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ABSTRACT

Context. Although the binary fraction of massive main-sequence stars is well established, this is much less so the case for red
supergiant (RSG) stars due to the primary’s brightness as well as its complex and strong surface activity.

Aims. Betelgeuse is the most studied RSG. In 2024, through a reinterpretation of its long secondary period (LSP), a close orbiting
stellar companion was suggested to exist, with a maximum elongation in December 2024. Our goal with this work was to search for
this secondary component.

Methods. We used extreme adaptive optics direct imaging with the Very Large Telescope SPHERE-ZIMPOL instrument by leveraging
the pupil tracking mode of the telescope in angular plus spectral differential imaging (ASDI). Image processing was performed through
ASDI PAtch Covariances (PACO ASDI) and principal component analysis (PCA).

Results. The candidate Betelgeuse B was detected at 6.10- with PACO ASDI and at 5.10- with PCA in the CntHa filter on December 6,
2024. The separation is 52.32 + 0.18 mas, and the position angle is 117.12 + 0.60°. Assuming the two stars are coeval, the companion
is a 2.6 to 3.1 M, young main-sequence star.

Conclusions. Our observations provide strong evidence that Betelgeuse has a close companion, though formal confirmation that
Betelgeuse B is indeed gravitationally bound awaits a second observing epoch. The predicted existence of a companion based on
LSP variability and the evidence of the presence of the secondary source reported here identifies LSPs as a potential new avenue for
RSG-companion studies, and assessments of their impact on RSG surface and wind structure.
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1. Introduction

Red supergiants (RSGs) originate from stars initially 8 to 30 —
35 My and are the immediate precursors of type-II P/L super-
novae (e.g., Smartt 2009; Van Dyk 2025). Massive stars, includ-
ing the progenitors of RSGs, are thought to all be born as bina-
ries or higher-order multiple systems (Sana et al. 2014). How-
ever, the binary fraction of RSGs has been found to be about
20 — 40% (Patrick et al. 2022; Dai et al. 2025). The reason for
this difference is likely connected to binary evolution. Such sys-
tems in close orbit may interact or even merge before the primary
reaches the RSG stage (e.g., de Mink et al. 2013).

Among the two closest RSGs (together with Antares), Betel-
geuse (@ Ori) is the most scrutinized of its class of stars. The light
curve of Betelgeuse is complex and shows semi-regular varia-
tions with periods of 2200, 420, 230, and 180 days (Joyce et al.

* Corresponding author: miguel.montarges@obspm. fr

2020; Jadlovsky et al. 2023). The three shortest periods are usu-
ally identified as radial pulsation modes (but see Saio et al.
2023), while the nature of the longest period is a matter of de-
bate. Goldberg et al. (2024) and MacLeod et al. (2025) studied
the star’s light curve in connection with radial velocity varia-
tions and astrometry and suggested that this long secondary pe-
riod (LSP) of 2200 days may indicate the presence of a previ-
ously undetected companion that during its transit, once per ~ 6
years, modulates circumstellar dust in the line of sight. Notably,
about 25-30% of all RSGs have been observed to have LSPs
(Kiss et al. 2006; Soszynski et al. 2021).

Betelgeuse was reported to be a binary several times in the
20th century, for example, by Karovska et al. (1986), and it ap-
pears in several binary catalogs (Proust et al. 1981; Wycoff et al.
2006). So far these claims lack independent confirmation.

Goldberg et al. (2025) and O’Grady et al. (2025) respec-
tively reported non-detection at the maximum elongation epoch
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with far-ultraviolet Hubble Space Telescope (HST) and Chan-
dra X-ray observations. Howell et al. (2025) employed the
suggested orbital properties of Goldberg et al. (2024) and
MacLeod et al. (2025) to search for a companion using the
"Alopeke speckle imager at the Gemini North telescope in
Hawai’i. They reported a tentative detection at the predicted
maximum elongation of 52 mas in December 2024, but only at
a 1.50 level. Subsequently, Dupree et al. (2026) reported on the
effect of the companion on the circumstellar material and the
chromosphere through HST spectrometry.

Here, we present Very Large Telescope (VLT) observations
of Betelgeuse with the Spectro-Polarimetric High-contrast Exo-
planet REsearch (SPHERE) instrument at the epoch of the 2024
maximum elongation of the hypothetical companion. The obser-
vations and their reduction are discussed in Sect. 2. The data
analysis, leading to a 6.10 detection of the candidate compan-
ion, and mapping of dust clouds in the circumstellar environ-
ment (CSE) are the topics of Sect. 3. Our findings are discussed
in Sect. 4. Concluding remarks are made in the final section.

2. Observations and data reduction

Betelgeuse was observed with SPHERE (Beuzit et al. 2019) on
the nights of December 3 and 6, 2024, using the Zurich IMaging
POLarimeter (ZIMPOL; Schmid et al. 2018), which operates in
the visible domain. We used two observation strategies: polar-
ized imaging to obtain the Q and U Stokes maps and angular
plus spectral differential imaging (ASDI) in intensity. In both
cases, no coronograph was used. The log of the observations is
available in Table A.1.

Data were reduced through the High Contrast Data Centre
(HC-DC!; Delorme et al. 2017). Processing of the ZIMPOL po-
larized data is detailed in Montarges et al. (2023). The Q and U
Stokes maps allowed the degree of linear polarization (DoLP) to
be derived. For the intensity images, HC-DC provided us with a
temporal sequence of frames obtained in pupil tracking, where
most aberrations are fixed and any astrophysical signal is rotat-
ing. In Sect. 3, we present two algorithms to disentangle aberra-
tions and the astrophysical signal.

We relied on photometry obtained by observers from the
American Association of Variable Star Observers (AAVSO?). In
particular, we used data obtained by Tom Calderwood (CTOA)
and Pam Morgan-McKee (MPFA) in the V filter on December 1
and 4, 2024, closest in time to our SPHERE imaging. The error
bars on these measurements are estimated to 0.01 mag.

3. Data analysis
3.1. PACO ASDI: Detection of candidate Betelgeuse B

The temporal sequence of total intensity frames provided
by the HC-DC were processed with the angular plus spec-
tral differential imaging PAtch COvariances algorithm (PACO
ASDI; Flasseur et al. 2020a,b and App. C, see Fig. 1) and
through principal component analysis (PCA; Soummer et al.
2012; Amara & Quanz 2012, see Fig. D.1). The two techniques
give consistent results: No other secondary component is de-
tected in the NHa filter (narrow-Ha, centered at 656.34 nm with
a width of 0.97 nm). However, a secondary source appears in the
CntHa filter (continuum near Ha, centered at 644.9 nm with a
width of 4.1 nm). The contrast estimation is shown in Fig. C.1.

! https://hc-dc.cnrs. fr/
2 https://www.aavso.org
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Fig. 1: PACO ASDI analysis of the Betelgeuse observations with
ZIMPOL on December 6, 2024. The white circle shows the po-
sition and infrared angular size (from Montarges et al. 2021) of
the primary (subtracted during the analysis); the red circle cor-
responds to the candidate companion detection by Howell et al.
(2025) on December 9, 2024. Dashed yellow lines represent the
cone of uncertainty for the presumed rotation axis of the primary
(Kervella et al. 2018). Top.: CntHa filter. Bottom.: NHa filter.

Here, we focus on the PACO ASDI analysis, which is opti-
mized for detecting point sources. The PCA analysis is presented
in Appendix D. The secondary source characteristics retrieved
from PACO in the CntHa filter are the following:

p = 52.32+0.18 mas,
PA = 117.12 +0.60°,
Fg/Fa = (824+1.04)x107%,

SN = 6.,

with p as the projected separation, PA as the corresponding po-
sition angle (with 0° toward north and 90° toward east), and
Fg/F4 as the contrast ratio. The reported uncertainties encom-
pass both the PACO ASDI extraction uncertainty, driven by
the high-contrast of the observations, and additional sources
of systematic instrumental errors. For the evaluation of the
latter, we followed a procedure similar to that described in
Chomez et al. (2023, Sects. 4.3.1 and 4.3.2). All sources of error
were then added quadratically to obtain the reported total astro-
photometric error budget. The retrieved source characteristics
are in good agreement with the 1.50" detection of Howell et al.
(2025). We thus confirm their analysis and refer to this secondary
source as Betelgeuse B. Howell et al. used two imaging epochs
and concluded that the probability of the candidate companion
being a background or foreground star is negligible. Still, until
the candidate Betelgeuse B is observed on the other side of the
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primary after half an orbital period, we conservatively refer to it
as a “candidate.”

3.2. Degree of linear polarization: The signature of dust

Figure B.1 shows the DoLP measured by ZIMPOL in the inner
environment of Betelgeuse on the December 3, 2024. Patches
of brighter DoLP are seen at a distance of ~ 1 to about 4.5 R,,
beyond which the image sensitivity drops steeply. Following pre-
vious DoLP-imaging from Kervella et al. (2016), we identify the
signal as light scattering on dust grains. Cannon et al. (2021) and
Montarges et al. (2023) have shown that the efficiency of dust
scattering depends on various dust characteristics, such as com-
position and grain size distribution, as well as on the amount of
dust and its spatial distribution relative to the star. The polarized
signal is most efficiently produced by dust that is in the plane
of the sky and through the center of Betelgeuse A, with the pre-
ferred scattering angle being 90°.

4. Discussion
4.1. Agreement with the published orbital solution

Relying only on one epoch of observation does not allow us to
assert whether the orbital solutions from Goldberg et al. (2024)
and MacLeod et al. (2025) are accurate. Though we detected the
candidate Betelgeuse B on December 6, 2024, we cannot claim
that it is precisely at or near maximum elongation as assumed
by the two previous studies. However, the projected separation

can serve as a lower limit for the semimajor axis: 8.80*)7 au,

for a distance of 168f%g pc from Joyce et al. (2020). For their
primary mass of 16.5 — 19 Mg, this leads to an orbital period
of at least (5.9 — 5.5)11):3 yr. This is consistent with the orbital
periods of 5.94 and 5.78 yr derived by Goldberg et al. (2024)
and MacLeod et al. (2025).

These period estimates are in line with the LSP of 2200 d (or
6.0 yr). However, we note that if Betelgeuse is considerably more
distant than 168 pc, the LSP may no longer match the orbital
period. The distance determination of Betelgeuse has been prob-
lematic for decades: The optical parallax is constrained within
the star’s apparent disk, and surface convection causes photo-
center displacements (Chiavassa et al. 2022). To address these
issues, Harper et al. (2017) used a radio parallax, which is an-
ticipated to be less sensitive to convection. With their distance
estimate of 222’:‘3‘3 pc, the minimum semimajor axis of the orbit

of Betelgeuse B would be 11.6*15¢ au, leading to a minimum

orbital period of (8.7 — 8.2)*] yr. This does not match the LSP
as well. We conclude that the asteroseismology-based distance
of Joyce et al. (2020) of 168f%g pc better fits the hypothesis that
LSP variability is related to binary motion.

4.2. Compatibility with the inferred rotation axis

The PA of the rotation axis has been estimated at 48.0 + 3.5° by
Kervella et al. (2018), implying the equatorial plane is at 138°.
This is offset by more than 20° with respect to the PA of Betel-
geuse B in our images. The observations can quite easily be rec-
onciled with an aligned rotation axis and orbital plane orientation
if the rotation axis of Betelgeuse A is not within the plane of the
sky, as suggested by earlier HST observations (Uitenbroek et al.
1998), or if the companion is not exactly observed at maximum
elongation and the orbit possesses a modest inclination. We point

to Ma et al. (2024) for an alternative interpretation of the photo-
spheric velocity field other than rotation.

4.3. On the nature of candidate Betelgeuse B

We used the contrast between the two components to estimate
the spectral flux density of Betelgeuse B in the CntHa filter.
To obtain the corresponding value for Betelgeuse A, we used a
RSG PHoenix model (Langon et al. 2007) with an effective tem-
perature of 3700K and effective gravity logg [cms™2] = 0.0
(Montarges et al. 2021) and scaled the AAVSO photometry, cor-
recting for extinction using the expression from Cardelli et al.
(1989) with Ay = 0.65 and Ry = 4.2 (Montarges et al. 2021).

The angular diameter was adjusted to 40.0*)2 mas to match

the AAVSO photometry. The adopted distance was 168ffg pc

(Joyce et al. 2020). This yielded (4.27 +0.07) x 1073 and (3.44 +
0.44)x107"" W m=2 um~"' for components A and B, respectively.
The error bars are dominated by the distance uncertainty.

We investigated the nature of Betelgeuse B by assuming the
system components are coeval. For Betelgeuse A, Joyce et al.
(2020) estimate an initial mass in the range of 18 — 21 Mg
and an age since arrival on the main sequence (MS) of ~
8 — 10.5 Myr. We used MIST pre-MS evolutionary tracks of
Dotter (2016) and Choi et al. (2016) to first assess that the life-
time of the pre-MS stage of Betelgeuse A is negligibly short
(see also, Backs et al. 2024). We then took spectral energy dis-
tributions (SEDs) from the Paoenix library (Husser et al. 2013)
and attributed to them properties representing stars on a pre-MS
isochrone of 8 — 10.5 Myr and matched them to our flux esti-
mation in the CntHa filter (see Table E.1). The result is shown
in Fig. 2 and conveys that the companion is best matched by a
2.6 — 3.1 M, star of spectral type B8.5V—-B9.5V that has just
arrived on the MS (see Fig. E.1). This mass range is probably
broader due to the inhomogeneous circumstellar dust extinction
that cannot be estimated with our data. Together with the inclina-
tion of the system discussed in Sect. 4.2, this makes our estimates
compatible with the mass prediction of Goldberg et al. (2024).

Young MS stars (and part of the weak T Tauri star popula-
tion) have a depleted or dispersed circumstellar accretion disk,
and hence Ha emission, if any, is the result of chromospheric
activity only (e.g., Barrado y Navascués & Martin 2003). There-
fore, the non-detection of Ha emission in the NHa filter, the
absence of far ultraviolet detection from HST (Goldberg et al.
2025), and the lack of X-ray signal in the Chandra observations
(O’Grady et al. 2025) are consistent with Betelgeuse B being a
young MS star instead of a pre-MS star.

4.4. The mechanism of the LSP-amplitude modulation

The work of Goldberg et al. (2024) and MacLeod et al. (2025)
relies on the assumption that the LSP is due to orbital mo-
tion; that is, the specific mechanism by which the candidate
companion causes the visible light variations is not relevant for
their conclusions. One hypothesis that can be easily checked is
whether circumstellar dust sublimation by the companion is suf-
ficient to generate the LSP in magnitude. Imaging reveals that
though the wind of Betelgeuse A is extremely “clumpy,” am-
ple dust is present at the location of the companion (see our
Fig. B.1 and, e.g., Kervella et al. 2011, 2016; Montarges et al.
2021). Assuming dust particles to be gray absorbers and to sub-
limate at 7y ~ 1500 K, we estimate that dust is destroyed up
to about 0.3 au (or 2.0 mas) from the companion, adopting the
parameters for a 3.1 Mg, star. Assuming the candidate compan-
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Fig. 2: SED of the Betelgeuse system. The red circular marker
corresponds to the AAVSO photometry of Betelgeuse A in the
V band. The light orange curve is a PHOENIX model matching
the photometry. The red diamond is the derived photometry of
Betelgeuse A in the ZIMPOL CntHa filter. The blue square is
the derived photometry of Betelgeuse B. The violet (resp. light
blue) curve is a PHoENniXx model for a 3.1 M, (resp. 2.6 M) pre-
MS star (see Table E.1), with the shaded areas representing the
uncertainty on the distance to the system.

ion transits in the equatorial plane and is able to clear out all
dust along its path and along the line of sight, it provides an
extinction free view of ~ 12.0% of the total apparent disk of
Betelgeuse A, with 42.6 mas being the photospheric diameter
of Betelgeuse A (Montarges et al. 2021). Depending on the line-
of-sight optical extinction of the wind, at best this produces a
modulation of ~ 0.1 mag. This is less than the ~ 0.5 mag mod-
ulation of the LSP (Goldberg et al. 2024). We propose that the
LSP is mainly created through dynamical effects, as already pro-
posed by Goldberg et al. (2024) and MacLeod et al. (2025) and
discussed by Decin et al. (2025) for lower-mass primary stars.

In the DoLP map at maximum elongation (Fig. B.1), ob-
tained a few days before the ASDI detection, the companion is
located in a bright patch. Bright patches indicate the presence of
dust in the plane of the sky going through Betelgeuse A. Using
the estimate of the dust evaporation zone around the companion
obtained above, the companion’s impact on dust destruction is
below the angular resolution limit.

5. Conclusions

We have presented VLT/SPHERE-ZIMPOL imaging of Betel-
geuse in relation to a search for a companion tentatively (at 1.507)
identified by Howell et al. (2025). We confirm the presence of
this companion at the 6.10 level. At the time of our observa-
tions, it was located at a projected distance from Betelgeuse A of
52.32+0.18 mas or 8.80*) 7 au, adopting a distance of 168*7] pc
(Joyce et al. 2020). For a primary mass of 16.5 — 19 M, we find
an orbital period of at least (5.9 — 5.5)’:(1):3 yr. This agrees, within
uncertainties, with the orbital analysis by Goldberg et al. (2024)
and MacLeod et al. (2025). Our orbital period constraints align
with Betelgeuse’s LSP period of ~2200 d (~ 6.02 yr) and are in
line with the hypothesis that the LSP variability may be linked
to orbital motion.

Howell et al. (2025) estimate that the probability Betel-
geuse B is a line-of-sight coincidence rather than a gravitation-
ally bound partner star is negligible. Still, to definitively confirm

Article number, page 4

it as a true companion, Betelgeuse B should be observed on the
opposite side of the primary after half an orbital period. Even
more observations will then be needed to firmly constrain the
orbital solution. This will aid in further investigating the nature,
evolutionary past, and future fate of the Betelgeuse system. It is
also necessary to cross-check the RSG population showing LSP
variability against other binary indicators, such as radial veloc-
ity variability, far-ultraviolet excess, and blue-star features (see,
e.g., Dai et al. 2025), in order to assess whether this type of pho-
tometric variability indeed points to binarity.

Data availability

The VLT/SPHERE raw and processed data are readily available
on the ESO archive. AAVSO observations are publicly available.
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Appendix B: SPHERE-ZIMPOL DoLP map
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Fig. B.1: Degree of linear polarization, DoLP, observed with
VLT/SPHERE-ZIMPOL around Betelgeuse on December 3,
2024. The red circle shows the position and infrared angu-
lar size (from Montarges et al. 2021) of the primary, and the
cyan circle corresponds to the candidate companion detection
by Howell et al. (2025).

Appendix C: PACO ASDI

PACO ASDI (Flasseur et al. 2020a,b) builds a statistical model
of the spatial and spectral structures (i.e., correlations) of the
nuisance corrupting high contrast observations (i.e., speckles
and stochastic noises). The parameters of the underlying multi-
variate Gaussian model (i.e., temporal mean fluctuations, covari-
ances, temporal and spectral weighting) are estimated locally, at
a scale of patches of a few tens of pixels. Given that the 2024
observations were obtained without a coronagraphic mask and
that the primary component is partially resolved, we adopt slight
modifications to the original algorithm. We construct a synthetic
off-axis point spread function (PSF) with a brightness similar
to that of the primary component and use it as the off-axis PSF
template for the detection. We also manually fix the patch size (5
pixels of radius), instead of using the default criterion of twice
the PSF full width at half maximum, as this would otherwise
lead to excessively large patches and prevent covariance esti-
mation by making the model too complex. These choices are
mainly practical and only slightly affect the detection signal-
to-noise ratio (S/N) and the estimated astrometry and photom-
etry, provided that covariance estimation remains feasible. Af-
ter detection, the source parameters (astrometry and photometry)
are refined through a local optimization performed jointly with
the nuisance parameters. This strategy mitigates biases caused
by the partial absorption of the source signal into the nuisance
model, i.e., the self-subtraction effect.

Appendix D: Principal component analysis

We applied a PCA on the ZIMPOL data for both filters vary-
ing the number of truncated modes from 50 to 1000 (out of 5450
frames of 5520 in total). The candidate companion Betelgeuse B,
is detected (S/N = 5) as the brightest feature in CntHa for trun-
cation of 200, 500, and 1000, while it remains undetected in the
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Fig. C.1: Estimated So contrast as a function of angular separa-
tion with the PACO ASDI analysis of our observations, both in
the CntHA (blue) and NHa (red) filters. The blue marker shows
the CntHa detection.

narrow band filter NHa. We used the forward modeling frame-
work to estimate the astro-photometry of the object assuming it
is a point source. The point source data cube model undergoes
the same projection and truncation as the data in order to esti-
mate for the self-subtraction in an aperture of 8§ pixels (28 mas) in
radius. The position is further optimized by minimizing the for-
ward model image in the data. We obtain an astrometric solution
that is identical for the three cases, and consistent with PACO es-
timates within error bars: p = 53.23 mas and PA = 120.18°. The
corresponding detection map is shown on Fig. D.1. As for the
photometry, a qualitative estimation of the error bar is obtained
from the dispersion of the contrast values obtained for the three
truncations. We derived a contrast value of (1.76 + 0.29) x 107,
which is significantly lower than the estimation of PACO. How-
ever, we consider it as little reliable given the level of the self
subtraction, since PCA needs a large truncation for the source to
be detected, and also because of the size of integration aperture,
as well as the potential contamination of the environment of the
primary which may bias PCA.

Appendix E: Age of candidate Betelgeuse B

Table E.1: Pre-main-sequence stellar properties for a 2.6 and
3.1 M, star on the 8 — 10.5 Myr isochrone from Dotter (2016)
and Choi et al. (2016).

Pre-main-sequence model 2.6 My 3.1 Mg
Effective temperature (K) 11200 12000
L (Ly) 473 92.2
R (Rp) 1.83 2.01
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Fig. D.1: Output from the PCA of the ADI observations of Betel-
geuse with ZIMPOL on December 6, 2024. The maps show the
residuals after subtraction of a low-rank model of the nuisance.
The white circle shows the position and infrared angular size
(from Montarges et al. 2021) of the primary, and the blue circle

corresponds to the companion detection by Howell et al. (2025).
Top: CntHa filter. Bottom: NHa filter.
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mass range that reproduces the observed continuum flux in the
CntHa filter, within its uncertainties, adopting PHOENIX model
atmospheres (Husser et al. 2013) for the star’s SED. This mass

range is from 2.6—3.1 M. Stellar properties for the boundaries
of this range are given in Table E.1.
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