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ABSTRACT

Aims. We searched for satellites and circumplanetary or circumsubstellar disks around directly imaged substellar companions, ex-
ploring their immediate environment to constrain the conditions for satellites and disk formation.

Methods. We conducted a dedicated survey of 12 planets and brown dwarfs with VLT/SPHERE using a novel application of the star-
hopping technique. By building libraries of contemporaneous point spread function (PSF) references from nearby stars, we applied a
frame-by-frame subtraction of each companion’s flux using the negative fake companion method. This approach mitigates temporal
PSF variability and enhances sensitivity to faint circumplanetary features. We derived contrast curves, translated them into mass
detection limits using evolutionary models, and constrained the dynamically stable regions through estimates of Hill radii from orbital
fits.

Results. Our analysis yielded stringent limits on the presence of massive satellites, generally excluding companions more massive
than a few Jupiter masses at separations beyond ~1-5 au, depending on each system’s Hill radius. In most cases, no convincing point-
like or extended residuals were found. However, we identified promising signals for three systems: extended residuals consistent
with a circumplanetary disk around CT Cha b, tentative repeated residuals near TYC 8047-232-1 B that may trace a bound satellite
companion of 3 — 6 My,,, and marginal residual signals at the location of the previously reported candidate around DH Tau b, whose
interpretation, however, remains uncertain due to possible contamination by instrumental effects. These results confirm the power of
star hopping in reducing PSF-related artifacts and provide some of the most stringent constraints to date on the mass and location of
potential satellites and disks around directly imaged substellar companions.
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dynamical evolution and stability, formation

1. Introduction

The direct imaging (DI) technique stands at the forefront of ex-
oplanetary exploration, offering a unique opportunity to directly
observe and characterize young planets and disks and to unveil
the architecture of planetary systems (see, for a review, Zurlo
2026). Over the past ten years, DI has undergone a revolution,
driven by significant advancements in high-contrast imaging in-
struments such as the Spectro-Polarimetric High-contrast Exo-
planet Research (SPHERE, [Beuzit et al.|[2019), Gemini Planet
Imager (GPI, [Macintosh et al.|2014), and Magellan Adaptive
Optics (MagAO, Males et al.|[2018| [2024). These technical im-
provements have opened a new window into the study of nearby
planetary systems, leading to landmark discoveries such as the
two giant planets around PDS 70 (Keppler et al,|2018} Mesa

* Based on observations collected at the European Southern
Observatory under ESO programs 111.24UH.001, 112.25QU.001,
113.26GK.001 and 114.276W.001

et al.|2019; [Isella et al|2019; Haffert et al.[|2019) caught in the
process of formation within the gap of their circumstellar disk
and the Jupiter analog AF Lep b with a mass of 2—5 My, around
a young solar-like star (Mesa et al|2023; De Rosa et al.|2023;
Franson et al.|[2023)).

More recently, the James Webb Space Telescope (JWST) has
further extended the discovery space of exoplanets, allowing us
to reach lower-mass companions previously not detectable from
the ground and extending the search toward older systems. Ex-
amples of JWST capabilities include the detection of a candidate
sub-Jovian planet around TWA 7 (0.3 My, at a projected separa-
tion of ~50 au, |Lagrange et al.[2025) and the characterization of
14 Her c, a cold 6.9 My, planet in a dynamically hot multiplanet
configuration with 14 Her b, a 9.1 My, companion (Bardalez
Gagliufhi et al.[2025)).

The success of DI not only depends on sophisticated instru-
mentation but also on pivotal post-processing techniques, such
as angular differential imaging (ADI; Marois et al.[[2010) and
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principal component analysis (PCA; e.g.,|Soummer et al.|2012).
These refined methods enable the detection of faint companions
that would otherwise remain hidden in the overwhelming glare
of their parent stars.

Lately, reference differential imaging (RDI; [Lafreniere et al.
2009) has emerged as an indispensable tool to disentangle ex-
oplanetary signals from instrumental artifacts and stellar noise,
especially for space-based missions (Carter et al.[2023). By em-
ploying reference stars with similar spectral characteristics and
subtracting them from the science target, RDI enhances the sen-
sitivity of DI systems to faint planetary companions placed in the
innermost regions. The observing method of star hopping (Wah-
haj et al.|[2021)) permits us to efficiently apply RDI and improve
the contrast at close separations. This technique involves repeat-
edly hopping between the science target and a nearby similar-
brightness reference star.

In parallel with methodological advances in high-contrast
post-processing, alternative statistical frameworks are emerging
that may extend the discovery space of direct imaging. Algo-
rithms such as the patch covariance (PACO; Flasseur et al.[2018)
provide a detection-oriented approach that differs from classical
PSF-subtraction pipelines and has demonstrated strong perfor-
mance at small angular separations. As shown by |Chomez et al.
(2023), PACO can efficiently recover faint companions in com-
pact configurations, enabling the detection of a ~15 My, brown
dwarf at a very small projected separation within a hierarchical
multiple system.

Beyond the detection of massive companions, DI also allows
for the spectroscopic and astrometric characterization of exo-
planets and, when pushed to its limit, for the characterization
of their surroundings. By analogy with the moons and rings of
our Solar System, we can expect that the area close to an exo-
planet is populated by a circumplanetary disk (CPD) and satel-
lites. Nevertheless, only a few exomoon candidates have been
identified using the transits technique (e.g., Kepler-1625 b-i and
Kepler-1708 b-i;|Teachey & Kipping|2018; [Kipping et al.[2022).
A candidate Jupiter-like satellite has also been presented using
the high-contrast imaging technique around the ~ 10 My, sub-
stellar companion DH Tau b (Lazzoni et al.|2020), potentially
representing the first binary planets, with a mass ratio of 0.1. Fi-
nally, the most compelling detection of a CPD around a planet
was presented by |Benisty et al.|(2021)), who detected one around
PDS 70 ¢ in millimeter dust emission.

Imaging these features is still a challenge, especially when
rocky moons and faint rings are involved. However, thanks to
the exquisite performance of state-of-the-art DI instruments, at-
tempts to detect massive satellites (in the form of binary plan-
ets) and bright CPD or circumsubstellar disks have been car-
ried out. One of the first systematic efforts in this direction was
presented by [Lazzoni et al.[ (2020), who developed a dedicated
post-processing technique based on the negative fake companion
(NEGFC) method (Marois et al.|2010; [Lagrange et al.|2010) to
suppress the flux of directly imaged companions and probe their
immediate surroundings.

In their analysis of 27 substellar objects, [Lazzoni et al.
(2020) distinguished between two categories of companions:
bright objects detectable in individual frames before post-
processing techniques are applied and fainter ones only visi-
ble in the final combined image. For the first sample of ob-
jects, a frame-by-frame subtraction routine was implemented,
estimating the flux and position of the companion in each frame,
whereas the second kind of object was treated by retrieving the
parameters in the post-processed image product. In both cases,
the subtraction relied on a single point spread function (PSF) ref-
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erence, typically an image of the host star acquired either before
or after the coronagraphic scientific acquisition. [Lazzoni et al.
(2020) showed that since such models are not co-temporal with
the images of the system, spurious residuals due to atmospheric
and instrumental variability are frequent, and thus an improved
reference strategy is needed.

In this work, we analyze 12 substellar companions, both
planets and brown dwarfs, in a search for satellites and CPDs.
Each target is bright and sufficiently separated from its host star
to allow frame-by-frame PSF subtraction using the method of
Lazzoni et al.| (2020). To improve the modeling of the com-
panion’s PSF, we employed the star-hopping technique, acquir-
ing non-coronagraphic images of a nearby reference star with
a similar spectral type. These quasi-simultaneous frames served
as input for the NEGFC routine, enabling refined subtraction of
the companion’s PSF while mitigating temporal variability. This
constitutes a novel application of RDI, as it is applied directly
to the companion rather than the host star, therefore reducing
residuals and enhancing sensitivity to CPDs and massive satel-
lite candidates.

The paper is organized as follows. In Section 2] we describe
the survey and data reduction. Section 3| presents the results with
analyses for each companion. In Sect. 4| we summarize the con-
clusions.

2. Observations and data reduction
2.1. Observations

We selected a sample of 12 systems with known DI planets or
brown dwarfs characterized by a high signal-to-noise ratio (S/N
> 50) and separations > 0.5” to avoid regions that are strongly
contaminated by bright speckles. For each target, we also se-
lected a suitable reference for the star-hopping technique. Star-
hopping was first implemented at SPHERE/VLT in 2021 with
the aim of using the RDI technique to reduce the speckles noise
in the close vicinity of the coronagraph (Wahhaj et al.|[2021).
This is achieved by observing a reference star within ~ 2 degrees
of the main target a few times during the scientific observation.
The main advantage of this technique is the rapid switching be-
tween target and reference, with the adaptive optics loop closing
immediately at the start of the science observations. The simi-
larities between the main star and its reference, along with their
proximity, allow for the acquisition of an image of the reference
star in just a few minutes.

Our strategy made a novel use of the star-hopping technique,
gathering a library of model PSFs to optimize the subtraction
of directly imaged exoplanets and brown dwarfs and to detect
putative satellites and disks in the residuals. As shown in |Laz-
zoni et al.|(2020)), variations in the weather conditions and atmo-
sphere parameters strongly affect the shape of the PSFs during
acquisition. Standard observations taken with SPHERE usually
include an image of the central star, to be used as a model PSF,
taken before and after the coronagraphic sequence. However,
given the long time required by the coronagraphic observations
(1-2 hours), relevant mismatches are often identified between the
reference PSF and the planet or brown dwarf, leading to spurious
residuals in the subtraction.

At the end, multiple model PSFs, taken at regular intervals
during the coronagraphic sequence with the aid of star hopping,
are the perfect strategy to improve the subtraction and retrieve
reliable residuals. For each target, we thus selected a reference
star within 2 degrees, similar in spectral type to the scientific
star and with no evident signs of binarity in both the literature
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and from the Gaia renormalized unit weight error (RUWE; [Lin-
degren et al.|2021). The only exception was HD 45036, the ref-
erence star selected for AB Pic, which has a RUWE of 3.3, prob-
ably pointing to a spectroscopic binary.

Observations were planned to be carried out for ~ 1.5 hours
per target, with multiple concatenations of hops between the sci-
entific and reference systems. HIP 64892 was observed for ~ 40
minutes due to worsening weather conditions and interruption of
acquisitions, while DH Tau was observed for ~ 2 hours to collect
more images of the reference. Unlike standard star-hopping ob-
servations, where both stars are kept behind the coronagraph to
reproduce similar speckle patterns, we took coronagraphic im-
ages of the scientific system only. In this way, we collected a
PSF library given by as many reference stars as hops performed
in the concatenation, plus two bonus PSFs of the science star
taken before and after the coronagraphic sequence. This strategy
allowed us to have a rich library of PSFs for the suppression of
the substellar companion. The addition of the science star im-
ages to the PSF library is fundamental to overcoming possible
issues due to the selection of nonideal PSF references, as in the
case of HD 45036.

SPHERE was used in IRDIFS mode, with IRDIS, the dual-
band camera, set in H2H3 bands (dy, = 1.593 + 0.026 um,
and Ay3 = 1.667 = 0.027 um) to minimize the dimension of the
PSF of the known DI exoplanets and BDs investigated for the
presence of satellites and disks. IFS, instead, worked in the Y-J
bands (0.96-1.34 ym, R~ 54) and was mainly used to constrain
the presence of additional companions in the inner regions (be-
tween 20 and 70 au) of these systems (Bernardi et al.|2026).

The observations presented in this paper were taken be-
tween June 2023 and July 2025 (programs 111.24UH.001,
112.25QU.001, and 113.26GK.001: PI Nogueira; program
114.276W.001: PI Dasgupta), and a total of 14 targets were ob-
served. Two systems, PZ Tel and HD984, were excluded from
this analysis because their orbital configuration, as estimated in
the second paper of this series (Bernardi et al.|[2026)), leaves a dy-
namically accessible region for bound features that is too small
to be probed with the present data. A summary of the main pa-
rameters for each observation is given in Table[I] along with the
reference adopted for the star-hopping. Note that the DH Tau
system was observed twice, the first time on 06 October 2024
and then again on 02 January 2025. DH Tau b is the only substel-
lar companion with a known candidate satellite (Lazzoni et al.
2020). However, in the first attempt, we were not able to detect
the candidate and, thus, rescheduled the target for a second data
acquisition.

2.2. Data reduction

Precalibration reduction steps, including dark subtraction, flat-
fielding, centering, and wavelength calibration, were performed
by the SPHERE High Contrast Data Centre (Delorme et al.[2017
Galicher et al|[2018). For some of the datacubes, frame sort-
ing was required, especially in the case of RX J1609.5-2105, for
which the planetary companion position in the field of view co-
incided with a cluster of bad pixels for half of the acquisition.
Post-processing was performed using the Vortex Image Process-
ing package (VIP, (Gomez Gonzalez et al.|2017;|Christiaens et al.
2023)). To suppress the signal of the companion and investigate
potential circumsubstellar features, we adopted the frame-by-
frame NEGFC subtraction approach described in |Lazzoni et al.
(2020). However, instead of using a single model PSF, we built
a custom PSF library composed of all non-coronagraphic im-
ages of the host star and the multiple star-hopping reference

frames acquired during the observation. For each science frame,
we tested all available PSFs in the library and selected the one
yielding the lowest residuals after subtraction, thus optimizing
the modeling of the companion’s PSF on a per-frame basis. The
lowest residuals are evaluated by calculating the standard de-
viation within a region of pixels comprising three full widths
at half maximum (FWHM). Following the subtraction, we pro-
duced three final data cubes for each target: the science cube, the
cube containing the models, and the cube of the residuals. These
were combined using classical ADI to obtain the final image of
the companion, its model, and the residual map.

Contrast curves were computed following the approach de-
scribed in|Lazzoni et al.|(2020): we recentered the residual image
on the position of the companion and measured the standard de-
viation of the pixels’ flux within concentric annuli of 1 FWHM
width, starting at a radial separation of 0.5 FWHM. The 50 de-
tection limits were derived from these standard deviations, cor-
rected for small sample statistics as in Mawet et al.| (2014)), and
scaled by stellar flux to express the contrast in relative units.

As in Lazzoni et al.|(2020), we also accounted for algorithm
throughput losses by injecting synthetic companions into the raw
data cubes and repeating the same PSF subtraction and ADI pro-
cessing steps. In our case, the throughput correction was opti-
mized frame by frame using the same PSF library selection strat-
egy adopted for the real companion. This allowed us to calibrate
the sensitivity more accurately at small separations and minimize
biases introduced by temporal PSF mismatches.

Since the contrast curves presented in this work are com-
puted relative to the substellar companion, rather than with re-
spect to the host star, it is important—particularly for com-
panions at relatively small angular separations (< 2”)—to ver-
ify whether the stellar contribution could introduce azimuthal
asymmetries, potentially affecting the detection limits in regions
closer to or farther from the star.

To address this point, we performed an azimuthal symme-
try check focusing on GQ Lup B, the closest companion in our
sample. We found no evidence of systematically shallower con-
trasts in the regions closer to the star. In particular, we compared
contrast curves extracted from pairs of semi-annuli located on
opposite sides of the companion, defined by a line perpendicular
to the star—companion axis and passing through the companion
position. The semi-annuli span radial separations from half the
FWHM to half of the Hill radius of the companion and have a
radial width of half the FWHM, consistent with the approach
adopted for our standard one-dimensional contrast curves.

The resulting contrast curves obtained from the two sides are
fully consistent with each other and with those derived from full
annuli. Given the small spatial extent involved (for GQ Lup B,
Rpii/2 corresponds to ~ 4 pixels), the contrasts at these separa-
tions are dominated by residuals from the companion subtraction
rather than by asymmetries related to the host star. For complete-
ness, we repeated the same analysis for HIP 64892 B and HII
1348 B, the only other companions at separations smaller than
27, obtaining similar results. The corresponding contrast curves
and a visual illustration of the adopted semi-annuli are presented
in Appendix [A]

In Fig. B.T] we compare the contrast performance achieved
using a single reference PSF, as done in |Lazzoni et al.| (2020),
with that obtained using a PSF library composed of non-
coronagraphic images of the target star and reference stars ob-
served via the star-hopping technique. We observed varying out-
comes when incorporating multiple references.

For several systems, such as AB Pic, GQ Lup, RX
J1609.5-2105, n Tel and TYC 7084-794-1, we found a consis-
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Table 1: Summary of the SPHERE/IRDIS observations.

Name Obs date  Tot FoV Rot  Seeing Reference Num Hops
©) )
AB Pic 2023-10-26 22.2 0.46 HD 45036 5
TYC 7084-794-1  2023-11-30 100.3 0.58 CD-36 2678 5
TYC 8047-232-1  2024-08-27 31.0 0.45 HD 10626 5
CT Cha 2025-01-26 18.2 0.61 TYC 9410-2449-1 5
GQ Lup 2025-04-13 62.8 0.38  2MASS J15560250-3643472 5
HIP78530 2025-04-13 11.6 0.45 HD 142805 5
DH Tau 2024-10-06 25.0 0.79 V1320 Tau 8
2025-01-02 38.4 0.6 V1320 Tau 11
HIP 64892 2025-02-24 11.8 0.68 HD 115988 2
RX J1609.5-2105 2025-05-09 8.8 041  2MASS J16120920-2247504 5
HII 1348 2023-12-08 19.5 0.71 HD282953 5
n Tel 2025-07-22 479 0.66 u Tel 9
HD 130948 2024-03-18 23.0 0.9 BD+25 2842 5

Notes. For each target, we report the date, total field rotation, seeing, reference star used in the star-hopping sequence, and the number of hops

performed.

tent improvement in contrast across all separations when using
the PSF library. In other cases, such as CT Cha and HIP 78530,
the gain was more pronounced at small angular separations, par-
ticularly around the location of the substellar companion, while
at larger separations the improvement was less significant or
absent. In some instances, including the second epoch of DH
Tau, HII 1348, and TYC 8047-232-1, while an evident gain was
achieved in the inner regions, the contrast at wider separations
was actually worse when using the PSF library. Finally, for a
few targets such as the first epoch of DH Tau and HIP 64892, the
performance of the PSF library compared to the single reference
varied with separation, alternating between deeper and shallower
contrasts.

Overall, the star-hopping technique, by enabling the con-
struction of PSF libraries with reference images obtained closer
in time to the science observations, proved to be effective in im-
proving contrast performance near substellar companions, par-
ticularly at small angular separations.

For this sample, we also tried a novel method, consisting of
a mock ADI, to subtract the contribution of the secondary and
test the presence of point-like features in the residuals. In this
way, we could, in principle, cross-check the residuals obtained
with two different techniques, including the one described above.
In more details, the mock-ADI method consists of constructing
a library of the companion’s PSF with a median or a PCA al-
gorithm, using a datacube recentered on the companion itself.
A putative satellite would rotate following the parallactic angle,
while artifacts mimicking point-like sources, as the low-wind ef-
fect (Mill1 et al.[2018)), are static in the datacube. However, while
this technique is very powerful in subtracting artifacts, it is also
aggressive and affects the retrieval of real signals.

Mock ADI was tested on HIP 87836’s crowded field, pre-
sented in Sect. B.3 from|Lazzoni et al.|(2020), from which we se-
lected an object with two close background stars (P1 in|Lazzoni
et al.|2020). The results of the mock ADI and our regular subtrac-
tion technique are shown in Fig. [C.T] The former shows strong
self-subtraction wings, even if the final residuals are lower. We
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also tested the mock ADI on a synthetic dataset mimicking DH
Tau b and its satellite. The satellite is not visible in the final im-
age (Fig.[C.2)), proving that faint sources are easily suppressed by
this technique. Since faint and close-in satellites would be can-
celed out using mock ADI, we preferred to systematically apply
the method presented above, and only show the results obtained
with the first technique.

2.3. Astrometry and photometry

Astrometry and photometry for all companions were derived us-
ing the well-established NEGFC technique implemented in the
VIP package (Gomez Gonzalez et al.|2017; |Christiaens et al.
2023)). Preliminary positions and fluxes were obtained with the
first_guess() function, which applies the NEGFC technique
combined with the Nelder-Mead minimization algorithm. These
values were then refined with the mcmc_negfc_sampling()
function, running 50 walkers over 1000 iterations. The final as-
trometric uncertainties include contributions from the centering
error behind the coronagraph (+£2.5 mas), the fitting error from
the Markov Chain Monte Carlo (MCMC) procedure, and cal-
ibration terms such as distortion, pixel scale, True-North cor-
rection, and pupil zero-point angle (Maire et al.| 2016, 2021).
Photometric fluxes were converted into companion masses us-
ing the ATMO evolutionary models (Phillips et al.|2020), with
system ages listed in Table 2] The errors assumed for the
masses of the companions account for the uncertainties in the
ages of each system as listed in Table [2] the error estimated
for the fluxes of the substellar companions as derived by the
mcmc_negfc_sampling() function (more details for the pho-
tometry are presented in Bernardi et al.| (2026) and the uncer-
tainties on the fluxes of the stars. Other contributions, such as
instrumental systematics, were neglected. The derived separa-
tions and position angles are reported in Table [3] along with the
corresponding mass estimates.

The astrometric and photometric analysis was not applied
to HD 130948, given that its substellar companion is actually a
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binary-brown dwarf, but the two components, B and C, could not
be resolved in our observations. Since the two PSFs are almost
merged into one, it was not possible to retrieve precise radial
distances and fluxes for the two components. We thus used the
parameters for the total mass of the brown dwarf binary and its
orbital motion around the star as found in the literature, as dis-
cussed in Section

3. Analysis of the results

After establishing precise astrometry and photometry for each
companion, we proceeded to investigate the residual structures
in the PSF-subtracted images, enabling a search for circumsub-
stellar disks or circumplanetary disks, both referred from now on
as CPDs, and satellite candidates.

The Hill radius (Ry;;) is a fundamental parameter needed
to estimate the region around each substellar companion that
could be investigated for the presence of satellites or CPDs. In
particular, satellites on prograde and circular orbits must reside
within half the Hill radius to remain dynamically stable (Domin-
gos et al.[2006), and CPDs are expected to be truncated between
one-third and one-half of the Hill radius (e.g., |Ayliffe & Bate
2009). Ry, in turn, depends on the semimajor axis and the
eccentricity of the planet or brown dwarf. Unfortunately, these
parameters are hardly constrained given the wide separation at
which DI companions are detected. In fact, their revolution peri-
ods usually range from hundreds to thousands of years, with only
a small portion of the orbit covered in the observation baseline.

To estimate the best orbital parameters for the targets in our
sample, we performed a joint orbit fit of all available relative
astrometry (this paper and astrometric measurements present
in the literature), supplemented by absolute astrometry for the
stars with proper motion measurements coming from HipPAR-
cos (Nielsen et al.[[2020; [Van Leeuwen|2007) and Gaia EDR3
(AB Pic, HIP 64892 and HIP 78530; |Gaia Collaboration et al.
2021)). Our orbit fit is carried out with the orbitize! Python pack-
age (Blunt et al.[2020, 2024), which uses the parallel-tempered
Affine-invariant MCMC algorithm from the Python package
ptemcee (Foreman-Mackey et al.|[2013} Vousden et al.|[2016).
We adopted standard priors detailed in orbitize!, which are log-
uniform for the semimajor axis, uniform for the eccentricity and
Gaussian for the total mass of the system (defined as the sum
of the stellar mass, listed in Table 2] and the companion mass,
listed in Table [3] with their respective errors). We use a total of
400 walkers, 14 temperatures, and 2.5 - 10* total steps to sample
the parameter space, with a thinning factor of 400. To help the
assessment of convergence, we discarded the first 200 steps of
each walker as burn-in. The Table presenting all the astromet-
ric measurements included in this analysis, along with a detailed
analysis of the fitting procedure adopted and results obtained, is
presented in the second paper of this series, which focuses on
the characterization of the companions observed in our survey
(Bernardi et al.|2026). Here, we present only the derived semi-
major axis and eccentricities used to calculate the Hill radii of 11
of the 12 targets in the sample. For HD 130948, instead, we used
the orbital parameters found in the literature (see Sect.[3.12) and
we did not include any Ry;; given the complicated dynamics of
this triple system.

For the suitable substellar companions, we derived the Hill
radius,

3 MP
Ry = ap(l —ep) M
©

ey

using the mass (Mp), semimajor axis (ap), and eccentricity (ep)
presented in columns two, five, and six of Table E] and the mass
of the star (M) from column four of Table E} Hill radii are pre-
sented in column seven of Table[3

Figure [I] presents, for each system, the final ADI-processed
image from the datacube, along with a 30 x 30 pixel zoom-
in of the residuals centered on the subtracted planet or brown
dwarf. In a few cases, other sources were detected in the field of
view and encircled in green in the ADI image. In particular, we
found one source for TYC 7084-794-1, DH Tau, CT Cha, and
HIP64892, two sources for GQ Lup and four further sources for
RX J1609.5-2105. We verified that all these sources are compati-
ble with background objects when considering the proper motion
of the star and their previous positions in archival images. The
astrometry for each background source is given in Table
The full span of the possible Hill radii, depending on the uncer-
tainties of the mass and orbital parameters for the companions,
is shown as a pink-shaded annulus, with maximum and mini-
mum Hill radii depicted as pink dashed lines. In addition, the
mean Ry;;/2 is highlighted with a solid pink circle, serving as
a reference outer boundary for potential bound structures. Fi-
nally, in the residual image, with the exception of HD 130948,
we masked the central region corresponding to one FWHM, as
this inner area does not allow us to resolve, or it permits us to
only marginally resolve, additional sources.

For systems for which previous SPHERE/IRDIS observa-
tions were available, we also compared the new residuals with
older archival data to see if similar structures emerged after the
subtraction of the PSF. For most systems, the residuals obtained
at different epochs significantly differ from each other. For this
reason, we can thus conclude that any excess in the final images
comes from differences between the PSF of the substellar com-
panion and the model used. However, some consistencies were
derived for three systems, TYC 8047-232-1 B, CT Cha b, and
DH Tau b, for which we give a full analysis in the dedicated
sections. As a final remark, we note that most substellar com-
panions’ PSFs are intrinsically different in the innermost regions
from any stellar model used, either the host or reference star.
This fact reflects our difficulties in exploring the closest acces-
sible regions around these objects, leaving an oversubtraction in
correspondence with the peak of the PSF and bright artifacts in
its surroundings. We stress that the negative residuals are related
to the aforementioned PSF—model mismatches and not to ADI
self-subtraction wings.

The contrast curves derived around each substellar compan-
ion in the H2 band, expressed in arcseconds versus contrast with
respect to the central star, are shown in the left panel of Fig.
[2] The right panel shows the detection limits obtained by con-
verting each contrast curve into mass using the mean ages and
distances listed in Table [2] and the ATMO evolutionary models
(Phillips et al.|2020).

Moreover, each curve was truncated at half of the mean Hill
radius of the planet or brown dwarf in order to account only
for satellites on dynamically stable orbits. However, given the
significant uncertainties affecting the orbital parameters of these
companions, which translate into a wide range of plausible Hill
radius values, we also show in the plot the maximum extent of
half Hill radius. In Fig. 2] the mean Hill radius is indicated by
solid lines, while its maximum value is represented by dashed
lines.
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TYC 7084 - 794 - 1 = | TYC 8047 - 232 -1

HIP 78530

HIP 64892 RX J1609.5 - 2105

HIl 1348 o HD 130948

Fig. 1: Final ADI-processed images of each system and the residual outcome of the PSF subtraction. For each target, the large panel
shows the full field of view, while the inset presents a 30 x 30 pixel zoom on the subtracted companion and its residuals. Positive
residuals are shown in red, while negative ones are in blue. Detected background sources are marked in green. Pink shading denotes
the range of possible Hill radii. The dashed lines are for the extrema, and a solid circle represents half of the mean Hill radius.
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Fig. 2: Left: contrast curves calculated at 5o in the H2 band expressed in arcseconds versus contrast relative to the host star, truncated
at half mean (solid curves) and half maximum (dashed curves) Hill radii for dynamical stability. Right: Corresponding detection

limits converted into mass using ATMO evolutionary models.

Table 2: Stellar parameters of the systems in the sample.

cluding this epoch in the orbital fitting of AB Pic b, the baseline
used by [Palma-Bifani et al.| (2023) is extended by ~ 8 years.

They obtain possible semimajor axes in the range [186,351] au
and eccentricities in the range [0.24, 0.86], with peaks at 242 au

Name Distance Age Mass Mag H
(pc) (Myrs) Mo)

AB Pic 50.14 28 + 11 0.8 7.088
TYC 7084-794-1 22.36 137 £ 17 0.4 7.28
TYC 8047-232-1 86.63 36 +8 0.8-0.9 8.53
CT Cha 189.95  1.41*(38 0.8 8.944
GQ Lup 154.10 3+2 1.03 7.702
HIP 78530 134.70 11+3 2.5 6.946
DH Tau 13345 1.4+0.1 0.41 8.824
HIP 64892 119.62 16 +2 2.35 6.879
RX J1609.5-2105  138.04 11+3  0.68-0.77 9.121
HII 1348 143.29 112+5 1.22 9.83
n Tel 48.54 21+ 4 2.09 5.15
HD 130948 18.20 SSOjfgg

and 0.54, respectively, in agreement with previous orbital esti-
mates (Palma-Bifani et al.|[2023). The Hill radius, thus, spans a
variety of values, from 4.4 to 46.4 au, with a mean value around
19.2 au.

Although AB Pic b resides at a wide orbital separation and is
an ideal candidate for hosting circumplanetary material, ALMA
1.3 mm observations have not detected any associated dust emis-
sion, placing an upper limit on the protolunar disk mass of
5% 107 My, or 2.4 x 107® M}y, under the assumption of a
compact disk (Pérez et al.|2019). This non-detection may in-
dicate rapid dissipation of the CPD or that the system has al-
ready reached an advanced stage of satellite formation. Ad-
ditionally, polarimetric observations in the near-infrared with
SPHERE/IRDIS did not detect any significant polarized signal
from AB Pic b, yielding upper limits on the polarized-to-total
intensity ratio and the disk-integrated polarized flux (van Hol-

Notes. For each host star, we report distance, age, stellar mass, and
apparent H magnitude.

3.1. AB Pic

AB Pic is a young K1V star located at a distance of 50.14 pc
(Gaia Collaboration et al.|2021) and is a likely member of the
Carina association, with an estimated age of 28 + 11 Myrs (Grat-
ton et al.|2024) and a mass of 0.8 M, (Chauvin et al.|2005b). Its
substellar companion, AB Pic b, was first discovered by|Chauvin
et al.| (2005b) through high-contrast imaging observations with
VLT/NACO at a separation of ~ 5.5 and was initially estimated
to be near the deuterium-burning limit (~ 13—14 My,,). More re-
cent studies, however, place it within the planetary-mass regime,
with an estimated mass of 10 £ 1 My,, (Palma-Bifani et al.
2023). Orbital fitting based on astrometric data from NaCo and
SPHERE suggests a semimajor axis of 190’:%80 au, a near edge-
on inclination, and a poorly constrained eccentricity (Palma-
Bifani et al.|[2023)). As presented in |Bernardi et al.[ (2026), in-

stein et al.|2021). These results suggest that if a CPD exists, it
is extremely faint, lacks sufficient scattering dust grains, or is
viewed at an unfavorable geometry. Combined, these constraints
from ALMA and polarimetry point toward a low dust content
around AB Pic b at the current epoch.

After the subtraction of the substellar companion, no further
features are detected in the residuals (see Fig.[I)). Detection lim-
its for satellites were estimated to be 7.3 My, at the closest sep-
aration allowed by the dimension of the PSF (1.2 au) and can
reach 2.6 My, at half of the mean Hill radius.

3.2. TYC 7084-794-1

TYC 7084-794-1 is a nearby M1-type star located at a distance
of ~ 22.36 pc (Gaia Collaboration et al.[2021) and is a confirmed
member of the AB Doradus moving group, implying an age of
137 + 17 Myr (Gratton et al.|2024)). Its wide substellar compan-
ion, TYC 7084-794-1 B, was discovered through high-contrast
imaging with Gemini NICI at a projected separation of 3.14” by
Wahhaj et al.| (2011). They estimated the mass of the star to be
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Table 3: Properties of the substellar companions.

Name Mass Separation Pos Angle Semimajor Axis Eccentricity Hill Radius
Myup) (mas) ©) (au) (au)
AB Picb 129793 5379+6  175.17 £ 0.06 237138 0.54%03% 18.87393
TYC 7084-22-1B  33.529  2777+4  239.02+0.08 101713 0.77270.9% 6.939
TYC8047-232-1B  13.1*02 3166 +4  358.91 +0.07 265759 0.82+029 8.1+178
CT Chab 9.7t12 2688+4  300.10 +0.08 520*3%9 0.60*939 32,654
GQLupB 29973 706 +3 279.6 +0.2 90", 0477012 10.0773
HIP 78530 B 19.1%0¢  4525+5  140.08 £ 0.07 550*3% 0.65+019 2597392
DH Tau b 113£22  2346+3  138.74 +0.08 234+100 0.58"03¢ 0.32%4
2347+3  138.73+0.08
HIP 64892 B 407759 1298+3  312.0+0.1 13441 0.58*937 9.9
RXJ1609.5-2105b  9.6"]3 22194 264 =0.1 3857140 0.21*513 49.1*313
HII 1348 B 53370 11543 343.9+0.1 181*3) 0.61*9%% 1707230
n Tel B 50235 4223+5  167.43+0.07 148750 0.6770%7 9.6%318
HD 130948 BC* 114 30-3700 0-0.96

Notes. For each companion, we report the mass, separation, position angle, orbital semimajor axis, eccentricity, and derived Hill radius. With the
exception of HD 130948 BC, for which we adopted the parameters found in the literature (see Sect.[3.12), we retrieved the masses and positions
in this work, whereas the semimajor axis and eccentricities were taken from Bernardi et al.|(2026). Hill radii were calculated accordingly.

0.4 M and a mass for the companion of 31 + 8 My, placing the
object within the brown dwarf regime.

Multiple epochs of high-precision astrometry obtained over
a decade have confirmed common proper motion and enabled
constraints on the orbit of TYC 7084-794-1 B. Although the or-
bital arc covered remains short, orbit fitting using Monte Carlo
techniques yields an estimated semimajor axis of 241“_”1320 au and
a high eccentricity of ~ 0.94 (Bowler et al.|2020). Since the last
epoch included in the Bowler et al.| (2020) is from 30 January
2018, we extended the orbital baseline by more than 5 years.
The estimates of semimajor axis and eccentricity presented in
Bernardi et al.| (2026), are in good agreement with previous re-
sults, with @, = 204*/% au and e, = 0.912*)0}5. The Hill radius
calculated for TYC 7084-794-1 B is restricted to a few astro-
nomical units from the brown dwarf, going from a minimum of
2.9 au to a maximum of 9.1 au.

No significant infrared excess has been detected in the sys-
tem, and polarimetric observations with SPHERE-IRDIS place
upper limits at 0.1 — 0.3% on the degree of linear polarization of
the companion (van Holstein et al.|2021)), disfavoring the pres-
ence of a prominent disk around TYC-7084-793-1 B. In our data,
once the signal from the substellar companion is subtracted, no
additional point or extended sources are detected in the residuals
(see Fig. [I). We therefore derived detection limits for potential
satellites, which are restricted to 9.7-4.0 My, at 0.6-4.4 au, re-
spectively.

3.3. TYC 8047-232-1

TYC 8047-232-1 is a young K3V-type star (Torres et al.[2006)
of 0.8-0.9 M, (Baraffe et al.|[1998)) located at a distance of
86.63 pc|Gaia Collaboration et al.|2021|and a likely member of
the Columba Moving Group, with an estimated age of approxi-
mately 368 Myr (Gratton et al.[2024)). The system was claimed
to host a brown dwarf companion by Neuhiuser et al.| (2003) at
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a projected separation of 3.2 arcsec and with a mass estimated
between 20 and 40 Myy,,. The companion was subsequently con-
firmed to share common proper motion with TYC 8047-232-1
(Chauvin et al.[2005a).

Although the full orbit was not yet resolved, Ginski et al.
(2014a) derived broad posterior distributions for the orbit of the
brown dwarf considering a long-term stable system. Their re-
sults are consistent with a semimajor axis of ~196-880 au and
an eccentricity distribution favoring eccentric orbits in the range
0.28-0.999, with a peak at 0.997. Even if more than 11 years have
passed since the last epoch considered by |Ginski et al.| (2014a))
(03 December 2012 to 27 August 2024), the companion moved
by a few tens of arcseconds, leaving large uncertainties on the or-
bital parameters. In Bernardi et al.| (2026)), we found an estimate
of a semimajor axis of 264}, au and eccentricity of 0.82+0-10

20.26°
with a Hill radius of 8.1*17.% au.

Regarding putative features bound to this substellar object,

SPHERE-IRDIS polarimetric measurements constrain the linear
polarization of the companion to below 0.2-0.3% (van Holstein
et al.|[2021), making the presence of a prominent disk around
TYC-8047-232-1 B unlikely.
For this target, we also include a further observation carried out
at the very beginning of this program (01 October 2023, proposal
ID 111.24UH.001) for which the reference star selected was ac-
tually a spectroscopic binary too wide to be used for the NEGFC
technique. In this case, we only used the two images of the cen-
tral star gathered before and after the coronagraphic sequence to
model and subtract the PSF of the brown dwarf. Interestingly, we
detected similar residuals in both observing epochs, 01 October
2023 and 27 August 2024, as shown in Fig. 4] Each subfigure is
composed of three panels, showing (from left to right) the PSF of
the substellar companion, the model PSF, and the residuals after
subtraction. The top and bottom rows correspond to the first (01
October 2023) and second (27 August 2024) epoch, respectively,
while the left and right columns show the H2 and H3 filters.
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The excess emission is located at a projected separation of
~85 mas and position angle of 159° from the brown dwarf and
it is consistently visible in both epochs and in both filters (see
white circles in Fig.[d} Moreover, we retrieved a S/N map, using
the function snrmap () provided by VIP, and centering it on the
substellar companion so that the noise is evaluated on the resid-
uals left from the subtraction. As a result, we obtained for the
excess a S/N of 3.7 and 4.6 in H2 and 2.7 and 3.3 in H3 for the
2023 and 2024 epochs, respectively). Importantly, the residuals
were obtained using either the PSFs of the central star or the ref-
erence star for the star-hopping (HD 10626), which strengthens
the case for this being a genuine feature bound to TYC-8047-
232-1 B. The excess appears slightly extended, particularly in
the second epoch and in the H2 filter, suggesting a possible disk
component. However, given the polarimetric constraints of |van
Holstein et al.|(2021)), if a CPD is present, it is unlikely to extend
as far as ~7 au, where the residuals are detected.

Alternatively, the residuals may correspond to a further com-
panion orbiting TYC-8047-232-1 B. In order to extract the flux
of the candidate, we developed a variation of the NEGFC tech-
nique that enables the subtraction of two PSFs at the same time,
one at the location of the companion and the other at the location
of the candidate satellite. The flux and relative errors are esti-
mated by running an MCMC that optimizes the residuals coming
from the subtraction.

As a result, we obtained H2-band contrasts of 1.32 x 107> +
5.7%107% (01 October 2023) and 9.46x 107°+5.2x 1076 (27 Au-
gust 2024), which, using the atmo evolutionary models (Phillips
et al.[2020) and assuming a mean age of 36 Myr, correspond to
mean masses of 3.0-3.4 My,,. In H3, we obtain 1.25 x 107 +
7.2 x 107° for the first epoch and 8.9 x 107 + 7.3 x 107° for the
second one, corresponding to mean masses of 6.1-6.5 My,,. Al-
though the masses derived for the two filters differ by roughly a
factor of two, this is consistent with uncertainties introduced by
the NEGFC subtraction procedure, the intrinsic faintness of the
signal, and the evolutionary models assumed. Moreover, Fig. 3|
shows the color—magnitude diagram of the candidate TYC 8047-
232-1 Bb at the two epochs (green triangles) in the available
bands (H2-H3 vs My»). The derived color is consistent between
the two epochs within the uncertainties, while a discrepancy is
observed in the absolute H2 magnitude, with the 2023 measure-
ment appearing systematically brighter. We note, however, that
the quoted error bars—despite being relatively large—are likely
underestimated, as the flux calculation is performed via MCMC
while keeping the positions of both companions fixed and as-
suming a single model PSF for both companions. A more accu-
rate and self-consistent flux retrieval allowing for additional de-
grees of freedom and PSF variability will be explored in future
studies, for instance, through the use of neural network—based
approaches.

We also note a point source at a S/N in H2 of 6.8 and 4.0 and
in H3 of 6.6 and 3.7 in archival SPHERE/IRDIS observations
from 25 September 2015 and 17 January 2016, located at sepa-
ration and position angle relative to the brown dwarf of ~ 80 mas
and ~ —23° for the first epoch and ~ 120 mas and ~ —55° for the
second one (see Fig. [5). The point source was detected in both
H2 and H3 filters with contrasts comparable to the ones derived
for the candidate in 2023 and 2024 (for 2015 contrast in H2 of
1.24x 1075 + 6.4 x 1078 and in H3 of 1.64 x 1075 + 8.8 x 107%;
for 2016 a contrast in H2 of 2.50 X 107 + 8.9 x 10~° and in H3
of 2.21 x 107 + 9.4 x 107%). The colors for the tentative point
source detected in 2015 and 2016 are plotted in Fig. [3|(red trian-
gles) and they are broadly consistent with the results obtained in
this paper, especially when compared to the 2024 epoch.
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Fig. 3: H2-H3 color magnitude diagram for the objects in our
sample, adapted from Bernardi et al.| (2026). The candidates
around DH Tau b and TYC 8047-232-1 B are indicated with
squares and triangles, respectively, both for datasets presented in
this paper (green) and archival epochs (red).

We note that both datasets are affected by the low-wind effect
(Milli et al.|2018]), which is particularly severe in the 2016 data,
and could strongly affect not only the shape of the residuals but
also the contrasts retrieved. Nevertheless, it is useful to assess
whether the sources detected in the archival and new datasets
could correspond to the same object.

Based on the system’s proper motion, we can rule out the
possibility of a background star. In fact, the source detected in
2015 at ARA = 0.0245” and ADec = 3.087” is not consistent
with a background object, since it should have been located in
2023 at ARA = 0.425"” and ADec = 3.170”, whereas it is instead
detected at ARA = 0.098" and ADec = 3.283”. If the candidate
were bound to TYC 8047-232-1 B, the 2015 and 2016 datasets
yields a mass of about 3 — 4Mj,, (from atmospheric models, as-
suming an age of 36 Myr). This estimate is consistent with the
masses retrieved from the 2023 and 2024 detections.

Assuming the system is observed face-on and the compan-
ion follows a circular orbit, the candidate would have completed
a little more than half of its orbit (~ 187° if we consider a clock-
wise motion) since 2015. From Kepler’s third law, a semimajor
axis of ~ 7 au and a companion mass of 3-6, My,, imply an
orbital period of 130-150 years. Over an 8-year baseline, the ex-
pected orbital motion would thus be only ~ 20°, smaller by a
factor of ~ 9 than the observed displacement. Since these as-
sumptions provide the shortest possible orbital period, the dis-
crepancy is even more significant.

Although the photometric properties of the residuals — in
particular their location in the color—magnitude diagram — ap-
pear broadly consistent across the 2015, 2016, 2023, and 2024
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epochs, orbital considerations provide a stronger discriminant.
Under reasonable assumptions on the system geometry and com-
panion mass, the displacement observed between the archival
and recent datasets is incompatible with the expected orbital mo-
tion. This dynamical inconsistency indicates that the features de-
tected in 2015 and 2016 are unlikely to trace a genuine bound
companion and are more plausibly explained as residual arti-
facts, likely exacerbated by the low-wind effect, whereas the ex-
cesses seen in 2023 and 2024 may indeed correspond to a real
feature associated with TYC 8047-232-1 B, not detected in pre-
vious observations.

Even though the nature of the excess remains uncertain, this
system could represent a second case, after DH Tau, of a binary-
planet configuration formed through gravitational capture en-
hanced by the action of tides (see for example [Lazzoni et al.
2024). Deeper observations will be necessary to confirm this
candidate, while future instruments such as Mid-Infrared ELT
Imager and Spectrograph (METIS) and Multi-AO Imaging Cam-
era for Deep Observations (MICADO) on the Extremely Large
Telescope (ELT) will offer stringent constraints on its nature.

3.4. CT Cha

CT Cha is a young K7-type star located in the Chamaeleon star-
forming region, at a distance of ~ 189.95 pc (Gaia Collaboration
et al.|2021)), with a mass of ~ 0.8 M, (Sheehan et al.[2019) and an
estimated age of 1.41*)35 Myr (Feiden|2016). The system hosts
a substellar companion, CT Cha b, first discovered through high-
contrast imaging by Schmidt et al.| (2008)), at a projected sepa-
ration of 2.67 arcsec and with an initially estimated mass of 17
Mjyp, assuming an age of 2-3 Myrs. Considering the more recent
estimate of the age of the system, this substellar companion is
much closer to the planetary regime, with a mass around ~ 10
Mjyp.-

pAlthough its orbital motion is slow due to the wide sepa-
ration, multi-epoch astrometry confirms that CT Cha b is co-
moving with the primary star. Since there is no study in the lit-
erature about the orbital parameters for this object, we present
in the second paper of this series (Bernardi et al.|[2026)) the first
estimate of the latter using the available 17-year baseline. We re-
trieved possible semimajor axes varying from 350 to 820 au and
spanning a wide range of eccentricities, from 0.25 to 0.87. Most
probable values for these two parameters are 500 au and 0.59,
respectively. The Hill radius spans a range of values, from 6.8 to
100.2 au, with a mean of 32.1 au.

A disk surrounding CT Cha B was inferred thanks to the de-
tection of emission lines, such as and Pag and Bry, in the spec-
trum of the brown dwarf, as well as significant dust extinction,
indicative of accretion activity (Schmidt et al.| 2008}, Bonnefoy
et al.|2014; [Lachapelle et al.|2015). The presence of the CPD
has been confirmed in a recent spectroscopic analysis of JWST
data (Cugno & Grant|2025). Moreover, Wu et al.| (2015a)) report
variability in the Ha emission and derive a mass accretion rate of
~ 6 x 10719 M /yr. Non-detection at submillimeter and millime-
ter wavelengths with ALMA (0.88 and 1.3 mm;|Wu et al.|2017a}
2020) suggests either a compact disk or a relatively evolved disk
with significant grain growth or depletion.

The residuals analyzed in this paper show an extended shape
that could be attributed to the presence of the disk known to sur-
round the planet. Therefore, we developed a forward-modeling
procedure to characterize the CPD detected around the target.
We make use of the GRaTeR (Augereau et al.[1999) implementa-
tion in the vip_hci package, in particular the ScatteredLightDisk
class, to generate disk models with parametric density distribu-
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tions. A double Henyey—Greenstein phase function is adopted to
reproduce the anisotropic scattering properties of the dust grains.
The disk model, consisting of a single circular component, is de-
fined by a set of parameters describing its geometry (inclination
i and position angle PA), density distribution (inner and outer
power-law slopes, a;, and a,,,, and reference radius, a), surface
brightness (F), and scattering phase function (asymmetry pa-
rameters g, g» and the weight of the two coefficients w,; and
Wer = 1- ng).

The synthetic images are then convolved with the PSF ex-
tracted from the science data to account for instrumental re-
sponse. The resulting model is injected at the location derived for
CT Cha b in the image where the planet was subtracted. Second-
iteration residuals, with the first being the outcome of the sub-
traction of the PSF of the planet, are then obtained by subtracting
the convolved models from the observed science data.

To assess the set of disk parameters that best reproduce the
observed scattered-light morphology, we iteratively vary the 9
parameters to minimize the residuals, adopting the Powell mini-
mization algorithm (Powell|1964). Parameter uncertainties were
then estimated using an MCMC exploration of the posterior dis-
tribution (via emcee), initialized around the best-fit solution. The
best-fit is given by a disk with a reference radius a = 15.4*3)

au, a;, = 5.8’:%:2 and a,,, = —13.1*7-l inclination of 41.43:8

—4.8°
. .. 8.5
deg with respect to face-on and position angle of 127.9%7 - deg,

surface brightness F = 4.31’%2 counts and scattering parameters
g1 = 0.999f8:8?26, g = —0.996f8:8(2)§ and wy; = 0.999f8:888‘5‘. In
the first row of Fig. @ we show, from left to right, the outcome
of the PSF subtraction of the planet (first-iteration residuals), the
disk model obtained assuming the best-fit parameters, and the
subtraction of the two (second-iteration residuals). It is impor-
tant to note that the disk modeling is performed on an image
where the PSF of the companion has already been subtracted; as
a consequence, the residual disk signal may be affected by this
preliminary step, and the derived disk parameters should there-
fore be regarded as highly uncertain.

Similar first-iteration residuals were also derived after reduc-
ing archival data obtained with SPHERE on 19 March 2017 (sec-
ond row, first panel of Fig.[6). Unfortunately, such observations
were of poor quality and cannot be used to derive precise disk
parameters, given the strongly variable conditions of the atmo-
sphere. However, generating a disk model with the same param-
eters obtained for the 2025 dataset, we obtain second-iteration
residuals with significantly lower noise (second row, last panel
of Fig. [6), pointing to the fact that the extended structure de-
tected in the two epochs is oriented in a similar direction and
has a similar extension. As a last note, the star itself, CT Cha A,
hosts a disk which is oriented along a position angle of 59° and
with an inclination of 45.7° (Ginski et al.|2024). If the residuals
detected in this work are tracing the CPD around CT Cha b, then
the planet and the star have disks with very similar inclination,
although they might not be aligned along the same position angle
(see for example [Zurlo et al.|2023)).

Being very young, CT Cha b is also among the substellar
companions for which the deepest detection limits have been
achieved. If we neglect the absorption coming from the CPD,
we can already rule out the presence of Jupiter-like satellites
around CT Cha b at separations of about half the mean Hill ra-
dius. Overall, given the presence of a CPD where satellite for-
mation is likely ongoing, together with its young age, CT Cha
stands out as one of the most promising systems to be investi-
gated with future ~ 40 meters class telescopes.
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Fig. 4: Residuals around TYC 8047-232-1 B after PSF subtraction for 01 October 2023 (top row) and 27 August 2024 (bottom row)
epochs and for H2 (left side) and H3 (right side) filters. Each set of three panels shows, from left to right, the substellar companion,
the model PSF, and the residuals, highlighting a recurrent excess feature with a white circle.

Fig. 5: Archival SPHERE/IRDIS observations of TYC 8047-
232-1 B from 25 September 2015 (fop row) and 17 January 2016
(bottom row) in the H2 filter. In each row, from left to right, the
substellar companion, the model PSF, and the residuals are dis-
played. The recurring excess is highlighted with a white circle.

3.5. GQ Lup

GQ Lup is a classical T Tauri star located in the Lupus star-
forming region at a distance of approximately 154.10 pc
[Collaboration et al.|[2021)). The system is young, with an esti-
mated age of 3 + 2 Myr and a stellar mass of 1.03 Mg

let al.|2014). Its widely separated substellar companion, GQ Lup
B, was first identified via direct imaging at a projected sepa-

ration of ~ 0.7 arcsec (Neuhduser et al.|2005], 2008) and with

a mass estimate placing the companion near the brown dwarf-
planetary mass boundary (Neuhauser et al.|2008; [Patience et al.|
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Fig. 6: Disk detection around CT Cha b and its modeling for
26 January 2025 (fop row) and 19 March 2017 (bottom row)
epochs for the H2 band. In each row, from left to right, are shown
the residuals resulting from the subtraction of the PSF of the
planet, best-fit disk model, and second-iteration residuals after
disk model subtraction.
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stringent constraints on the orbit of GQ Lup B, with semimajor
axis 93*]3 au and eccentricity 0.45%013. The Hill radius instead
could vary between 6.6 and 16.5 au.

GQ Lup B exhibits signatures of active accretion, including

emission and variability in both the Pag (Seifahrt et al.|[2007}
Demars et al|2023) and He (Zhou et al|2014) lines. Based on

Hea photometry and accretion shock models, typical mass accre-
tion rates are in the range of 2 — 3 x 107! My/yr (Zhou et al.

[2014}, [Stolker et al|[2021). ALMA observations did not reveal

2012} [Stolker et al.[2021).

Astrometric monitoring over nearly 10 years has revealed
partial orbital motion consistent with an eccentricity between
0.21 and 0.69 and a semimajor axis of 0.54-0.92 arcsec
let al[2014D). Interestingly, the spin period of GQ Lup B appears
to be relatively slow compared to field brown dwarfs of similar
mass and age, possibly linked to ongoing disk locking or mag-
netic breaking (Schwarz et al.[2016). Bernardi et al.| (2026)), fur-
ther extended the baseline to nearly two decades, deriving more

any submillimeter (MacGregor et al.|[2017) or millimeter

emission. The upper limit for the dust mass in the
CPD was estimated to be ~ 0.04 Mg (MacGregor et al|[2017),

consistent with a compact disk, a low-mass disk, or a combina-
tion of the two. However, recent JWST/MIRI mid-infrared spec-
troscopy has confirmed the presence of warm dust, providing
the first direct detection of the disk around GQ Lup B in this

wavelength range (Cugno et al.[2024). These results suggest the
presence of small dust grains and thermal emission from a still-
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active CPD. No polarized scattered light signal has been detected
with SPHERE/IRDIS, placing upper limits on the linear polar-
ization of the companion at 0.2-0.3% (van Holstein et al.[2021).
Moreover, no extended and coherent excess was detected when
comparing the observations presented in this paper with archival
data.

It has been suggested that the disk around GQ Lup B might
feature an inner cavity, extending from the sublimation radius at
6.6 Ry,p out to ~40 Ryyp (Cugno et al.|2024). This cavity could
have been carved by forming satellites, but current direct imag-
ing observations cannot yet probe this region. For instance, if we
assume that a single massive satellite is forming at the center of
such a gap, it would be located at ~23 Ry,p (0.01 au) from GQ
Lup B. Assuming that the dust-cleared region on each side of
the satellite (~17 Ryyp) corresponds to 3 Ry, the resulting satel-
lite mass would be 1.3 Mj,,. As shown in Fig. E], the innermost
separation accessible to our observations is 3.7 au, correspond-
ing to a mass detection limit of 5.3 My,p, which is far above
the predicted physical parameters of the satellite. It is also un-
likely that a single massive satellite is forming within the CPD,
both from theoretical predictions (i.e.,|Canup & Ward[2006) and
from the RV measurements retrieved for GQ Lup B (Horstman
et al.[2024). A more plausible scenario would include multiple
smaller satellites, as in the case of the Galilean satellite system
of Jupiter, implying even lower masses for each individual satel-
lite. A comparable scenario has been recently investigated for
GQ Lup B, where the putative cavity in its CPD has been in-
terpreted as potential evidence of exosatellites orbiting therein,
and high-resolution radial velocity monitoring was carried out
to directly test this hypothesis (Horstman et al.|2024), ruling out
exomoons of 0.6%-2.8% the mass of GQ Lup B at separations
between the Roche limit and 65 Ryyp.

3.6. HIP78530

HIP 78530 is a young, 2.5My B9V-type star (Houk & Smith-
Moore|[1988) located at a distance of ~ 134.70 pc (Gaia Col-
laboration et al.|2021), with an estimated age of 11 + 3 Myrs
(Squicciarini et al, in prep). The star hosts a wide substellar com-
panion, HIP 78530 B, discovered with ADONIS/SHARPII+ at a
projected separation of ~ 4.5 (Kouwenhoven et al.|2005), and
then confirmed through common proper motion, with a mass es-
timate of ~ 20 My, (Lafreniere et al.[2011).

The orbital parameters of HIP 78530 B are hard to constrain
due to the long orbital period, and only a small portion of the or-
bit has been covered in the past 20 years. From the orbital mod-
eling by Bernardi et al.[(2026)), we retrieved a semimajor axis of
472*3% au and eccentricity of 0.55%072, with an estimated Hill
radius of 28.6*3%7 au.

We did not detect any significant excess from the residuals
(see Fig. [I). We restricted the detection limits for further com-
panions around the brown dwarf to 6.1-3.8 My, at 3.2-11.1 au,
respectively.

3.7. DH Tau

DH Tau is a young system located in the Taurus star-forming re-
gion at a distance of ~133.45 pc (Gaia Collaboration et al.[2021)).
The central star has an estimated mass of ~ 0.41 Mg and an age
of 1.4 Myr (Feiden|2016). Its widely separated substellar com-
panion, DH Tau b, was discovered at a projected separation of
~2.3 arcsec through direct imaging (Itoh et al.|2005). Previous
works have placed DH Tau b near the planetary—brown dwarf
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mass boundary, with mass estimates ranging from 8-22 My,
depending on evolutionary models (Bonnefoy et al.[2014}; Zhou
et al.[2014; Itoh et al.|2005)).

Astrometric monitoring over more than a decade has con-
firmed common proper motion between DH Tau A and b (Gin-
ski et al.|2014b), although the orbital parameters remain poorly
constrained due to the wide separation and long period. Here we
report the first attempt to constrain the orbit of DH Tau b, us-
ing a baseline of nearly 20 years. In [Bernardi et al.| (2026), we
estimated a semimajor axis of 2341‘{“ au and eccentricity of

0.58*032, with a Hill radius of 20.3*304 au.

Evidence of ongoing accretion on the substellar compan-
ion has been observed in multiple emission lines, including
strong Ha (Zhou et al.[2014), Pag (Bonnefoy et al.[2014), and
Bry (Bonnefoy et al.||2014), supporting the presence of a CPD.
Mid-infrared photometry from Spitzer/IRAC suggests a flux ex-
cess consistent with disk emission (Martinez & Kraus|2022),
while ALMA observations at 0.88 mm places an upper limit on
the dust mass of ~ 0.09 Mg, indicating that any disk around
DH Tau b must be compact and low-mass (Wu et al.|2020;
Wollff et al.|[2017). Moreover, polarimetric observations with
SPHERE/IRDIS revealed a polarized scattered light signal from
the companion, interpreted as direct evidence of a dusty disk
(van Holstein et al.|[2021).

Lazzoni et al| (2020) reported possible evidence of an ad-
ditional companion in the vicinity of DH Tau b, identified as a
point-like source with a S/N in H2 of ~ 2.7 — 2.3 at a projected
separation of ~10 au. If confirmed, such an object could repre-
sent a massive satellite of ~1 My, providing a rare case of a
hierarchical system composed of a young star and binary plan-
ets. However, the nature of this candidate remains debated due
to observational challenges. The presence of a Jupiter-like com-
panion to DH Tau b could also explain the compact CPD, whose
radius is truncated to < 3 au (van Holstein et al.[[2021), well
within 1/3 Ry (~ 7 au).

We present in Fig. [/| the reductions of the observations ob-
tained in 2024 mid row) and 2025 bottom row). As for TYC
8047-232-1 B, the panels from left to right show the PSF of DH
Tau b, the model PSF, and the residuals obtained after subtrac-
tion. In the first epoch, no clear excess is detected in the residu-
als, while in the second epoch a point-like source is marginally
recovered (S/N of 2.3 in H2 and 2.8 in H3) at 72 mas and —42.5°
relative to the planet (see the white circle in the third row of Fig.
[7). The contrasts for the candidate were retrieved with the same
procedure used for TYC 8047-232-1 Bb candidate (see Sect.[3.3)
and resulted in a contrast of 3.46 x 107 + 1.69 x 107> and of
1.82 x 107> + 1.16 x 1073 in the H2 and H3 bands, respectively
(~ 1.1 and ~ 1.6 My, for H2 and H3 bands, respectively, con-
sidering mean values for the contrasts and age).

In order to have a meaningful comparison for the properties
retrieved here for DH Tau bb candidate, we re-reduced the latest
H-band datasets (16 December 2018) presented in|Lazzoni et al.
(2020) with the most recent tools developed in this paper. In par-
ticular, the 2018 epoch is particularly suitable for such compari-
son not only because instrumental biases were strongly reduced
after 2017 (see forthcoming discussion), but also because three
off-axis PSFs of the central star were acquired during the obser-
vation, two standard ones before and after the coronagraphic se-
quence and a further one in the middle of the scientific exposure.
We thus created a PSF library with three models and applied the
procedure described in Sect. 2.2. The new residuals for H2 band
are presented in the top panel of Fig.[/| where, in the third panel,
we encircled the candidate satellite DH Tau bb in white. Using
the new precise astrometry for DH Tau b from the 2018 epoch
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(see|Bernardi et al.||2026)) and this new reduction we retrieved a
separation of 77 mas and position angle of —24.3° for the candi-
date with respect to DH Tau b, and a contrast with respect to the
star of 3.22 X 107> +2.07 x 107> and 8.65 x 1076 + 7.70 x 1076
in H2 and H3 bands, respectively.

Comparing the 2018 and 2025 epochs, the candidate satel-
lite has consistent contrasts between the two observations in both
bands, translating to a mass of ~ 1 Myyp. In terms of astrometry
instead, the candidate has shifted of 5 mas inward and moved of
18.2° clock-wise. Ignoring the small inward radial shift, we can
assume a circular orbit with radius ~ 10 au. The orbital period
would then be ~ 320 yr. Over a 6-year baseline, the expected
motion would be ~ 10° (~ 1 pixel), a factor of < 2 smaller
than the measured displacement. This is, however, not implausi-
ble given the large uncertainties on the masses of the two sub-
stellar companions and, especially, their relative position. These
uncertainties are significantly affected by observational quality,
including variable atmospheric conditions and mismatches be-
tween the model PSF and the PSF of the substellar companion,
as well as by assumptions in evolutionary models and in the sys-
tem’s age.

We note that the apparent azimuthal evolution of the tentative
candidate DH Tau bb is not strictly monotonic when considering
all available epochs (2015-2025). However, we believe that this
behavior can be explained by the heterogeneous quality of the
data and by systematic effects affecting some of the observations.

In particular, the first epoch acquired on 26 October 2015
was strongly influenced by the low-wind effect, which produced
pronounced azimuthally extended residuals around the substellar
companion. We therefore consider it likely that, in some frames,
the superposition of these low-wind residuals with the candidate
signal biased its apparent position toward the east. This inter-
pretation is consistent with the analysis of (Lazzoni et al.[2020),
where this epoch was excluded from the mass estimates of the
candidate due to the anomalously high retrieved flux compared
to all other observations.

For the 05 January 2020 epoch, the detection of the candi-
date in the K band is extremely shallow, and the PSF of DH Tau
b is significantly broader than in the H band observations. This
makes precise determination of the candidate’s centroid particu-
larly challenging and increases the associated astrometric uncer-
tainties.

Taking these limitations into account, we argue that a mean-
ingful assessment of the candidate’s azimuthal motion should
primarily rely on the H-band epochs acquired on 19 Decem-
ber 2015, 16 December 2018, and 02 January 2025, which are
characterized by more homogeneous data quality and a better-
controlled PSF subtraction. Considering only these epochs, the
candidate appears to evolve azimuthally around DH Tau b in a
clockwise direction, and with an angular displacement that is
broadly consistent with expectations for a bound object on a
long-period orbit, given the large uncertainties.

In Fig.[§]we show the 50~ contrast curves derived for the two
epochs analyzed in this work and for the archival epoch of 16
December 2018. The red circle marks the contrast and position
reevaluated here for the 16 December 2018 epoch, while the or-
ange circle shows the parameters obtained for the 02 January
2025 epoch. The absence of a detection in 2024 and the marginal
detection in 2025 are consistent with the candidate lying very
close to the contrast limit. Regarding the H2-H3 color, we ob-
tain —1.433;24 for the 2018 epoch, using new estimations from
this paper, whereas from 2025 observation we obtain a color of
-0.69 + 0.87. We show in Fig. 3] the color-magnitude diagram
for the candidate DH Tau bb in 2018 observations (red square)
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Fig. 7: Reductions for DH Tau b for 16 December 2018 (top row)
06 October 2024 (middle row), and 02 January 2025 (bottom
row) epochs. Panels show, from left to right, the observed PSF,
the model PSF, and residuals for the H2 band. In the 2018 and
2025 data, a white circle highlights the marginal detection of a
point-like source attributed to the satellite candidate DH Tau bb.

and as found in this survey (green square). These results seem to
suggest that, the candidate retrieved in the archival data and in
this work exhibits broadly similar physical properties.

Overall, while the persistence of the residuals over a time
span of nearly ten years and their repeated recovery at compara-
ble separations and position angles naturally lend themselves to
an interpretation in terms of a candidate companion, we empha-
size that this scenario cannot be considered conclusive. Although
the low-wind effect has been strongly mitigated on SPHERE
since 2018 and is expected to play a reduced role in the most
recent epochs, we cannot fully exclude that the detected signal
is linked to instrumental artifacts. In particular, the presence of
strong negative signals in the processed images suggests that at
least part of the signal may arise from data reduction effects
rather than from an astrophysical source. The interpretation of
the satellite candidate DH Tau bb therefore remains tentative and
should be regarded with caution until confirmed by future obser-
vations with independent instruments.

3.8. HIP 64892

HIP 64892 is a young B9-type star (Houk & Smith-Moore|1988))
of 2.35 M, (Bressan et al.|2012]) located at a distance of ~ 119.62
pc (Gaia Collaboration et al.|2021)) and with an age estimated at
16 + 2 Myrs (Squicciarini et al, in prep). The star hosts a di-
rectly imaged substellar companion, HIP 64892 B, discovered
with VLT/SPHERE at a projected separation of 1.27” and with
an inferred mass above the deuterium burning limit (Cheetham!
et al.[2018)).

Given the long orbital timescale and the relatively recent dis-
covery of this brown dwarf, only a small portion of the orbit has

been observed, leading to a semimajor axis of 1282‘? au and ec-

Article number, page 13 of 19



A&A proofs: manuscript no. output

1074
e DH Tau bb (2018)

DH Tau bb (2025)

\ 2018-12-16
2024-10-06

2025-01-02

50 Contrast

10-51 ‘\(/%\\u o PNy

01 02 03 0.4 05
Separation(arcsec)

Fig. 8: H2 band 50 contrast curves for DH Tau b in the 16 De-
cember 2018 (light blue), 06 October 2024 (green), and 02 Jan-
uary 2025 (pink) epochs. The red circle marks the 2018 candi-
date parameters, and the orange circle indicates the 2025 detec-
tion.

centricity of 0.51f8:%g Bernardi et al.| (2026). The Hill radius of
HIP 64892 B thus spans a range of values, from 4.0 to 21.2 au,
peaking at 11.1 au.

No evidence of a CPD or infrared excess has been reported to
date, though deeper follow-up with ALMA or polarimetry may
provide additional constraints on the presence of dust. In our ob-
servations, we did not detect any relevant excesses attributed to
a disk or further companions around HIP64892 B (see Fig. [I).
From the retrieved detection limits, we can exclude the presence
of satellites with masses down to 8.7-6.1 My, at 2.8-5.6 au, re-
spectively.

3.9. RX J1609.5-2105

RX J1609-2105 is a young K7-type star located at a distance of
138.04 pc (Gaia Collaboration et al.[[2021), with an estimated
age of 11 + 3 Myrs (Pecaut et al.|2012) and a mass of 0.68-0.77
Mg (Ireland et al.|2011)). Its substellar companion, RXJ1609.5-
2105 b, was first identified by [Lafreniere et al.| (2010) through
direct imaging at a projected separation of ~ 2.2 arcsec. Mass
estimates for the companion range from 8 to 14 My, placing it
at the boundary between the planetary and brown dwarf regimes
(Lafreniere et al.[2010; ' Wu et al.|[2015b).

Astrometric monitoring between 2010 and 2014 has con-
firmed common proper motion between the star and compan-
ion, but no orbital motion was detected in the four-year baseline
(Ginski et al.[2014b). Adding the astrometric point acquired in
2025, in [Bernardi et al|(2026), we derived an orbit compatible

with a semimajor axis of 305" au and eccentricity of 0.25%)72

and thus a Hill radius of 32.6*]$/ au.

The presence of a CPD around RXJ1609-2105 b remains
debated. Early observations suggested possible disk-related fea-
tures. For instance, 'Wu et al.| (2015b)) found evidence of redden-
ing, in the optical bands 7z’ and Y, consistent with the presence
of circumsubstellar dust surrounding the companion. However,
this interpretation is challenged by several more recent studies.
Mid-infrared photometry at 3.6-8.0 um revealed no excess above
the expected photospheric levels, ruling out significant warm
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dust emission around the companion (Martinez & Kraus|2022).
Likewise, |Bailey et al.| (2013)) found no 3-4 um excess in either
the primary or companion, although they did report a modest
24 um excess for the system, potentially attributable to warm
dust around the primary, around the companion or around both.
Millimeter observations with ALMA at 0.88 mm further failed
to detect any continuum emission at the companion’s location,
placing stringent 30~ upper limits of 120-210 uJy on the dust
emission (Wu et al.|2020), implying a lack of massive cold disks.
In addition, polarimetric observations with SPHERE/IRDIS re-
vealed no detection of polarized scattered light, setting upper
limits on the linear polarization at levels below ~0.2% (van Hol-
stein et al.|[2021)). Finally, residuals derived after the subtraction
of the PSF of the planet did not reveal either extended or point-
like sources. We can nevertheless exclude the presence of further
companions around RXJ1609 b with masses in the range 1.7-1.4
My, between separations of 3.8-16.7 au.

3.10. HII 1348

HII 1348 is located at a distance of 143.29 pc (Gaia Collabora-
tion et al.[|2021)), with an estimated age of 112 + 5 Myrs (Dahm
2015). The primary is a K-type double-lined spectroscopic bi-
nary star with a mass of approximately 1.22 Mg, (Geiller et al.
2012). A faint companion, HII 1348 B, was first identified by
Bouvier et al.|(2007)) as a background star but then confirmed as
a common proper motion object by |Geibler et al.|(2012) through
high-resolution adaptive optics imaging. First estimates for the
mass placed HII 1348 B within the brown dwarf regime, having
~ 60 Mjyp.

Astrometric monitoring for more than two decades has re-
vealed some orbital motion despite the long orbital period (>
1000 yrs). Recent orbital modeling by Weible et al.| (2025)
suggests that HII 1348 B follows an eccentric orbit with e =
0.78*9-)5 and a semimajor axis of ~ 140*13" au. The last epoch
considered by [Weible et al.| (2025) for the orbital fitting traces
back to 2019. Bernardi et al.| (2026) extended the baseline by
four years and retrieved values for the semimajor axis and eccen-
tricity of 181f§g au and 0.60f8'?§, further increasing the precision
on the orbital parameters.

No evidence of the presence of a CPD is reported in the lit-
erature, nor did we retrieve significant excesses from the dataset
presented in this paper. Detection limits for the presence of satel-
lites can only exclude massive companions around HII1348 B,
with masses above ~ 12 My, in the discovery area (4-9 au).

3.11. n Tel

n Tel is a young star located at a distance of 48.54 pc (Gaia Col-
laboration et al.|2021)). The system is a confirmed member of the
B Pictoris moving group, with an estimated age of 21 + 4 Myr
and the stellar mass is estimated to be 2.09 M (Gratton et al.
2024).

n Tel hosts a wide brown dwarf companion, n Tel B,
originally discovered through near-infrared imaging and subse-
quently confirmed via proper motion and spectroscopic follow-
up (Guenther et al.[2001} Neuhiuser et al.[|2011). The compan-
ion is located at a projected separation of ~ 4.2” and has been
the subject of extensive astrometric and photometric monitoring
over the past two decades (Neuhduser et al.[2011; Nogueira et al.
2024).

Due to the wide separation and long orbital period, the or-
bital parameters of 1 Tel B remain poorly constrained. From the
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orbital modeling presented in|Bernardi et al.|(2026), we retrieved
a semimajor axis of 143f‘2‘3 au and an eccentricity of 0.53t8'§2.
Based on these orbital parameters and the estimated masses of
the system, we derive a Hill radius for n Tel B of 13.6téfti9 au.
No significant excess emission attributable to additional
companions or disk’s feature is detected in the residual images
(see Fig. [T). We therefore placed constraints on the presence of
further companions orbiting n Tel B, excluding masses larger

than ~ 10.1-5.2 My, at separations of 1.1-6.8 au.

3.12. HD 130948

HD 130948 is solar-type G2V star located at a distance of
~ 18.20 pc (Gaia Collaboration et al.|2021), with an estimated
age of 550*730 Myrs (Vigan et al.[2017). It hosts a remarkable
brown dwarf-binary companion, HD 130948 BC, first discov-
ered by [Potter et al.| (2002)) via adaptive optics imaging with
Gemini/Hokupa‘a. The pair comprises two nearly equal-mass
brown dwarfs, with a total dynamical mass of 114 My, orbit-
ing each other at a separation of 120 mas, with an eccentricity of
0.167 and orbital period of ~ 10 yrs (Dupuy et al.|2009).

The orbit of HD 130948BC around the primary star has also
been partially constrained by |Ginski et al.|(2013)) through a com-
bination of astrometric measurements coming from multiple in-
struments. The brown dwarf binary orbits HD 130948A at a pro-
jected separation of 2.6 arcsec, with orbital fitting suggesting a
semimajor axis of between 30 and 1112 au, peaking at 47 au,
and an eccentricity between 0 and 0.96, peaking at 0.83. More-
over, the fitting resulted in a highly inclined system with i rang-
ing between 91 and 105 degrees.

In our observations, the two brown dwarfs are unresolved,
and we were therefore unable to retrieve precise astrometric po-
sitions. For this reason, we report in Table [3] only the tentative
orbital parameters available in the literature. In a triple system
composed of the primary star and a brown dwarf binary, the or-
bital stability of potential satellites and the corresponding Hill
radius are significantly more difficult to constrain. In particular,
the half—Ry;; criterion adopted for the other systems does not
apply, as the complex dynamics of the binary prevent a straight-
forward estimate of satellite stability. Consequently, we do not
display the Hill radius in the figure and instead present only the
residuals obtained after subtracting the model in the last panel
of Fig.[T] In these residuals, the subtraction of a single PSF pro-
duces a bilobed structure, which can be naturally interpreted as
the imprint of the two unresolved PSFs of the brown dwarfs.
Finally, since this subtraction is based on an intrinsically inaccu-
rate model, using a single PSF to represent the unresolved brown
dwarf pair, we also do not report contrast curves for HD 130948
BC, since they would not be accurate.

4. Conclusions

This paper is the first of a series, and in it we have presented
the SaNDi-SHoP survey, which is designed to explore the cir-
cumplanetary environment of directly imaged substellar com-
panions. The main objective was to search for satellites and
CPDs around a sample of 12 planets and brown dwarfs with
VLT/SPHERE using a novel application of the star-hopping
technique. By repeatedly observing nearby reference stars of
similar brightness and spectral type, we constructed rich PSF
libraries that allowed us to apply frame-by-frame NEGFC sub-
traction of each companion. This approach effectively mitigated
temporal PSF variability and strongly reduced spurious residu-

als, yielding cleaner images of the regions where faint satellites
and CPDs are expected.

The data reduction pipeline combined standard calibration
steps with customized PSF selection for each frame, and sensi-
tivity was assessed through contrast curves converted into mass
detection limits using evolutionary models. The stability regions
were defined through Hill radii estimated from orbital fits pre-
sented in the second paper of the SaNDi-SHoP survey, and they
provided dynamical boundaries for possible satellites and disks.

Across the full sample, our analysis constrains the presence
of massive satellites to above the ~ 1-10 My, level at separa-
tions of a few astronomical units, depending on system age, dis-
tance, and Hill radius. Most systems show no residuals compat-
ible with bound companions or disks, but the achieved limits al-
ready exclude giant-mass satellites in wide orbits. The measured
Hill radii range from a few to several tens of astronomical units,
and we verified that the current instrumentation probes only a
fraction of these stable regions.

Interestingly, three systems stand out from the survey for re-
vealing compatible excesses throughout multiple observations.
The first one is TYC 8047-232-1 B, which shows repeated ex-
cesses at an S/N between 3 and 4 across multiple epochs and
filters, at projected separations of ~85 mas, corresponding to
masses of 3—6 My,,. While the nature of the feature remains un-
certain, the repeatability of the detection makes this system a
strong candidate for hosting a low-mass companion.

CT Cha b shows extended residuals consistent with the
known presence of an accreting CPD. Forward modeling of the
residuals suggests a compact disk with a radius of ~15 au, in-
clined by ~ 40°, and compatible with independent spectroscopic
evidence of accretion. This confirms that our method can recover
genuine circumplanetary features in scattered light.

DH Tau b displays marginal point-like residuals in our sec-
ond epoch at an S/N between 2 and 3, which is relatively con-
sistent with the candidate ~ 1 My, satellite reported by [Lazzoni
et al.| (2020). However, significant uncertainties remain related
to PSF mismatches, heterogeneous data quality across epochs,
non-monotonic apparent azimuthal motion when considering all
epochs, and the possible impact of a low-wind effect in several
observations. While the repeated presence of residuals at simi-
lar separations over multiple epochs is intriguing, the available
data do not allow us to unambiguously confirm the existence of
a bound satellite.

The constraints derived in this work are limited by the con-
trast and angular resolution of current facilities. The next gen-
eration of ~ 40 meters telescopes will drastically expand the
accessible parameter space. In particular, second-generation in-
struments such as the Planetary Camera and Spectrograph (PCS;
Kasper et al[2021)) on the ELT are expected to achieve contrasts
of 10~ — 10719, compared to current limits of 1076 — 1077, thus
corresponding to an improvement of two to three orders of mag-
nitude in detectable companion masses. At the same time, the in-
crease in telescope aperture from 8 meters (VLT) to 39 m (ELT)
will reduce the diffraction limit by a factor of about five. In the
H2 band (1 ~ 1.6 um), the angular resolution will improve from
A/D ~ 0.04” for SPHERE/VLT to A/D ~ 0.008” for PCS/ELT.
This gain will allow us to probe separations down to < 1 au for
nearby systems, well inside the Hill spheres of most companions
studied here. With such capabilities, it will become possible to
detect satellites with masses of a few Earth masses or below in
order to access the innermost regions where moons are expected
to form and to directly resolve any CPD whose presence is cur-
rently only inferred.
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In addition to instrumental advances, further progress
is expected on the methodological side. Statistically driven,
detection-oriented approaches, such as the PACO framework
(Flasseur et al.[2018]), provide a powerful complement to clas-
sical high-contrast post-processing. By operating directly on the
statistical properties of residual speckle noise, these methods can
improve sensitivity at small angular separations and offer an al-
ternative way to assess the robustness of faint signals (see for ex-
ample, (Chomez et al.|2023). Extending such frameworks to the
circumplanetary regime explored in this work could provide an
independent pathway to validate candidate satellites and circum-
planetary material around directly imaged planets and brown
dwarfs. In combination with the enhanced contrast and stability
expected from next-generation facilities, these approaches may
significantly improve the reliability of future detections and help
open the path toward identifying hierarchical substructures at
progressively smaller scales.

In conclusion, this first paper of the SaNDi-SHoP survey has
delivered the most stringent direct constraints to date on circum-
planetary environments of directly imaged companions, recover-
ing signals for three particularly promising systems. Future high-
contrast imagers on the ELT will transform this exploratory ef-
fort into a systematic characterization of the processes of moon
and disk formation around young planets and brown dwarfs.
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Appendix A: Azimuthal effects on contrast curves
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Fig. A.1: GQ Lup B contrast curves derived from the semi-annuli
located on the star-facing side (orange) and on the opposite side
(blue) are shown and compared with the nominal contrast curve
obtained using full annuli (green), as adopted in the main anal-
ysis. Insets illustrate the geometry of the semi-annuli close to
(top) and far from (bottom) the host star used to compute the
contrasts.
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Fig. A.2: HIP 64892 B (fop) and HII 1348 B (bottom) contrast
curves derived from the semi-annuli located on the star-facing
side (orange) and on the opposite side (blue) are shown and com-
pared with the nominal contrast curve obtained using full annuli
(green), as adopted in the main analysis.
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Appendix B: Comparison of contrast curves with one and multiple PSFs
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Fig. B.1: Representative contrast curves obtained with two subtraction strategies: a single PSF model (blue) and a PSF library
(orange). Four cases are shown: uniform gain across all separations (TYC 7084-794-1 B), improvement at small separations (CT
Cha b), inner-separation gain but degradation at large separations (DH Tau b, second epoch), and alternating performance (DH Tau

b, first epoch).

Appendix C: Test for the mock ADI
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Fig. C.1: Example of the performance of the mock ADI for a
crowded field around the star HIP 87836. Top: Classical PSF
modeling applied in this paper. Bottom: Mock ADI model as
explained in Sect.[2.2] The wings of self-subtraction are evident
in the case of the mock ADI, making it not suitable for very faint
and close companions.
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Fig. C.2: Result of the mock ADI in a synthetic cube repro-
ducing the dataset of DH Tau b and DH Tau bb. The synthetic
satellite is not visible in the residuals.

Appendix D: Astrometry for background sources

Table D.1: Astrometry for the background sources identified in

the images.
Name Separation Pos Angle
(mas) ©)
TYC 7084-794-1 5491 284.89
CT Cha 2124 70.30
GQ Lup source 1 1023 148.20
source 2 6468 320.40
DH Tau 2873 348.69
HIP 64892 5799 200.28
RX J1609.5-2105 source 1 6176 44.27
source 2 4430 349.15
source 3 4818 271.75
source 4 3840 223.40
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