. 1 show brightenings, which are likely artifacts caused by
residual variations the detrending did not remove completely, in
order to preserve the shapes of the eclipses.

While Sectors 7 and 34 are dominated by the eclipses, all
sectors show significant variations beyond them, and the am-
plitude of these additional variations increased significantly by
Sectors 61 and 88. Namely, the last two sectors show additional
semi-regular dips of about ∼ 10 d. These variations are remi-
niscent of dipper star light curves, where the similar irregular or
semi-regular variations are explained by occultations by a cir-
cumstellar or a circumbinary disk (see, e.g., Gillen et al. 2014;
Cody et al. 2014; Roggero et al. 2021). Such variability is com-
mon in the UX Orionis class of young stellar objects, for exam-
ple, for AA Tau star (Bouvier et al. 2013; McGinnis et al. 2015).
In these systems, high-density inhomogenities in the warped pro-
tostellar/planetary disk cause such longer light variability, for ex-
ample, because of vertical structures due to accretion streams. In
Sector 61, there is also a sudden increase in brightness follow-
ing an eclipse, which could be related to accretion bursts to one
of the components. To confirm the existence of an eclipsing pair
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Fig. 1. Cleaned and normalized TESS-SPOC data of KQ Pup (Sectors
7, 34, 61 and 88) phased with the period of eclipses PBa+Bb = 17.2596d,
which corresponds to the Ba+Bb orbit and shows an eccentric orbit.
Brightenings are artifacts from detrending some sectors. Each sector is
shown separately in Fig. B.1.

and whether it hosts a disk, we focus on the KQ Pup system for
the rest of the paper. After better constraining the properties of
the KQ Pup system in Sects. 4.2–4.8, modeling of the orbit and
eclipses of Ba+Bb is performed in Sect. 4.9, while the properties
of the disk are discussed in Sect. 5.1.

4. KQ Puppis system

4.1. Literature parameters

The KQ Pup system was assumed to consist of an RSG com-
ponent, KQ Pup A (M2Iab, HD 60414), and a B-type star, KQ
Pup B (B0V, HD 60415), as classified by Rossi et al. (1992).
Based on the discovery of the third component in the KQ Pup
system, we adjust the system configuration to A + (Ba+Bb), with
A being the RSG. When the Ba+Bb components are considered
jointly in the following analysis (e.g., center of mass), we refer
to them as B or the hot component of the system. Cowley (1965)
analyzed RV measurements of KQ Pup from 1918-1964 and de-
rived an eccentric orbit, with a period of PA+B = 9752 ± 85 d,
eccentricity e = 0.46 ± 0.03 and argument of periastron w =
202.6 ± 2.1◦ (conjuctions close to periastron). In a related study,
Rossi et al. (1992) expanded on these results and estimated a
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mass ratio qAB = MB/MA = 0.8 − 1.2 and a semi-major axis
a sin(i) = 13.6 au. For the hot companion, KQ Pup B, they found
a spectral type of B0 with Teff = 30 000 K. In the most recent
study on the KQ Pup system, González-Riestra et al. (2002) de-
rived a revised period of PA+B = 9500 ± 50 d (∼ 26 yr).

In these studies, a distance of 1400 ± 200 pc was assumed
for the KQ Pup system (parallax π ∼ 0.71 mas). However, re-
vised Hipparcos data give a parallax π = 2.12mas (van Leeuwen
2007), while Gaia gives π = 1.36±0.14mas (Gaia Collaboration
et al. 2021). In this work, we adopt a geometric Gaia distance of
∼ 779 (693 − 920) pc from Bailer-Jones et al. (2021, hereafter
BJ21), and refine the distance of KQ Pup based on that.

4.2. Long-term photometric variability

In Fig. 2, we show the photometric variability of KQ Pup dur-
ing the last 40 years. The photometric variations are primarily
caused by the variability of the RSG. The system is not known to
undergo eclipses by the RSG, although it shows other variations
due to the 26-yr orbit. González-Riestra et al. (2002) reported a
significant decrease of far-UV flux near periastron. Meanwhile,
we notice a clear periastron brightening in the optical region,
i.e., by V ∼ 0.1 mag during the last periastron (2023-2024). Pe-
riastron brightening events were reported for other interacting
eccentric systems as well, including for the VV Cephei binary
AZ Cas, and hypothesized to be due to accretion events or tidal
heating (Koenigsberger & Estrella-Trujillo 2024).

The beginning of the APT light curve in 1986-1987 shows a
∼0.3 mag dimming event that clearly exceeds the amplitude of
the oscillations. A similar dimming is also repeated a full orbital
period later, in 2013, as shown by KWS data. These events are at
least 5 years away from any conjunction or potential eclipse, so
geometric effects from the companion(s) can be ruled out. The
dimming resembles the great dimming event of Betelgeuse (e.g.,
Montargès et al. 2021), which was caused by partial obscuration
by a dense dust cloud; however, in this case, it could instead
be caused by the binary interaction, such as a tidally induced
outflow or trailing wake (e.g., Landri et al. 2025; Dupree et al.
2026), or by the material surrounding the system.

A frequency analysis of the light curves revealed various
low-amplitude periodicities ranging between 85–180 d (0.06–
0.14 µHz in frequencies), and possibly extending to even longer
periods. However, aliasing from the annual gaps present in the
data makes the existence of longer periods questionable, which
hinders the accurate determination of the mode content. The
variations of the star appear to be more similar to solar-like oscil-
lations seen in luminous RGB stars and M giants, composed of
multiple short-lifetime modes, rather than to coherent pulsations
(Bányai et al. 2013; Yu et al. 2020; Xiong et al. 2025). Inco-
herent oscillations in RSG stars have been detected before (Kiss
et al. 2006; Joyce et al. 2020). However, mode identification for
asteroseismic analysis can be difficult, with the aliasing present
in the data.

We therefore decided to treat the star as an oscillating giant
and attempted to measure global seismic parameters of the star.
The power of asteroseismology lies in the fact that we can ex-
trapolate our helioseismic knowledge and scale the solar values
of various physical parameters, including L, M, R, Teff , as well
as global asteroseismic parameters, to other stars (Kjeldsen &
Bedding 1995; Huber et al. 2011). To have a rough estimate on
the possible seismic mass range of KQ Pup A (RSG), we first
determined the frequency of maximum oscillation amplitude, or
νmax parameter. As a first estimate, we can use simply the mid-
point of the clearly identified periodicities in frequency space,

which yields an approximate value of νmax = 0.12 ± 0.02 µHz
(or 97+20

−14 d in period). Unfortunately, at this point, we could not
determine ∆ν, the frequency spacing between successive radial
overtones, clearly.

Multiple scaling relations have been defined in the literature,
but since we only have an estimate for νmax, we chose the fol-
lowing scaling relation:

M
M�

=

(
fν νmax

νmax,�

) (
L
L�

) (
Teff

Teff,�

)−7/2

, (1)

where the solar values are νmax,� = 3090 ± 30 µHz and Teff,� =
5772 K, following Huber et al. (2011). The fν parameter is a cor-
rection factor accounting for the structural differences between
the target and the Sun. Here we set it to fν = 1.05, based on
the results of Ash et al. (2025), who found that this type of scal-
ing relation underestimates the masses at the lowest νmax values.
However, this analysis was based on low-mass RGB stars: the
correction factors for RSG stars have not been tested yet. We use
Teff = 3660 ± 170 K (Healy et al. 2024) and two different values
for the luminosity: log L/L� = 4.55 and 4.77 based on Healy
et al. (2024) and Rossi et al. (1992), respectively.

This preliminary estimate gives us two seismic mass ranges
for KQ Pup A: MlowL = 7.1 ± 1.7 M� and MhiL = 11.8 ± 2.8 M�
for the low and high luminosity values. These large uncertain-
ties can be lowered with a more accurate determination of νmax
and with stronger constraints on the luminosity of the RSG. A
detailed asteroseismic analysis of KQ Pup A will be the topic of
a separate paper.

4.3. Spectral variability

A multi-wavelength spectral analysis is possible due to an abun-
dance of archival IUE spectra covering most of the 26-year
orbital period (1978-1995). Following the most recent perias-
tron passage around January 2024 (based on ephemeris from
González-Riestra et al. 2002), we have also obtained new high-
resolution spectra in the optical with STELLA and PLATOSpec,
and in the near-IR with VLTI-GRAVITY. As shown by Rossi
et al. (1998), but also recently by Neugent et al. (2018), for
RSG+B binaries, the spectral energy distribution at wavelengths
longer than ∼ 4000 Å is typically dominated by the RSG.
Nonetheless, for systems where the companion is embedded in
the dense, cool shocked wind of the RSG, as in the case of VV
Cep or systems studied by Patrick et al. (2025), the photospheric
lines of the hot companion may not be directly observed in the
spectrum even below ∼ 4000 Å.

At longer wavelengths, for VV Cephei binaries, the contribu-
tion from the hot component can still be seen as double-peaked
emission profiles in the Balmer series (Cowley 1969), which is
shown in Fig. C.1. For KQ Pup, the ratios between the violet and
red shifted emission peak (V/R ratio) of the Balmer lines depend
on the 26-year orbital phase (Cowley 1965; Rossi et al. 1992,
1998). The emission components become the weakest around
apastron (φA+B ∼ 0.5), and nearly fully disappear except for Hα.
Meanwhile, the emission components become the strongest near
periastron, showing strong violet-shifted emission for all transi-
tions until the Balmer break, appearing as inverse P Cygni pro-
files. The highest Balmer transitions are typically not detected
in the spectra of single RSGs. We compare the profiles to new
RSG+B binaries by Neugent et al. (2019). Unlike in their case,
here, the Balmer lines are narrow and do not show wide rota-
tionally broadened absorption profiles typical of hot stars. That
shows that the hot companion, KQ Pup B, is embedded in the
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to match Hipparcos and KWS. We also mark the approximate times of conjunctions and the periastron based on our new ephemeris from Sect. 4.7.

dense CSM of the RSG, and therefore the photospheric lines of
KQ Pup B are not directly seen in the spectra, similarly to VV
Cep B (Bauer & Bennett 2000). The narrow absorption compo-
nent of Balmer lines is similar to the typical RSG absorption
forming in the extended CSM. Optical spectra also include for-
bidden emission lines (primarily [Fe ii]). Other prominent photo-
spheric lines of hot stars, He i lines, are not detected in the optical
spectrum, but below ∼ 4000 Å, weak profiles may be associated
with the hot component, most notably the rotationally broadened
He i 3819 Å line, as also noted by Rossi et al. (1992). We also
note that the Na i doublet shows a strong secondary component
in all observations, with the sharp central component not moving
and the wider typical RSG component showing shifts related to
the orbital phase φA+B, see Fig. C.7.

At shorter wavelengths, the hot companion dominates, and
therefore UV spectra can be used to study more of its proper-
ties, especially related to its wind (Altamore et al. 1982, 1992;
Rossi et al. 1992; Muratorio et al. 1992; Bauer & Bennett 2000;
González-Riestra et al. 2003). As analyzed in detail in the afore-
mentioned studies on KQ Pup, there are several line systems
present, superimposed on each other. First, in the far UV, there
are broad absorptions of ionized resonance lines (e.g., C ii, N v),
as well as other lines typical of the wind of hot stars. There are
also absorptions of excited lines of doubly ionized Fe iii. Second,
in the near UV, there are many P Cygni profiles of singly ion-
ized elements present (primarily Fe ii), where the absorption part
likely corresponds to the RSG wind as seen against the hot com-
panion, and the emission part is likely produced in the cool wind
of the RSG ionized by the radiation of the hot companion. In the
UV, the appearance of the spectrum is strongly variable with the
orbital phase φA+B, as shown in Fig. C.2. Emission lines of per-
mitted transitions, including those in P Cygni profiles, move to
shorter wavelengths between the orbital phase φA+B ∼ 0.3−0.95,
while the absorption cores of Fe ii P Cygni profiles move to
longer wavelengths (resulting in inverse P Cygni appearance
near the periastron). In the far UV, broad lines corresponding
to Fe iii near ∼ 1900 Å nearly disappear around apastron, while
Al iii becomes narrower. Meanwhile, prominent double-peaked
UV emission lines (such as Mg ii and Fe iimultiplets at ∼ 2800Å
and ∼ 1787 Å, respectively) also show a clear relation to the or-
bital phase.

In addition, UV spectra of KQ Pup and VV Cep exhibit a
shell spectrum (Fig. 3), similar to those observed in the episodic
Be shell star Pleione (28 Tau) and the B[e] star FS CMa (Bauer
& Bennett 2000). Be stars are classified as shell stars when their
spectra display, in addition to broad photospheric lines, narrow
absorption features that are inconsistent with the stellar spectral

type. These shell lines originate in the circumstellar disk and be-
come visible when the Be star is viewed edge-on, such that the
stellar photosphere is viewed through the equatorial disk. (e.g.,
Porter & Rivinius 2003). For KQ Pup, the shell absorption spec-
trum (most notably Fe ii between ∼ 1550 − 1750 Å) originates
in a region close to the hot component, as demonstrated by the
disappearance of the shell absorptions during the eclipse of VV
Cep (Bauer et al. 2007). As opposed to other narrow circumstel-
lar absorptions forming in the RSG wind, the shell lines do not
show such deep absorptions and may show broader variable pro-
files. The shell spectrum of KQ Pup becomes broader and deeper
as the system approaches periastron (see Fig. C.2). There are
also some deep CSM or shell absorptions appearing only near
periastron (see Fig. C.6). Meanwhile, the broad resonance lines
(e.g., Al iii, Si iv) assumed to correspond to the hot component
did not disappear during the eclipse of VV Cep (Bauer et al.
2007), while a weak far-UV continuum also remained visible,
suggesting these features are likely formed due to the scattered
light from the hot component in the extended CSM. Another ma-
jor insight learnt from the eclipse of VV Cep is that when the B
companion is eclipsed by the RSG, all emission in higher Balmer
lines disappeared, while Hα emission significantly weakened
(Pollmann et al. 2018). This confirmed that Balmer emissions
form close to the companion.

Lastly, in Fig. 4, we show the near-infrared K-band spectrum
obtained with VLTI-GRAVITY. Similar to the optical region, the
entire spectrum is dominated by the RSG, showing typical RSG
features, such as strong CO molecular bands and neutral met-
als. The only line clearly associated with the hot companion is
the hydrogen Brackett gamma (Brγ) line at 2.167 µm. Brγ was
also detected for the likely binary WOH G64 by Muñoz-Sanchez
et al. (2026), showing a similar profile as Hα.

4.4. Model atmosphere fitting

To estimate the stellar parameters of the hot component, we com-
pared the IUE spectra to synthetic spectra from atmosphere mod-
els computed with the Potsdam Wolf-Rayet (PoWR) model at-
mosphere code (Gräfener et al. 2002; Sander et al. 2015). The
PoWR model solves the radiative transfer simultaneously with
the rate equations (i.e., in non-local thermodynamic equilibrium)
in the comoving frame of a spherically symmetric, stationary ex-
panding atmosphere (i.e., an outflowing wind).

As a starting point, we tried to reproduce the IUE spectra
using a single stellar component, KQ Pup Ba. We selected a B-
star model from the Galactic OB-Vd3 grid (Hainich et al. 2019;
Pauli et al. 2025), namely T∗ = 20.0 kK and log g = 3.6. The
choice of T∗ was motivated by the UV spectral signatures (see
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2.113 µm, are not detected. The model for Ba assumed a single star;
therefore, it does not reproduce the observed profiles, while the contin-
uum contribution of Ba in the near-IR is negligible compared to that of
the RSG.

the next paragraph). To improve the UV fit, we then calculate a
tailored model, which is compared to the median IUE SWP spec-
tra. As the optical spectrum of KQ Pup is dominated by the RSG
(KQ Pup A) and no clear photospheric lines of hot stars were

found, we do not have clear diagnostics for the surface gravity
(log g) for KQ Pup Ba, which prevents the determination of the
stellar mass. The chosen grid model has log g typical of B dwarfs
of similar temperatures (e.g., Daflon et al. 2003; Ramachandran
et al. 2019). By fitting the UV pseudo-continuum and weak ro-
tationally broadened He i lines below 4000 Å (e.g., He i 3819Å),
we find a projected rotation velocity v sin i = 190 ± 70 km s−1

(see Fig. C.4). To obtain an upper limit on the luminosity L of
KQ Pup Ba, we fit the synthetic model SED of the B-star to
the flux-calibrated IUE spectra, considering a distance of 780 pc
from Gaia (BJ21), see Fig. C.3. We estimate log L/L� ∼ 3.95
and a reddening of E(B−V) = 0.30 with RV = 3.3 assuming the
extinction curve from Fitzpatrick (1999). The reddening was ob-
tained based on the 2175 Å absorption bump. The contribution
of the RSG to the UV continuum is negligible compared to the
hot companion (e.g., Bauer et al. 2007).

We noticed the presence of C ii 1335, Si iv 1400, C iv 1550,
and Al iii 1855 in the UV spectra (see Figs. 3 and C.4). The si-
multaneous presence of these lines hints at Teff of ∼20 kK. How-
ever, these diagnostic lines do not show up as typical P Cygni
profiles, which are observational signatures of spherically sym-
metric outflows (see Fig. C.4). Instead, the profiles are broad
absorptions (extending up to ∼200 km s−1), seemingly centered
around the respective transition wavelengths and asymmetrically
redshifted, which may suggest a different wind geometry. In the
optical, we also notice a similar behavior in the Balmer lines
with inverted P Cygni profiles (see FEROS spectra from 1997
in Fig. C.1). Such behavior can be explained by the geometry of
the system: i.e., the wind of the B star interacts with the dense
RSG wind before it develops to its terminal velocity. Winds in
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such systems of RSG + hot companion were discussed in, for
example, Dupree & Reimers (1987). The lack of clear P Cygni
profiles throughout the UV also limits a precise determination
of mass-loss rates (Ṁ). The grid models by default assume that
Ṁ follows the Vink et al. (2001) mass-loss recipe divided by 3,
which yields log Ṁ/(M� yr−1) = −8.5 in this case. For repro-
ducibility, we list all the input stellar and wind parameters in
Table 2. We note that in our model, Brγ and other lines appear
in emission (Fig. 4), which is a known effect of mass loss for
some hot stars (e.g., Lenorzer et al. 2004; Najarro et al. 2011).
Such lines could be observed if Ba were a single star. Instead,
the observed emissions are dominated by the interaction in the
system.

In Fig C.4, we also notice the presence of a strong N v 1240
doublet, which is incompatible with the derived Teff , as this line
would require a higher Teff . In fact, this profile can only appear
in early B and O stars in the presence of X-rays or extreme UV
radiation as an extra source of ionization (e.g., Oskinova 2016;
Puebla et al. 2016). As a presumably mid-type B-star, a typical
amount of X-ray luminosity cannot produce such a strong profile
(see Bernini-Peron et al. 2023, 2024). To account for the X-rays
in our modeling, we included measurements for KQ Pup from
the SRG/eROSITA survey (log LX/L ∼ −6.5 from Merloni et al.
2024). This helped as an extra source of ionization to strengthen
C iv 1550, which cannot be produced without X-rays in such a
temperature.

We were able to fit features corresponding to the wind of hot
stars in the IUE spectra with a single hot component, reproduc-
ing the majority of the spectral features (Fig. 3), apart from N v
1240. This could imply stronger X-ray or UV radiation. It could
as well be potentially explained by a higher Teff than 20 000 for
the Bb component, if it were a very hot stripped star (e.g., Ra-
machandran et al. 2024; Müller-Horn et al. 2026). However, we
have not detected any other typical signatures of hot stripped
subdwarfs, i.e., He ii lines, nor strong He i lines. Therefore, in
the absence of any other spectral features that would allow us to
properly characterize the Bb component, we worked under the
assumption that component Bb does not significantly contribute
to the spectrum. We tested this hypothesis further in the follow-
ing sections and took into account the possible contribution of
Bb to the total L based on the determined mass ranges (see Sect.
5.3).

4.5. Radial velocities

In this subsection, we focus on identifying line systems corre-
sponding to KQ Pup A and B, which would allow us to determine
RVs for both components and therefore also constrain the orbital
parameters and mass ratio. The optical region of the spectrum is
dominated by the RSG. Therefore, we determine the RV shifts
of KQ Pup A using order-by-order cross-correlation of the opti-
cal spectra from STELLA (2024-2026) with a MARCS model8
(Gustafsson et al. 2008) close in parameters to KQ Pup A, us-
ing the full wavelength range, but excluding Balmer regions.
For KQ Pup B, we study its approximate RV using the lower
Balmer emission lines, Hα and Hβ, which have the strongest
double-peaked emission features and the best signal-to-noise ra-
tio compared to higher Balmer emission lines in the STELLA
data. For VV Cep, the Balmer emission was used to determine
the orbital velocity of the hot component as well (Hutchings &
Wright 1971; Wright 1977). When viewed (nearly) edge-on, a

8 We downloaded a template with Teff = 3600 K, log g = −0.5,
vmicroturb = 2 km s−1 from https://marcs.oreme.org

double-peaked emission profile is a classic signature of a star
with a rotating disk (e.g., Rivinius & Klement 2026), such as for
Be shell stars. However, here, the Balmer profile is contaminated
by the deep central absorption forming in the extended CSM of
the RSG. Therefore, only the emission component can be clearly
associated with the hot component, while part of the profile is
missing due to the RSG absorption. To estimate the RVs of the
emission centroid, we used the mirroring method (e.g., Arcos
et al. 2018), i.e., comparing direct and flipped Balmer emission
profiles. This method is also commonly used for Be stars (e.g.,
Wolf et al. 2021; Harmanec et al. 2025). For the determined RVs,
we assumed that the Balmer emission lines form in the disk and
therefore approximately track the center-of-mass of the Ba+Bb
pair rather than specific components.

In Fig. 5, we show the obtained high-cadence STELLA RV
curve. We can see that the velocity of KQ Pup A is increasing,
following the periastron around January 2024 (González-Riestra
et al. 2002). The overall velocity of KQ Pup B (Balmer emis-
sions) is decreasing, verifying that the emissions approximately
track the hot companions. However, during the post-periastron
epoch covered by STELLA, the Balmer emission lines shows
variable asymmetric profiles and large velocity shifts. We found
that these strong trends and asymmetric profiles are likely caused
by the geometrical effects due to the proximity to the RSG; there-
fore, the determined RVs at this epoch may not be suitable for
determining the orbital velocity of Ba+Bb. We further discuss
the complicated variability of the Balmer lines near periastron in
Sect. 5.1. Therefore, from the available optical spectra, we use
only the ESPaDOnS spectra for determining orbital velocity of
the Ba+Bb pair, as the spectra are taken at apastron, φA+B ∼ 0.5
(November-December 2010), and show symmetric Hα profiles
(V/R ≈ 1), free from any interaction with the RSG.

Next, we also determined RVs from the IUE spectra (1978-
1995). We checked the wavelength calibration of the SWP obser-
vations by performing an interstellar medium (ISM) line align-
ment and removed these lines from the spectra. A co-added av-
erage spectrum was constructed as the template spectrum, and
we then cross-correlated each observed spectrum with the tem-
plate to obtain the cross-correlation functions (CCFs), using the
full wavelength range, except for the spectrum edges. The RVs
were then determined from the peak position of the calculated
CCFs. The SWP region is dominated by the broad wind and nar-
row shell absorption lines, both associated with the CSM of hot
companions. Therefore, the determined RVs should track KQ
Pup Ba+Bb. In the IUE LWP/R region, which is dominated by
strong emission lines forming in the ionized wind of the cool
RSG, the determined RV appears to track KQ Pup A. Therefore,
the emission lines likely form near the RSG. This corresponds
to the shift of absorption and emission components described in
Sect. 4.3, and is in agreement with the expected orbital shift of
both components between φA+B ∼ 0.3 − 0.95 (Cowley 1965).
The RVs determined from IUE spectra are used for the orbital fit
(see Sect. 4.7).

We also further investigated the available spectra in search
of spectral features of KQ Pup Bb. However, as discussed in pre-
vious sections, the hot companions in the KQ Pup system are
embedded in the dense wind of the RSG. Furthermore, as is evi-
denced by the strong shell spectrum in the UV and also the possi-
ble occultations by the disk in TESS, the hot companions are also
embedded in a dense, edge-on disk (see discussion on the disk
properties in Sect. 5.1). Therefore, apart from a weak signature
of rotationally broadened He i at 3819 Å, we have not detected
any photospheric lines of the hot components. The RVs deter-
mined from the shell spectrum (IUE SWP) would also not be
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Fig. 5. Left panel: Radial velocities of KQ Pup A and V/R variations of the Balmer emission lines during the periastron epoch covered by STELLA
(2024-2026). The vertical lines show the dates of the VLTI-GRAVITY observations. The shaded areas show the time of periastron passage (red)
and TESS sector 88 (green). Right panel: Same as the left panel but zoomed in to the beginning of 2025. There are ∼ 17 d period variations in Hβ,
likely due to the Ba+Bb orbit, while strong longer trends are also present. The PLATOspec spectrum taken in April 2025 (near MJD ∼ 60 780 d)
is also included.

expected to be sensitive to RVs of the separate Ba and Bb com-
ponents. Indeed, the RVs determined from IUE (Fig. 7) do not
show large departures from the expected orbital velocity (Cow-
ley 1965), up to ±10 kms−1. Likewise, no secondary peak was
found in the CCFs (see Fig. C.5), even when different regions in
the IUE spectra were cross-correlated separately. Therefore, at
the moment, it appears not possible to separate and further char-
acterize KQ Pup Ba and Bb based on RV shifts, as their photo-
spheric lines are absent and only lines forming in their disk and
CSM are observed.

4.6. Astrometric orbit

We used the VLTI-GRAVITY dataset in order to determine the
astrometric positions of the hot component KQ Pup B using the
Python code Parametric Modeling of Optical InteRferomEtric
Data9 (PMOIRED, Mérand 2022). PMOIRED allows fitting in-
terferometric data with multi-component geometric models, us-
ing least-squares minimization to obtain the best fit. In the near-
IR interferometric VLTI dataset, the flux contribution of the hot
component is too small to cause significant observable binary
modulation; thus, the continuum would not be sufficient to de-
termine the binary positions. Fortunately, relative astrometry was
enabled by the detection of the hydrogen Brγ line in our VLTI-
GRAVITY data, which is the first time that this line could be
used for an RSG binary system. This feature is very prominent
in DPHI, suggesting a photocenter shift (see Fig. 6). The line is
not so well visible in the flux, likely due to the spectral resolution
and contamination by other lines from the RSG.

For Be stars with circumstellar disks, typical double-peaked
hydrogen spectral lines are usually S-shaped in DPHI and V-
shaped in VIS (e.g., Meilland et al. 2012), with point sources
or uniform disks used to represent the stellar components (e.g.,
Frost et al. 2022; Klement et al. 2025). However, in our interfer-
ometric data, the Brγ line has the shape of a single-component

9 https://github.com/amerand/PMOIRED

unresolved emission at all baselines. For a similar system, ε Aur,
its transiting disk was imaged during its eclipse using interfer-
ometry (Kloppenborg et al. 2010, 2015). Therefore, we assume
that the Brγ feature traces the unresolved disk and/or hot com-
ponents Ba and Bb, which we cannot distinguish between, given
the spatial frequencies probed by our observations.

We proceeded to fit the Brγ line in |V |, DPHI and T3PHI in
PMOIRED using an unresolved point source model for KQ Pup
B, while the rest of the spectrum is fitted with a uniform disk
representing KQ Pup A. Based on the a sin(i) value from Rossi
et al. (1992) and the distance of 779 pc from BJ21, the semi-
major axis of the system is ∼ 16 mas, while KQ Pup B should
be closer to KQ Pup A than that, following the recent periastron.
We were able to recover the position of KQ Pup B relative to
KQ Pup A via the Brγ line in all VLTI snapshots. The best and
most stable position solution gives a separation of ∼ 5 − 10 mas
at different epochs. There are other local minima of the fit at
larger separations, which would result in unrealistic masses for
the system. We show an example of the data and its fit in Fig.
6. We list the results of the fitting in Table A.3, including the
determined values of the angular diameter of KQ Pup A and the
spectral parameters of Brγ.

4.7. Global A+B orbital fit and orbital parallax

We fit the recovered positions of KQ Pup B with an astromet-
ric orbit in PMOIRED. We do the fitting in two ways. First, we
fit only the VLTI-GRAVITY data (VLTI epochs), including the
RVs from the spectro-interferometric data. For the fitting pro-
cedure, we fixed the well-known parameters by Cowley (1965);
González-Riestra et al. (2002) such as - PA+B, KA, γ, and the
time of periastron, while for other parameters, we use their re-
sults as starting values. Second, we leave all parameters free and
augment the fit with the archival and new RV data from other in-
struments (VLTI global+RV), allowing us to independently de-
termine all parameters, including PA+B and the time of perias-
tron. Specifically, for KQ Pup A, we used RVs from STELLA,

Article number, page 9 of 29

https://github.com/amerand/PMOIRED


A&A proofs: manuscript no. output

Fig. 6. PMOIRED fit of the hydrogen Brγ line for the five VLTI epochs (SMALL configuration). The red line shows the best fit in each epoch.
The uv coverage is shown in the upper-left corner, and the flux is in the bottom-left corner. In the remaining plots, the three main interferometric
observables are shown: closure phase (T3PHI), differential phase (DPHI), and absolute visibility (|V |). The full spectral range is shown in Fig. A.1.
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Fig. 7. Orbital solution for the KQ Pup system based on relative astrometry with VLTI-GRAVITY and the RVs. Left panel: Phased RVs, including
the archival data. Middle panel: Fitted orbit of KQ Pup B using the Brγ feature. The colors are based on the RV for KQ Pup B in the first plot, while
the shaded part of the orbit shows when Ba+Bb are closer to us than A. Right panel: Same as the middle panel but showing only the measured
positions of B relative to A, including the direction of motion, as well as approximate locations of the TESS sectors. The size of KQ Pup A in the
plots corresponds to its average measured angular diameter of θA ∼ 5.9 mas (see Appendix A).

Cowley (1965), and IUE LW spectra, while for KQ Pup B, we
used RVs from Brγ (VLTI), IUE SWP spectra, and Hα from ES-
PaDOnS taken at apastron. The list of RVs used for the orbital
fit is listed in Table A.4. To ensure that the orbital solution is not
affected by intrinsic variability in our targets, we increase the RV
errors for the fitting based on the observed variability in Fig. 5a,

i.e., we set the velocity error for KQ Pup A to 2.5 km s−1 (RSG
oscillations) and to 5 km s−1 for KQ Pup B (variability in the
disk and wind). Errors were determined using the bootstrapping
method in PMOIRED.

In Table 2, we list the resulting orbital parameters for both
fitting procedures, with the latter including the newly deter-
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mined ephemeris based on ∼108 years of RV data. The new
PA+B = 9534.2±6.7 d lies within the uncertainties of González-
Riestra et al. (2002), although the time of periastron occurs about
half a year earlier. With our updated ephemeris, the new phased
RV measurements give the best agreement with the archival RV
measurements (e.g., near-periastron RVs from 1918), compared
to when using the literature ephemeris. Therefore, we conclude
that our orbital solution gives the best agreement between all
available datasets. In Fig. 7, we show our best orbital fit of the
recovered B positions (Brγ) and RVs. In both variations of the
fitting, we obtain similar results, demonstrating that a few VLTI
snapshots can give a reasonable result, although including the
RVs from other sources covering the rest of the orbit signifi-
cantly improves the fit. Our obtained parameters are not far from
Rossi et al. (1992), but in this work, we obtained for the first time
the inclination i, the longitude of the ascending node Ω, and most
importantly, the projected semimajor axis a sin(i). We also found
a high mass ratio of qAB ∼ 1.44. Such a high mass ratio supports
the binarity of KQ Pup B, as a single B-type companion cannot
be both more massive and less evolved than the RSG primary
(for a coeval evolution). We explore possible evolutionary sce-
narios in Sect. 5.

The astrometric solution itself would be sufficient to deter-
mine the semi-major axis aA+B, and thus the total mass of the
system, if the distance is well-known. Nonetheless, combining
this with the RV of both components, we can also find the orbital
parallax of the KQ Pup system. From a global fit to all data, we
find π = 1.24+0.05

−0.04, which is consistent to within the uncertain-
ties with the parallax of 1.36 ± 0.14 mas obtained by Gaia (Gaia
Collaboration et al. 2021), supporting the validity of our orbital
fit. The binarity of the system was not detected directly by the
mission. However, the RUWE (Renormalized Unit Weight Er-
ror), a goodness-of-fit metric of the astrometric fit of KQ Pup,
is ∼ 1.61, which is above the ≈ 1.4 threshold of what is con-
sidered a good fit (Castro-Ginard et al. 2024). While multiple
effects can cause a large RUWE value, it is often caused by ap-
plying a single-star solution to an unresolved binary, and as such,
the current Gaia parallax is potentially affected. Significant dis-
crepancies between Gaia parallaxes and orbital parallaxes from
VLTI-GRAVITY were found even for stars with RUWE values
of 1.0 − 1.4 (Gallenne et al. 2023). The periastron passage of
the A+B pair was covered by the extended mission of Gaia, and
thus binarity could still be detected by the mission in later data
releases (upcoming DR4 and later DR5). The reported proper
motion of the system could also be affected by the A+B orbit.
Indeed, Hipparcos (φA+B ∼ 0.7 − 0.8, van Leeuwen 2007) gives
a ∼ +1 mas/yr larger proper motion in DEC than Gaia DR3
(φA+B ∼ 0.6 − 0.7, Gaia Collaboration et al. 2021), which could
also support our orbital solution (see the RSG motion in Fig.
8a). Likewise, based on proper motion anomalies from Hippar-
cos and Gaia, Kervella et al. (2022) identified possible compan-
ions for many systems, including for KQ Pup.

High-precision astrometry revealed the Ba+Bb pair as it
leaves the periastron, moving by about ∼ 10 mas toward the NW
direction between December 2024 and January 2026. In rela-
tive astrometry, the absolute position of the primary star is not
measured. However, using the mass ratio, we can also recon-
struct the orbit of both stars relative to their center of mass, as
shown in Fig. 8a. This shows that at the time of the VLTI obser-
vations, KQ Pup A (RSG) would be at a similar distance from
the center of mass as KQ Pup Ba+Bb, but on the opposite side,
moving toward the SE. Considering the determined average an-
gular diameter of KQ Pup A of ∼ 5.89 mas, its stellar radius is
RA = 509+19

−17 R� (based on the determined π), so there would be

a separation of only of several RSG radii between the compo-
nents. Based on the RV difference up to ∼ 50 kms−1 between the
A and B components near periastron, Ba+Bb are moving super-
sonically through the wind of the RSG near periastron and likely
also for a large part of the orbit (considering the typical sound
velocity of vsound = 5−15kms−1 in the wind, see Appendix D.2).

Table 2. Best-fit orbital parameters of KQ Pup A and Ba+Bb based
on VLTI astrometry and archival RVs along with the properties derived
from asteroseismology, evolutionary models and model atmospheres.

Astrometric solution for the KQ Pup system
VLTI epochs VLTI global

only + RV
P [d] 9500 (GR02) 9534.20±6.70

MJDperiastron [d] 60310 (GR02) 60104.20±24

γ [km s−1] 34.4 (C65) 34.56±0.22

KA [km s−1] 17.1 (C65) -
e 0.72±0.03 0.61+0.01

−0.01
ω [◦] 178.03±5.46 184.3+2.0

−2.3
Ω [◦] 328.11±3.10 323.82+1.33

−0.66
i [◦] 67.45±2.18 73.91+1.14

−0.88
a sin(i) [mas] 27.19±1.39 30.14+0.67

−0.97
q -** 1.44+0.06

±0.05
π [mas] -** 1.242+0.044

−0.044
aA+B [au] 23.06+4.24

−2.88 25.26+1.15
−1.10

MA [M�] 7.38+4.77
−2.43 9.67+1.39

−1.22
MBa+Bb [M�] 10.63+6.90

−3.50 13.95+1.99
−1.75

Notes. (*) Not fitted; the value from the global fit is used. (**) Not fitted;
the BJ21 distance is used to calculate a.

Other results
Asteroseismology Model atmosphere

KQ Pup A KQ Pup B
Teff [K] 3660±170

* Teff [K] 19 900
log(L/L�) 4.55-4.77* log(L/L�) 3.95±0.4

M [M�] 7.1-11.8 T(τ=20) [K] 20 000
Interferometry v sin i [km s−1] 190+70

−70
RA [R�] 509+19

−17 v∞ [km s−1] 880**

log(LA/L�) 4.62+0.08
−0.06 vturb [km s−1] 7

Evolutionary models log(Ṁ/(M� yr−1)) -8.5
age [Myr] 18.1-38.0 XH 0.73
MBa [M�] ∼7.5-11.5 ξphot, ξmax [km s−1] 7, 70
MBb [M�] ∼1.2-8.1 log(g) [cgs] 3.61***

Notes. (*) From Rossi et al. (1992) and Healy et al. (2024). (**) Cut at
200 km s−1. (***) Assumed; see Sect. 4.4

We also investigated the O − C values of the eclipse timings
in the TESS data to investigate whether we could measure a light
travel time due to the orbital motion of KQ Pup B. The O − C
residuals suggest that during periastron, the eclipses occur later
than in the previous two TESS sectors (up to a difference of ∼
1hr). This is consistent with our orbital solution presented in Fig.
7 and with the parameters listed in Table 2, because for roughly
half of the orbit, closer to the periastron, Ba+Bb are accelerating
away from us and increasing their heliocentric distance. The last
two sectors also have more activity compared to the first two
sectors (see Fig. B.1), which would agree with Ba+Bb getting
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closer to KQ Pup A. But further TESS observations along the
orbit would be needed to build an O − C curve which would
fully constrain the light-time effect in the system.

4.8. Spectro-interferometric signature of the Ba+Bb orbit

We also investigated short-term variations of the recovered po-
sitions of KQ Pup Ba+Bb relative to A from VLTI. As we dis-
cussed, Brγ emission is either associated with (one of) the hot
components (Ba, Bb) or the disk. Even in the case of the disk,
the positional variations could still correspond to KQ Pup Bb,
as demonstrated in simulations by Rubio et al. (2025), where the
strongest Brγ emission can arise from a part of the disk disturbed
or accreted by the companion. The differences between the pre-
dicted orbit and the measured Brγ position lie at the edge of the
error bars, i.e., between ∼ 0.1− 0.3 mas in different VLTI obser-
vations. Assuming MBa+Bb ∼ 14M� as found in the previous sub-
section, the resulting semi-major axis would be aBa+Bb ∼ 0.3 au,
i.e., ∼ 0.4 mas. The recovered positional variations of Brγ could
therefore be compatible with the existence of the Ba+Bb system,
but it remains within the errors. More VLTI-GRAVITY obser-
vations will be necessary to precisely measure the astrometric
orbit of Ba+Bb, especially those at longer baselines, i.e., higher
angular resolution. Such observations could also help to resolve
the source of the Brγ emission. We also emphasize that non-
interacting RSG+B binaries in the VLTI-GRAVITY sample nor-
mally do not show the Brγ emission feature, implying that in this
case, we detect it because of an unusual increased flux contribu-
tion, likely from the accretion disk emission.

Due to the spectro-interferometric capabilities of VLTI-
GRAVITY, we can also study the wavelength shift of Brγ as de-
termined from the fit to the interferometric observables, namely
T3PHI, DPHI, and |V | (Fig. 6). This has an advantage over using
the Balmer lines, as we are not affected by complicated spec-
tral profiles, yielding more reliable RVs. Indeed, the RVs of Brγ
show a strong correlation with the period of PBa+Bb = 17.2596 d,
see Fig. 9. Brackett γ forms over a more compact region of the
disk than Hα (e.g., Klement et al. 2017), and therefore it likely
traces the inner region of the disk, which is more sensitive to
the Ba+Bb orbit. This is in agreement with the variability of Hβ,
which also traces a more compact region of the disk than Hα and
shows stronger V/R variability close to ∼ 17 d (see Fig. 5b).

4.9. Orbital modeling of Ba+Bb

We calculated some representative binary models with the
PHOEBE code to simulate the Ba+Bb pair (Prša et al. 2016;
Conroy et al. 2020). We used the physical constraints presented
in this work, plus the phase differences between the primary and
secondary eclipses in the TESS light curve.

Based on the luminosity estimates, we first calculated the
brightnesses of the stars in the TESS passband to deblend the
light curve from the contribution of KQ Pup A, and to estimate
the true eclipse depths. Since the TESS passband is very similar
to the Gaia GRP passband, we used the bolometric correction
(BC) tables published for Gaia by Jordi et al. (2010). The BCRP
values change quite rapidly around the physical parameters of
both A and Ba, but we estimate that for A, BCRP is between −0.2
and 0.5 mag, while for Ba it is between −2.3 and −2.9 mag. From
these we estimated the absolute magnitudes and the flux ratios,
and found that the dilution factor (the ratio of the combined flux
of the system relative to the flux level of Ba+Bb) is between 12–
55 or 22-70, for log(LA/L�) = 4.55 or 4.77, respectively. With

these dilution factors, we estimate that the true eclipse depth of
Ba+Bb is in the range of 0.02 to 0.20 mag.

The offset of the secondary eclipse from the 0.5 phase be-
tween primary eclipses clearly indicates a significantly eccentric
orbit for Ba+Bb. Assuming an orbit where the semimajor axis is
perpendicular to the line of sight (defined as ω = 0◦ or 180◦ as
the argument of pericenter in PHOEBE, depending on the direc-
tion of the orbit), eclipses happen 90◦ apart from pericenter. This
is the shortest and fastest arc a star can take around another star
between eclipses, so the differences between the eclipse phases
can constrain the minimum eccentricity.

We therefore modeled the orbit in PHOEBE with ω = 180◦
first, and the eclipses being central (i = 90◦). We chose four
mass values for Ba based on the isochrone points near the loca-
tion of Ba in from Sect. 5.3: 8.3, 8.9, 9.4, and 9.9 M�. We then
selected a few test points for Bb, at luminosities log(L/L�) = 2,
2.5, and 3.0, as well as two low-mass test points at 1.5 and
2.0 M�. We calculate the minimum eccentricity of the orbit to be
eBa+Bb,min ≥ 0.236. If we increase the eccentricity in the model,
the direction of the semimajor axis needs to be adjusted to match
the eclipse times, by keeping the e cosω parameter constant. We
thus mapped the allowed ranges for ω where e cosω = −0.236.
The critical value of e = 1.0 is reached at ω = 103.65◦ or
ω = 256.35◦.

The preliminary PHOEBE models with the semimajor axis
fixed perpendicular to the line of sight are presented on the left
of Fig. 10, where we colored the selected model combinations
according to the Bb/Ba mass ratio. The light curves in the first
panel of Fig. 10 show flat-bottomed eclipses, which are clearly
different from the observed, V-shaped eclipses in Fig. 1. Further-
more, central eclipses, or eclipses with the same impact param-
eter, would make the differences between eclipse depths more
pronounced than what we see in the observations. The TESS
light curve therefore suggests that the impact parameters for the
two eclipses may be different, and that both eclipses are partial
or grazing, suggesting an inclination slightly offset from 90◦. We
also observe that for higher-eccentricity models (the right pan-
els of Fig. 10), mutual heating at periastron would increase the
brightness of the pair at the primary eclipse. Although this is dif-
ficult to test with the dipper-like variations present in the TESS
data, the relatively quiescent Sector 7 does not show strong signs
of such increases. Sector 61 does show a possible brightening,
but that is more likely due to an accretion burst, as mutual heat-
ing would repeat in every orbit. Therefore, we rule out e ∼ 0.7
models, and limit the range of likely eccentricities to between
0.236 ≤ e . 0.5. The growing phase difference between the sec-
ondary and primary eclipses (see the right panels of Fig. 10) also
suggests the exclusion of higher e. However, this upper limit for
e is only a qualitative limit, not a precise quantitative one.

We tested whether the RVs of Brγ could be attributed to the
Ba component, which we intended to fit while modeling the sys-
tem. However, it is clear from the right panels of Fig. 10 that
the models do not match the expected RV range, nor follow the
trend of the observations. Likewise, older RV data for Ba+Bb
(Fig. 7) show a scatter of only . 10 km s−1 and are taken over
a long period of time and are thus affected by the light-time ef-
fect and potential dynamical effects from the A+B orbit as well
as by the accumulation of uncertainties over hundreds of Ba+Bb
orbits. This confirms that Ba+Bb are embedded as discussed in
Sects. 4.5, and therefore, we cannot directly measure the veloc-
ity amplitude of Ba or Bb. This also shows that the Brγ emission
is not coming from the photosphere, but is formed over the inner
region of the disk instead, and cannot be used to constrain the
orbital parameters of the Ba+Bb components.
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(a) (b) (c)

Fig. 8. Reconstructed orbit for the KQ Pup system. Panel a): Predicted orbital motion of KQ Pup A and B relative to their center of mass during
the time of our VLTI observations. See Appendix A for the center-of-mass determination. Panel b): Orbital configurations at selected φA+B,
demonstrating the outer parts of the disk are eclipsed by the RSG after the periastron. The sizes of the disks are estimated and shown pole-on for
better visualization. Panel c): Sketch of the system showing the physical distances between the stars and the wind-RLOF scenario. The blurred
background represents the likely extended atmosphere of the RSG.
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Fig. 9. Brackett γ RV phased with PBa+Bb. The RV shifts due to the
A + B orbit were removed. Apart from five VLTI epochs taken with
the SMALL configuration, which were used for the orbital fit, we also
used an additional observation taken at the MEDIUM configuration (see
Table A.1).

Without RVs for Ba and Bb, the orbital parameters cannot
be constrained accurately enough for attempting to model the
orbital inclination. Without that, we are unable to constrain the
impact parameters of the eclipses, and we have to restrict the
models to central eclipses. With this caveat, we find that the
radius ratio of the two components should be between 0.22 <
RBb/RBa < 0.40. However, it is also possible that the eclipses are
partial or grazing, allowing for radius ratios closer to unity.

5. Mass transfer and evolutionary scenarios

5.1. Nature of the disk and the Ba+Bb pair

The obtained mass ratio qAB ∼ 1.44 suggests that either the
primary hot component had a lower initial mass than the RSG
(MA & MBa, with the remaining mass in Bb), as otherwise Ba

would have already evolved to an RSG, or, there has been signif-
icant mass transfer in the system. Based on the results described
in the in Sect. 4, the hot components Ba+Bb host a disk. We fur-
ther explore the properties of the inner binary Ba+Bb and their
disk to determine whether it could be fueled by accretion from
the RSG, or an interaction between the Ba+Bb pair (e.g., Algol-
type binary, van Rensbergen & de Greve 2021). It could also be a
decretion disk, as in the case of Be stars. Often, it is assumed that
past mass transfer plays a key role in the formation of Be stars,
as evidenced by Be+sdOB binaries, which host a fast-rotating
Be star and a stripped helium star and (e.g., Wang et al. 2021;
Lechien et al. 2025). The last scenario appears less likely, as
based on the determined v sin(i) of KQ Pup Ba (with i ∼ 90◦),
Ba is rotating at vrot/vcrit ∼ 0.4±0.15, i.e., likely below the typical
vrot range of Be stars (Nardini et al. 2025) and not enough to form
a decretion disk, while no spectral signatures of stripped helium
stars were found (no He ii lines and only weak He i lines). The
high eccentricity of the Ba+Bb pair (0.236 ≤ e . 0.5) would
also make a past or ongoing mass transfer between Ba+Bb less
likely, as the mass transfer typically results in a circular orbit,
which is also the case for the majority of Be+sdOB binaries (e.g.,
Lechien et al. 2025). However, the eccentricity of the inner bi-
nary could be caused by the von Zeipel-Lidov-Kozai effect (von
Zeipel 1910; Kozai 1962; Lidov 1962; Naoz et al. 2013; Ito &
Ohtsuka 2019) as well as the angular-momentum exchanges with
the wind accreted from KQ Pup A (e.g., Krynski et al. 2025).

To study the properties of the disk, we investigated V/R ra-
tios of Balmer lines in our high-cadence STELLA spectra (2024-
2026). A companion passing through or near the disk can in-
flict density waves seen as smaller-scale V/R variations of a
similar timescale as the orbital period (e.g., Okazaki 1991; Ru-
bio et al. 2025). In Fig. 5b, we can see that the V/R variations
appear to be phased with the period of the TESS eclipses of
PBa+Bb = 17.2596 d, especially for the Hβ variations. Indeed,
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Fig. 10. Preliminary PHOEBE models for the Ba+Bb pair. Left panel: Light curves in the TESS passband and RV curves of both components,
calculated with ω = 180◦ and e = 0.236. The color bar indicates the mass ratio of the two stars. The Brγ RV data are shown in red, while the
dashed gray lines indicate the observed ±10 km s−1 velocity scatter. We note that since the Ba+Bb pair is embedded, the measured RVs (Fig. 7) do
not show an RV amplitude similar to PHOEBE. Right panels: Effect of using the different values of eccentricity (e = 0.236 − 0.7) and argument
of pericenter (ω = 109.7 − 180◦) displayed on the light curves in the TESS passband as well as the RVs, respectively. The color bar indicates the
eccentricity of the Ba+Bb pair.

a period analysis of the V/R ratios and peak separation of Hα
and Hβ revealed several periods close to ∼ 17 d. This shows the
Balmer lines are sensitive to the Ba+Bb orbit, especially at the
inner regions of the disk. However, there is also a very strong
trend of about ∼ 90 d (apart from a longer trend due to the 26-yr
orbital period), which is quite similar in timescale to the RSG
pulsation at the beginning of 2025.

To characterize the properties of the disk during the full A+B
orbital cycle, we also analyzed Balmer profiles in the FEROS
(1996-1997) and ESPaDOnS (2010) spectra, as well as profiles
from Rossi et al. (1998), see Fig. 11. As discussed before, by
apastron (φA+B ∼ 0.5), all Balmer emission lines significantly
weaken, and only emission in Hα remains significant, show-
ing a weak, narrow profile (Fig. C.1). This is consistent with
measurements from Rossi et al. (1998), which also suggest the
weakest Balmer emission lines between φA+B ∼ 0.5 − 0.9. From
then, the emission starts increasing in strength quickly, reach-
ing the strongest emission by φA+B ∼ 0.95. This is consistent
with the emergence of a possible disk occultation in the last
two sectors of TESS data (starting between φA+B ∼ 0.9 − 1.0,
see Fig. B.1) and the strengthening of the shell spectrum after
φA+B ∼ 0.9. According to the spectra from Rossi et al. (1998),
the emissions remain strong until φA+B ∼ 0.4. Thus, the vari-
ability of Balmer lines clearly shows that the disk properties
strongly depend on the A+B orbital phase, which rules out an
ongoing mass transfer between Ba+Bb or a decretion disk, as
in those scenarios, the disk signatures would be visible at all
A+B orbital phases. Instead, the disk appears to form shortly
before the periastron, at φA+B ∼ 0.95, and thus it must be fueled
by accretion from the RSG at periastron. According to Rivinius
& Klement (2026), smaller, newly formed disks tend to have
larger V-R peak separations than larger, decaying disks. This is
strongly supported by the variability of the peak separation of
Hα, which showed ∼ 140− 150 km s−1 shortly before the perias-
tron (φA+B ∼ 0.95− 1.0, FEROS), ∼ 130− 140 km s−1 following
the periastron (φA+B ∼ 0.03 − 0.11, STELLA), and ∼ 70 km s−1

at apastron (φA+B ∼ 0.5, ESPaDOnS).
However, this does not fully explain the behavior of the

Balmer lines following the periastron. According to all previ-
ous works (e.g., Rossi et al. 1998), the Balmer lines usually
showed V/R ∼ 1 or > 1, while different Balmer lines showed
similar V/R to each other. Before the periastron (φA+B ∼ 0.95),
Hα and Hβ showed V/R ∼ 2. But following the periastron
(φA+B ∼ 0.03−0.11), Hβ (as well as higher Balmer lines) showed

V/R ∼ 1, while Hα has remained at V/R ∼ 0.7. The RVs, espe-
cially those of Hα, were significantly red-shifted with respect to
the expected orbital velocity of Ba+Bb, as well as with respect
to the FEROS RVs of Hα and Hβ just before the periastron. Fur-
thermore, based on the determined positions of B with VLTI (see
Fig. 8), most of the STELLA observations were taken during the
conjunction of the system (the beginning of 2025), with the hot
components very close to the RSG, at a projected distance of
only two angular radii of the RSG, while based on the deter-
mined orbit, the RSG was closer to us than the hot components.
From this, we conclude that the outer regions of the disk (probed
by Hα) were eclipsed by the RSG. Namely, the violet-shifted
emission component of the disk was eclipsed, resulting in the
apparent red-shifted RVs. This can be also supported by the case
of VV Cep, as velocity shifts of Hα up to 30−40kms−1 were also
reported when the hot component was coming in and out of the
eclipse (Wright 1977), while a similar behavior was also shown
for the shell absorption lines of VV Cep in the UV (Bauer &
Bennett 2000). For KQ Pup, the inner regions of the disk (e.g.,
Hβ) were less affected, although still showing similarly strong
trends as Hα, such as a sudden change in V/R and RVs at the
smallest angular separation from the RSG, at φA+B ∼ 0.06 (see
Fig. 11). These trends could potentially also be explained by the
RSG pulsation of ∼ 90 d, resulting in different fractions of the
disk being eclipsed. However, it is also possible that a larger part
of the disk, including the Ba+Bb pair, would show a dimming
due to the dense extended RSG atmosphere. Indeed, this is con-
firmed by the flux contribution of B to the total K-band flux mea-
sured with VLTI-GRAVITY (see Table A.3). At the time of the
conjunction (observations between December 2024 and March
2025), the determined flux contribution of B to the K-band con-
tinuum was negligible, about ∼ 0.0 − 0.2%, but for the recent
observations (between November 2025 and January 2026) at a
larger angular separation, the flux contribution has increased to
∼ 0.3 − 0.6%. This demonstrates that near the conjunction fol-
lowing the periastron, Ba+Bb were partially eclipsed by the ex-
tended atmosphere of the RSG. This could potentially also be
supported by the reported drop of far-UV flux after φA+B ∼ 0.9
(González-Riestra et al. 2002).

Based on the above, we can estimate the sizes of the emitting
regions of the disk, see the sketch of the system in Fig. 8b. Be-
cause Hα showed the strongest geometrical effect (shift of RVs)
due to the eclipse, the angular radius of the Hα emitting region
must be of the same order as the angular separation between the
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Fig. 11. Variability of Hα and Hβ based on the full data (STELLA,
PLATOspec, FEROS, and ESPaDOnS), including archival data. Upper
panel): V/R ratios. A large increase before periastron can be seen, fol-
lowed by a strong decrease, likely due to interaction but also geometri-
cal effects. Lower panel: Estimated RVs. Strong red-shifted RVs result
from the partial eclipse of the disk by the RSG.

RSG surface and Ba+Bb at φA+B ∼ 0.06, i.e., ∼ 2.95 mas, but
it may be even larger, perhaps comparable to the angular radius
of the RSG of ∼ 5.9 mas, since even a year after the conjuction
(around the beginning of 2026), V/R of Hα still remains at ∼ 0.7.
That could once again be supported by the case of VV Cep, as
the size of the emitting region of Hα was also estimated to be
of a similar scale as the RSG (Pollmann & Bennett 2020). Thus,
converting to a physical size, the resulting radius of the outer-
most region of the disk probed by Hα would be & 500 R� or
& 2.3 au (this is much larger than the decretion disks of Be stars;
e.g., Klement et al. 2017). The radius of the inner disk regions
probed by higher Balmer lines, such as Hβ, would be smaller,
i.e., < 2.3 au. Considering the orbital period, mass, and the re-
sulting semi major axis of Ba+Bb of aBa+Bb ∼ 0.3 au, it is clear
that the accretion disk is circumbinary, with the inner disk radius
of & 0.5 au (assuming the max eBa+Bb). As shown before, Brγ
traces the innermost accreting region of the disk.

5.2. Wind Roche-lobe overflow

As discussed in the previous subsection, the disk is very likely
fueled by accretion from the RSG. Nonetheless, the orbit of KQ
Pup A and the inner binary Ba+Bb are wide enough to pre-
vent a ∼ 10 M� star from filling its Roche-lobe. This is true
even when considering that the Roche-lobe radius at periastron
is smaller, at around 700 R� (using the formula from Eggleton
1983 with the orbital separation replaced by the periastron dis-
tance), while RSG models of Mi = 8 − 12 M� do not typically

extend above ∼ 500 R� (e.g., Choi et al. 2016). Indeed, this is in
agreement with our measured photospheric radius for KQ Pup
RA = 509+19

−17 R� determined from our VLTI observations (see
Table 2). Therefore, KQ Pup fills its Roche Lobe only by ∼ 70%
at periastron. Furthermore, previous studies showed that mass
transferring tertiaries are rare and in many cases drive the inner
binary to undergo mass-transfer first, or even merge (de Vries
et al. 2014; Toonen et al. 2020). In the absence of other evidence
of past mass transfer between the outer tertiary and the inner bi-
nary, as well as between the inner binary components (Sect. 5.1),
we worked under the assumption that we are observing the sys-
tem before having undergone any significant mass transfer, apart
from wind-accretion.

We conclude that the disk is fueled by wind Roche-lobe over-
flow (wind-RLOF; Mohamed & Podsiadlowski 2007), i.e., by
accretion from the dense RSG wind and extended atmosphere,
and not by regular photospheric Roche-lobe overflow (RLOF)
from the RSG. Balmer emissions strongly depend on the or-
bital configuration of A+B, likely due to a circumbinary ac-
cretion disk forming around the hot companions shortly before
periastron, and dissipating by apastron. For eccentric accreting
systems, significant changes along the orbit would be expected
(Okazaki 2007; Lajoie & Sills 2011; Saladino & Pols 2019;
Krynski et al. 2025; Mukhija & Kashi 2026). The wind-RLOF
scenario could also be supported by V/R variations showing a
variability close in timescale to the RSG pulsations, ∼ 90 d (see
Fig. 5b). If the disk is fueled directly from the RSG wind, the
accretion rate (and hence also disk properties) would show mod-
ulation by the pulsations, because the pulsations could aid in
filling the Roche lobe. For many symbiotic systems, the cool
giant component does not fill its Roche lobe as well; therefore,
the wind-RLOF mechanism is the expected main mode of mass
transfer (Merc & Boffin 2025; Boffin & Merc 2025), possibly
also aided by pulsations or tidal deformation (Merc & Boffin
2024). Recently, mid-IR VLTI imaging of molecular and dust
layers of the AGB star π1 Gru by Drevon et al. (2026) demon-
strated the wind-RLOF mechanism.

The wind-RLOF scenario can also be aided by the presence
of the extended envelope on top of KQ Pup A. Based on recent
RSG models, the hydrostatic radius of RSGs may be much larger
than their photospheric radius (Ercolino et al. 2024; González-
Torà et al. 2024). Indeed, RSGs are known to show extended
molecular layers (e.g., Arroyo-Torres et al. 2015; González-Torà
et al. 2024) that may reach up to several stellar radii. Consis-
tently, our VLTI data of KQ Pup A indicate a size of CO molec-
ular layers of ∼ 1.13 RA in the near-IR (see Appendix A). Com-
pared to other sources with similar CO extension by González-
Torà et al. (2024) and a similar IR excess (e.g., Cruzalèbes et al.
2019), this indicates a possible atmospheric extension at mid-
IR wavelengths up to about ∼ 5 − 10 RA. Thus, considering
the periastron separation between the RSG and the hot compo-
nents of ∼ 2100 R� (∼ 4 RA or ∼ 9.9 au), the extended atmo-
sphere of the RSG would easily fill the Roche Lobe at perias-
tron. Using the previous results, we can also estimate when the
wind-RLOF began and thus constrain the size of the extended
atmosphere and the outermost hydrostatic radius of the RSG.
Based on the emergence of disk accretion signatures (emergence
of Balmer emission and disk occultations in TESS) appearing
around φA+B ∼ 0.95, the wind-RLOF would begin at a separation
of ∼ 13.6au (∼ 6RA), with a corresponding Roche lobe radius of
the RSG of ∼ 4.7 au (∼ 50% filled by the RSG). A weaker wind
accretion to Ba+Bb would be expected to occur at all orbital
phases, but clearly, the accretion rate is not enough to balance
the dissipation rate of the circumbinary disk around Ba+Bb. As-
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suming wind-RLOF occurring only between φA+B ∼ 0.95− 0.05
and the disk decaying by apastron (φA+B ∼ 0.5), we estimate the
dissipation timescale of the disk to be ∼ 10yr, which is compara-
ble to dissipation timescales of Be disks (Ghoreyshi et al. 2021;
Quigley et al. 2025).

With simple theoretical calculations regarding the density
structure in the RSG wind and accretion rate on the inner binary
(see Appendix D.2), we also conclude that the accretion rate of
material on the inner binary is about < 10% of the mass-loss rate
from KQ Pup A, and is driven by wind-RLOF. Given the short
lifespan of KQ Pup A as an RSG, this mass accretion of its wind
has negligible consequences in terms of the mass budget of the
hot components. If KQ Pup A does reach core-collapse, which
is likely given the mass estimate, this extended envelope may
provide flash-ionization features in the supernova at early times
(Ercolino et al. 2024) and modify the light curves (Kurfürst et al.
2020).

5.3. Constraints from stellar evolutionary models

Considering the previously determined masses, the lack of ev-
idence of significant mass transfer, and the comparable depths
and shapes of the primary and secondary eclipses in TESS, it
is likely that Bb is also a main-sequence (MS) star. To test
whether Ba and Bb could still be a pair of MS stars by the time
KQ Pup A developed into an RSG, we employed the publicly
available MESA evolutionary models (Paxton et al. 2011, 2013,
2015) from the MIST database (MESA Isochrones and Stellar
Tracks, Dotter 2016; Choi et al. 2016, see Appendix D.1 for de-
tails). Using the observed mass of KQ Pup A (Table 2) and the
fact that it appears as an RSG, we obtain an age constraint of
18.1 − 38.0 Myr (see Fig. D.1). Assuming that all three stars
are coeval, and that Ba and Bb have not yet exchanged mass
via RLOF, with MBa > MBb, we obtain the mass-constraints of
5.8 M� . MBa . 11.8 M� and 1.2 M� < MBb . 8.5 M� (see
Appendix D.1), with the lower limit of 1.2 M� based on the min-
imum mass of Bb necessary to reach MS within the age con-
straint.

Based on the numerous determined physical parameters for
KQ Pup A and Ba, we further tested whether they are indeed
coeval stars and whether we could estimate additional prop-
erties from evolutionary tracks. We therefore compared their
Hertzsprung–Russell diagram (HRD) positions to isochrones
from MIST (Dotter 2016), selecting models with solar compo-
sition ([Fe/H] = 0), and rotation enabled (vinit/vcrit = 0.4, based
on our v sin i value). We used the online interpolator10 to calcu-
late isochrones near the age limits 18.1 − 38.0 Myr and at a few
intermediate values (see Fig. 12).

As shown in Fig. 12, star A is at the RSG branch, at, but
more likely above the blue loops that indicate the He-core burn-
ing phase. We note that we are not overly concerned by the offset
of star A from the models: as Joyce et al. (2020) showed, changes
to various model parameters, especially the mixing length and
mass loss, can induce shifts up to ±200 K in high-mass RSG
models. Initial masses for models around the position of A are
between 9–12 M�, while the present-day mass of the RSG could
be lower by up to . 0.5M� (see Appendix D.1).

The other well-constrained star, Ba, appears to lie close to
the MS. Here we plot the star at values log L = 3.9 ± 0.4 (ac-
counting for a contribution from Bb up to log L = 3.0), and
at Teff = 20000 ± 2000 K. We highlight the terminal-age main
sequence (TAMS) model points with red dots: the star is very

10 https://waps.cfa.harvard.edu/MIST/interp_isos.html
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Fig. 12. Positions of KQ Pup A and Ba on the HRD compared to
isochrones interpolated from the MIST database. Two isochrones are
color-coded by mass. Red dots indicate the TAMS. Additionally, the
position corresponding to the most likely mass for Bb of 4.3 M� is indi-
cated, while the area shaded in gray shows the range of models that fit
the mass constraints for Bb. Gray lines indicate the age limits, and the
middle value is from evolutionary models.

close to them, indicating that it is nearing, or just past the end
of its MS lifetime. Based on the luminosity uncertainties for Ba,
we estimate an age range of 27 ± 7 Myr for the system. Indeed,
the position of Ba (Fig. 12) fits well between the isochrones at
22 and 33 Myr, and the mass constraints that arise (10.5–11.0
M� and 7.3–8.5 M� from each isochrone, respectively) are also
well within the values inferred just from the constraints in age
and masses. The mass ranges for A and Ba along the isochrones
are therefore in good agreement with other mass inferences, and
their positions are compatible with coeval evolution. This agrees
with RSG+B systems studied by Patrick et al. (2025), where the
majority of systems could also be explained by co-eval evolu-
tion.

It is much harder to constrain Bb on the isochrones, since at
the moment we can only infer its mass from the difference be-
tween the combined mass of the B components and the inferred
mass for Ba. Given the large uncertainties, the possible values
for Bb span masses around 1.2–8.1 M� (based on the evolution-
ary tracks) or 2.1–7.0 M� (based on the astrometric mass range
for Ba+Bb). Therefore, we highlight the ranges defined by these
two limits for Bb with thinner grey (wide range) and thicker grey
(narrow range) areas in Fig. 12. We note that the plot only ex-
tends to log (L/L�) = 1.0 in order to highlight the differences
between the post-MS branches, but the models only reach the
lowest mass and the ZAMS point at log (L/L�) ≈ 0.23. We also
include a fiducial point with large error bars around 4.3 M�, the
most likely mass range for Bb based on the mean dynamical
masses and the PHOEBE models.
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6. Discussion

6.1. Classification of RSG binaries

In the literature, there is confusion about the classification of
binary RSGs. Pantaleoni González et al. (2020) compiled a sam-
ple of about 100 Galactic RSG binaries based on spectral type,
several of which may actually not be RSGs from an evolution-
ary point of view. Indeed, the more recent list by Healy et al.
(2024) gives a smaller number. Meanwhile, Munari et al. (2021)
selected M supergiants from the sample by Pantaleoni González
et al. (2020), considering them all as VV Cephei-type binaries.
However, in the new large samples of RSG+B binaries in the Lo-
cal Group (e.g., Neugent et al. 2020; Patrick et al. 2022, 2025),
the majority of their binaries were not reported as interacting,
except for 4 companions embedded in the RSG wind by Patrick
et al. (2025). Neugent et al. (2019) also reported that one of the
systems in the sample is the first known RSG+Be pair, based
on Balmer emission lines, and Neugent et al. (2020) classified
several other binary candidates as RSG+Be. However, we note
that all the previously known VV Cephei binaries (Cowley 1969)
also show Balmer emission lines, as previously discussed, and
were considered to host a Be companion, including for KQ Pup
(Altamore et al. 1992) and VV Cep (Hutchings & Wright 1971).
RSG binaries were also sometimes confused with the ζ Auri-
gae group, which consists mostly of earlier and less massive red
giants. Historically, some of the VV Cephei binaries were also
misclassified as classical symbiotic stars, i.e., systems consist-
ing of an evolved red giant and a white dwarf (e.g., Merc et al.
2019). Nonetheless, VV Cephei-type binaries could likely also
be classified as symbiotic B[e]-type (symB[e]) stars (Lamers
et al. 1998; Muñoz-Sanchez et al. 2026), interacting symbiotic
systems consisting of a cool (super)giant and a hot component,
enshrouded in a nebula producing forbidden emission lines.

We reiterate that VV Cephei binaries were classified by Cow-
ley (1969) as K/M supergiants showing hydrogen emission lines
associated with their hot companions, while low-ionization for-
bidden emission lines forming in the ionized nebula are also
present. Clearly, based on the discussion above, VV Cephei bi-
naries are a special case of interacting RSG binaries. The newly
discovered RSG+Be (Neugent et al. 2020) and embedded sys-
tems (Patrick et al. 2025) belong to this special class. The stars
in the class could be further categorized, depending on whether
the photospheric lines of hot companions (rotationally broad-
ened absorptions of H i and He i) remain visible, or whether hot
companions are embedded (e.g., KQ Pup and VV Cep).

Furthermore, the VV Cephei phenomenon could be a tran-
sitory evolutionary phase, possibly occurring only near perias-
tron for wider eccentric orbits. Ercolino et al. (2024) showed
that binary interaction of (initially) wide RSG+B pairs can
cause large blue loops in the HR diagram before exploding as
various types of SN. Indeed, several post-RSG yellow hyper-
giants (YHG) showing signs of binary interaction were identi-
fied, most famously the recent possible transition of WOH G64
to a YHG (Muñoz-Sanchez et al. 2026), while suddenly showing
VV Cephei properties. Likewise, some other YHGs are thought
to be post-RSG objects and show signs of past binary interac-
tion, such as V366 Nor, which has a disk-hosting a companion
(Kourniotis et al. 2025), also showing similar properties to VV
Cephei binaries. Meanwhile, V772 Cen, one of the original VV
Cephei binaries, no longer shows the VV Cephei properties11.

11 Archival spectra available at https://archive.eso.org/scienceportal/
home

6.2. Classification of hot components in VV Cephei-type
binaries

As shown in this work, but also for example for the VV Cep sys-
tem (Pollmann & Bennett 2020), the H i emission likely arises
in an accretion disk rather than a decretion disk. Therefore, the
Be classification of some RSG companions may be incorrect.
This is also evident by the likely too low vrot of the hot com-
panion in the KQ Pup system, while a low value was also found
for the assumed RSG+Be pair in Neugent et al. (2019). To find
out whether the KQ Pup Ba+Bb pair could correspond to some
of the known classes of short-period massive binaries, we com-
pared the available spectra.

Natural candidates for comparison would be Be+sdOB bi-
naries, which are also routinely studied using the Brγ hydrogen
line (Klement et al. 2024, 2025). However, as discussed in Sect.
5.1) we have not found significant evidence of a Be or a stripped
component, while the orbital periods of such systems are typi-
cally of the order of months (e.g., Lechien et al. 2025). In the UV
region, there is similarity to the spectra of the episodic Be shell
star Pleione and the B[e] star FS CMa, as noted by Bauer & Ben-
nett (2000). We also found similarities with B[e] supergiants. For
example, GG Car shows a similar IUE spectrum, while it shares
other properties - an eclipsing companion of about ∼ 30 d, and a
dense CSM and disk (Marchiano et al. 2012; Kraus et al. 2013;
Porter et al. 2021; Kashi 2023). However, the evolutionary sta-
tus of B[e]sg stars is uncertain. In Fig. C.9, we show a compari-
son of UV spectra of KQ Pup to φ Per (Be+sdOB) and GG Car
(B[e]sg).

6.3. Implications for the multiplicity of massive stars and
evolution

Based on the eclipses detected in TESS light curves (Table 1)
and a list of Galactic RSGs by Healy et al. (2024), it appears
that 5 out of 44 Galactic binary RSGs have a third component,
or, if including RSG candidates (thus also including FR Sct), 6
out of 79. This implies that many other RSG binaries must be
hierarchical triple systems as well, just without eclipses.

Therefore, this could be a common initial configuration
for massive systems, suggesting that many present short-period
massive binaries or supposedly single (possibly runaway) mas-
sive stars were influenced by RSGs. For instance, even though
the VV Cephei binaries were likely incorrectly thought to host
Be companions, such RSG systems may still play a role in the
formation of Be stars. Indeed, Li et al. (2026) modeled wide
massive systems undergoing wind-RLOF (orbital periods of >
1000 d, peaking around 10 000 d), including from RSG donors.
In their models, for an RSG+B system, the B star accreted about
∼ 0.15 M�, which allowed it to acquire enough angular mo-
mentum to be spun up to the critical rotation, potentially be-
coming a Be star. This could also play a role in the formation
of Be+sdOB systems, since, as shown above, short-period bi-
nary hot companions of RSGs appear to be common (and two
of our eclipsing candidates show ongoing interaction, i.e., semi-
detached eclipses, see Appendix B). Likewise, several B[e]sg
stars with short-period companions (tens to hundreds of days)
are known (e.g., Kraus et al. 2014; Maravelias et al. 2018; Porter
et al. 2022; Cidale, L. et al. 2026), while showing UV spectra
and circumbinary structures similar to VV Cephei binaries. Such
structures could thus be leftover material from the RSG phase.
Furthermore, once the RSG component explodes as a SN, it may
leave behind a neutron star or black hole. Therefore, binary or
triple RSG systems could very well be progenitors of high-mass
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Be/sg X-ray binaries (e.g., Reig 2011; Valli et al. 2025). This
highlights the importance of understanding the evolution of RSG
systems, as it could help unveil the origin of several important
groups of stars with unclear evolutionary pathways, for exam-
ple, the ones above, allowing us to uniquely study such systems
during the first . 40 Myr of their evolution.

Specifically for the KQ Pup system, once the Ba leaves the
MS (assuming it has not yet), it will initiate mass transfer with
Bb (see Appendix D), possibly evolving into an Algol-type sys-
tem (Mkrtichian et al. 2022). Such systems are considered one of
the likely immediate progenitors of Be+sdOB systems and, more
generally, Be stars (e.g., Rivinius & Klement 2026). This evo-
lution may be significantly influenced by the wind-RLOF from
A (see Sect. 5.2 and Li et al. 2026), and ultimately by the up-
coming SN explosion of A, which could either alter the orbit or
even unbind the system (e.g., Lu & Naoz 2019). Alternatively,
Tomassini et al. (2026) recently studied a likely post-RSG sys-
tem, AFGL 4106, that exhibits a mass distribution similar to that
of the KQ Pup system but with the primary being the more mas-
sive component, likely a post-RSG YSG, and the secondary an
RSG. This unlikely evolutionary configuration could indeed be
explained by a system with a similar initial configuration as KQ
Pup, but where the hot companions interacted or merged (e.g.,
Toonen et al. 2020) before the outer wide component became an
RSG.

7. Conclusions

We report the discovery of the first hierarchical triple RSG sys-
tem, KQ Pup, consisting of an outer RSG (A) and two hot com-
ponents (Ba+Bb) in a tight inner binary. This discovery was
accomplished with an innovative combination of several instru-
ments and methods, with some of them being used in this way for
an RSG system for the first time. We combined high-precision
VLTI-GRAVITY astrometric measurements, enabled by the de-
tection of the hydrogen Brγ line in the near-IR, with RV mea-
surements to determine the orbital parameters and dynamical
masses of the system. The derived masses agree with those es-
timated for KQ Pup A from asteroseismology and for KQ Pup
Ba from evolutionary models. These results give an unexpected
mass ratio for the system, with the Ba+Bb components being
more massive than the RSG component, i.e., MBa+Bb ∼ 14 M�
and MA ∼ 10 M�, making the RSG a less-massive outer tertiary
in the system despite it dominating the optical light. Such a con-
figuration is compatible with MESA-MIST evolutionary models,
yielding an approximate age of the system of 18.1 − 38.0 Myr.

The astrometric and RV constraints on the wide A+B orbit
also allowed us to obtain an orbital parallax of the system in-
dependent from the Gaia trigonometric parallax. We found the
parallax to be π = 1.24+0.05

−0.04 mas, translating to a distance of
d = 805+30

−28 pc, which is in agreement with the Gaia DR3 value
(1.36±0.14mas, Gaia Collaboration et al. 2021). This is the first
time that an orbital parallax has been determined for a Galac-
tic RSG, and it is also significant for this system, as the Gaia
astrometric parallax of KQ Pup may be affected by the orbital
motion.

KQ Pup offers an opportunity to constrain the hydrostatic ra-
dius of its RSG component through hydrodynamic modeling of
its well-constrained phase-dependent mass transfer and disk for-
mation. Rather than being due to direct mass transfer between
the stellar components, the disk in the KQ Pup system (and likely
also other VV Cephei binaries) is fueled by wind-RLOF from
the dense RSG atmosphere to the inner binary, as the strengths
of the Balmer lines strongly depend on the orbital phase, while

the RSG fills its Roche lobe at periastron only by ∼ 70%. Strong
Balmer emissions appear after φA+B ∼ 0.95 (with Roche Lobe
filled by ∼ 50%) and are accompanied by the emergence of pos-
sible disk occultations in the TESS data and the strengthening of
the shell spectrum in UV. Overall, this demonstrates the Ba+Bb
circumbinary accretion disk forming shortly before periastron
and decaying by apastron. This is compatible with the detection
of the Brγ feature, and it is the first such detection for an RSG
system. The Brγ line is routinely used to study other types of in-
teracting massive stars with VLTI-GRAVITY, such as Be+sdOB
systems or accreting young stellar objects (e.g., GRAVITY Col-
laboration et al. 2024; Klement et al. 2025).

KQ Pup does not show full eclipses by the RSG component
as in the case of its more famous counterpart, VV Cep. How-
ever, after the periastron, the outer parts of the accretion disk are
eclipsed by the RSG, as evidenced by the behavior of Hα. The
outer regions of the circumbinary disk likely have a similar ra-
dius as the RSG, i.e., ∼ 2.3 au. Meanwhile, the VLTI-GRAVITY
data show that the flux contribution of B to the total K-band flux
dropped during this partial outer eclipse, suggesting that Ba+Bb
are dimmed by the extended atmosphere of the RSG.

The discovery of KQ Pup Bb was primarily enabled by the
detection of eclipses in the TESS light curves, and we also list
other independent indicators of its existence:

– TESS eclipses: We detected primary and secondary eclipses
for KQ Pup Ba+Bb in all four sectors (2019-2025). The
eclipses have a period of PBa+Bb = 17.2596 d.

– Orbital parameters: We tested representative Ba+Bb models
in PHOEBE to reproduce the observed light curve. The phase
offset between the eclipses shows that the orbit is eccentric,
which we estimate to fall between 0.0236 ≤ e . 0.5 based on
the timing of the eclipses and lack of clear signatures of mu-
tual heating at periastron. This also defines an allowed range
for the argument of periastron, but more detailed modeling
will require RV data that unambiguously trace Ba+Bb.

– Balmer and Brackett lines: Our high-cadence STELLA spec-
tra show variations of Balmer emission profiles on a similar
timescale as the Ba+Bb orbit, i.e., ∼ 17 d, especially for Hβ,
while the RVs of Brγ also show similar variations.

– Mass ratio of A to Ba+Bb: The mere fact that the mass of
B is higher than that of A can be explained only by a Bb
component for a coeval evolution. If Ba on a wide orbit were
a single component more massive than the A component, it
would already have to be more evolved than the RSG com-
ponent, unless significant mass transfer occurred.

Determining the nature of the population of binary hot com-
ponents in RSG systems will require further study and model-
ing. For KQ Pup Ba, we found the best-matching PoWR model
with Teff = 19 900 K, v sin i ∼ 190 km s−1 (vrot/vcrit ∼ 0.4), and
log(L/L�) ∼ 3.95, making it a B2 MS star near the TAMS. Most
likely, KQ Pup Bb is also an MS star with a minimum mass of
& 1.2M� rather than a stripped star, as no typical lines of stripped
He-rich subdwarfs were detected. The Ba+Bb pair is embedded
in the dense CSM and disk, preventing us from fully character-
izing the stars. This is a similar situation as some massive young
stellar objects (e.g., Frost et al. 2021).

We have also listed several other candidates for eclipsing
companions in RSG systems that will require further observa-
tions. Our findings have important implications for the multi-
plicity of massive stars, as we have found evidence of a third
component for about 10% of the known Galactic RSG binaries
(e.g., Healy et al. 2024). Such a large fraction of eclipsing sys-
tems suggests that many other RSG binaries are also, in fact,
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hierarchical triple systems. And in some of them, if similar to
KQ Pup, more massive components could be hiding in the light
of the RSG component. Binary and triple RSG systems could
be progenitors of some types of interacting massive stars (e.g.,
Be+sdOB, B[e]sg systems) and high mass Be/sg X-ray binaries.

Our results demonstrate that several methods can be used
to study such systems and detect new companions. New high-
cadence spectroscopy would be sufficient to find more non-
eclipsing candidates based on short-term V/R variations in
VV Cephei binaries. To determine more precise properties of
hot components, including those of KQ Pup Ba+Bb, high-
resolution, high-cadence observations in the UV are required,
such as with HST. For such systems, using VLTI-GRAVITY to
study the Brγ line allowed us to determine precise dynamical
masses and study spatial properties of the companion at high-
angular resolution. Meanwhile, future VLTI observations will al-
low us to constrain the dynamical masses of the system further,
especially when combined with the forthcoming epoch astrome-
try from Gaia DR4.
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Appendix A: Observing logs for KQ Pup

In Table A.1, we list our VLTI-GRAVITY observations. In Table A.2, we list properties of the VLTI calibrators, including parameters
of MARCS spectra used to calibrate the flux of calibrators (Gustafsson et al. 2008). The obtained spectral transfer function was used
to calibrate the flux of our science target. Lastly, in Table A.3, we list the results obtained from fitting the Brγ in our VLTI dataset
when fitted per epoch.

Additionally, we also analyzed the atmospheric extension of KQ Pup A, following a similar workflow as in Wittkowski et al.
(2018) and (Jadlovský et al. 2026). We fitted a uniform disk (UD) model to the CO molecular bands 12C16O (2-0) at 2.29 µm and
12C16O (3-1) at 2.32 µm and compared it to the photospheric angular diameter θA,UD. In all VLTI epochs, the obtained angular
diameters are similar and show an average CO atmospheric extension of ∼ 6.63 mas, i.e., ∼ 1.13 RA when divided by θA,UD.

Table A.1. Lists of observations of KQ Pup taken with VLTI-GRAVITY.

Date Time [UT] Exposure [s] Seeing [”] Coherence time [ms] Configuration
2024-12-04 04:35:02 3.0 0.41 4.54 SMALL
2025-01-28 02:52:58 3.0 0.82 7.93 SMALL
2025-03-06 03:00:11 3.0 0.80 6.68 SMALL
2025-11-19 07:31:36 3.0 0.86 6.58 SMALL
2025-11-24 05:30:14 3.0 0.62 4.32 MEDIUM
2026-01-25 05:20:12 3.0 0.73 5.22 SMALL

Notes. Only the observations taken with the SMALL VLTI-AT configuration (A0 B2 D0 C1) were used for the orbital solution.

Table A.2. Properties of the calibrators used for VLTI-GRAVITY observations of KQ Pup.

Calibrator Sp. Type LDD [mas] UDK [mas] Teff [K] log g
HD 58215 K4III 2.54 ± 0.25 2.48 4000 1.5

d Vel G6III 1.70 ± 0.15 1.66 4500 2.0

Notes. Listed are the limb-darkened disk (LDD) and K band diameters (UDK) from Bourges et al. (2017), while the right part of the table shows
properties of MARCs models (Gustafsson et al. 2008) used for flux calibration (solar metallicity).

Table A.3. Results obtained from fitting the Brγ line in the VLTI-GRAVITY data using PMOIRED.

Date θA,UD [mas] fB fBrγ FWHMBrγ [nm] ∆RA [mas] ∆DEC [mas]
2024-12-04 5.86 ∼ 0 0.032 1.22 −2.76±0.15 −4.35±0.12

2025-01-28 5.84 0.002 0.034 0.97 −3.88±0.11 −3.32±0.10

2025-03-06 5.93 ∼ 0 0.027 1.32 −4.95±0.47 −2.27±0.37

2025-11-19 5.89 0.003 0.032 0.99 −9.07±0.04 +2.23±0.04

2026-01-25 5.94 0.006 0.032 1.04 −9.91±0.15 +3.69±0.29

Notes. Listed are the angular diameter θA,UD of KQ Pup A (KQ Pup B was fitted as a point source), flux contribution fB of KQ Pup B, full width
at half maximum (FWHM) of the Brγ line, and positions of Brγ recovered from relative astrometry. The positions ∆RA and ∆DEC are relative
positions of B with respect to A. Positions of A and B with respect to their center of mass can be recovered using posA = −q/(1 + q) · sep and
posB = 1/(1 + q) · sep, where qAB = MB/MA is the mass ratio and sep = posB − posA = (∆RA,∆DEC). Flux fB is the fraction of the contribution
of B to the total flux of the system, i.e., B contributes about 0.6% of the total K-band flux during the last observation.

Article number, page 22 of 29



D. Jadlovský et al.: Hidden massive eclipsing binaries in red supergiant systems

Fig. A.1. Same as Fig. 6 but for the full wavelength range of VLTI-GRAVITY dataset for KQ Pup. Apart from Brγ at 2.167 µm, the data include
features typical of RSGs, such as Ti i lines between ∼ 2.18 − 2.22 µm and strong CO molecular bands at ∼ 2.29 − 2.40 µm.

Table A.4. List of our determined RVs used for the orbital fit in this work. The full table is available in machine-readable format.

Source Date MJD [d] RVA Error RVB Error
C65 1918-02-06 21630 9.7 - - -
C65 1918-02-19 21643 10.4 - - -
C65 1918-02-21 21645 9.8 - - -

.. .. .. .. .. .. ..

.. .. .. .. .. .. ..
STELLA 2026-01-31 61071.6 29.295 0.013 - -
STELLA 2026-02-03 61074.5 29.324 0.015 - -
STELLA 2026-02-06 61078.5 29.472 0.016 - -

Notes. The table includes archival RVs from Cowley (1965). MJD was calculated as HJD - 2400000 d. Methods for determining the RV of the A
and B components in various spectra are described in Sect. 4.5. Data for B includes the determined RV from Hα based on the emission centroid
(ESPaDOnS), from the interferometric fit to Brγ (VLTI-GRAVITY), and from cross-correlation of IUE spectra.
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Appendix B: Raw TESS data for KQ Pup and other promising candidates

Appendix B.1: Light curves

Fig. B.1. SPOC data (120 s exposures) for the four available sectors in the TESS dataset - sectors 7 (January 2019), 34 (January 2021), 61 (January
2023), and 88 (January 2025).

Fig. B.2. Examples of TESS data (for selected sectors, see the legend in each plot) for the other promising candidates. We used 200 s or 120 s
(where available) cadences. We show two sectors for AZ Cas, whose classification as an EB is uncertain.

Appendix B.2: Notes on individual targets

Below, we report some additional notes on individual targets and we also list discarded candidates in Table B.1.

FR Sct and HD 303344: These candidates show semi-detached eclipses (possibly similar to Algol-type binaries; see, e.g., Mkr-
tichian et al. 2022), making them interesting targets for future observations. We also found that HD 303344 shows Balmer emission
in the spectra (Fig. C.8), possibly adding it to the VV Cephei group. FR Sct was part of the initial list of 13 VV Cephei binaries by
Cowley (1969). Pigulski & Michalska (2007) reported likely photometric eclipses of P = 3.53 d but this target was never followed
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Table B.1. List of hierarchical triple RSG candidates from TESS discarded due to a likely blend with nearby EBs of similar periods or due to
signal offset.

Star Spectral type Period [d] H em. [Fe II] em. Multi-core Na I Nearby eclipsing source
CD-32 4371 M3I: 0.94 Gaia DR3 5594921650170191744
BD+53 2693 K2Ia 1.83 V2263 Cyg
HD 115336 K3.5Iab 2.18 Gaia DR3 5859054064419031040
HD 142696 M0Ib 1.25 Gaia DR3 5884691789303621504
V349 Car M3Iab 1.22 X weak X EB signal offset from photocenter

V1092 Cen M2.5Iab 10.26 X X X Gaia DR3 5335719343117052544
TIC 44430172 M1Iab 2.65 X EB signal offset from photocenter

Notes. The spectral binary signatures are listed based on archival spectra, when available.

up or confirmed. Considering that eclipses of FR Sct were detected with ASAS, that would also make it the most accessible target
for ground-based photometry.

AZ Cas: This star is also a well-known VV Cephei binary; it was part of the initial sample of 13 stars (Cowley 1969). The orbital
period is ∼ 9.3yr and it undergoes full eclipses, with a totality lasting about ∼ 100d (AAVSO). Based on our reported TESS eclipses,
AZ Cas would become the first known RSG system showing eclipses both within the inner pair and by the outer RSG, if confirmed.

Wide systems: There are some candidate systems with large angular separation between the RSG and their companions, i.e.,
similar to the Antares system (∼ 5 arcsec between Antares A and B) or even larger. Eclipses detected for such companions are
difficult to separate from blends with nearby unrelated EBs. In the case of the promising candidate, V340 Sge, it has a wide
companion at ∼30 arcsec (Dommanget & Nys 2002), showing the same eclipses, while a discarded candidate, BD+532693, is
surrounded by 4 B-type stars (2 of them Be-type) within ∼35 arcsec, one of them showing the same eclipses. To judge whether such
wide systems are physically associated and thus to confirm whether such systems are wide hierarchical triple systems, would be
beyond the scope of this paper, and it will become clearer with the release of upcoming epoch astrometry in Gaia DR4.

VV Cep: We also hypothesize that VV Cep, the most famous star of the VV Cephei sample, could be a triple system, based on
its reported V/R variations. This star experiences full eclipses (e.g., AAVSO), with the totality lasting about ∼ 450 d. Pollmann &
Bennett (2020) reported strong V/R variations of about ∼ 42 d, including during the totality, while there are also V/R variations
related to its 20.36 yr orbital period. Therefore, as in our case, where V/R variations were sensitive to the orbit of KQ Pup Ba+Bb,
the shorter V/R variations could correspond to a hypothetical VV Cep Bb. We note that we have not found a clear signature of
repeating eclipses in the TESS data for VV Cep, although the ∼ 42 d period is longer than the typical length of TESS sectors of
∼ 27 d. The TESS light curves also appear to show a dipper-like variation in some sectors.
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Appendix C: Auxiliary plots for KQ Pup and other candidates
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Fig. C.1. Balmer series, from Hα (2-3) to Hθ (2-10), based on ESPaDOnS and PLATOSpec for different orbital phases φA+B of KQ Pup. While
the majority of the optical spectrum is dominated by the RSG, the Balmer lines form near the hot component. Single RSGs usually do not show
the highest Balmer transitions. The lower plot shows all Balmer lines up to the Balmer break near periastron. Archival optical spectra also show
that the V/R ratio is dependent on the phase φA+B of the 26-yr orbital period (e.g., Rossi et al. 1998). We note that the central sharp feature in Hε
is caused by Ca ii H line forming in the ISM, and the wide depression is likely an instrumental effect in ESPaDOnS spectra.

Fig. C.2. Important features from the IUE spectra of KQ Pup. Left panel: Resonance and narrow lines in the SWP region, colored based on φA+B.
We observe the narrow lines broadening and deepening near periastron. Right panel: Emission and P Cygni profiles in the LWP/R region. We see
that for most of the 26-year orbit, the spectra show regular P Cygni profiles, and their absorption cores move toward longer wavelengths, while the
emission lines move in the opposite direction. Near periastron, some of the P Cygni profiles appear inverted.
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Fig. C.4. Left panel: Best-fit of the PoWR model atmosphere (red) to KQ Pup IUE data (blue), showing regions of the SWP spectra. Right panel:
Example of determining v sin i from the IUE SWP and optical spectra. The rotationally broadened He i line at 3819Å is also reproduced by the fit;
other He i lines below 4000 Å do not appear to show such broadening, likely due to their proximity to Hη and Hζ.
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Fig. C.5. Examples of CCFs for IUE SWP (left) and LWP (right) spectra
of KQ Pup. Red lines are the co-added average spectra, and green lines
are selected epochs, shown for comparison. No significant secondary
peaks were found in any epoch.

Fig. C.6. Example of variable profiles in the UV spectra of KQ Pup.
The line shows a deep absorption profile near periastron (φA+B ∼ 0.7 −
0.95), while before that, no such deep absorption is present. Colored
based on φA+B.
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Fig. C.7. Na i doublet for KQ Pup near periastron and apastron. We see
a clear relation to the 26-year orbital period of A+B, with the sharp ab-
sorption component staying in place, but disappearing before periastron
(FEROS).

Fig. C.8. Upper panel: Comparison of the Hα line for our promising
candidates, using PLATOSpec spectra. We can see that only the VV
Cephei binaries show the Balmer emission. Single RSGs only show
the deep absorption component. Lower panel: Same but for the Na i
doublet, which shows multiple cores for binary RSGs. We compare the
profiles to Betelgeuse, a well-known RSG without a hot massive B-type
companion.

Fig. C.9. Comparison of KQ Pup (for phase 0.3, orange, and 0.9, blue)
to a typical Be+sdOB (φPer) and a known B[e]sg binary GG Car, using
IUE SWP spectra.
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Appendix D: Stellar evolutionary models

Appendix D.1: Preliminary constraints on the timescales and
masses

Using stellar evolution models from MIST (Dotter 2016), as-
suming solar metallicity and initial rotation of 40% critical, we
can infer the age of the system as well as constrain the mass
of KQ Pup Ba. To do this, we use the data available (VLTI
global+RV fit) in Table 2, which gives us MA ∼ 8.5 − 11.1 M�.
Accounting for wind mass loss until halfway through core-He
burning, the stellar evolution models suggest an initial mass
MA,i ∼ 8.5− 11.9 M�. For KQ Pup A to be observed as an RSG,
it must have an age ∼ 18.1 − 38.0 Myr (Fig. D.1).

Within this age constraint, we can infer the possible initial
mass ranges that KQ Pup Ba and KQ Pup Bb must have, assum-
ing both Ba and Bb are main-sequence stars, with Ba being the
more massive one. The observed values are likely to be smaller
by . 0.5 M� due to wind-mass loss between ZAMS and the mo-
ment at which the system is observed. We also assume that the
triple system has evolved coevally, and that KQ Pup Ba and Bb
have not experienced any form of mass-transfer.

Under these assumptions, we can constrain the minimum
mass of Bb for it to have successfully reached the main-sequence
by the time of the observation. For our range of ages, Bb must
have initial masses above ∼ 1.2 M� (MIST, Dotter 2016). As
Bb cannot hold more than half the mass of the Ba+Bb system,
we derive that MBb ≤

1
2 MBa+Bb ∼

1
2 qMA,i. For the given range

of uncertainties in MA, this yields 1.2M� . MBb . 8.5 M� (see
Fig. D.1).

For the mass of Ba, we note that being the more mas-
sive star in the binary, we can constrain its minimum mass to
MBa ≥

1
2 MBa+Bb ∼

1
2 qMA. At the same time, it cannot be more

massive than KQ Pup A at the ZAMS; otherwise it would have
evolved to an RSG, and therefore MBa . MA,i. Within the cur-
rent uncertainty in MA, the mass constraint of Ba is 5.8 M� .
MBa . 11.8 M� (see Fig. D.1). These values are compatible with
those derived from astroseismic measurements (see Sect. 4.2)

The orbital period of 17.26 d is such that RLOF only oc-
curs after one of the two stars leaves the main-sequence (see
Fig. D.1). It is worth noting that this does not necessarily prove
that we are observing the system before such an event. Indeed, if
mass transfer has already occurred, KQ Pup Ba may actually
be the initially less massive companion that accreted a lot of
mass, while KQ Pup Bb is the initially more massive companion,
which is now partially stripped. The observations support that Ba
and Bb have not interacted yet (see Sect. 5), but it cannot be fully
ruled out. For example, if future observations classify Ba as a Be
star, which would suggest that the star accreted material, causing
it to spin rapidly and form a decretion disk, this may have been
driven by the accretion of material from the winds of KQ Pup A
(Li et al. 2026), instead of mass transfer from the initially more
massive but now dim Bb. The nonzero eccentricity of Ba+Bb
is also noteworthy, as mass-transfer typically circularizes orbits
(e.g., Lechien et al. 2025), but it may also have been driven by
eccentricity pumping (Krynski et al. 2025) from the interaction
with the RSG winds.

Appendix D.2: Extended atmosphere

We can estimate the local density that the extended structure of
KQ Pup A would have close to the Ba+Bb binary. We follow Er-
colino et al. (2024) and construct an extended envelope assum-
ing a quasi-hydrostatic, isothermal stratification with turbulent
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Fig. D.1. Age-mass diagram from the MIST stellar models (Dotter
2016). Different regions mark how a single star of given initial mass and
age would appear, either as a main-sequence star (light blue) or an RSG
(light red). The region highlighted in red shows the parameter space in
age and mass for KQ Pup A. Similarly, the region highlighted in blue
and gray shows the parameter space for KQ Pup Ba and Bb, within the
constraints of the mass and age of KQ Pup A and the assumption that Ba
is more massive than Bb. The regions with darker highlighting show the
mass constraints for KQ Pup Ba and Bb assuming the mean value for
the mass of KQ Pup A. The dashed line reports the age range for which
higher masses would have left the main-sequence and trigger Case B
RLOF, assuming an orbital period of 17.26 d.

pressure using a single-star of M ∼ 11.6 M� halfway through
core-helium burning, with log L/L� = 4.5, Teff = 3 420 K and
R = 526 R� (cf. the interferometry estimates in Table 2). While
the photospheric radius is about ∼ 4 times smaller than the or-
bital separation at periastron (∼ 2 100 R�), the extended hydro-
static layers may be much larger (Ercolino et al. 2024).

Assuming that the inner binary is outside the low-density
hydrostatic layers of KQ Pup A, we stitch a β-law wind struc-
ture (with β = 5 and v∞ = 25 km s−1) above the sonic point
(vsound = 5−15kms−1) of the extended atmosphere (see Ercolino
et al. 2024). With this, we note that the density contrast of the
material swept up by the inner binary at periastron passage with
KQ Pup A is one to two orders of magnitude higher than at apas-
tron. The Bondi-Hoyle accretion (Bondi & Hoyle 1944) during
periastron passage from KQ Pup A to the inner binary is about
10% the mass-loss rate from KQ Pup A, while it can be signif-
icantly higher at apastron (due to the smaller velocities). How-
ever, we note that the low velocity and relatively high mass of the
binary result in an accretion radius that is within a factor of two
of the orbital separation, meaning that the Bondi-Hoyle model is
not suitable to address the accretion of material by the Ba+Bb
binary. Indeed, if the strength of the Balmer emission traces the
accreted material from KQ Pup A, the Bondi-Hoyle mechanism
would imply the opposite behavior. This therefore strengthens
the scenario that KQ Pup A is undergoing wind-RLOF to the
inner Ba+Bb binary (Mohamed & Podsiadlowski 2007).
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