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ABSTRACT

Context. Planetary systems and debris discs are natural by-products of the star formation process, and they affect each other. The direct
imaging technique allows simultaneous imaging of both a companion and the circumstellar disc it resides in, and is thus a valuable
tool to study companion-disc interactions. However, the number of systems in which a companion and a disc have been detected at the
same time remains low.

Aims. Our aim is to increase this sample, and to continue detecting and studying the population of giant planets in wide orbits.
Methods. We carry out the L’ band Imaging Survey for Exoplanets in the North (LIStEN), which targeted 28 nearby stars: 24 are known
to harbour a debris disc (DD) and the remaining 4 are protoplanetary disc-hosting stars. We aim to detect possible new companions,
and study the interactions between the companion and their discs. Angular differential imaging observations were carried out in the L’
band at 3.8 um using the LMIRCam instrument at the LBT, between October 2017 and April 2019.

Results. No new companions were detected. We combined the derived mass detection limits with information on the disc, and on the
proper motion of the host star, to constrain the presence of unseen planetary and low-mass stellar companion around the 24 disc-hosting
stars in our survey. We find that 2 have an uncertain DD status and the remaining 22 have disc sizes compatible with self-stirring. Three
targets show a proper motion anomaly (PMa) compatible with the presence of an unseen companion.

Conclusions. Our achieved mass limits combined with the PMa analysis for HD 113337 support the presence of a second companion
around the star, as suggested in previous RV studies. Our mass limits also help to tighten the constraints on the mass and semi-major

axis of the unseen companions around HD 161868 and HD 8907.

Key words. planet-disk interactions — instrumentation: high angular resolution — infrared: planetary systems —

techniques: high angular resolution

1. Introduction

While the number of detected exoplanets keeps increasing, there
are still several missing pieces that are needed to understand the
exoplanet population as a whole. Among these the occurrence
rate of long-period giant planets (GPs) is still highly uncertain;
not only is it governed by the disc structure and planet forma-
tion process, but it is also affected by dynamical re-structuring
processes after planet formation (like migration and scattering).
There is a compelling scientific demand to find and charac-
terise GPs in wide orbits around young stars that cannot be

*The LBT is an international collaboration among institutions in the
United States, Italy and Germany. LBT Corporation partners are: LBT
Beteiligungsgesellschaft, Germany, representing the Max-Planck Soci-
ety, The Leibniz Institute for Astrophysics Potsdam, and Heidelberg
University; the University of Arizona on behalf of the Arizona Board
of Regents; Istituto Nazionale di Astrofisica, Italy; The Ohio State Uni-
versity, representing OSU, University of Notre Dame, University of
Minnesota and University of Virginia.

accomplished by the successful indirect detection techniques,
like the transit and the radial velocity (RV) technique.

The direct imaging (DI) technique offers a unique oppor-
tunity to probe a complementary parameter space with respect
to the other indirect exoplanet detection techniques. While the
transit and the RV technique are biased towards short-period
planets, DI favours companions on wide orbits. The DI technique
is capable of detecting objects in a variety of orbital configu-
rations, including face-on orbits, which are not detectable via
transits or radial velocity observations. Another advantage lies
in the capability of DI to observe very young systems where
forming planets might still be embedded in their protoplane-
tary discs (see e.g. the groundbreaking discovery of PDS 70 b;
Keppler et al. 2018). DI also offers the possibility of observ-
ing systems where a companion and a circumstellar disc can be
imaged and studied simultaneously at the same wavelength, cast-
ing light on the intricacies of companion-disc interactions, as in
the case of the HR8799 system (Marois et al. 2008), the S Pic
system (Lagrange et al. 2010), or the HD 95086 system (Rameau
et al. 2013), among others.

A88, page 1 of 23

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Open Access funding provided by Max Planck Society.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202039541
mailto:musso@mpia.de
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0

A&A 645, A88 (2021)

The DI technique is therefore an important tool to extend
our knowledge of the exoplanet population, and to explore the
interaction between companions and the disc they reside in.
However, there are several challenges intrinsic to this technique,
such as the unfavourable companion-to-star light contrast, the
telescope-limited angular resolution and inner working angle
(which dictates the minimum separation at which a companion
can be detected around its host star), and the long time base-
line often needed between follow-up observations to be able to
distinguish between physically bound co-moving sources and
background objects that might be mistaken for companions. Due
to these limitations the number of directly detected companions
so far remains scarce (59 confirmed planets with mass <13 My,
at the time of writing!). Augmenting this sample is an impor-
tant scientific goal, and several direct imaging surveys have
contributed through the years, targeting different stars and with
slightly different scientific goals (see e.g. Bowler 2016). Among
others, the Strategic Exploration of Exoplanets and Disks with
Subaru (SEEDS; see Tamura 2009; Janson et al. 2013) and more
recently a joint high-contrast imaging survey for planets at Keck
and VLT (Meshkat et al. 2017) both focused on debris disc-
hosting targets in their efforts to find new companions. Janson
et al. (2013) surveyed 50 stars using the HICIAO camera at the
Subaru telescope, while Meshkat et al. (2017) used instruments
at both the Keck and the Very Large Telescope to target 30 stars
with Spitzer-detected debris discs.

The NaCo-ISPY direct imaging survey has just been com-
pleted in the southern hemisphere using the NaCo instrument
at the VLT telescope in Chile (Launhardt et al. 2020). The
survey targets ~200 young and nearby stars with known and
well-characterised protoplanetary discs (PPDs) as well as more
evolved debris discs (DDs). The ISPY survey aims to increase
the number of directly imaged GPs on wide orbits (>5 au), test-
ing the capability of detecting GPs in the early phases of planet
formation (while they are still embedded in their PPDs), and
investigating the relation between the DD properties and the
presence of wide-separation companions.

In this paper we present LIStEN, the L’ band Imaging Sur-
vey for Exoplanets in the North, which has been designed to
complement the ISPY survey with observations in the northern
hemisphere. The survey was carried out at the Large Binocular
Telescope (LBT) on Mount Graham in Arizona between October
2017 and April 2019, using the L/M-band mid-InfraRed Cam-
era (LMIRCam, Skrutskie et al. 2010). The LMIRCam is part of
the Large Binocular Telescope Interferometer (LBTI, Hinz et al.
2016), which combines the two apertures of the LBT for sen-
sitive interferometric and imaging observations in the thermal
infrared (e.g. Stone et al. 2018; Ertel et al. 2018, 2020) using a
cryogenically cooled beam combiner. The standard AO imaging
is currently a more routine and stable mode at the LBTI, and it
is thus the preferred mode for a large imaging survey such as
the one we present. For this reason, for our observations we used
the beams from the two apertures separately for high-contrast
adaptive optics (AO) assisted direct imaging.

The main goal of the LIStEN survey is to detect and charac-
terise the population of giant planets in wide orbits around young
nearby stars with circumstellar discs. For this reason our target
selection prioritises stars with known discs (either PPD or DD),
inferred either via known infrared excess or resolved images.
This target selection also allows us to put the tightest constraints
on the planet population, even with non-detections, since the

I Number of planets discovered via DI by September 2020, data from

the Extrasolar Planets Encyclopaedia at http://exoplanet.eu
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resulting contrast and mass detection limits can be combined
with disc knowledge to place constraints on the possible presence
of unseen companions. The presence of a companion can influ-
ence the morphology and evolution of a debris disc in various
and complicated ways. Here we focus on the mechanism known
as self-stirring, where large planetesimals grow and stir the disc
(see Kenyon & Bromley 2008; Krivov & Booth 2018). An alter-
native scenario is stirring by secular perturbations from planets
or stellar companions (Mustill & Wyatt 2009), but this is most
easily explored in systems where the companion is known (see
e.g. Musso Barcucci et al. 2019), so we do not consider it here.
In cases where discs appear to have multiple temperature com-
ponents, a common interpretation is that these systems have two
distinct disc components (Morales et al. 2011; Kennedy & Wyatt
2014) separated by a gap. Assuming that the gap has been carved
out by a planet or planets (as seen in our Solar System and for
HR 8799 system), the gap’s parameters can be used to place con-
straints on the presence of an unseen planetary system (see e.g.
Shannon et al. 2016).

In the self-stirring scenario, the evolution of the disc over
time is driven by the formation of increasingly large planetesi-
mals that stir their surroundings, triggering destructive encoun-
ters and thus generating new dust and material that continuously
replenishes the debris disc. The maximum disc size that can be
explained via self-stirring at any given time is a function of the
host star and disc parameters.

The paper is structured as follows. In Sect. 2 we detail the tar-
get selection criteria for the survey, and in Sect. 3 we explain the
observational strategy. The data reduction is presented in Sect. 4,
together with the data analysis and the creation of contrast curves
and mass detection limits. In Sect. 5 we explore the companion-
disc interaction and the constraints this can place on the presence
of a companion around a given target. Finally, we summarise our
results in Sect. 6.

2. Target selection
2.1. Target master list

Our initial source for targets was the Debris Disc Catalogue
from the Spitzer Infrared Spectrograph (IRS) observations
(Chen et al. 2014). To this we added targets from various sources
in the literature, focusing on nearby stars with known and well-
characterised discs, both protoplanetary discs and older more
evolved debris discs. We excluded targets for which deep angular
differential imaging (ADI; Marois et al. 2006) L’ band obser-
vations with substantial rotation field (i.e. >60°) were already
present in the literature in order to minimise the target over-
lap with other similar surveys’. We also imposed a cut of
200 parsec on the distance. Telescope-specific selection crite-
ria include the following: a cut at Dec > —15 degrees in order
for the targets to be observable with sufficient field rotation
from the LBT location; an R magnitude cut at 13 mag, which is
the minimum brightness for high-performance AO corrections;
and the exclusion of known close separation (<1.0”) same-
magnitude binaries, which could be difficult for the AO system
to distinguish between.

We ended up with a final master target list, from which we
had the flexibility of selecting suitable targets depending on the

2 The largest L’ band imaging survey from the LBT is, at the moment
of writing, the Large Binocular Telescope Interferometer Exozodi Exo-
planet Common Hunt (LEECH, Stone et al. 2018), which observed 98
stars with no target overlap with the LIStEN survey.
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Table 1. LIStEN survey: summary of target parameters.

Target RA Dec Distance Age L Sp. type M, Ref. (D
[hh:mm:ss] [dd:mm:ss] [parsec] [Myr] [mag] [Ms]
Debris disc targets
HD 8907 @ 01 28344 +42 16 03.69 33.2 320 5.39 £0.10 F8 1.2 £0.06 gk
HD 32977 0507484 +20 25 06.16 61.9 299f?§; 5.02+0.13 A5V  2326+0.116 c,k
HD 48682 @ 0646443 +433438.74 16.6 3310 3.72£0.19 FOV 1.2 +£0.06 g.k
HD 50554 23 0654428 +24 14 44.01 31.2 4680 544 +£0.10 F8V 1.158 + 0.058 gk
HD 110897 @ 1244594  +391644.1 17.5 9700 427 +0.18 GOV 1.081 + 0.054 g.k
HD 113337?% 1301469 +63 36 36.79 36.2 1631t§i?g 492 +0.14 F6 VvV 1.4 +0.07 ck
HD 116956 1325455 +565813.8 21.6 260 5.35+0.11 GOV 0961 +0.048 h,k
HD 127821 @ 14 30 46.1 +63 11 08.8 31.7 1756j§{29 537+0.12 F41V 1.3 = 0.065 c.k
HD 12831133 1436 00.6  +09 44 47.5 16.3 390 5.14 £ 0.11 K3V  0.826 +£0.041 g,k
HD 143894 @ 1602 17.7  +22 48 16.02 51.3 465ﬁé22 459+0.12 A3V 2.5+0.125 c,k
HD 152598 16 52 58.1 +31 42 06.0 29.6 1313’:;;2 4.49 +0.13 FOV 1.5,+0.075 c.k
HIP83043¥ 1658 08.9 +254438.97 10.4 4500 550+0.09 M2V 0.532 +0.01 j.k
HD 161868 » 1747 53.6  +02 42 26.20 30.0 260j;§6 357+026 A0V  2415+0.121 ¢,k
HD 182919 1926133  +200551.8 71.8 198 5.63+0.08 A0V 2.5+0.125 f.k
HD 183324 ® 19 29 01.0 +01 57 01.6 60.6 527j£3 550+0.10 A0V 1.95 £0.097 ¢k
HD 184930 1936 43.3 -01 17 11.8 2169%  999+75 445+0.13 BSII  6.188 +0.309 e,k
HD 191174 @ 2004445 46353247 83.7 355 6.13+0.10 A2 2.0+0.1 f.k
HD 192425 ® 20 14 16.6 +15 11 51.4 479 413tg‘6‘ 4.68+0.14 A2V 2.2+0.11 ¢,k
HD 205811 213743.6 +06 37 06.20 88.1 396:6143‘ 6.09+0.06 A2V 1.6 + 0.08 ck
HD 206860 2144312 +14 46 19.97 18.1 100-500 4.44+0.14 GOV 1.081 + 0.054 ak
HD 212695 @ 2226144  -024720.32 48.1 1846j§igl 5.83 £0.07 F5 1.372 + 0.069 c.k
HD 219498 231605.0 +4221034.82 56.9 320 7.36 = 0.03 G5 0.92 e.g
HD 220825 2326559 401 1520.19 48.9 195f;;1 4.85+0.19 FO 22+0.11 ck
HD 221853 2335362 +0822574 65.3 100 6.38 = 0.05 FO 1.4 +0.07 f.k
Protoplanetary disc targets
LkHA 330 0345483 43224118 3084® 25+0.7 5.76+0.07 G3 2.8+0.2 i,i
DE Tau 0421 55.6  +275506.0 126.9 l“_’}1 6.88 + 0.03 M1 0.41 b,b
HD 35187 0524012 +245737.58 162.3 9+2 5.00+0.10 A2 1.767,+0.088 d,k
HD 36112 0530275 +251957.08 160.2 37+2.0 437+0.14 A8 1.911 + 0.096 dk

Notes. (V'The first reference is for the age estimation and the second is for the mass estimation. @DD targets with a resolved disc, see Table 2 for
more information. ®Targets with known planetary-mass companions, see Table 2. ®Current Gaia DR2 distance estimation. These targets were
selected and observed prior to the release of the Gaia DR2, and they were thought to have a distance <200 pc, which is why they were observed.

References. a: Zhou et al. (2018); Luhman et al. (2007). b: Grankin (2016). c¢: David & Hillenbrand (2015). d: Meeus et al. (2012). e: Lyubimkov
et al. (2002). f: Kennedy & Wyatt (2014). g: Kains et al. (2011). h: Lehtinen et al. (2016). i: Uyama et al. (2018). j: Veyette & Muirhead (2018).

k: Kervella et al. (2019).

allocated observing nights every semester. During observations,
if multiple targets were available, we prioritised nearby targets
(in order to probe the ~2—10 au region close to the star) and those
targets with a resolved disc (see Sect. 2.2). A total of 28 targets
were observed as part of the LIStEN survey during 11 observ-
ing nights between October 2017 and April 2019. The observed
targets and their basic properties are presented in Table 1. Of
these 28 objects, 4 are PPD hosting targets, 22 are surrounded by
significant and confirmed DDs, and 2 have a less significant IR
excess and an uncertain DD status (HD 184930 and HD 116956).
In this paper we present the observations, data reduction, and
image inspection for all 28 targets. For the data analysis and the

companion-disc interaction analysis we focus on the DD targets
only (both the confirmed and the uncertain ones), while the anal-
ysis of the four PPD targets will be presented in conjunction with
PPD targets observed by the ISPY survey in an upcoming paper.

The target distances are inferred from the Gaia Data Release
2 Catalogue (Gaia Collaboration 2018; Bailer-Jones et al. 2018)
and the spectral types are from the Simbad database (Wenger
et al. 2000). The ages are compiled from various sources in
the literature (see Table 1), which explains the scatter in the
age uncertainties for the various targets. An in-depth discus-
sion on stellar age determination is beyond the scope of this
paper, although we tried to keep our age estimates consistent
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Fig. 1. Age, distance, and spectral type distributions for all the
LIStEN targets. Distance uncertainties are smaller than the symbol size.
Age uncertainties are not shown because they are derived in a non-
homogeneous way and are not available for all targets. The stars are
colour-coded according to their spectral type. The empty circles are the
PPD targets.

throughout our survey, and whenever possible relied on age
estimates from David & Hillenbrand (2015) and Kains et al.
(2011). The stellar masses are taken from Kervella et al. (2019),
except when stated otherwise in Table 1. L’ band magnitudes
are derived from the ALLWISE data release (Cutri et al. 2013).
Starting from the WISE W1 and W2 magnitudes we first com-
puted the colour-corrected fluxes in the two bands (using zero
points from Jarrett et al. 2011 and colour-correction factors from
Wright et al. 2010); we then obtained the L’ flux as an extrapo-
lation at the L’ wavelength (integrating it over the L’ band filter
curve®), and we finally converted this into an L’ band magnitude
using the zeropoint provided in Tokunaga (2000). We show the
age, distance, and spectral type distributions for all of our 28
LIStEN targets in Fig. 1. The median distance for our survey is
~49 pc (the closest target being at ~10 pc and the furthest away
at ~308 pc*). Given an inner working angle (IWA) of ~07150
(see Sect. 3) and the LMIRCam detector plate scale of 10.707 +
0.012 mas pix ~!, we are theoretically sensitive to regions within
10 au from the star for 20 out of our 28 targets. The ages span
from 100 to 9700 Myr (with a median age of ~340 Myr) for the
DD targets, and from 1 to 9 Myr (with a median of 3.1 Myr) for
the PPD targets. Most stars are either A or F type.

2.2. Notes on individual targets

Out of the 24 DD targets observed during our survey (we do not
consider the 4 PPD targets in this section), 14 have a resolved
debris disc (at the moment of writing), and 5 have known
planetary-mass companions (see Table 1). Even though in some
cases these systems are well known, we did not find any available
deep L’ band imaging ADI data (with field rotation >60°) in the
literature, thus making them perfect candidates for our survey.
We decided to prioritise these targets, those with a resolved disc
and those with known planetary companion(s). We discuss indi-
vidual cases in the following sections, and summarise the disc
and companion information for all of them in Table 2.

2.2.1. HD 206860

HD 206860 (HN Peg, HIP 107350) is a solar-type star at a dis-
tance of ~18 parsec. In 2006 Luhman et al. (2007) discovered

3 Obtained via private communication with Steve Ertel.
4 The targets were selected and observed prior to the release of the
Gaia DR2, after which their distances were updated.
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a substellar companion orbiting the host star at an angular dis-
tance of 43", using the Spitzer Space Telescope. Comparing the
luminosity of the object to theoretical evolutionary models, they
estimated a mass of ~16 My,,°. Given the large separation of the
companion (~790 au), and since our survey focuses on charac-
terising the close-in (<10 au) GP population, we decided to keep
this target as part of the LIStEN survey.

2.2.2. HD 183324, HD 191174, and HD 192425

HD 183324, HD 191174, and HD 192425 are early-type stars
with double-belt DD, for which Morales et al. (2016) obtained
Herschel/PACS imaging data at 70, 100, and 160 pm, with the
aim of spatially resolving the outer belt. The dust emission is
fit with a thin ring model with three main parameters: radius,
inclination, and position angle.

They resolved the colder belt around HD 183324 in all three
bands, obtaining a disc radius (at 100 um) of 2”9 + 0”6, with
an inclination of 21° + 42°. The outer belt around HD 192425 is
resolved only at 100 and 160 um, with a disc size of 4”8 + 0”3
and an inclination of 63° + 5°. The outer disc around HD 191174
is only partially resolved at 100 um, yielding a disc size of 370 +
(0”7 but no constraints on the inclination.

2.2.3. HD 48682, HD 143894, HD 161868, HD 212695, and
HD 127821

Five of our targets were imaged with the James Clerk Maxwell
Telescope (JCMT) as part of the SONS survey of debris discs
(Holland et al. 2017). They obtained sub-millimetre images at
850 and 450 um and, via radial profile fitting, derived radial
extent, inclination, and position angle for all the sources with
a resolved emission, while providing disc size upper limits for
the unresolved ones.

The discs around HD 48682, HD 143894, and HD 161868
were all resolved at 850 um, with an estimated disc size of
1170+ 379, 1072 £ 2”5, and 778 + 272, respectively. They derive
a disc inclination of 67° + 24° for HD 143894, and provide a
lower limit of 47° on the disc inclination for HD 48682 and 16°
for the disc around HD 161868.

The discs around HD 212695 and HD 127821 were unre-
solved, yielding a disc upper limit of 7’5 and 7”4, respectively.

2.2.4. HD 110897

HD 110897 is a solar-type star at a distance of ~17.5 parsec.
Herschel/PACS observations were obtained as part of the
DUNES and DEBRIS surveys, with the aim of resolving
and characterising its circumstellar disc (Marshall et al. 2014).
Extended emission from the disc is resolved in the 70, 100, and
160 um bands, and the best-fit model is a cool broad dust ring
with a peak in the surface brightness at ~3”1 (~50au) and an
inclination of 56° + 10°. Our survey is therefore able to explore
the region within the disc and could potentially detect brown
dwarf companions (smaller objects would be harder to detect
due to the somewhat old age of the system), making this target a
perfect candidate for LIStEN.

2.2.5. HD 50554

HD 50554 is an F8-type star at a distance of ~31 parsec, with
a known planetary-mass companion discovered with the RV

5 See also http://exoplanet.eu/catalog/hn_peg_b/
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Table 2. LIStEN survey: summary of resolved discs and hosted planets.

Target Ries i° PA° Ref. mp sin i ap Instrument
[au] [Miyp] [au] used
HD 8907 53 +£26 ~65 ~55 f - - SMA
HD 48682 183 + 65 >47 94 £ 19 b - - JCMT
HD 50554 45 +14 - - e 5.16 2.41 Herschel
HD 110897 53.7 56+10 1112 d - - Herschel
HD 113337 85 +20 251’?5 128 £5 c 7f‘2‘ 1.03 Herschel
1610 4.8
HD 127821 <235 - — b - - JCMT
HD 128311 58 - — h 2.18 1.099 N/A®
4.19M 1.76
HD 143894 524+ 129 67+24 70«15 b - - JCMT
HIP 83043 10-30 ~90 - g 0.328 1.1 Herschel
HD 161868 234 + 66 >16 75«17 b - - JCMT
HD 183324 176 £36 21 +42 — a - - Herschel
HD 191174 250 + 58 - - a - - Herschel
HD 192425 230+ 15 63+5 985 a - - Herschel
HD 206860 - - - - 16+94M 795 -
HD 212695 <361 - - b - - JCMT

Notes. VThese masses are physical masses and not m, sin i values. ®See footnote 6.
References. a: Morales et al. (2016); b: Holland et al. (2017); c: Borgniet et al. (2019a); d: Marshall et al. (2014); e: Dodson-Robinson et al. (2016);

f: Steele et al. (2016); g: Kennedy et al. (2018); h: See footnote 6.

technique by the ELODIE survey (Perrier et al. 2003). The com-
panion has an estimated mass of m,sini = 5.16 My, and a
semi-major axis of 2.41 au.

Herschel/PACS observations at 70, 100, and 160 um revealed
extended emission around the host star (Dodson-Robinson et al.
2016), whose best fit yields a disc size of 1745 + 0”13 (45 =
4 au). The LIStEN survey is designed to explore regions down
to ~10au around its targets, and this star is therefore a very
interesting candidate that would allow us to explore the gap
between the known planetary companion at a few au and the
disc, further away at a few tens of au. Given the system age, we
expect to be able to detect any brown dwarf companion in this
region.

2.2.6. HD 8907

HD 8907 was observed with the Submillimeter Array (SMA)
and Combined Array for Research in Millimeter-wave Astron-
omy (CARMA) by Steele et al. (2016), resolving its debris disc
for the first time. The best fit of its spectral energy distribution
(SED) and resolved images yields a disc size of 1759 + 0”76
with an inclination of 65°. HD 8907 was also observed by
Holland et al. (2017) during the SONS survey; they obtain an
upper limit on the disc radius of 571, in agreement with the
results of Steele et al. (2016).

2.2.7. HIP 83043

HIP 83043 (GJ 649, BD+25 3173) is a nearby (~10 parsec) M-
type star, which was observed with Herschel/PACS at 100 and
160 um by Kennedy et al. (2018). They partially resolve the disc
at 100 um, and conclude that the emission is consistent with an
edge-on disc with an extent between ~1”’0 and ~2"9 (between 10
and 30 au).

The host star is also known to harbour a close-in compan-
ion, discovered with the RV technique by Johnson et al. (2010),

with an estimated mass of m, sini = 0.328 Mj,,. At a distance of
~1.1 au, the companion resides well within the disc.

This target is an excellent candidate for the LIStEN survey
since its distance and our IWA of ~(0” 150 (see Sect. 3) mean that
we would be able to probe the gap between the known RV planet
and the resolved circumstellar disc.

2.2.8. HD 128311

HD 128311 (HIP 71395, GJ 3860) is a K-type star at a distance
of ~16 parsec, hosting two close-in planetary-mass companions
discovered with the RV method: HD 128311 b, with an estimated
mass of my,sini = 2.18 My, and a semi-major axis of ~1au,
and HD 128311 ¢ with a mass of 4.19 M, and semi-major axis
of 1.76 au (Butler et al. 2003; Vogt et al. 2005). The star is also
known to harbour a circumstellar disc with a radius of 58 au®.
The LIStEN survey is therefore perfectly designed to probe the
region between the two known RV planets and the debris disc,
allowing us to gain more information on this interesting system.

2.2.9. HD 113337

HD 113337 is an F6 main-sequence star at a distance of ~36 par-
sec, known to harbour a debris disc due to its infrared excess;
it has at least one confirmed giant planet with a minimum mass
of 3.1 My, at ~1 au and one companion candidate with a mini-
mum mass of 7.2 My, at ~5 au, detected with the RV technique
(Borgniet et al. 2014, 2019b).

Borgniet et al. (2019a) carried out an extensive study of this
system, partially resolving its debris disc for the first time at
70 and 160 um with Herschel/PACS, and obtaining ADI L’-
band data using the LMIRCam at LBT. They derived a disc

6 From the catalog of resolved debris discs, compiled and main-
tained at https://www.astro.uni-jena.de/index.php/theory/
catalog-of-resolved-debris-disks.html
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size of 85 + 20au with an extension of 30 + 20au, and an
inclination of 10—30°. Combining RV data, imaging contrast
limits, and age and inclination solutions, they derive an esti-
mate for the true masses of the two companions of 7f‘2‘ My, for

the confirmed companion HD 113337 b, and 1630 My, for the
candidate companion HD 113337 c.

We observed HD 113337 in the context of the LIStEN survey
prior to the publication of the study from Borgniet et al. (2019a).
Furthermore, the L’ band ADI observations presented in
Borgniet et al. (2019a) were obtained in January 2015, and thus
our additional imaging data would allow us to span a baseline of
more than 4 yr. For these reasons we decided to keep HD 113337
in our target list and to analyse it independently of the results of
Borgniet et al. (2019a), while keeping them in mind as a useful
benchmark.

3. Observations

Observations were carried out using the LMIRCam instrument
(Skrutskie et al. 2010) at the LBT in Arizona with the L’-band
filter at 3.8 um, during 11 nights between October 2017 and
April 2019. All the observations were carried out in visitor
mode, with the exception of the observation in February and
April 2019.

Our observational strategy makes simultaneous use of the
two 8.4-m mirrors of the LBT, and consists of L’ band ADI
observations in non-overlapping dual mode, bracketed with
unsaturated flux measurements in order to create an unsaturated
point spread function (PSF) reference for each mirror. The dual
mode allows us to keep the light coming from the two mir-
rors separated on the detector, thus creating two images of the
same star, allowing for two simultaneous and semi-independent
observations of a given target.

During observations we positioned the star images on the
left side of the detector at a distance of ~5”0 from each other (to
avoid cross-contamination between the two PSFs) and collected
data with a left-right nodding pattern with a typical frequency
of 150 frames per side (10 frames per side for the unsaturated
flux measurements). The exposure time for the science frames,
typically around ~1 s, was chosen in order to maximise the
sensitivity for each target while avoiding the stellar PSF saturat-
ing beyond ~0”100—-0"150. Given the average distance between
the star images (from the two mirrors), and to avoid cross-
contamination between the two PSFs, our observational set-up
allows us to probe the region around a given target between
~07”150 and ~270. The exposure time for the flux measurements
was chosen to avoid saturation of the PSF, and for certain tar-
gets we had to use a 10% neutral density filter. Our aim was to
observe each target for a minimum of 2 h around its meridian
passage to achieve a total field rotation of >60 degrees.

We adopted this same observational strategy for all the
LIStEN targets as much as possible, however we had to carry
single-sided observations for some of our targets due to technical
issues with either of the two AO systems. The observing dates
for all of our DD targets, together with flux and science detec-
tor integration time (DIT), information on single or dual mode
observations, and total field rotation, are reported in Table 3.

4. Data reduction and analysis

4.1. Data processing

All data are reduced with our own reduction pipeline, which has
been tailored to the specific observational strategy we adopted.
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The creation of the master flats and the bad pixel maps is detailed
in Appendix A. The pipeline is fully automated, except for a
few initial target-dependent parameters that need to be input
manually. The type and purpose of these parameters, and a full
description of the data reduction pipeline is detailed as follows:

Data organisation. The frames are separated into unsat-
urated flux frames and saturated science frames depending on
their DITs, and all the frames with the “bad frame” tag in the
header are removed. This tag is automatically created during the
observations for those frames that clearly exhibit bad behaviour
(i.e. when an incorrect offset is applied to the target the entire
frame is almost completely saturated) and similar extreme cases.
The following analysis was performed separately on both the flux
and the science frames.

Locating the star position(s). According to the target-
dependent bad pixel map (see Appendix A), the bad pixels are
masked and then the image is smoothed out using the ndim-
age.gaussian_filter of the scipy Python package, with sigma
= 2 pixels. The rough position of the star(stars) is finally found
as the position of the absolute maximum(maxima), above a man-
ually set threshold, in this masked smoothed frame. Only frames
in which the correct target-dependent number of stars is found
are then used (either one or two stars, whether a single- or
double-dish observation).

Nod separation. The frames are divided into the two nod
positions (nodA and nodB), according to the position of the
star(s) in each frame and the target-dependent pixel separation
between the nods.

Sky subtraction. A master sky is created from each nod
with a principal component analysis (PCA) approach. Each
frame in a given nod is sky-subtracted using the master sky
created with the other nod, and flat-fielded using the target-
dependent master flat (depending on the observing run). During
this step the bad pixels are masked according to the target-
dependent bad pixel map. The frame is then cut into two,
separating the DX and SX mirror (only for dual-mirror obser-
vations), and each sub-frame is saved separately. From this point
on the frames for different mirrors are reduced separately and
independently from each other.

Bad pixel correction. The bad pixels are now corrected for
by interpolating from the neighbouring pixels with a Gaussian
kernel with standard deviation of 2 pixels.

Bad stripes correction. The pixel-corrected frames are
padded with zero to regain the initial target-dependent window
size. In each frame, the median of all the pixel values through-
out the entire datacube (for a given pixel) is subtracted from that
pixel to correct for bad stripes and similar effects. To avoid con-
tamination from the star and possible contamination from the
other mirror’s star at the edge of the frame, the median evalu-
ation is done on a datacube in which a square of size 100x100
pixels around the position of the star is blanked out; a frame
of 120 pixels in width all around the edges of the frame is also
blanked out. These final padded and median-subtracted frames
are saved.

De-warping. Every frame is now corrected for the distor-
tions introduced by internal LBT optics, and by the fact that the
pixels on the CCD detector are not in a perfect cartesian grid.
The distortion correction coefficients for a given semester are
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Table 3. LIStEN survey: summary of observations.

Target Obs. date Set-up Median seeing DIT DIT - Flux Tot. rotation
[dd/mm/yy] [arcsec] [s] [s] [deg]
HD 206860 06/10/17 Dual 0.89 0.7 0.7 + ND filter 66.1
DE Tau 06/10/17 SX 1.08 1.8 0.7 60.4
HD 183324 07/10/17 Dual 0.94 0.7 0.7 + ND filter 27.6
HD 220825 07/10/17 Dual 1.14 0.7 0.7 + ND filter 74.7
HD 35187 07/10/17 DX 0.77 0.7 0.7 + ND filter 72.9
LkHA 330 07/10/17 DX 0.87 0.7 0.3 + ND filter 166.4
HD 184930 08/10/17 Dual 0.81 0.7 0.3 + ND filter 24-30®
HD 221853 08/10/17 Dual 1.09 0.7 1.4 + ND filter 63-87©
HD 127821 27/05/18 SX 1.50 0.7 0.3 + ND filter 62.3
HD 191174 27/05/18 Dual 1.40 0.7 1.4 + ND filter 55
HD 110897 28/05/18 SX 0.95@ 0.7 0.3 + ND filter 259.5
HD 128311 28/05/18 Dual 0.95 0.7 0.3 + ND filter 59.2
HD 152598 28/05/18 Dual 1.19 0.7 0.3 + ND filter 162.8
HD 182919 28/05/18 Dual 1.15 0.7 0.3 + ND filter 103.2
HD 116956 29/05/18 Dual 1.10 0.7 0.3 + ND filter 61.9
HD 161868 29/05/18 Dual 1.07 0.3 0.3 + ND filter 48.6
HD 192425 29/05/18 Dual 0.9 0.7 0.3 + ND filter 75.0
HD 36112 25/10/18 DX 0.83 0.906 0.068 89.0
HD 50554 25/10/18 DX 0.96 1.112 0.109 105.2
HD 219498 25/10/18 DX 1.22 1.112 0.302 83.1
HD 205811 26/10/18 Dual 1.42 0.700 0.109 69.1
HD 8907 27/10/18 SX 1.43@ 0.810 0.027 113.5
HD 48682 27/10/18 DX 1.43@ 0.508 0.027 48.1
HD 212695 27/10/18 SX 1.43 1.208 0.109 63.0
HD 32977 27/10/18 SX 1.43@ 1.002 0.109 79.6
HD 113337 25/02/19 Dual 1.46 1.00265 0.05494 59
HD 143894 25/02/19 Dual 0.88 0.810365 0.013735 88.3
HIP 83043 18/04/19 Dual 1.14 1.00265 0.05494 874

Notes. The targets are ordered by the date they were observed. The single decimal digit DITs cited in the table are approximations of the actual
available DITs for the LMIRCam: 0.364088, 0.728176, 1.456352, 1.8204401 s. “ND filter” refers to the 10% neutral density filter “ND1.0-T10”.
@The seeing was not recorded due to a detector issue; we use the last seeing recorded for this night as representative of the weather condition
for the rest of the night. ®Due to AO issues we had to carry part of the observations in single-sided mode, resulting in a total field rotation of
30.3 degrees for SX and 24.6 degrees for DX. )Similarly to EM* LkHA 330, we obtained unequal observations with the two mirrors, for a total

rotation of 87.1 degrees for SX and 63.1 degrees for DX.

available on the LBTO wepage’. Since these corrections have
been evaluated for the entire detector array of 2048x2048 pix-
els, the frames are accordingly padded with zeros before being
de-warped. The de-warped frames are then cut down again to
their target-dependent window size before being saved.

Centring. The position of the star on these de-warped
frames is re-evaluated as the position of the maximum pixel
value, and the frame is cut in a square shape around this position
with a fixed stamp size of 400 x 400 pixels. A finer sub-pixel cen-
tring is then performed finding the 2D Gaussian centroid of each
frame. The final centred frames are then saved in their respective
mirror folder.

Stacking. This step was performed only for the science
frames. Frames with less than 0.1 deg change in the parallac-
tic angles are stacked together (i.e. mean combined) to reduce
the total number of frames. This is helpful in the subsequent
data analysis to maintain manageable computational times for

7 https://sites.google.com/a/lbto.org/lbti/data-
retrieval-reduction/distortion-correction-and-
astrometric-solution

each target. This stacking does not influence significantly the
achievable detection limits and it seems, for certain targets, to
even improve them (see Appendix B).

For the rest of the analysis we use these reduced stacked sci-
ence frames, keeping the analysis of the two mirrors separated
and independent from each other.

The reduced flux frames are median-combined (for each mir-
ror) to create one single reduced flux frame per mirror (for each
target). These flux frames are then scaled according to the DITs
of the science frames and used to create and inject fake negative
planets during the creation of contrast curves (see Sect. 4.3).

4.2. PynPoint analysis

The reduced data was analysed using the PynPoint package
(Amara & Quanz 2012; Stolker et al. 2019), which uses a PCA-
based approach to model and subtract the central PSF, where the
main parameter is the number of principal components (PCs)
used. We refer to these papers for a detailed explanation on the
functionality of the package and its various modules.

We resized the frames to stamps of size 472 x 472, and we
used a central mask of 0”1 to block the light from the central
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Fig. 2. ADI reduced images of HD 206860 for both mirrors, for a rep-
resentative PC number of 20. The images are oriented with north up
and east left, and the colour map has been chosen to better visualise the
data. The black arrow gives the position of a suspicious feature in the
DX image, ruled out as a speckle thanks to the comparison with the SX
image.

star (corresponding to the area within which the pixels were sat-
urated during observations). We then analysed the data with a
range of values: PC from 1 to 100, plus PC as a fixed fraction,
1, 2, 5, 10, 20, 30 and 50%, of the total number of frames. The
images are corrected for the true north offset for LMIRCam of
—0.430° + 0.076° (Maire et al. 2015).

All the reduced images were inspected by eye, making use
of the simultaneous and semi-independent observations with the
two mirrors (when applicable) to distinguish between real com-
panion candidates and persistent speckles. An example of the
final PCA-reduced image for one of the targets is shown in Fig. 2
for a representative PC number of 20, for both mirrors. A close-
in companion-like feature is visible north of the star in the DX
mirror image, and its position is indicated with a black arrow
in both mirrors; however, comparison with the SX mirror image
of the same target reveals no such feature at the same location,
thus suggesting that it is a non-physical object, likely a bright
speckle.

The final PCA-reduced images for all the 28 targets and both
mirrors (where applicable) are shown in Figs. A.6—A.8, for a rep-
resentative PC number of 20. All the images were inspected by
eye and no new companion candidates were detected. One of the
PPD targets, HD 35187, has a known stellar companion which we
re-detected (bright spot in the bottom right corner of the image,
see corresponding panel in Fig. A.6). Four of our targets have
confirmed planetary companions detected with the RV method,
with masses between ~0.3 and ~16 Mj,,. However, these objects
are too close to their host stars to be detected in our DI survey,
with most of them having an angular separations of <(0”10. The
most DI-favourable companion would be the candidate around
HD 113337, at an angular separation of ~(0”13, but its mass of
~16 My, is below our achieved detection limits for this target
(see Table A.1). One of our targets, HD 206860, has a compan-
ion detected via direct imaging, but its large angular separation
of ~4470 falls outside the field of view for our observations.
HD 36112 (MWC758) has a known and well-studied disc (see
e.g. Reggiani et al. 2018); while an in-depth analysis of the disc
image is beyond the scope of this paper, we note that we nicely
recover the spirals in our PCA-reduced image (see Fig. 3), which
serves as proof of concept for the validity of our reduction.

For the rest of the paper we focus only on the DD targets,
whether with confirmed or uncertain status, and we defer the
analysis of the PPD targets to an upcoming paper.
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Fig. 3. ADI reduced image of HD 36112 (DX mirror only). The disc
spirals are clearly visible.
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Fig. 4. Contrast curves (50) for all targets, and both mirrors where
applicable (grey lines). The grey shaded area around each curve rep-
resents the 1 o~ uncertainty range. The thick red line shows the median
of all contrast curves.

4.3. Contrast curves and mass limits

We evaluated the contrast limits at various separations for each
target and for each mirror using the dedicated contrast curve
module in PynPoint. This package uses the unsaturated PSF
of the central star to create and inject fake negative planets
with varying magnitude contrast at the desired separations and
azimuthal angles, and creates contrast curves given the desired
sigma level and/or false positive fraction (FPF), corrected for
small sample statistics according to Mawet et al. (2014). The
package allows us to account for the possible presence of a neu-
tral density filter, which is the case for some of our targets (see
Table 3). The other main free parameter is the aperture radius,
which we fixed at 1| FWHM (~07116).

The contrast curves are sampled between 0’2 and 179 in
steps of 0”1, and between 0° and 360° in steps of 45°, with
thresholds of 1, 2, 3, and 5o The resulting 5o contrast curves for
all the targets (and for both mirrors, if applicable) are shown in
Fig. 4, where the grey shaded area represents the uncertainty on
the magnitude contrast derived as variance of the all the contrasts
at various azimuthal angles for a given separation. We achieve
a median contrast of ~4.5 mag at an angular separation of 0”2
from the host star, while far away we are limited by the median
background limit and we reach ~10.7 mag at ~2”0. The achieved
contrast for all the DD-hosting targets are reported in Table A.1.
If a target was observed with both mirrors, we only list the values
derived from the better performing mirror.

We convert the contrast curves into mass detection limits as
follows. Using the uncertainty ranges for the L’-band magni-
tude, contrast, distance, and age for each target (see Table 1),
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Fig. 5. Survey detection probability as a function of companion mass
and true (not projected) semi-major axis.

we draw with Gaussian priors from these uncertainties 1000
samples, derive the mass detection limit for every sample at
every radial point using the AMES-COND evolutionary mod-
els (Allard et al. 2012%), determine the median (50% quantile) as
the expectation value, and determine the 25 and 75% quantiles
as lower and upper bounds. If no age uncertainty is available,
we arbitrarily set it to 50% of the age. The achieved mass lim-
its (in Mjyyp) for all the DD targets as a function of the distance
from the host star (in au) are shown in Fig. A.3 for both mirrors
(DX mirror in blue and SX mirror in green). We also show the
position of the disc (either inferred via SED in black, or resolved
in red), both for single- and double-belt systems. If a belt is not
visible in the field of view, we mark its position with a black
(SED-inferred) or red (resolved) arrow.

We then used these mass detection limits to evaluate the
detection space for our survey with an approach similar to that in
Launhardt et al. (2020): we run Monte Carlo (MC) simulations
in which we assign a companion to each target, randomising its
mass, semi-major axis, orbit inclination, and orbital phase. The
semi-major axis and mass are drawn from log uniform prob-
ability distributions with boundaries of [10%%,10°*?°]au and
(107195, 10%95] M),,. The eccentricity is set to zero, and the
inclination is drawn so that all disc orientations in a 3D space
are equally probable. For those planets for which we have infor-
mation about the inclination of the disc (see Table 2), we assume
co-planarity for the simulated companions and we draw the
inclination given the known constraints.

For each simulated planet we then verify if it would have
been detected by our survey, given our achieved mass limits. We
generated 107 simulated planets per star, and estimated the error
as the standard error on the weighted mean of 100 sets of 10°
companions. The resulting detection probability map is shown
in Fig. 5. We achieved a detection probability of greater than
50% for companions more massive than ~30 My, between ~30
and ~100 au.

4.4. Infrared excess characterisation

All of our targets were pre-selected based on their infrared
excess, which normally indicates the presence of a debris disc.

8 https://phoenix.ens-1yon. fr/Grids/AMES-Cond/
ISOCHRONES/model . AMES-Cond-2000.M-0.0.NaCo.Vega
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Fig. 6. Flux density distribution of HD 50554. The blue points are the
photometric datapoints found in the literature, the black line is the IRS
spectrum, and the green and red lines are the fitted stellar and disc
fluxes, respectively.

To better constrain the target parameters such as stellar lumi-
nosity and effective temperature, as well as debris disc dust
temperature, fractional luminosity, and black-body (BB) radius,
we fit the SED for each target.

We simultaneously fit a stellar atmosphere (PHOENIX;
Husser et al. 2013) plus a single or double BB model to
the observed photometry and the Spitzer IRS spectrum (here
obtained from the CASSIS database; see Lebouteiller et al.
2011). The photometry is compiled from various archives and
covers a wide range of filters and wavelengths, including: “Her-
itage” Stromgren and UBV (Paunzen 2015), 2MASS (Skrutskie
et al. 2006), HIPPARCOS/Tycho-2 (ESA 1997, The HIPPAR-
oS and Tycho Catalogues, ESA SP-1200, ESA 1997), AKARI
(Ishihara et al. 2010), WISE (Wright et al. 2010), and Spitzer
(Chen et al. 2014). The fitting method finds the best-fit model
with the MultiNest code (Feroz et al. 2009), using synthetic pho-
tometry of grids of models. An example of such a fit is shown
in Fig. 6 (see Yelverton et al. 2019 for further details on the
method).

For 18 of our targets, the best fit is obtained with a stellar
model plus a one-temperature BB model. Four targets are better
fit with two BB components, which are thought to arise from two
belts with two temperatures, one for the outer cold belt and one
for an additional inner warm belt. For two targets the infrared
excess turned out to be not significant and their SEDs can be
simply modelled with only the stellar model. The SED fits for all
24 targets are shown in Fig. A.2. We point out that a single-belt
fit does not exclude the presence of a second temperature compo-
nent since the data availability, quality, and wavelength coverage
strongly affects the sensitivity for detecting a component at all.

The BB radius of the dust disc is given by Pawellek & Krivov
(2015):

oo _(278KY (L) 0
B Tdust LO .

An estimate of the “true” disc radius, R4, can be obtained
applying a stellar luminosity-dependent correction factor, T,
which accounts for the fact that small grains that dominate
the emission are typically overheated as they are inefficient in
emitting at infrared wavelengths (Pawellek & Krivov 2015):

[ =a(L./Ly). 2)
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Table 4. Disc parameters from SED fitting.

SED fit
Target Ly T R Lgisc,1/1, T qust,1 Rgg,1 Lgisc2/ Ly T s 2 Rgg
[Lo] [K] [Ro] (x1079) (K] [au] (x1079) [K] [au]
HD 8907 1.97 6250 1.198 24.8+0.8 43.0 £ 3.0 236 + 16 — — —
HD 32977 23.0 8400 2.25 2.75+0.1 146.0+ 4.0 359+4.1 - - -
HD 48682 1.86 6015 1.26 59+0.1 56.5+0.6 132 £ 4.1 - - -
HD 50554 1.5 6000 1.133 4+£0.1 53.0+6.0 132 +12.1 - — —
HD 110897 1.114 5890 1.013 22+0.1 50.0+4.0 128 +9.4 - - -
HD 113337 4.12 6690 1.509 92+0.3 543 +0.7 212+9.6 - - -
HD 116956 0.524 5350 0.842 — — — — — —
HD 127821 2.95 6590 1.321 19.3+0.6 42.0+3.0 280 + 21 - - -
HD 128311 0.288 4843  0.762 25+0.2 33.0+ 8.0 160 + 24 - - -
HD 143894 26.2 8670 2.27 29+0.3 56.0+2.0 247 + 30 — — —
HD 152598 5.05 7070 1.5 29+0.1 129.0+ 4.0 39.1+2.3 - - -
HIP 83043 0.0452 3600 0.547 6+2 44.0+14.0 32+£5.8 - - -
HD 161868 27.0 9190 2.05 53+0.5 46.0+£2.0 368 + 55 34+04 1180+7.0 29.0+3.0
HD 182919 32.0 9900 1.90 23+0.1 183.0+ 6.0 239+3.1 - - -
HD 183324 14.9 8530 1.76 1.2+0.1 69.0+3.0 154 + 16 1.00+0.08 154.0+12.0 13.0+2.0
HD 184930 1400 11700 9.0 — — — — — —
HD 191174 18.9 8800 1.88 21+0.2 71.0+3.0 151 + 18 45+05 300.0+20.0 3.8+0.5
HD 192425 224 8970 1.96 3.6+0.1 58.0+2.0 231 +25 2.6+0.1 210.0+ 6.0 83+0.5
HD 205811 25.6 9330 1.93 1.5+0.1 148.0+10.0 356+5.2 — — —
HD 206860 1.147 6000 0991 0.82+0.07 84.0+5.0 40+ 2.1 - - —
HD 212695 3.13 6510 1.395 6.2+0.7 40.0+5.0 320+ 33 - - -
HD 219498 0.7 5500 0.91 19+3 76.0 +£3.0 44 £ 2.1 — — -
HD 220825 23.0 9600 1.74 2+0.2 167.0+4.0 27.6+3.3 - - -
HD 221853 3.93 6730 1.46 80+1 89.2+04 772 +3.3 - - -

Notes. Stellar and disc parameters derived via SED fitting. The uncertainties are a few percent on stellar luminosities (L, ), ~5% for the stellar radii
(R4), and ~100K for the stellar temperatures (7). The outer and colder belt’s radius Rgg ; has been corrected for the blowout grain size according
to Pawellek (2016), while the inner and warmer belt size Rgg is simply the black-body radius from SED fitting without correction.

Throughout this paper we use the new coefficients derived by
Pawellek (2016): a = 7.0 and b = —0.39.

With this correction, we estimate true disc sizes for the cold
belts of all of our targets. This correction cannot be applied to
the warm belt, since the underlying grain properties for those
temperatures is unconstrained due to the lack of well-resolved
observations of warm belts. The stellar and disc parameters (radii
corrected for blowout grain size) for all of our DD targets are
summarised in Table 4.

5. Planetary constraints and disc analysis

In this section we derive constraints on the presence of compan-
ions around the 22 targets with a confirmed debris disc, using the
mass detection limits derived in Sect. 4.3, the disc information,
and the constraints from the proper motion of the host star.

5.1. Self-stirring analysis

Of the 22 confirmed targets that host a debris disc in our survey,
18 are well explained with a single-belt model and 4 require an
additional component (i.e. the double-belt model is preferred).
All the double-belt systems and 10 out of the 18 single-belt
systems also have a resolved disc size.

We can test the hypothesis that these systems are completely
self-stirred, and thus they do not require the presence of a planet
to explain the presence of collisionally generated dust at the
observed radii. Following the work from Krivov & Booth (2018),
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the self-stirring timescale can be expressed as a function of the
disc’s and host star’s parameters as

129 Myr 1 P Ufrag 4
Tstir = ' 3 ( ) )
Xm v) \1lgcm 30ms

X( S max )_3 x(M*)3/2 ( a )

200 km M, 100 au

here x,, is a dimensionless parameter proportional to the disc’s
mass, y has a value between 1 and 2 and encapsulates the eccen-
tricity behaviour of the planetesimals, p is the bulk density of
the planetesimals and S .« their maximum size, and vfy, is
the relative fragmentation velocity above which planetesimals
would undergo destructive collisions and thus ignite a collisional
cascade through the disc.

We can now compare T with the age of the observed sys-
tems as a function of disc radius (a), for a given stellar mass M.
We fixed the following parameters to the standard values used in
Krivov & Booth (2018): y = 1.5, p = lgcm‘3, VUfrag = 30ms~!,
and Syax = 200km. The results for all the single-belt systems
in our survey are shown in Fig. A.4, where the shaded blue area
encompasses two representative values for x,, of 1 (dashed line)
and 10 (full line). For the double-belt systems, we test the self-
stirring assumption on the outer belt only, and the results are
shown in Fig. A.5.

Kenyon & Bromley (2008) originally found consistently
longer stirring timescales for a slightly different self-stirring

; 3
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scenario, deriving an analytical formula for the stirring
timescale:

801 Myr (M*)‘”( a )3

— —_— 4
Mg 100 au @

stir = Xrlxi 5
For comparison, we show the analysis from Kenyon & Bromley
(2008) as a red shaded area in Figs. A.4 and A.5, again for
representative x,, values of 1 (dashed line) and 10 (full line).

The main difference between the two studies is the initial size
of planetesimals after the dispersal of the protoplanetary discs.
Kenyon & Bromley (2008) assume that planetesimals are born
with sizes below 1 km, and find that only by the time these plan-
etesimals grow to Pluto-sized bodies (~1000 km), they are able
to quickly self-stir the disc. Krivov & Booth (2018) instead argue
that bodies as small as ~200 km can already excite planetsimals
to the point of destructive collisions.

In Figs. A4 and A.5 we also plot the ages and disc sizes
for all of our targets, both SED-derived (in black) and resolved
disc sizes (in red). As can be seen for all of our targets, the disc
size is smaller than the maximum disc size explainable with self-
stirring only, thus confirming that all of these systems can be
explained via self-stirring. We note that this does not exclude
that planetary-stirring is in action, nor does it exclude the pres-
ence of unseen planets, but it merely implies that a companion is
not necessary to explain the observed disc sizes. Moreover, the
estimated self-stirring timescale using Eq. (3) relies on poorly
constrained parameters such as the maximum planetesimal size,
thus this conclusion could depend on the parameters chosen. We
also note that these results rely on accurate age and disc size
measurements, and any future improvement in this regard might
help to confirm (or deny) the self-stirring hypothesis, and guide
future observations.

5.2. Double-belt analysis

Four of our targets are double-belt systems, for which the colder
and outer belt has been resolved through imaging (see Table 2).
One explanation for the presence of a wide gap between two belts
is the carving action of one or more planets clearing its orbit,
and the radius and width of this gap can therefore be related to
the minimum planetary mass and minimum number of planets
of that given mass required to carve such a gap (see Fig. 1 in
Shannon et al. 2016).

Shannon et al. (2016) carried out such an analysis employing
N-body simulations to study the clearing times for various plan-
etary systems, assuming coplanar planets on circular orbits each
separated by 20 mutual Hill radii (according to similar results
obtained by Fang & Margot 2013). They assigned the debris disc
particles randomly, and linearly distributed eccentricities and
inclinations between ¢ = 0 and e = 0.02, and i = 0° and { = 2°,
respectively. They fit the simulation results and inverted the rela-
tion to derive analytical expressions for the minimum planetary
mass m, and minimum number of planets N as a function of the
inner belt’s outer edge a; and the outer belt’s inner edge a;:

_ 4 Myr a \3? M, i .
()2 2]
log (%
Nel4+ (U]) (6)

m ;
. (()())

M

with M, being the stellar mass and 7 being the system’s age.

Table 5. Minimal planetary system parameters.

Target ay a mp N
[au]  [au] [Mg]

HD 161868 29.0 2340 856 4

HD 183324 13.0 176.0 247 6

HD 191174 3.8 2500 630 6

HD 192425 8.3 230.0 50.1 6

Notes. Minimum mass and number of planets required to explain the
disc’s gap position and extent.

We applied these equations to our four double-belt tar-
gets and for each of them derived a minimal planetary system
required to explain the size and radial extent of the gap. The
inner belt was derived via SED fitting and its uncertainty rep-
resents the precision with which the fit was carried out, rather
than being a measurement of the physical extent of the belt; for
this reason we approximate the outer edge of the inner belt a; as
the SED-fit BB radius derived in Sect. 4.4. Similarly, we approx-
imate the inner edge of the outer belt with the position of the
outer belt derived from resolved images.

The results for the four double-belt targets are summarised
in Table 5. The gap around HD 183324 can be explained with a
minimal planetary system of six planets (to allow for an integer
number of planets), each with a mass of ~20 Mg. For HD 191174
and HD 192425, the minimum mass required is higher, with
a minimum number of six planets with masses of ~60 Mg
for HD 191174, and six planets with masses of ~50 Mg for
HD 192425. Finally, the minimal planetary system required to
explain the gap in the disc around HD161868 consists of four
planets, each with a mass of ~90 M.

These masses are orders of magnitude lower than the
minimum mass limits achieved with our contrast curves (see
Sect. 4.3), and therefore the allowed parameter space for each
planetary system, given the disc and host star’s constraints, is
still fairly large.

5.3. Companion constraints from proper motion anomaly

A binary system composed of a low-mass companion and a
primary star will have a displacement between the photocen-
tre of the system and the barycentre. This occurs because the
secondary companion shifts the centre of mass away from the
primary, while the photocentre remains close to the geometri-
cal centre of the primary (since the luminosity of a low-mass
companion is negligible with respect to the luminosity of the pri-
mary). As a result, in an unresolved binary system for which the
secondary mass m; is significantly lower than the primary mass
m,, the photocentre will appear to revolve around the centre of
mass. Depending on where the photocentre appears to be on this
virtual orbit, its observed proper motion will vary in time.

Kervella et al. (2019) defined the proper motion anomaly
(PMa) vector Aug; as the difference between the proper motion
vector in the Gaia DR2 catalogue pg, minus the long-term mean
proper motion vector pyg, derived as the difference in the astro-
metric position of the star between the HIPPARCOS (ESA 1997)
and the Gaia DR2 catalogue (Gaia Collaboration 2018). Figure 1
in Kervella et al. (2019) shows a visualisation of the PMa
vector.

We refer to the work in Kervella et al. (2019) for a detailed
derivation of the following relations. In summary, for a target
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with parallax @ and assuming m; < m; the mass of the
secondary can be expressed as

3 \r my Avrg
m = B NG @

where r is the secondary’s orbital radius, G is the gravitational
constant, and Avr g is the norm of the linear tangential velocity
of the PMa vector, expressed as

2 2
\/ Mgy ra + DHG Dec

w

AUT‘GZ = X 4740.470. (8)

The proper motion measurement in the GDR2 catalogue
iS not an instantaneous measurement, but it is derived from a
series of observations over a period of time ¢ of 668 days (Gaia
Collaboration 2018). The measured PMa is then a time average
over this time window, and the norm of the PMa is affected
by observing window smearing depending on the ratio of the
orbital period of the system P(r) to the observing time ¢. This
is accounted for using the y factor, defined as

CPwet [ 2x
Y(P(r)/6t) = Vo 1 —cos PoVer )

The possible inclination and position angle of the orbit can
be approximated with the disc’s information (see Table 2) assum-
ing a co-planar orbit. Thus, it is possible to deproject the PMa
vector and evaluate the ratio n between the measured 2D PM
vector projected onto the sky plane and the “real” 3D orbital PM
vector. Normalising the observed PMa by 7 (which averages over
orbital orientation and eccentricities) allows an estimation of the
deprojected distribution of the companion mass.

If the orbital period of the system is longer than the baseline
time dtyg used for the determination of the long-term PM vector
Huc (i.e. the time difference between the HIPPARCOS and Gaia
DR2 epochs), then the PMa is biased. This bias is taken into
account with the £ function, defined as

P —
§(5IHG) -

with P being the orbital period, and with dtyg =~ 24.25 yr. Since
no information on the orbital period is available, this is computed
for every radial separation. Kervella et al. (2019) computed the
proper motion anomaly for all the stars common to both the Hip-
PARCOS and the Gaia DR2 catalogue, and suggested that a PMa
S/N value >3 is an an indicator of the presence of a companion.

There are three targets in our survey that fit in this category:
HD 161868, HD 8907, and HD 113337. Using the mass informa-
tion from Table 1, the disc’s inclination and position angles from
Table 2, and the parallaxes from Gaia DR2 and the PMa RA and
Dec values from Kervella et al. (2019) (see Table 6), we com-
puted the combinations of secondary mass and orbital radius that
would explain the observed PMa.

In Figs. 7-9, we show these (m,,r) combinations (red line)
with the respective 1, 2, and 30 uncertainties (progressively
lighter red shaded areas). We compared these possible compan-
ions with our achieved contrast curves, shown as a solid black
line for the 5o curve, together with the 30~ (dashed black line)
and 1o (dotted black line) curves. We also plot the position and
extension of the resolved disc (blue dotted line and shaded area).
The double-belt system HD 161868 is the only target for which

HG2 — HHG
Horb

; 10)
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Table 6. Proper motion: anomalous values.

Target Aucora AuGo pec A
HD 8907 —-0.427 £0.091 -0.034 +£0.106 3.06
HD 113337 -0.673 +0.080 0.454 + 0.076 7.36
HD 161868 1.241 +1.113 4.377 +£1.030 3.0

Notes. Proper motion anomalies and PMa SNR Ag, are from

Kervella et al. (2019).
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Fig. 7. Proper motion anomaly analysis from Kervella et al. (2019) for
HD 161868. The red line is the relation between the companion’s mass
(in Jupiter masses) and orbital radius (in au) that can explain the
observed PMa, and the red shaded areas (progressively darker) are the
1, 2, and 30 uncertainties. The black solid line and black shaded area
denote the achieved S0~ mass detection limits from the LIStEN obser-
vations with its uncertainty, together with the 30 (dashed line) and
1o (dotted line). The blue dashed line and shaded area represents the
position and uncertainty of the inner belt derived via SED fitting. The
position of the resolved outer belt of HD 161868 is not visible in the field
of view.

only the inner belt is located in the field of view, and for this rea-
son the dashed blue line in Fig. 7 represents the position of the
inner belt, and not the resolved one, while the blue shaded area
represents the uncertainties on the inner belt’s position and not
its physical extent.

As visible in Fig. 7, the mass limits achieved for HD 161868
allow us to exclude the presence of planets more massive than
a few tens of Mj,, beyond ~20 au, and to reasonably exclude
objects more massive than 100 My, between 10 and 20 au.
Together with the presence of a disc at ~30 au, we can exclude
the presence of planets massive enough to be responsible for the
observed PMa at those radial separations. Moreover, there are no
known massive companions further away that could explain the
PMa; two candidate companions were detected at ~6” 1 and ~7"2
by Janson et al. (2013), but they were ruled out as background
stars. The minimal planetary system responsible for clearing the
disc gap (see Sect. 5.2) would not be necessarily responsible for
the PMa, unless one of them has a particularly high mass. We
then suggest that the observed anomaly can be explained either
by a very close-in (<2 au) unknown stellar companion or by an
as-yet- undetected low-mass stellar companion with an orbital
radius between 2 and 10 au and a mass of >100 Mj,p, just below
our DI detection limits.

Regarding HD 8907 (Fig. 8), our imaging observations can
reasonably exclude the presence of companions more massive


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039541&pdf_id=0

A. Musso Barcucci et al.: LIStEN: L’ band Imaging Survey for Exoplanets in the North

HD 7
1000 890 ‘
"¢ 100}
£
=
(%]
(%]
©
£
k9]
c
8 10}
a
- . _I
.
I
I
}
1 L L
10° 10!

Planet semi-major axis [au]

Fig. 8. As in Fig. 7. The blue dashed line and shaded area represents the
resolved disc position and extent for HD 8907.
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Fig. 9. As in Fig. 7. The blue dashed line and shaded area represents the
resolved disc position and extent for HD 113337. The purple points and
error bars indicate the position and mass of the two known RV planets
orbiting the star (see Table 2).

than ~10 My,, beyond ~15 au, while the resolved disc’s infor-
mation can exclude the presence of companions between ~30
and ~80 au. We did not find any known further away compan-
ion in the literature, and we therefore suggest that the observed
anomaly could be caused by a currently undetected plane-
tary companions with an orbital radius <15au and a mass of
~10 Mjyp. The observed PMa could also be explained by a
currently unknown stellar companion at periods that are, for
example, near one-half, one-third, and one-fourth of the DR2
observing window, which correspond to a semi-major axis of
~0.8, ~1, and ~1.5 au (see Fig. 8).

Finally, we discuss the case of HD 113337, shown in Fig. 9.
The presence of a resolved disc combined with our achieved
mass detection limits allow us to exclude companions more mas-
sive than ~30 My, beyond 20 au. HD 113337 has a known
M3.5 dwarf companion, far away at ~200”0 (according to the
Washington Double Star Catalog; see Mason et al. 2014), but
neither this object nor the close-in companion at ~1 au is mas-
sive enough to explain the observed anomaly. The companion
candidate at ~5 au (detected via RV; see Borgniet et al. 2019a)
would have a mass compatible with the observed proper motion
anomaly; we suggest that this finding points towards the confir-
mation of the RV signal and the presence of an additional planet
in this system.

Additional RV observations for all of these three targets
might help to shed light on these systems, particularly in the
framework of excluding (or detecting) very close-in stellar mass
companions, thus helping to shrink the parameter space.

6. Summary and conclusions
6.1. Summary

In this paper we have presented the LIStEN survey in terms
of its scientific goals, target selection, observations, data reduc-
tion, and data analysis. The goal of the survey is to detect and
characterise the population of giant planets around circumstellar
disc hosting targets, with a focus on investigating companion-
disc interactions. The survey is designed to be complementary
to the ISPY survey in the northern hemisphere. To this end, we
selected nearby stars with signs of a circumstellar disc (either
inferred via SED fitting or with a resolved disc image), and we
prioritised targets for which the disc has been imaged, and those
with known planetary companions, either revealed by the RV
technique or conventional imaging. We ended up with a flexi-
ble master list from which we drew our targets depending on the
allocated observing nights.

We observed 28 targets between October 2017 and April
2019: 18 single-belt DD targets, 4 double-belt DD systems,
4 PPD stars, and 2 for which the IR excess turned out to be
non-significant. In this paper we have presented the observa-
tions, data reduction, and image inspection for all of them, but
have focused the image analysis only on the confirmed 22 DDs,
and we refer to an upcoming ISPY paper for the analysis of the
4 PPD targets. Of these 22 DD targets, 14 have a resolved disc
and 5 have known companions (4 targets have companions dis-
covered via RV observations, and 1 target has a known imaged
companion at a very large angular separation).

All the targets were observed in ADI dual mirror mode
(whenever possible; see Table 3) with the LMIRCam instrument
at LBT, observing each star through meridian passage with the
goal of obtaining a minimum field rotation of 60°. During the
data reduction and analysis we kept the data from the two mirrors
separated, taking advantage of these semi-independent simulta-
neous observations to distinguish between speckles and physical
candidates during the data inspection phase. All the data were
reduced with our own semi-automated pipeline, and analysed
with the PynPoint package. No new companion candidate was
detected.

We produced 50 contrast curves for all the DDs targets,
reaching a median contrast of ~5 mag at 0’2 and a background
limit of ~10 mag at separations >1"5. We evaluated the detec-
tion space for the survey converting the contrast curves into
mass limits using known evolutionary models, and then we ran
MC simulations of 107 planets per star, with randomised masses
and orbital parameters, assessing which planet would have been
discovered given the achieved mass limits. We achieve a detec-
tion probability greater than 50% for companions with masses
>30 My, between 30 and 100 au.

We used our achieved mass limits and the debris disc
information to place constraints on the presence of unde-
tected planets around each target. Following the work from
Krivov & Booth (2018), we tested the hypothesis that self-
stirring alone can explain the size of the debris discs, and we
found out that this is true for all the targets; for the four double-
belt systems we tested this hypothesis on the outer belt. However,
we note that self-stirring models are strongly dependent on
the age of the system, which is often a non-straightforward
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parameter to derive and can have significant uncertainties. More-
over, for eight targets the only information on the disc comes
from SED fitting, so the assumed radii may differ from the actual
outer edge of the stirred disc. Obtaining resolved images of these
discs, as well as better and more coherent constraints on the
system’s age, will help to confirm (or reject) the self-stirring
hypothesis.

We then focused on the four double-belt systems, and we
used the work from Shannon et al. (2016) to derive the minimum
mass planetary system needed to explain the position and radial
extent of the gap between the two belts around each target. We
find that the gap in these systems can be explained by the pres-
ence of multi-planetary systems (between four and six planets
each) with masses ranging from ~25 to ~85 M. These masses
are several order of magnitudes lower than those achieved with
our mass limits, and given the radial separations and planetary
masses involved, current detection methods such as imaging and
radial velocity cannot at the present time probe this parameter
space.

Finally, three targets in our survey show an anomaly in the
proper motion when comparing the Gaia DR2 data and the
HippPARCOS data. Following the work in Kervella et al. (2019),
we explored the parameter space of companion mass and semi-
major axis that could explain the observed anomaly. Using disc
information and our achieved mass limits we were able to con-
strain the mp — ap parameter space, and we made predictions
regarding the mass and semi-major axis of currently undetected
companions around these systems, which can be used as a guide
for future observations.

6.2. Conclusions

Future RV observations and direct imaging follow-ups will be
able to test our predictions and shed more light on these interest-
ing systems. At least three targets from the LIStEN survey would
benefit from additional follow-up observations: HD 161868,
HD 8907, and HD 113337. For HD 161868 and HD 8907, radial
velocity observations would allow us to constrain the presence
of an unseen massive companion within a few au, which could
explain the observed proper motion anomaly; however, the early
spectral type of HD 161868 might prove challenging for RV
observations. For HD 113337 additional RV observations might
confirm the second planetary candidate at ~5 au, and corrobo-
rate the hypothesis that the companion is real and responsible
for the proper motion anomaly.

While the survey is considered completed and delivered
interesting conclusions for single systems, the size of its target
sample is too small to draw statistically meaningful conclusions
on the matter of companion-disc interaction as a whole. Increas-
ing this sample is therefore the primary goal, and efforts are
needed to increase the number of resolved circumstellar discs
(using such facilities as ALMA) and to obtain additional con-
straints on the presence of companions around stars with an
already resolved disc, using both direct imaging and indirect
detection techniques. At the moment of writing there are still a
few tens of systems in the northern hemisphere for which the disc
has been fully or partially resolved, but that still lack deep high-
contrast imaging observations (and for which such observations
would be feasible). Obtaining DI data for these objects should
be a primary goal, and efforts to this end are currently ongoing.
An example is the recently accepted proposal to use the LBT
to obtain M-band ADI observations of four protoplanetary discs
recently resolved by ALMA as part of the Disk Substructures
at High Angular Resolution Project (DSHARP, Andrews et al.
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2018). The proposal has the twofold goal of resolving these four
discs in scattered light, and placing constraints on the presence of
possible unseen companion candidates that might be responsible
for the discs’ structure and morphology.

The NaCo-ISPY survey obtained deep DI data in the L’
band for more than 50 targets with a resolved debris disc. A
companion-disc analysis for these targets, similar to that pre-
sented in Sect. 5, will be published in an upcoming NaCo-ISPY
paper, as well as a joint analysis of the PPD targets from both
surveys. In addition, occurrence rates for companions around
disc-hosting stars (whether resolved or not) constitute another
important piece of the puzzle, and to this end the LIStEN and
NaCo-ISPY contrast curves and detection limits are planned to
be combined for a joint statistical analysis of the occurrence
rate of planetary and low-mass stellar companions around young
nearby stars with debris discs.
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Appendix A: Master flat and bad pixel mask
creation

The LMIRCam is affected by vignetting, which can be seen
as pixels around the border of the detector being substantially
darker than the rest of the image. In addition to other possible
bad pixels, there is also a known cluster of bad pixels roughly in
the middle of the detector referred to as the “bullet hole”, which
we carefully tried to avoid during observations and offsets. All
of these issues make the creation of master flats and the handling
of bad pixels a task that requires particular attention.

On October 8, 2017, we took a series of flat-field observations
with DITs of 0.3,0.7, 1., 1.4, 1.8, 2.1, 2.5, 2.9, and 3.2 s, taking 30
flats per DIT and then mean combining them, ending up with one
flat per DIT. For each pixel we fit a linear relation as a function of
DIT, saving all the resulting slopes. We then divided the highest
DIT flat by the lowest DIT one, ending up with an array of ratios.

We flagged as “bad” all of those pixels that deviate more
than a certain amount from the median of all ratios, thus creat-
ing a series of bad pixel maps. We then inspected these maps
by eye, to select the right trade-off between effectively mask-
ing the vignetting part and the bullet hole, and not labelling an
overwhelming number of pixels as bad. We selected a deviation
from the median-normalised ratios of 1.3 as our best trade-off.

Table A.1. 50 contrast curves for all the LIStEN targets.

We used this mask while normalising the array of slopes, ending
up with our master flat.

This procedure was applied to data taken in the 2017B run,
with a detector window size of 2048 x 1280 pixels, and there-
fore the resulting master flat and bad pixel map can be used for
every dataset taken with the same window size (i.e. for 2017B
and 2018A run data). Due to work being done on the LMIRCam
detector and the relative change in the vignetted area, we used a
window size of 2048 x 1024 pixels for all the data taken in the
2018B and 2019A run. Due to the different window size and to
the possibly changed bad pixels, we created a new master flat
and bad pixel mask for these data. The procedure is the same as
explained for the 2017 master flat creation, but we used a set of
80 frames with a DIT of 0.068 s, 80 frames with DIT of 0.109 s,
and 40 frames with DIT of 0.302 s. The best trade-off for the bad
pixel map was found with a deviation of 0.15.

We used a slightly less stringent bad pixel map during the
bad pixel correction step in our data reduction: 1.5 deviation
for the 2017B and 2018A data, and 0.25 deviation for the 2018B
and 2019A data. During the star(s) location step, we sometimes
used a very stringent bad pixel mask for some of our targets
(usually the 0.15 or 0.10 deviation map) in order to completely
avoid random hot pixels from being confused with the stellar
peak(s).

Target A L’ [mag]

0’2 0’4 0’6 0’8 1’70 1”5
HD 8907 6.3+0.5 9.55 +£0.01 10.440 = 0.003 11.23 = 0.01 11.281 + 0.007  11.5700 + 0.0003
HD 32977 4.0+ 1.0 8.3+0.1 9.326 + 0.004 10.28 = 0.03 10.48 = 0.02 11.421 + 0.003
HD 48682 4.6+ 1.7 8.1x0.1 9.52 £ 0.02 10.21 + 0.04 10.37 £ 0.04 11.126 + 0.001
HD 50554 5.8+0.2 8.38 + 0.05 9.543 + 0.003 9.850 + 0.003 10.381 + 0.001 11.390 + 0.001
HD 110897 50+24 7.49 = 0.02 8.659 + 0.004 9.105 + 0.002 9.994 + 0.001 11.2100 = 0.0002
HD 113337 70+3.6 8.3+0.1 8.79 £ 0.02 9.85 +0.02 10.514 = 0.003 11.119 + 0.002
HD 116956 6.0+04 9.16 + 0.07 9.376 + 0.003 10.025 £ 0.004 10.569 + 0.005 10.7040 + 0.0003
HD 127821 3.86 + 0.06 7.77 = 0.05 8.693 + 0.006 9.327 + 0.004 9.606 + 0.003  10.4540 + 0.0003
HD 128311 39+1.2 7.76 £ 0.01 9.15+£0.01 9.78 £ 0.04 10.69 = 0.01 10.727 + 0.002
HD 143894 75 +0.7 11.57 £ 0.01 12.734 +£ 0.008  13.328 + 0.008 13.85 + 0.01 14.147 + 0.002
HD 152598 47 +£0.5 8.39 + 0.04 8.04 +£0.03 8.50 +£0.03 9.26 + 0.03 9.30 = 0.05
HIP 83043 39+£55 6.83 £ 0.05 9.083 + 0.001 9.96 = 0.05 10.223 £ 0.004  10.6810 +0.0006
HD 161868 45+19 8.18 + 0.06 9.883 + 0.005 9.857 + 0.009 10.19 + 0.02 10.473 + 0.003
HD 182919 47 £3.5 8.307 = 0.006 9.563 + 0.002 9.650 £ 0.003  10.052 = 0.005 10.3410 = 0.0002
HD 183324 24+£33 6.75 = 0.07 725 +0.04 8.106 = 0.008 8.614 + 0.005 9.15+£0.02
HD 184930 41+53 6.2+0.2 7.68 + 0.04 7.82 +0.01 8.69 + 0.01 9.059 + 0.004
HD 191174 35+1.9 5.96 = 0.50 6.73 = 0.05 8.20 +£0.03 8.60 = 0.01 9.501 = 0.002
HD 192425 6.44 +0.05 8.96 + 0.01 9.9330 + 0.0002 10.32 £ 0.01 10.830 + 0.005 10.937 + 0.001
HD 205811 71 +1.7 9.78 + 0.04 10.78 + 0.02 11.319 +£ 0.007  11.738 + 0.008 12.371 + 0.005
HD 206860 57+18 9.09 = 0.03 10.127 + 0.005 10.133 £ 0.003  10.305 + 0.003 11.060 = 0.002
HD 212695 50+0.1 7.92 = 0.08 8.34 £ 0.04 9.17 £ 0.03 9.39 + 0.02 9.61 = 0.02
HD 219498 39+0.5 741 = 0.05 7.984 + 0.005 8.53 +0.01 8.980 + 0.005 9.6580 + 0.0006
HD 220825 47 2.2 7.56 = 0.08 9.182 + 0.006 9.328 + 0.009 9.82 = 0.01 10.253 £ 0.001
HD 221853 48 +04 8.0+0.1 8.443 + 0.002 9.14 + 0.01 9.257 + 0.002 10.062 + 0.001

Notes. The 5o contrasts are in magnitudes. In the case of double-sided observations, we report the best achieved contrast between the two.
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Fig. A.1. Comparison between the So- detection limits achieved using the unstacked and stacked frames for all the DD-hosting targets. Shown are

the unstacked curves (in blue), together with their uncertainity (blue shaded area), and the limits and uncertainty achieved with the stacked frames
(in red). The analysis is shown for both mirrors, left (SX; dashed line) and right (DX; solid line).
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Fig. A.2. Flux density distribution of the DD-hosting targets for the LIStEN survey. The blue points are the photometric datapoints found in the
literature, with blue triangles indicating upper limits. The black line is the IRS spectrum, while the green and red lines are the fitted stellar and disc

fluxes, respectively.
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Fig. A.3. Achieved mass limits for all of the DD-hosting targets in the LIStEN survey. The blue line and blue shaded area represent the So- mass
detection limit for the DX mirror with its lower and upper bound (estimated as the 25 and 75% quantiles). Similarly, the green line and green shaded
area indicate the mass limit for the SX mirror. The red line and shaded area show the position (and uncertainty) for the resolved disc image (where
applicable), while the black line and shaded area give the position of the SED-derived disc. If the system has two belts the inner one is shown as a
dotted line and the outer one as a solid line. If the disc (either a single belt, one of two belts, or both belts) is not visible in the field of view, it is
indicated with a red or black arrow (for the SED-inferred and resolved disc, respectively).
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Fig. A.4. Self-stirring analysis for single-belt debris disc systems. The blue shaded area is the stirring timescale as a function of semi-major axis,
according to Krivov & Booth (2018, KB18), while the red shaded area is that derived according to Kenyon & Bromley (2008, KB08). In both cases,
the analysis encompasses two representative x,, values of 1 (dashed lines) and 10 (solid lines). The red and black points respectively represent the
resolved and SED-inferred disc sizes at the estimated stellar age.
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Fig. A.S. Self-stirring analysis for the double-belt debris disc systems. The

Fig. A.4.
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Fig. A.6. ADI reduced images of the targets observed in single-sided mode, for a representative PC number of 20. The images are oriented with
north up, and the colour map was chosen to better visualise the data and bears no physical meaning.
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Fig. A.7. ADI reduced images of the targets observed in double-sided mode, for a representative PC number of 20. The images are oriented with
north up, and the colour map was chosen to better visualise the data and bears no physical meaning.
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Fig. A.8. As in Fig. A.7

Appendix B: Stacked versus unstacked frames

We evaluated 50 detection limits for all of our DD targets
using both unstacked and stacked frames (see Sect. 4). Given
the computational time required to create contrast curves using
the unstacked frames, we limited the analysis to a radial sep-
aration of 1”4. We show the comparison between stacked and
unstacked contrast curves (for both mirrors, when applicable) for

a representative number of PC of 20 in Fig. A.1.
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As can be seen in Fig. A.1, the detection limits are on average
comparable between the stacked and unstacked frames, for both
mirrors. For several targets, using stacked frames allows us to
achieve a better detection limit at a given separation, with respect
to the detection limit reached using the unstacked frames.

Given the results, we decided to use the stacked frames for
the rest of the analysis since the achieved limits are comparable
and the computational time is significantly reduced.
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