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A B S T R A C T 

The combination of detection techniques enhances our ability to identify companions orbiting nearby stars. We employed 

high-contrast imaging to constrain mass and separation of possible companions responsible for the significant proper motion 

anomalies of the nearby stars HIP 11696, HIP 47110, and HIP 36277. These targets were observed using the LBT’s high-contrast 
camera, SHARK-NIR, in H band using a Gaussian coronagraph, and with the LMIRCam instrument in the L ’ band and using 

a vAPP coronagraph. Both observations were conducted simultaneously . Additionally , constraints at short separations from the 
host star are derived analysing the renormalized unit weight error values from the Gaia catalogue. We find that the companion 

responsible for the anomaly signal of HIP 11696 is likely positioned at a distance from 2.5 to 28 astronomical units from its 
host. Its mass is estimated to be between 4 and 16 Jupiter masses, with the greater mass possible only at the upper end of the 
separation range. Similar limits were obtained for HIP 47110 where the companion should reside between 3 and 30 au with a 
mass between 3 and 10 M Jup . For HIP 36277, we identified a faint stellar companion at large separation, though it might be 
substellar depending on the assumed age for the star. Considering the older age, this object accounts for the absolute value of the 
PMa vector but not for its direction. Additionally, we found a substellar candidate companion at a closer separation that could 

explain the PMa signal, considering a younger age for the system. 

Key words: Astrometry – proper motions – Planetary systems – planets and satellites: detection – stars: individual: HIP11696, 
HIP47110, HIP36277. 
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 I N T RO D U C T I O N  

irect imaging (DI) is the elective technique for detecting massive 
 > 1 M Jup ) companions at large separation ( > 10 au) from young stars,
ypically those with ages less than a few hundreds of Myr. The latest
eneration of high-contrast imagers, e.g. the Gemini Planet imager 
Macintosh et al. 2014 ), VLT/SPHERE (Beuzit et al. 2019 ), and
HARIS (Groff et al. 2015 ) prompted the disco v ery of an increasing
umber of such systems. Notable examples include 51 Eri b (Mac-
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ntosh et al. 2015 ), HIP 65426 b (Chauvin et al. 2017 ), PDS 70 b
Keppler et al. 2018 ; M ̈uller et al. 2018 ), and PDS 70 c (Haffert
t al. 2019 ). These disco v eries, among others, hav e underscored the
f fecti veness of DI in both unveiling new low-mass companions and
nalysing their atmospheric properties. 

Ho we ver, the paucity of giant planets at the large separations
ormally explored with DI (Nielsen et al. 2019 ; Vigan et al. 2021 )
akes large surv e ys of young nearby stars very inefficient. These

urv e ys often require the observation of hundreds of targets to detect
nly a small number of planetary mass objects. Currently, it is
elieved that the majority of giant planets are located at distances
anging from 1 to 10 au, as evidenced by, e.g. Meyer et al. ( 2018 ),
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h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ho found a peak of 3 au for companions around M stars. Ho we ver,
uch separations are generally beyond the capabilities of current
igh-contrast imaging systems, except for relatively close targets
distances to the Sun approximately less than 50 pc). 

To address these challenges, targeted observations can be con-
ucted on objects that show indications of having a low-mass
ompanion based on other techniques. For instance, companions
nitially detected through the radial velocity (RV) technique can
ubsequently be observed using DI. This approach leverages the
trengths of both methods to confirm and further investigate the
resence of these companions. Some examples of such synergy are
Pic c (Nowak et al. 2020 ) and HD 206893 c (Hinkley et al. 2023 ). 
Similarly, interesting results are obtained by coupling DI data

ith high-quality astrometric data, thanks in particular to the recent
mpro v ement due to the Gaia satellite data releases (e.g. Gaia Col-
aboration 2023 ). Particularly useful to identify promising targets for
I programs is the proper motion anomaly (PMa or acceleration, see

.g. Brandt 2018 ; Kervella et al. 2019 ) that is defined as the difference
etween the short-term and the long-term proper motion measured
or a star. The exceptional precision of measurements attained by the
aia satellite now enables us to gather information about companions

n the planetary mass regime. Comparing the Gaia data with those
f previous astrometric surv e ys, e.g. the HIPPARCOS catalogue,
ifferent groups compiled catalogues of PMa data (Brandt 2021 ;
ervella, Arenou & Th ́evenin 2022 ). Recently, this multitechnique

pproach has allowed us to directly image low-mass companions
t short separation from their host stars. One noteworthy case is
hat of HIP 99770 b (Currie et al. 2023 ), a 16 M Jup companion at a
eparation of 17 au from its host star. Even more interesting is the
ase of the companion detected around AF Lep (De Rosa et al. 2023 ;
esa et al. 2023 ; Franson et al. 2023b ), a solar mass star around
hich a planet with a mass of 2–5 M Jup was imaged at a separation
f ∼8 au. In addition to these notable instances, other detections of
ubstellar companions were possible thanks to this technique, such as
.g. the brown dwarf HD 21152 B (Bonavita et al. 2022 ; Franson et al.
023a ). Finally, it is important to note that even in the case of non-
etection, coupling DI and astrometric data can strongly constrain
oth separation and mass of the companions causing the PMa signal
e.g. Mesa et al. 2022 ). 

Recently, SHARK-NIR (Farinato et al. 2015 , 2022 ; Marafatto et al.
022 ), a new high-contrast camera, has been installed on the left arm
f the Large Binocular Telescope (LBT, Arizona). It can operate
n Y , J , and H spectral bands, achieving Strehl ratios up to more
han 90 per cent when operating in good weather conditions (Carolo
t al. 2018 ) and is equipped with a set of different coronagraphs,
ncluding a classical Gaussian coronagraph, a suite of shaped pupil
SP) coronagraphs and a four-quadrant phase mask. SHARK-NIR is
ocated at the common centre-bent Gre gorian F ocus of the LBT’s two
pertures together with the Large Binocular Telescope Interferometer
LBTI; Hinz et al. 2016 ; Ertel et al. 2020 ) and the SHARK-VIS
nstrument (Pedichini et al. 2022 ). This notably allows for parallel,
igh-contrast imaging observations with LBT’s two 8.4 m apertures
cross the visible light (from B to I spectral bands between 0.4 and
.9 μm) with SHARK-VIS, the near-infrared (NIR; Y to H bands
etween 0.96 and 1.7 μm) with SHARK-NIR, the near to mid-
nfrared ( J to M bands between 3 and 5 μm) with LBTI/LMIRCam
Skrutskie et al. 2010 ; Leisenring et al. 2012 ) and the N band (8–
3 μm) with LBTI/NOMIC (Hoffmann et al. 2014 ). Considering that
 significant portion of high-contrast imagers operating in the NIR
re currently situated in the southern hemisphere, the introduction of
HARK-NIR will open up opportunities to examine regions of the
ky that are presently largely uncharted. 
NRAS 536, 1455–1466 (2025) 
Among the science programs selected for the early science of the
nstrument, we have included the observation of a sample of stars
resenting a significant PMa signal from the catalogue described in
ervella et al. ( 2022 ). In this paper, we showcase the outcomes from
bserving the first three targets in our selected sample, illustrating
he instrument’s ability to significantly constrain the mass and
eparation of potential companions. This is made possible by its
xceptionally deep contrast, which can achie ve v alues as low as 10 −6 

t separations below 1 arcsec, particularly when observing under
ptimal conditions. 
The paper is organized as follows. In Section 2 , we introduce

he high-contrast camera SHARK-NIR. The selection criteria of the
ample are described in Section 3 , alongside a description of the first
hree targets observed for this program. In Section 4 , we describe
ur data and the data reduction procedure. In Section 5 , we present
he results of our observations, which are subsequently discussed in
ection 6 . Finally, in Section 7 we present our conclusions. 

 S H A R K - N I R :  T H E  N E W  H I G H - C O N T R A S T  

MAG ER  AT  LBT  

HARK-NIR is a coronagraphic camera operating in the near-
nfrared spectrum (0.96–1.7 μm) and equipped with low-resolution
pectroscopic capabilities. It is specifically designed to leverage the
utstanding performance of the LBT Adaptive Optics system called
OUL (Pinna et al. 2016 , 2023 ). The exceptional angular resolution
nd contrast are especially crucial for the key science case: the
igh-contrast imaging observations of exoplanets. The instrument
eatures a NIR camera, equipped with a Teledyne H2RG detector. To
inimize thermal background interference, the detector is cooled to

pproximately 76 K using a cryostat. The camera offers a field of view
FOV) roughly 18 × 18 arcmin and a pixel scale of 14.5 milliarcsec
er pixel. 

The instrument offers several observing modes to accommodate
arious astronomical needs. These include: 

(i) Classical imaging : standard imaging mode with no corona-
raphs; 
(ii) Coronagraphic imaging : this mode exploits different corona-

raphic techniques to meet specific requirements in terms of contrast
nd inner working angle. These include Gaussian, SP, and four
uadrant phase mask (FQPM) coronagraphic masks; 
(iii) Dual-band imaging : enabled by a Wollaston prism, this
ode allows for simultaneous observations in two different bands; 
(iv) Long-slit cor onagraphic spectr oscopy : this mode offers

pectroscopy with resolutions of R = 100 and R = 700, co v ering
he entire wavelength range of SHARK-NIR. 

The simulated performances reveal it can achieve contrasts down
o 10 −6 at separations of 300–500 mas (Carolo et al. 2018 ). These
ontrast levels are sufficient to meet the primary scientific objectives,
hich encompass: 

(i) Exoplanet detection and characterization, primarily focusing
n extrasolar giant planets located on wide orbits; 
(ii) Circumstellar discs and jets around young stars that are

ecognized as the site for the planet formation; 
(iii) Solar system objects with the main aim of studying various
inor objects within our Solar system, including trans-Neptunian

nd main-belt asteroids; 
(iv) Evolved stars observing the circumstellar environments of

tars in the later stages of their life cycles. 
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(v) Active galactic nuclei and quasars: examining the energetic 
entres of distant galaxies and extremely luminous quasars. 

Considering that several science cases expect observations that 
equire performing field de-rotation, the whole instrument is installed 
n a mechanical bearing. Furthermore, the instrument’s design 
ncorporates several subsystems to optimize its performance. In par- 
icular, a key addition is the atmospheric dispersion corrector, which 
acilitates observations at different elevations. Another significant 
nhancement is the inclusion of a local deformable mirror (DM, 
LPAO DM 97–15), placed in the first pupil plane. This mirror is

nstrumental in locally minimizing Non-Common Path Aberrations 
efore observation begins. Additionally, when used in its fast tip–tilt 
ode, the DM serves to correct residual jitter or other mo v ements in

he Point Spread Function (PSF) during a scientific exposure. Lastly, 
his feature allows for the creation of four symmetric spots in the
cientific images, which are essential for accurate frame centring 
see Section 4.1 ). 

 SAMPLE  SELECTION  

e selected our sample from the Hipparcos –Gaia PMa catalogue 
resented in Kervella et al. ( 2022 ). We compiled a list of targets
here the signal-to-noise ratio (SNR) of the PMa signal was larger 

han 3 but less than 20. This specific criterion was established 
o exclude targets that are likely to have stellar companions. We 
elected moreo v er only stars with a renormalized unit weight error
RUWE; Lindegren et al. 2021 ) value smaller than 1.4 because a
arger value would be indicative of binarity. To image the inner 
art of the system (less than 10 au), we selected only targets at a
istance less than 50 pc. We also chose targets that show definitive
igns of youth and have a declination greater than 0 ◦, making them
bservable by LBT. Additionally, any stars with obvious indicators 
f stellar companions (e.g. stars included in binaries catalogues or 
hat in the Gaia catalogue have nearby stars with a similar proper

otion and parallax), which could account for the PMa signal, were 
eliberately excluded from our selection. Applying these criteria, we 
ere able to identify several dozen of suitable stars. Among these, 
uring the SHARK-NIR early science program, we observed three 
argets, namely HIP 11696, HIP 47110, and HIP 36277 which are the
ocus of the analysis in this paper and whose main characteristics are
etailed in the subsequent sub-sections. 

.1 HIP 11696 

IP 11696 (HD 15407) is an F5V (Melis et al. 2010 ) star at a
istance of 49.3 pc from the Sun (Gaia Collaboration 2023 ). The
stimated mass is 1.40 ± 0.07 M � (Kervella et al. 2022 ). Melis et al.
 2010 ) estimated, for this system, an age of 80 Myr, but the same
uthors found a high probability that this object is part of the AB
oradus Moving Group as also confirmed more recently by Gagn ́e 

t al. ( 2018b ). The age of this moving group has been estimated
o be 125 Myr by McCarthy & Wilhelm ( 2014 ) using kinematics
onsiderations and 149 + 51 

−19 Myr by Bell, Mamajek & Naylor ( 2015 )
ased on the isochrones. Gagn ́e et al. ( 2018c ) estimated an age of
17 + 26 

−13 Myr from an analysis of the evolution of the massive white
warf GD50, that is also a member of this moving group. In this work,
e will assume an intermediate age of 137 ± 12 Myr, following the
ethod recently devised by Gratton et al. ( 2024a ). 
HIP 11696 has a stellar companion (spectral type K2V and 

stimated mass of ∼0.8 M �) at a separation larger than 1000 au
Melis et al. 2010 ) corresponding to ∼20 ′′ , well outside the SHARK-
IR FOV. A strong mid-infrared excess was found for this star,
inting towards a recent collision between rocky planetary embryos 
r planets in the inner part of the system (Melis et al. 2010 ). Moreo v er,
 warm (500–600 K) debris disc was detected using Spitzer data at
n estimated separation of 0.6–1.0 au from the central star (Fujiwara
t al. 2012 ). Such inner disc can help in excluding the presence of
assive companions at short separations from the star. 
Finally, Kervella et al. ( 2022 ) found a strong PMa signal with a

NR of 4.18, indicative of the presence of a low-mass companion at
hort separation (few tens of au) from the host star. They estimated
or the companion a mass of 6.39 M Jup if at 3 au from the central star,
.12 M Jup at 5 au, 4.93 M Jup at 10 au, and 16.6 M Jup at 30 au. Because
f its large separation and its relatively low mass, we can conclude
hat this signal is not caused by the stellar companion described
bo v e. 

.2 HIP 47110 

IP 47110 (HD 82939) is a G5 spectral type star at a distance of
8.7 pc from the Sun (Gaia Collaboration 2023 ). Its estimated mass
s 0.98 ± 0.05 M � (Kervella et al. 2022 ). It has been defined as
robable member of the Pleiades Moving group by Montes et al.
 2001 ) with an estimated age of 112 ± 5 Myr (Gagn ́e et al. 2018a ).
he star has a stellar companion at a separation larger than 162 arcsec

Mason et al. 2001 ) corresponding to a projected separation larger
han 6280 au. 

Kervella et al. ( 2022 ) found for this star a PMa signal with a SNR
f 3.24 indicating the presence of a companion at low separation
ith a possible mass of around 2.5 M Jup if at a separation between 5

nd 10 au and a mass of 11.35 M Jup if at a separation of 30 au. The
arge separation of the stellar companion cited abo v e e xclude it as
ossible cause of the PMa signal. 

.3 HIP 36277 

IP 36277 is a K3 spectral type star (Bidelman 1985 ) at a distance of
6.3 pc from the Sun (Gaia Collaboration 2023 ). It has an estimated
ass of 0.67 M � (Kervella et al. 2022 ). This star was selected in

ur sample because it was included in a catalogue of young runaway
tars with an age of 41 . 2 ± 30 . 7 Myr by Tetzlaff, Neuh ̈auser & Hohle
 2011 ). Ho we ver, a young age seems to be excluded by the very low
bundance of lithium obtained from the analysis of 14 SOPHIE 

pectra leading to an uncertain age but ho we ver older than 1 Gyr.
lso using the PARAM tool (da Silva et al. 2006 ; Rodrigues et al.
014 , 2017 ) the age of the system appears to be old even if with very
arge uncertainties (5 . 4 ± 5 . 2 Gyr). We will discuss the implications
f such age uncertainties in Section 6 . 
The PMa signal obtained by Kervella et al. ( 2022 ) for this star have

 SNR of 3.12 hinting toward the presence of a low-mass companion
ith a mass of 2.3 M Jup if at a separation of 5 au, of 2.64 M Jup if at
0 au and of 15.18 M Jup if at 30 au from the host star. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 High-contrast imaging data 

e observed HIP 11696, HIP 47110, and HIP 36277 during the
ights of 28 October 2023, 20 February 2024, and 21 February
024, respecti vely. All the observ ations were performed using in
arallel the high-contrast imager SHARK-NIR on the left arm 

nd LMIRCam on the right arm of LBT. All the SHARK-NIR
bservations were performed using the Gaussian coronagraph and 
MNRAS 536, 1455–1466 (2025) 
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M

Table 1. Main characteristics of the observations described in this work. For the seeing column, we include in parentheses the minimum and the maximum 

values of the seeing. 

Target Obs. date Instrument Coronagraph Median DIMM seeing Field rotation DIT Total exposure 

HIP 11696 28 Oct. 2023 SHARK-NIR Gauss 1.20 ′′ (0.91 ′′ / 2.28 ′′ ) 48 . 6 ◦ 16.05 s 3964.35 s 
HIP 11696 28 Oct. 2023 LMIRCam vAPP 1.16 ′′ (0.87 ′′ / 2.30 ′′ ) 60 . 9 ◦ 0.948 s 5796.22 s 
HIP 47110 20 Feb. 2024 SHARK-NIR Gauss N.A. 111 . 76 ◦ 16.05 s 4076.85 s 
HIP 47110 20 Feb. 2024 LMIRCam vAPP N.A. 138 . 33 ◦ 2.53 s 6065.38 s 
HIP 36277 21 Feb. 2024 SHARK-NIR Gauss 1.68 ′′ (1.43 ′′ / 2.15 ′′ ) 33 . 63 ◦ 61.53 s 5660.50 s 
HIP 36277 21 Feb. 2024 LMIRCam vAPP 1.82 ′′ (1.16 ′′ / 2.77 ′′ ) 110 . 00 ◦ 5.41 s 8986.01 s 
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he broad-band H filter (BB H, central wavelength at 1.6 μm and
andwidth of 0.218 μm). The simultaneous observation with the
MIRCam instrument were taken in the L ’ spectral band using

he vector-apodizing phase plate coronagraph (vAPP; Doelman
t al. 2021 ). All the observations were performed in pupil-stabilized
ode allowing the rotation of the FOV during the observations to

erform angular differential imaging (ADI; Marois et al. 2006 ). The
haracteristics of each observation are listed in Table 1 . For each
HARK-NIR observation, we also took an image with the stellar
SF outside the coronagraph to correctly estimate the contrast for
ach detected object. This frame was taken by introducing in the
ptical path an appropriate neutral density filter (ND3) to a v oid the
aturation of the detector. 

Because of the non-destructive charge transfer capability of the
HARK-NIR scientific detector, each individual exposure is a ramp,

.e. a set of reads taken at uniform time intervals. The raw ramps
ere first reduced using a PYTHON pre-processing pipeline specifi-

ally developed for the SHARK-NIR detector in collaboration with
he University of Arizona. This pre-processing pipeline performs
eference pixel correction, bias subtraction, and linearity correction.
inally, the software collapses the ramps into single frames using
n up-the-ramp sampling algorithm. This pipeline is important to
educe the readout noise in the final science image and to reduce the
ossible impact of cosmic rays. 
The SHARK-NIR data resulting from the pre-processing pipeline

escribed abo v e were then reduced using a scientific pipeline
ustom designed for the instrument and written in PYTHON . First,
e subtracted the dark and divided by the flat-field images. For
ur analysis, we meticulously fine-centred each frame by utilizing
he four symmetrical spots created by the SHARK-NIR internal
eformable mirror. To this aim, we fitted two lines passing through
wo opposite spots and considered their intersection as the position
f the centre of the PSF. This technique ensured precision in
ligning the images. Additionally, we conducted a thorough selection
rocess to identify and exclude any frames that were compromised.
 or e xample, frames were discarded in instances where, due to
esidual jitter, the star was not adequately masked by the coron-
graph. Finally, we applied a post-processing procedure based on
he ADI method and exploited the principal components analysis
PCA; Amara & Quanz 2012 ; Soummer, Pueyo & Larkin 2012 )
lgorithm. 

For what concerns the LMIRCam data, similarly to SHARK-NIR,
ach exposure is a ramp that in this case is composed of five frames
aken at different intermediate exposure times with the first one with
 time equal to just 13.7 ms and the last one corresponding to the total
xposure time. As a first step, we subtracted the first image of the
amp data cube from the last one to remo v e the bias from the science
ata. The data were taken with two different nodding positions called
 and B. We then subtracted from each image a median of the 100

losest images in time from the opposite nod position. This is to
NRAS 536, 1455–1466 (2025) 
ubtract thermal background flux from all frames obtained at MIR
avelengths without needing to obtain sky frames. We then aligned

he images using cross-correlation and determined the centre via
otational centring (Morzinski et al. 2015 ). We destriped the images
y subtracting the mode from each vertical column of pixels and
pplied a high-pass filter by subtracting a 25-pixel smoothed version
f each image from itself. Finally, we applied a post-processing
rocedure based on PCA similar to what was done for the SHARK-
IR data. 

.2 Proper motion anomaly data 

he PMa data used for this work are obtained from the catalogue by
ervella et al. ( 2022 ). Following their approach, we considered all

he targets with a PMa SNR larger than 3 as a probable companion-
osting star. Moreo v er, using the method devised in Kervella et al.
 2019 ), we estimated the mass of the companion that could be
esponsible of the PMa as a function of the separation from the
ost star using their equation (18): 

 2 ( r) = 

√ 

2 εi 

� r 
m 1 . (1) 

n this formula, εi represents the ‘excess noise’ provided in the
aia catalogue, � is the parallax, while m 1 and m 2 are the masses
f the primary and of the companion generating the PMa signal,
espectively. We stress that these mass limits are calculated assuming
 circular orbit and they should then be considered as minimum
alues. It is then important to note that the possible position of
he companion causing the PMa signal can be further restricted
onsidering the position angle (PA) of the velocity anomaly vector,
s shown in Bonavita et al. ( 2022 ). 

.3 Radial velocity data 

e found 9 public literature and archi v al RV observ ations for
IP 36277 collected with the SOPHIE spectrograph and retrieved

rom the SOPHIE archive. 1 To assess the RV detection limits, we
ollowed an injection and retrieval scheme similar to the one pursued
n, e.g. Barbato et al. ( 2018 , 2023 ), injecting synthetic companion
ignals into the RV time-series and testing for their significance. To
o so, we explored a 40 × 40 grid of semimajor axes from 0.5 to 50 au
nd minimum companion mass from 30 M ⊕ to 80 M Jup , generating
or each realization 500 synthetic RV curves with randomly drawn
alues of mean longitude λ0 , eccentricity e and periastron argument
. For each of the 8 · 10 5 synthetic RV time-series, we compute

he False Alarm Probability (FAP) value of the injected companion
rbital period, considering it to be detectable if FAP < 10 −3 . 

http://atlas.obs-hp.fr/sophie
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Figure 1. Left panel: final image obtained for HIP 11696 using SHARK-NIR data. This image was obtained by applying a PCA method subtracting 5 principal 
components. Right panel: final image obtained for HIP 11696 using LMIRCam data. In this case, a PCA method subtracting 10 principal components was 
applied. In both cases, a bright candidate companion is visible south-east from the star. 

Table 2. Relative astrometry obtained for the object detected around HIP 11696. 

Instrument Obs. date Separation (arcsec) PA (deg) Reference 

NIRC2/KeckII 2009-11-01 3.213 ± 0.002 129.9 ± 0.5 Galicher et al. ( 2016 ) 
NIRI 2013-08-21 2.741 ± 0.015 127.7 ± 0.5 Galicher et al. ( 2016 ) 
SHARK-NIR 2023-10-28 1.514 ± 0.007 118.4 ± 0.5 This work 
LMIRCam 2023-10-28 1.502 ± 0.005 118.1 ± 0.5 This work 
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Figure 2. Relative astrometric position for the candidate companion detected 
around HIP 11696. The circle represents the relative position of the object 
at the NIRC2/K eckII observ ation epoch, while the square represents the 
relative position of the candidate companion at the NIRI observation epoch. 
Finally, the diamond represents the relative position at the epoch of the LBT 

observation. The error bars on the positions at all epochs are not visible in 
this plot because of their small dimensions. The solid line represents the 
e xpected relativ e mo v ement for a background object. The square at the end 
of the line is the expected position for a background object at the epoch of 
the SHARK-NIR and LMIRCam observation. 
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 RESULTS  

.1 Detected objects 

ne bright object was imaged in the HIP 11696 and in the HIP 36277
ata. In the latter, we also identify another fainter object whose real
ature needs further verification. We did not identify any possible 
ource in the HIP 47110 data. We will describe our findings in the
ollowing of this section. 

.1.1 HIP 11696 

he final images obtained for HIP 11696 are displayed in Fig. 1 both
or SHARK-NIR (left panel) and LMIRCam (right panel) data. A 

right object is visible south-east and at a separation of 1.5 arcsec
rom the host star in both images. The astrometric values obtained 
or this source are reported in Table 2 together with the astrometric
alues from previous observations with NIRC2 at the Keck telescope 
nd with NIRI at the Gemini North Telescope relative to the same
bjects (Galicher et al. 2016 ). In Fig. 2 , we display the comparison
f the relative astrometry of this object at the epoch of the NIRC2
nd the NIRI observation (indicated by a red circle and a green
quare, respectively) and at the epoch of our observation (indicated 
y a violet diamond). The position of the candidate companion at the
poch of the LBT observation is almost coincident with the expected 
osition of a background object at the same epoch (black square in
ig. 2 ). We can then conclude that this object is actually a background
bject and that the small discrepancy between the expected position 
nd the measured one is probably due to the intrinsic proper motion
f the background star. We note ho we ver that the same object was
reviously recognized as a background object in (Galicher et al. 
016 ) so that our data are just a confirmation of their result. 
.1.2 HIP 36277 

n Fig. 3 , we display the final images obtained for HIP 36277 using
oth SHARK-NIR (left panel) and LMIRCam (right panel). A bright 
bject is visible in both images south-east of the star. The same
arget was also visible in the Gaia archive with similar parallax
nd proper motion values demonstrating physical association (Gaia 
MNRAS 536, 1455–1466 (2025) 
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M

Figure 3. Left panel: final image obtained for HIP 36277 using SHARK-NIR data. This image was obtained by applying a PCA method subtracting 5 principal 
components. Right panel: final image obtained for HIP 36277 using LMIRCam data. In this case, a PCA method subtracting 10 principal components was 
applied. In both cases, a bright candidate companion is visible southeast from the star. Furthermore, in the SHARK-NIR image, a possible fainter object is 
visible just south of the star. 

Table 3. Astrometric and photometric values obtained from SHARK-NIR and LMIRCam data for the bright external companion of HIP 36277. 

Instrument Sp. band Separation PA Contrast Absolute magnitude 

SHARK-NIR H 1.955 ± 0.005 arcsec 118 . 9 ◦ ± 0 . 1 ◦ 5 . 02 ± 0 . 02 mag 9 . 83 ± 0 . 02 mag 
LMIRCam L ’ 1.927 ± 0.07 arcsec 118 . 5 ◦ ± 0 . 2 ◦ 2 . 87 ± 0 . 05 mag 7 . 53 ± 0 . 05 mag 

C  

p  

y  

e  

m  

a  

r
 

w
0  

t  

t  

9  

a  

2  

o  

∼  

m  

o  

a  

n

5

T  

c  

s  

T  

e  

d  

c  

a  

e  

H  

b  

p  

s  

c  

o  

o  

t  

t  

o  

w  

o  

H  

2  

∼  

1  

L  

a  

1  

t  

0  

o  

h  

s  

o

5

A  

c  

o  

s  

g  

N  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/2/1455/7919736 by guest on 01 January 2026
ollaboration 2023 ). In Table 3 , we list the astrometry and the
hotometry for such source obtained from our data. Assuming the
oungest age of 41 Myr and using the AMES-COND models (Allard
t al. 2003 ) we obtain for this object a mass of 37.8 M Jup (with a
inimum value of 16.2 and a maximum value of 73.9 M Jup ) while

ssuming the older age of ∼5 Gyr we obtain a mass in the stellar
ange just abo v e 0.1 M �. 

A faint candidate companion is visible in the SHARK-NIR image
ith a SNR of 8.66. It is located at a separation of 0.625 ±
.007 arcsec and a PA of 186 . 9 ◦ ± 0 . 2 ◦. At the distance of the system,
his corresponds to a projected separation of around 28.9 au. If real,
his object would have a contrast of 1 . 43 × 10 −4 corresponding to
.61 mag and an absolute H magnitude of 14.42 mag. Assuming an
ge of 41 Myr and using the AMES-COND models (Allard et al.
003 ), this would lead to a mass of 7.60 M Jup with a minimum value
f 3.56 M Jup and a maximum value of 11.80 M Jup . An older age of
5 Gyr would instead lead to a mass in the brown dwarf range with a
inimum value of 65.9 M Jup and a maximum value of 72.1 M Jup . This

bject was not detected in the L ’-band data obtained with LMIRCam
s can be seen in the right panel of Fig. 3 . The implications of such
on-detection are discussed in Section 5.3 . 

.2 Contrast limits 

he contrast limits, as a function of the radial distance from the
entral star, were calculated for both instruments estimating the
tandard deviation within one-pixel-wide annuli centred on the star.
he self-subtraction caused by the post-processing method was
 v aluated by including simulated objects of known brightness at
ifferent separations from the host star. The final contrast was then
onsequently corrected. Finally, the results were corrected taking into
ccount the effect of the small sample statistics as defined by Mawet
t al. ( 2014 ). The resulting magnitude contrast limits for HIP 11696,
IP 47110, and HIP 36277 are shown in the upper, middle, and
NRAS 536, 1455–1466 (2025) 
ottom panels of Fig. 4 , respectively, both for SHARK-NIR (left
anels) and for LMIRCam (right panels). From these plots, we can
ee that, in the case of HIP 11696, with SHARK-NIR we obtained a
ontrast of around 10 −5 (12.5 mag) at a separation of 0.5 arcsec and
f around 10 −6 (15 mag) at a separation of 1 arcsec while a contrast
f better than 4 × 10 −7 (16 mag) is obtained at separations larger
han 1.3 arcsec. On the other hand, LMIRCam reach a contrast of
he order of 5 × 10 −5 (10.75 mag) at a separation of 0.5 arcsec and
f around 3 × 10 −5 (11.3 mag) at a separation of 1 arcsec. Slightly
orse contrast are obtained for the other two targets mainly because
f the worse weather conditions during the observations. Indeed, for
IP 47110 we obtain with SHARK-NIR a contrast of the order of
 . 7 × 10 −5 (11.42 mag) at a separation of 0.5 arcsec, a contrast of
2 . 8 × 10 −6 (13.9 mag) at a separation of 1 arcsec and a contrast of
 . 3 × 10 −6 (14.7 mag) at 1.3 arcsec from the star. Also in this case
MIRCam allowed less deep contrasts of 2 . 3 × 10 −4 (9.10 mag)
t a separation of 0.5 arcsec and of 1 . 7 × 10 −4 (9.42 mag) at
 arcsec from the star. Finally, for HIP 36277 SHARK-NIR allowed
o obtain a contrast of 2 . 8 × 10 −4 (8.88 mag) at a separation of
.5 arcsec, of 4 . 2 × 10 −5 (10.94 mag) at a separation of 1 arcsec and
f 1 . 9 × 10 −5 (11.80 mag) at 1.3 arcsec from the star. On the other
and, LMIRCam allows a contrast of 1 . 2 × 10 −3 (7.30 mag) at a
eparation of 0.5 arcsec and of 1 . 0 × 10 −3 (7.50 mag) at a separation
f 1 arcsec. 

.3 Synergy between SHARK-NIR and LMIRCam 

s demonstrated in Section 5.2 , SHARK-NIR offers a deeper
ontrast than LMIRCam. Ho we ver, to fully compare the performance
f these two instruments, we must also consider their different
pectral co v erage. The L ’ band e xploited by LMIRCam allows to
et lower mass limits with the same contrast obtained by SHARK-
IR in the H spectral band. As a result, the two instruments can
rovide comparable mass limits that can be fa v ourable to LMIRCam
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Figure 4. Plots of the contrast versus the separation from the hosts star for HIP 11696 (top panels), HIP 47110 (middle panels), and HIP 36277 (bottom panels) 
both for SHARK-NIR (left panels) and LMIRCam (right panels). On the right of each plots, we also show the mass limits corresponding to some defined 
contrasts calculated using the AMES-COND models. See Section 5.4 for a discussion on the selection of the atmospheric models. In the case of HIP 36277, we 
calculated the mass limits both for the younger age (41 Myr; lines on the left) and for the older age ( ∼5 Gyr; lines on the right). 
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t some specific separations. This can be seen in Fig. 5 where better
ass limits are obtained using LMIRCam at separations between 

0 and 30 au both for HIP 11696 and HIP 47110. For HIP 36277,
his is true for an even larger separation range between ∼10 and
0 au. This highlights the importance of parallel observations at 
ifferent wavelength bands aiming to obtain the best possible mass 
imits. To demonstrate this, we have calculated the mass limits for
ur three targets adopting the stellar ages given in Section 3 and
sing the SHARK-NIR and the LMIRCam data. We used different 
tmospheric models, namely AMES-COND models, and the cold 
nd hot-start cases from the Bern EXoplanet cooling curves (BEX) 
odels (Marleau et al. 2019 ). The results of such procedure are

isplayed for HIP 11696 in the upper left panel of Fig. 5 , for
IP 47110 in the upper right panel of Fig. 5 while in the bottom
anels of Fig. 5 we display the results for HIP 36277 for the age of
1.2 Myr (left panel) and 5.3 Gyr (rigth panel), respectiv ely. F or the
MNRAS 536, 1455–1466 (2025) 
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M

Figure 5. Comparison of mass limits for HIP 11696 (upper left panel), HIP 47110 (upper right panel), and HIP 36277 (bottom panels) assuming different 
atmospheric models both for the H (solid lines) and the L (dashed lines) spectral band. For the case of HIP 36277, we considered both the younger age of 41 Myr 
(bottom left panel) and the older age of ∼5 Gyr (bottom right panel). In the latter case, as detailed in the text we could use just a lower number of models. For 
HIP 36277 we also included the calculated position for the inner faint candidate companion represented by a red square. 
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lder age of the latter target, the BEX models are only available for
he L ’ band. Moreo v er, as e xpected the BEX hot-start and cold-start

odels tends to the same values for such high ages so that their plots
re virtually indistinguishable. For this reason, we decided to plot
ust one of them. 

In general, and as expected, the mass limits obtained using
he cold-start model are worse than those obtained using the hot-
tart model. We note that the mass limits obtained with SHARK-
IR are generally better than those obtained with LMIRCam. As
emonstrated abo v e, different wav elengths can giv e better mass
imits in different separation ranges highlighting the importance of
bserv ations using dif ferent spectral bands. Moreo v er, the synergy
etween the different wavelength bands could also help in drawing
ome conclusions about the inner faint companion detected in the
HARK-NIR image. To this aim we have indicated with a red
quare in the bottom panels of Fig. 5 the expected position for
his companion. Its position is very near to the detection limits or,
ccording to the models, even lower than such limits both for the H
nd the L band. Considering only the AMES-COND models we see
hat it is at the detection limits in both cases but, considering the quite
arge uncertainties on the mass value, it is not completely surprising
hat we can detect it only in one wavelength band. As for the 5 Gyr
ase, the candidate companion is just abo v e the mass limit in the
 -band case and just below in the L -band case. Then, despite the
NRAS 536, 1455–1466 (2025) 
on-detection in L ’ band could be seen as a hint of the non-planetary
ature of such an object, the mass limits in H and L spectral bands
o not allow us to draw a definitive conclusion about its nature. 

.4 Comparison of mass limits with PMa results 

e compared the mass limits obtained with the procedure described
n Section 5.3 with the estimates of the mass of the companion
esponsible for the PMa signal calculated as described in Section 4.2 .
he comparison was done only with the mass limits obtained using

he AMES-COND models. This decision was made because the
esults from these models are comparable to those of the BEX hot-
tart models. Furthermore, it has been demonstrated (Mordasini,
arleau & Molli ̀ere 2017 ) that the hot-start models are in better

ccordance with the observational data with respect to the cold-start
odels. A thorough discussion about the merit of each theoretical
odel is well outside the goal of this paper but a further confirmation

f this fact derive from the fitting of the data for β Pic moving group
lanetary mass objects with such models done by Gratton et al.
 2024b ; see in particular their fig. 1). This procedure allows us to
ut constraints on the mass and the separation of the companions
esponsible for the PMa signal. Further constraints can be defined
t small separations from the host star, considering the mass limits
btained using the RUWE value calculated for this star. To this aim,
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Figure 6. Comparison of the plot of mass limits as a function of the separation 
from the host star to explain the PMa measurement at the Gaia eDR3 epoch 
for HIP 11696 with the limits in mass obtained from the SHARK-NIR 

observations and the AMES-COND atmospheric models. The mass limits 
obtained using the minimum and the maximum ages for the star are also 
represented. Finally,we also display the mass limits at a short separation from 

the star that can be deduced from considerations of the RUWE value. 

Figure 7. Comparison of the plot of mass limits as a function of the separation 
from the host star to explain the PMa measurement at the Gaia eDR3 epoch 
for HIP 47110 with the limits in mass obtained from the SHARK-NIR 

observations and the AMES-COND atmospheric models. The mass limits 
obtained using the minimum and the maximum ages for the star are also 
represented. Finally,we also display the mass limit at a short separation from 

the star that can be deduced from considerations of the RUWE value. 
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Figure 8. Comparison of the plot of mass limits as a function of the separation 
from the host star to explain the PMa measurement at the Gaia eDR3 
epoch for HIP 36277 with the limits in mass obtained from the SHARK- 
NIR observations and the AMES-COND atmospheric models. We display 
both the limits obtained considering the young age of ∼41 Myr and the limits 
obtained considering the older age of ∼5.3 Gyr. Finally, we also display the 
mass limits at a short separation from the star that can be deduced from 

R V data. W e also represent the positions of the two candidate companions 
detected in our images when using both the younger (circles) and the older 
age (squares). 
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e followed the method devised in Gratton et al. ( 2023 ), applying
he formulas contained in the Appendix D of their work. In the
ase of HIP 36277, we can constrain limits at low separation from
he star exploiting the RV data presented in Section 4.3 , so we
id not use the RUWE in this case. The results of such procedure
re displayed in Fig. 6 , 7 , and 8 for HIP 11696, HIP 47110, and
IP 36277, respectiv ely. F or the case of HIP 36277, because of the
ncertainties on the age of the system, we present both the mass
imits obtained assuming the young age of ∼41 Myr (orange solid
ine) and those obtained assuming the older age of ∼5.3 Gyr. We also
ncluded the position in separation and mass for the two candidate 
ompanions detected in our data using a red circle when considering 
he younger age and a green square when considering the older age. 
 DI SCUSSI ON  

he procedure described in the previous sections allowed us to put
ight constraints on the mass and the separation of the companions
ausing the PMa signal detected for our three targets. For HIP 11696
nd for HIP 47110, the limits at short separations, obtained taking
nto account the RUWE values (see Figs 6 and 7 , brown solid line),
llow to exclude almost all the possible configurations for host-star 
eparations shorter than 2.5 and 3 au, respectiv ely. Moreo v er, the
dopted values to calculate those limits are indeed very conserv ati ve
o we can exclude that the companion generating the PMa signal
esides at a small separation from the star. At larger separations,
he mass limits obtained through high-contrast imaging allow us to 
xclude the presence of possible companions at separations larger 
han 28 au from the host star in the case of HIP 11696 and at
eparations larger than 30 au for HIP 47110. Regarding HIP 11696
he mass of the companion residing in the small allowed separation
ange should generally be less than 10 M Jup , with a mean value
round 4–5 M Jup apart for the most external part of the allowed
e gion, at separations abo v e 20 au, where the mass can arriv e up to
alues of around 15–16 M Jup . For HIP 47110 the masses allowed for
he companion generating the PMa signal are even smaller ranging 
etween 2.4 and 10.1 M Jup . 

We note that similar observations acquired either with SHARK- 
IR or with equi v alent high-contrast instruments but in better

onditions (like, e.g. with a seeing constantly below 1 arcsec) could
llow to further constrain the position and the mass of the companions
r even to directly detect them. So these targets are still open to further
mpro v ements in their characterization with current instrumentation. 

The situation is different for the case of HIP 36277 because of
he uncertainties on the real age and the presence of two candidate
ompanions. If we consider the younger age for this system, we could
btain constraints on the mass and separation of companions very 
imilar to those of the other targets in our sample (see the orange line
n Fig. 7 ). On the contrary, if we assume the older age we obtain
onstraints much less significative as the presence of high-mass 
MNRAS 536, 1455–1466 (2025) 
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Figure 9. 2D maps of the FOV around HIP 11696 (top), HIP 47110 (middle), 
and HIP 36277 (bottom) displaying the sky area compatible with the PMa 
measured for these stars. The coloured areas in the images are the regions 
where the companions causing the PMa signal can reside at the LBT observing 
epochs. The different colours of these areas represent the masses of the 
companions generating the PMa signal if they reside in that position. The 
colour scale is indicated in the colour bar at the bottom of each image with 
the masses expressed in M Jup . On the other hand, the dark areas in the 
images represent the regions where the companions generating the PMa 
signal cannot reside at the moment of the observation. For HIP 36277, 
the two crosses are the positions of the two candidates detected in our 
data. 
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rown dwarf or low-mass stellar companions would be allowed up to
eparations of 80 au (see the green line in Fig. 7 ). The outer brighter
ompanion, which is confirmed as a bound object thanks to the
AIA data, would have a mass able to explain the PMa signal when

onsidering the older age proposed for the system while it could not
xplain it if we consider the younger age. On the other hand, the
Ma signal could be explained by the inner fainter companion when
onsidering the younger age proposed for the system. In any case, we
tress that this inner companion needs further confirmation because
f its faintness and the low SNR of the detection. 
Besides the constraints obtained abo v e using the absolute value

f the PMa, we can also take advantage of its vectorial nature and
n particular of its PA, also listed in the catalogue by Kervella et al.
 2022 ), to put limits on the allowed positions for the companion
n the FOV of SHARK-NIR. A similar procedure was used for the
inely Optimised REtrie v al of Companions of Accelerating STars
FORECAST; Bonavita et al. 2022 ) and it was applied in Mesa
t al. ( 2022 , 2023 ). We then applied the same procedure, adapted
or the SHARK-NIR case, for our three targets. The results of
he procedure are displayed in Fig. 9 . In these images, the region
here the companion cannot reside at the moment of the observation

s indicated by the dark area. On the other hand, the blue-white
oloured area represents the region where the companion can be
resent. The different colours of this area depend on the mass of the
ompanion causing the PMa signal if residing in that position. We
 ould lik e to stress that, due to the unknown information about the

ccentricity and inclination of the companion orbit, this map can only
ive rough indications about the possible position of the companion.
his method can also be used as a finding chart for the companion

or future observations with high-contrast imagers. 
This map is particularly interesting for the case of HIP 36277.

n this case, we have indicated with a red cross the position of the
uter bright companion and with a green cross the position of the
nner and fainter companion. The position of the outer companion
s incompatible with the allowed positions for the companion
enerating the PMa signal. So, despite there is no doubt about the
act that this object is bound as demonstrated using the Gaia data (see
ection 5.1.2 ) and despite its mass could explain the origin of the PMa
ignal, its position does not match what is expected, indicating it is
ot actually responsible for it. On the other hand, the inner companion
s still outside the allowed region but very near to its edge. We have
o stress here that, for the case of low SNR companions, the allowed
ositions on the detection map should be much more smoothed than
hat represented in Fig. 9 . Also considering the uncertainties on

he map because of the assumptions listed abo v e, its position cannot
xclude it completely as a possible origin of the PMa. The indications
bout this system are then quite contradictory and it deserves further
onsiderations to fully disentangle the possible origin of the PMa
ignal as the position of the brighter companion does not match with
he expected positions for the object generating it. This could then be
ue to the inner fainter companion (if real) or to a different unseen
ompanion. 

 C O N C L U S I O N S  

n this study, we presented our findings from the high-contrast ob-
ervations of the nearby and young stars HIP 11696 and HIP 47110.
nother target, HIP 36277, was initially included due to its presumed
outh; ho we ver, further analysis has cast doubt on its actual age.
ll these observations were conducted using the recently installed
HARK-NIR instrument at the LBT in the H spectral band, as well as
ith LMIRCam in the L ’ spectral band. Uniquely, the observations
NRAS 536, 1455–1466 (2025) 
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ere carried out simultaneously using both the left (SHARK- 
IR) and right (LMIRCam) arms of the LBT. Despite less-than- 

deal weather conditions during the observations, the deep contrast 
chie ved allo wed us to impose strict constraints on the separation and
ass of the companions responsible for the high SNR PMa signal 

etected for HIP 11696 and HIP 47110. Our findings suggest that the
ompanion of HIP 11696 likely has a mass ranging between 4 and
6 M Jup and is situated at a separation of 2.5 to 28 au from HIP 11696.
or the case of HIP 47110 the companion probably resides at a
eparation between 3 and 30 au with a mass ranging between ∼2
nd 10 M Jup . This analysis corroborates the presence of a planetary-
ass companion around each of these two stars, probably located 

t relatively short separations. Given the distance to these stars, the 
ompanion’s separation ranges from 0.05 to 0.6 arcsec. Although 
he closer separations might be beyond the reach of current high- 
ontrast imaging capabilities, the larger separations are well within 
he scope of today’s technology. This presents exciting opportunities 
or future refinement in characterizing these systems using existing 
nstruments. 

As for HIP 36277, our data allowed the detection of two candidate
ompanions. While the external and brighter one is confirmed also 
hanks to a previous detection with Gaia , the inner one needs
urther confirmation. Ne w observ ations in better weather conditions 
hould allow us to confirm or reject its presence. The age of this
ystem is disputed and, depending on the adopted estimate, these 
wo sources could be able to explain the absolute value of the
Ma signal measured for this star, but only the inner one has a
osition consistent with being the source of the observed PMa. This
ystem still presents then some uncertainties that will need further 
bservations and analysis to be fully solved. 
Our analysis underscores the importance of these observations, 

ighlighting their value even when no direct detections are made. 
hese studies are crucial in refining and defining potential target 
amples for future astronomical instruments. Furthermore, they 
f fer v aluable constraints that can aid in the strategic planning
f observational campaigns, thereby increasing the likelihood of 
uccessful detection. 

Finally, we w ould lik e to stress that this w ork is using for the
rst time high-contrast imaging data obtained through SHARK-NIR. 
espite the non-perfect weather conditions, the instrument was able 

o deliver deep contrast imaging at very short separations from the 
ost stars allowing to obtain significant scientific results. This is 
 good confirmation of the capability of the instrument and it is
ncouraging for future results exploiting it. 
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