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ABSTRACT

Context. Low-mass stellar and substellar companions are indispensable objects for verifying evolutionary models that transition from
low-mass stars to planets. Their formation is likely also affected by the surrounding stellar environment. The Fornax-Horologium
(FH) association is a recently classified young association in the solar neighbourhood with a dissolving open cluster in its centre. It
has not been searched widely for substellar companions and exoplanets with direct imaging.
Aims. We search for companions of stars in the FH and investigate the formation and evolution of companions during the expansion
and dissolution of a star cluster.
Methods. We conduct a direct-imaging survey of 49 stars in FH with VLT/SPHERE.
Results. We present HD 24121B, a companion at the hydrogen-burning limit that orbits star HD 24121 in the core cluster of the
FH. The companion is located at a projected angular separation of 2.082± 0.004 arcsec from the central star and has contrasts of
∆H2 = 5.07± 0.05 mag and ∆H3 = 4.98± 0.05 mag. We estimate a photometric mass of 74.9± 7.5 MJ for HD 24121B, which places
it at the boundary of brown dwarfs and low-mass stars. It is a new benchmark object for evolutionary models at the hydrogen-burning
boundary, especially at the age of 30–40 Myr. Orbital fitting with joint Gaia and SPHERE relative astrometry found a high eccentricity
for HD 24121B. This suggests that it may have undergone dynamic scattering. Future chemical composition measurements such as
high-resolution spectroscopic observations will provide more clues on its formation history.

Key words. techniques: high angular resolution – planets and satellites: detection – brown dwarfs – stars: low-mass –
stars: individual: HD 24121 – open clusters and associations: individual: Fornax-Horologium association

1. Introduction

The masses of brown dwarfs are intermediate between those of
low-mass stars and planets. Brown dwarfs can serve as testbeds
for substellar evolutionary models and formation mechanisms.
Direct-imaging surveys have discovered dozens of brown dwarf
companions, such as PZ Tel B (Biller et al. 2010), CD 35-
2722B (Wahhaj et al. 2011), HD 1160B (Nielsen et al. 2012),
HR 2562B (Konopacky et al. 2016), and HD 4747B (Crepp et al.
2016). Unlike low-mass planets, the formation of these heavy
brown dwarfs via core accretion (Pollack et al. 1996) in the pro-
tostellar and protoplanetary discs is challenging. They are more
likely formed via direct collapse in the disc, such as by disc
fragmentation (Boss 1997). Moreover, 40–50% of the directly
imaged substellar companions are more than 100 au from away
from their host stars1. The stellar environment may affect the
formation of wide-orbit companions via gravitational instability
and dynamical interactions (e.g., Forgan et al. 2015; Zheng et al.
2015; Fujii & Hori 2019). There are tentative findings on the
frequency of stellar and brown dwarf companions that vary
? Corresponding author; pengyu.liu@ed.ac.uk

1 Date are from https://exoplanet.eu/catalog/

in different regions, but they remain limited to small samples
(Gratton et al. 2024, 2025).

Past and current direct-imaging surveys mainly focus on
nearby young moving groups and OB associations (e.g.,
Biller et al. 2013; Nielsen et al. 2019; Desidera et al. 2021). In
recent years, several new young clusters and associations have
been established. The χ1 Fornacis cluster (XFOR) was first com-
piled in a catalogue of open clusters with the name of Alessi 13
by Dias et al. (2002). In this cluster, 108 member stars were iden-
tified with Gaia DR2 (Zuckerman et al. 2019). After the release
of Gaia-EDR3 (Gaia Collaboration 2021), its membership was
extended to 164 stars, and its distance was determined to be
∼108 pc (Galli et al. 2021). This region was later expanded to
define the Fornax-Horologium (FH) association of 329 candi-
date members with XFOR as the core cluster and a halo of stars
surrounding the cluster (Kerr et al. 2022). The FH is located in
the Austral Complex, which is one of the nearest young stellar
populations and contains other associations, including Tuc-Hor,
Carina, and Columba (Kerr et al. 2022).

Open clusters are gravitationally bound, while young mov-
ing groups are not (e.g., Gagné 2024). Initially, XFOR was
identified as one of the few young open clusters in the solar
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neighbourhood. Hunt & Reffert (2024) reported that only 11%
of the open clusters within 250 pc can be identified as bound
open clusters by their Jacobi radius, and they classified XFOR
as a moving group instead of an open cluster. Kerr et al. (2022)
reported that XFOR is likely in the virialised state and that the
FH consists of a probably dissolving cluster with a large low-
density halo. Therefore, while the FH is currently not an over-
dense configuration, it likely formed in a much more compact
configuration when we trace the motion of the stars back in time.
By contrast, there are young star associations (1–5 Myr) in which
stars formed in relatively loose environments. While XFOR is no
longer an open cluster, it therefore previously was in a gravita-
tionally bound state and is now dissolving into a moving group.

The age of the FH as determined from isochrones, dynamics,
and X-ray emissions, agrees well within 30–40 Myr (Galli et al.
2021; Kerr et al. 2022; Mamajek 2016). Known young asso-
ciations and moving groups within 150 pc either have ages
younger than 30 Myr, such as TW Haydrae (∼10 Myr, Bell et al.
2015), β Pictoris (∼22 Myr, Shkolnik et al. 2017), Columba, and
Carina (∼26 Myr, Kerr et al. 2022), or older than 40 Myr, such as
Tuc-Hor (∼46 Myr, Kerr et al. 2022), AB Doradus (∼150 Myr,
Bell et al. 2015), and Argus (40–50 Myr, Zuckerman 2019).
Therefore, the FH provides a valuable opportunity for studying
planetary systems at ages between 30 and 40 Myr. The rich abun-
dance of M dwarfs with warm debris discs in XFOR indicates
that this cluster has gone through an active companion forma-
tion (Zuckerman et al. 2019). Its young age and proximity make
it well suited for direct-imaging surveys of exoplanets.

During the expansion and dissolution of the FH, there were
likely frequent stellar encounters and flybys. These dynam-
ical interactions have a significant impact on the formation
and survivability of wide-orbit low-mass stellar and substel-
lar companions. On the one hand, frequent stellar encounters
in a dense environment may trigger more gravitational insta-
bility (Krumholz et al. 2012) and promote the formation of
wide-orbit companions. On the other hand, they can also cause
orbit instability and eject companions from their natal systems
(Parker & Quanz 2012; van Elteren et al. 2019).

The FH occupies a unique parameter space in terms of
age and cluster evolution. We are therefore conducting a direct
imaging survey of stars in the FH (PI: P. Liu). We selected
stars with G brighter than 12 mag and a renormalised unit
weight error (RUWE) smaller than 1.4 to filter out possi-
ble unresolved binaries. We checked the Tycho-2 (Høg et al.
2000), Gaia DR3 (Gaia Collaboration 2021) and Hipparcos-
Gaia (Brandt 2021) catalogues and excluded accelerating stars
with possible stellar companions at small separations pre-
dicted by the COPAINS tool (Fontanive et al. 2019). The sam-
ple contains 18 stars from the central core XFOR compiled
in Galli et al. (2021) and 31 stars from the halo compiled in
Kerr et al. (2022). The mass of the sample ranges between
0.8 and 2.4 M� (Kerr et al. 2022). The observations were
taken with the Spectro-Polarimetric High-contrast Exoplanet
REsearch (SPHERE) instrument (Beuzit et al. 2019) in pupil-
tracking mode. We used the angular differential imaging (ADI)
strategy (Marois et al. 2006). We present the first companion
imaged in this survey: an object at the hydrogen-burning limit
orbiting HD 24121.

2. Observations and data analysis

The observations of HD 24121 were conducted in the dual-band
imaging mode with SPHERE/IRDIS in the H2 and H3 filters.
We used the N_ALC_YJH_S coronagraph to mask the central

75 MJ, 206 au

1 arcsec
Fig. 1. Coronagraphic image of HD 21411 at the first epoch of SPHERE
observations. The brown dwarf companion is the point source in the
south-east direction. North is up, and east is to the left.

star. The first-epoch observations of HD 24121 were taken on
4 Oct 2023 with a total time of 1.5 h. The science time was
1.1 h with a detector integration time (DIT) = 32 s and a num-
ber of DIT (NDIT) = 1 for each exposure. The airmass ranged
from 1.04 to 1.08. The total field-of-view rotation was 42◦.18.
The seeing varied between 0′′.46 and 0′′.70. The second-epoch
observations of HD 24121 were taken on 10 Nov 2024 with a
total duration of 35 min. The observation mode was set to the
same mode as for the first epoch. The science time was 0.16 h
with DIT = 32 s and NDIT = 1. The airmass ranged from 1.063
to 1.056. The total field-of-view rotation was 5◦.57. The seeing
varied between 0′′.63 and 0′′.96. In each epoch, we also took
two separate non-coronagraphic exposures of the central star of
DIT = 6 s and NDIT = 1 with the neutral density filter ND_1.0 at
the beginning and end of observations.

We reduced the raw images using the ESO pipeline for
SPHERE wrapped in a Python script (Vigan 2020). The com-
panion is bright enough to be seen in each preprocessed frame.
It is at a distance of ∼2 arcsec in the south-east direction of the
central star, as shown in the de-rotated and stacked image of the
first epoch in Fig. 1. We also applied classical ADI to the data
cube and did not detect any other sources.

3. Results

This companion was also detected by Gaia with the Gaia
ID of Gaia DR3 4855032616243433984 (Gaia Collaboration
2021). The Gaia ID of the primary star is Gaia DR3
4855032616243433856. They are high proper motion sources
that move in similar directions in the Gaia catalogue. Their
parallax agrees within 1σ, while the difference in proper
motion is larger than 2σ: –0.6± 0.3 mas yr−1 in RA and –
2.6± 0.5 mas yr−1 in Dec, which is likely due to the orbital
motion of the companion. The primary star has a spectral type of
G3 (Zuckerman et al. 2019) with a mass of ∼1.06 M� (Kerr et al.
2022). Table 1 summarises the properties of this system, updated
with our SPHERE observations.
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Table 1. Properties of the HD 24121 AB system.

Property Primary Secondary

Age (Myr) (a) 30–40 . . .

Parallax (mas) (b) 10.17± 0.01 9.67± 0.53
µαcos(δ) (mas yr−1) (b) 38.72± 0.01 38.13± 0.34
µδ (mas yr−1) (b) –2.64± 0.01 –5.22± 0.48
Sep (c) (mas, 2016.0) – 2071.2± 0.4
PA (c) (deg, 2016.0) – 146.31± 0.01
Sep (d) (mas, 2023-10-04) – 2082± 4
PA (d) (deg, 2023-10-04) – 146.56± 0.15
Sep (d) (mas, 2024-11-10) – 2082± 4
PA (d) (deg, 2024-11-10) – 146.62± 0.15
Gaia G (mag) 9.628± 0.003 17.28± 0.01
SPHERE ∆H2 (mag) (e) – 5.07± 0.05
SPHERE ∆H3 (mag) (e) – 4.98± 0.05
2MASS J (mag) 8.656± 0.024 –
2MASS H (mag) 8.383± 0.046 –
2MASS K (mag) 8.312± 0.024 –
Teff (K) (e) 5819± 13 2972+220

−198
log(L/L�) (dex) (e) 0.012± 0.001 –2.48± 0.06
Mass 1.06 M� ( f ) 74.9± 7.5 MJ

(e)

Notes. (a)There is no conclusive age for XFOR, but the latest age esti-
mate is about 30 Myr (Galli et al. 2021; Kerr et al. 2022). We adopted a
conservative age range of 30–40 Myr. (b)Both of them have Gaia astrom-
etry data, and we present them here. (c)Separation and position angle in
the Gaia reference epoch 2016.0. (d)Separation and position angle mea-
sured in SPHERE observations. (e)This work. ( f )Kerr et al. (2022).

3.1. Astrometry

We fitted a 2D Gaussian to each individual SPHERE frame and
took the mean value as the measured position and the standard
deviation as the fitting uncertainty. We also included the uncer-
tainty from the pixel scale, centring, distortion, true north angle,
and pupil offset following the astrometry calibration provided in
the latest SPHERE User manual2 and by Maire et al. (2021). The
results are presented in Table 1. We present the relative astrome-
try measured with SPHERE in 2023 and 2024 in Fig. 2. We also
include the relative positions of HD 24121B to HD 24121 in
the Gaia reference epoch 2016.0. It is comoving with the central
star between 2023 and 2024. The position difference between
the Gaia and SPHERE epochs is likely due to the orbital motion
of HD 24121B over 8 years. The projected separation is about
200 au given the measured angular separation of ∼2′′at a dis-
tance of 98 pc.

3.2. Photometry

We performed aperture photometry of HD 24121B in the
de-rotated and stacked image and subtracted the local sky
background. We calculated the signal-to-noise ratio (S/N) of
HD 24121B by performing photometry on all apertures of the
same size at the same separation as the source, but at dif-
ferent position angles, except for the aperture on the com-
panion. Then, we took the three σ clipped standard deviation
as the noise and the average as the local sky background. We
also performed aperture photometry on the non-coronagraphic
image with the same aperture radius to measure the star
flux. Then, we converted the flux contrast into magni-

2 https://www.eso.org/sci/facilities/paranal/
instruments/sphere/doc.html
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Fig. 2. Relative positions of HD 24121B to the central star. The blue
trajectory shows the relative position of a static background star over
time, starting from the Gaia reference epoch 2016.0. The orange and
purple dots on the track indicate the expected positions at epochs 2023-
10-04 and 2024-11-10 if HD 24121B was a static background star.

tude contrast. The magnitude contrasts measured in the first
epoch are ∆H2 = 5.09± 0.11 mag and ∆H3 = 4.99± 0.11 mag.
The magnitude contrasts measured in the second epoch are
∆H2 = 5.07± 0.05 mag and ∆H3 = 4.98± 0.05 mag. They agree
with each other within 1σ without discernible variability.

To estimate the effective temperature of HD 24121B, we
fitted the spectral energy distribution (SED) using species
(Stolker et al. 2020). Data are available in three photometric
bands: Gaia G, and SPHERE H2 and H3. We measured the con-
trasts of the companion to the central star in H2 and H3. To
convert the SPHERE band contrasts into the apparent magni-
tudes of the companion, we first performed synthetic photome-
try on the central star. We fitted the SED of the host star using its
GALEX, Tycho, SDSS, Gaia, 2MASS, and WISE photometric
data with the BT-Settl-CIFIST models (Allard et al. 2013). We
fitted Teff = 5819 K, similar to 5805 K reported in Gaia. The SED
fitting results of the primary star can be found in Appendix A.
Then, we measured the primary magnitude in H2 and H3 by
applying synthetic photometry on the best-fit model spectrum.
Adding the contrasts measured from direct imaging, we obtained
the apparent magnitude of HD 24121B in H2 and H3.

Then, we used two evolutionary models for warm brown
dwarfs to fit its SED: BT-Settl (Allard et al. 2003) and AMES-
DUSTY (Allard et al. 2001; Chabrier et al. 2000). We included
error inflation factors in the fitting because the uncertainty from
the synthetic photometry is underestimated. We derived similar
results for the two models. BT-Settl has slightly smaller residuals
in the SED fitting, and therefore, we present its best-fit spectra
in Fig. 3 and the posterior distribution in Appendix A. We fitted
Teff = 2972+220

−198 K and log(L/L�) = –2.48± 0.06 dex for the com-
panion.

3.3. Orbital fitting

To find plausible orbits for this system, we used orbitize
(Blunt et al. 2020) to fit the relative astrometry of HD 24121B
and HD 24211 by combining the Gaia reference epoch of
2016.0 and the two SPHERE epochs. We adopted a parallax
of 10.17± 0.01 mas for the primary star from Gaia DR3, and
we assumed a total mass of 1.13± 0.1 M�. The fitted orbits are
shown in Fig. 4. The posterior distributions of orbital parameters
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Fig. 4. Fitted orbits of HD 24121B. We show 100 random orbits drawn
from the posterior of the fit.

are presented in Appendix B. We find a semi-major axis of
∼205 au and a well-constrained inclination of 70◦.4+9.6

−19.1. The
orbital period is ∼2745 year. We find a high eccentricity for
HD 24121B, with a median of 0.6 and a peak of 0.9, according
to its posterior distribution.

We calculated the fitted orbital velocity of HD 24121B
in the Gaia reference epoch and derived the velocity in RA
(v_ra) = –0.3± 0.4 mas yr−1 and the velocity in Dec (v_dec) =
–1.8± 0.4 mas yr−1. The posterior distribution is presented in
Appendix B. The fitted orbital velocity matches the Gaia
measured proper motion difference within 1–2σ. Therefore,
the two sources are very likely in a gravitationally bound
system.

3.4. Companion mass estimation

The dynamical mass of the companion cannot be constrained
in the orbital fitting due to the small orbit coverage. There is
no evidence of Gaia acceleration in either source: Their RUWE
is smaller than 1. There is no proper motion anomaly between
the Gaia and Hipparcos catalogue (Brandt 2021). Therefore,
we estimated the mass from photometry using the rejection-
sampling method (e.g., Dupuy & Liu 2017). With a bolomet-
ric luminosity of –2.48± 0.06 dex from the SED fitting and an
age of 32.4± 1.3 Myr (Kerr et al. 2022), the derived mass is
72.2± 6.4 MJ using the BT-Settl evolutionary models. With a
broader uniform age distribution between 30 and 40 Myr, the
derived mass is 74.9± 7.5 MJ. We obtained consistent results
with the BCAH15 model (Baraffe et al. 2015). As demon-
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Fig. 5. Evolutionary tracks of low-mass stars and brown dwarfs from
the BCAH15 models. Hydrogen-burning stars reach stable luminosi-
ties after a certain contraction time, while brown dwarfs continue
to cool. The red square indicates the luminosity (1σ) and age (30–
40 Myr) range of HD 24121B. The blue squares show the companions
at the hydrogen-burning limit from the Gaia ultracool dwarf compan-
ion catalogue, which includes objects within 100 pc (Baig et al. 2024).
HD 24121B is located at the hydrogen-burning limit between low-
mass stars and brown dwarfs, and it is much younger than the other
companions.

strated in Fig. 5, HD 24121 straddles the region between brown
dwarfs and low-mass hydrogen-burning stars in the evolutionary
tracks.

4. Discussions and conclusions

We presented a companion of HD 24121, the object HD 24121B.
With a mass of 74.9± 7.5 MJ, HD 24121B can serve as
a benchmark object in characterising the evolutionary mod-
els of low-mass stars and brown dwarfs at the hydrogen-
burning boundary. There are not many directly imaged low-
mass stellar and substellar companions at the age of 30 Myr.
Almost all of the benchmark brown dwarf companions at
the hydrogen-burning limit were found in relatively old sys-
tems such as HD 72946B (72.4± 1.6 MJ, 0.9–3 Gyr, Maire et al.
2020), HR 7672B (∼68.7 MJ, 2.5 Gyr, Crepp et al. 2012), and
HD 4747B (70± 1.6 MJ, 2.3± 1.4 Gyr, Peretti et al. 2019), and
those compiled in the Gaia ultracool dwarf companion sample
(Baig et al. 2024). Most of the directly imaged companions in
the literature that are younger than 30 Myr have masses lower
than 70 MJ, which is likely due to a selection bias. Nevertheless,
HD 24121B provides a unique age range for studying evolution-
ary models at the hydrogen-burning limit. At the age of 30 Myr
with a mass of 75 MJ, HD 24121B is about to start lithium burn-
ing according to the BT-Settl and BCAH15 models. A future
spectroscopic characterisation of HD 24121B can measure its
lithium abundance.

The formation of HD 24121B is also an intriguing ques-
tion. It is challenging to form such a heavy companion at
200 au by core accretion or even pebble accretion (Chambers
2021; Savvidou & Bitsch 2023). Disc fragmentation triggered
by gravitational instability and binary-like cloud fragmen-
tation are probably the most favourable formation mecha-
nisms here. They can produce brown dwarfs and low-mass
hydrogen-burning stellar companions around Sun-like stars
(Stamatellos & Whitworth 2009). Moreover, subsequent dynam-
ical effects such as fragment-fragment scattering are efficient
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powers to modify the orbital parameters of companions
(Hall et al. 2017; Forgan et al. 2018). The fragment-fragment
scattering can populate the companions to a broader semi-major
axis range such as over 102−103 au (Forgan et al. 2018). Dynam-
ical evolution including fragment-fragment scattering and multi-
object scattering also result in a relatively higher eccentricity
for wide-orbit companions or even planet ejection and recap-
turing (Forgan et al. 2015), which agrees with the high eccen-
tricity we derived for HD 24121B. Hwang et al. (2022) reported
that wide stellar binaries have a uniform eccentricity distribu-
tion for separations within 200 au. A similar trend has been
found for brown dwarfs within 100 au. They have a broad peak
at an eccentricity of 0.6–0.9 (Bowler et al. 2020). Therefore,
HD 24121B is likely formed by disc or cloud fragmentation,
followed by a dynamical evolution, before it reached its current
orbit.

The possible dynamical scattering might result from interac-
tions with another companion in the same system. To estimate
the upper mass limit of the potential another companion, we
calculated the 5σ contrast curve of the dataset of the epoch
4 Oct 2023 and reached a sensitivity of 3 MJ beyond ∼1′′.5.
Therefore, this companion is probably smaller than 3 MJ or
at a smaller separation with a higher mass if it has sur-
vived in the same system. Because HD 24121 is located
in the core cluster of the FH, dynamical scattering between
HD 24121 and other stars may also have been possible. The
core cluster of the FH is a dissolving open cluster, and its
core region is about one order of magnitude denser than the
local disc stellar density (Zuckerman et al. 2019). When we
trace the motion of stars back, the chances of stellar encoun-
ters and flybys are probably much higher than in the current
stage.

A composition and abundance comparison of HD 24121
and HD 24121B can give more clues about the formation of
HD 24121B, such as the C/O ratio, which can serve as an
indicator of its formation location in the disc and evidence
of gas accretion (e.g., Öberg et al. 2011). Recently, the car-
bon isotopologue ratio was proposed as a probe to distin-
guish low-mass planet and brown dwarf formation pathways
(Zhang et al. 2021a,b; de Regt et al. 2024; González Picos et al.
2025). Although the central star HD 24121 may be too hot for us
to measure its carbon isotopologue ratio, high-resolution spec-
troscopic observations of HD 24121B in the near-infrared band
can constrain its isotopologue ratio, which can then be com-
pared with that of other brown dwarfs. Spectroscopic observa-
tions can also provide the spin-rate measurement of HD 24121B
from broadened spectral lines, which will provide indications
about its angular momentum evolution (Bouvier et al. 2014;
Schwarz et al. 2016). We therefore recommend follow-up spec-
troscopic observations to characterise HD 24121B. It can serve
as a benchmark object for studying the evolutionary models
and formation mechanisms of low-mass stellar and substellar
companions.
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Appendix A: SED fitting

We present the posterior distribution of the SED fitting of the
primary star in Fig. A.1. We included error inflation into fitting
because the uncertainty in GALEX and SDSS photometric data
is likely underestimated. No infrared excess is detected.
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Fig. A.1. SED fitting of the central star using BT-Settl-CIFIST models.
Upper panel: the filled squares with errorbar are the measured photo-
metric data and the open squares are the modelled photometric data.
The black line is the optimised model spectrum and the grey lines are 30
spectra randomly drawn from the posterior distributions. Lower panel:
posteriors distributions of SED fitting. bGALEX and bS DS S are the infla-
tion factors of the GALEX and SDSS photometric data.

The posterior distribution of the SED fitting of the compan-
ion is shown in Fig. A.2.

Appendix B: Orbital fitting

We show the posterior distribution of orbital parameters of
H 24121B in Fig. B.1.

We show the posterior distribution of orbital velocity from
orbitize fitting in the Gaia reference epoch 2016.0 in Fig. B.2.
The orbital velocity agrees with the proper motion difference
measured by Gaia within 1–2σ.
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Fig. A.2. Posterior distribution of the SED fitting of the companion
using BT-Settl models. bGAIA.G and bS PHERE are the inflation factors of
the Gaia and SPHERE photometric data
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Fig. B.2. Posterior distribution of the orbital velocity of HD 24121B in
the Gaia reference epoch. The units are in mas yr−1. The red data point
is the proper motion difference from Gaia.
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