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ABSTRACT

We present results from a near-infrared (NIR) adaptive optics (AO) survey of pre-main-sequence stars in the Lupus molecular
cloud with NACO at the Very Large Telescope (VLT) to identify (sub)stellar companions down to ~20-au separation and
investigate the effects of multiplicity on circumstellar disc properties. We observe for the first time in the NIR with AO a total
of 47 targets and complement our observations with archival data for another 58 objects previously observed with the same
instrument. All 105 targets have millimetre Atacama Large Millimetre/sub-millimetre Array (ALMA) data available, which
provide constraints on disc masses and sizes. We identify a total of 13 multiple systems, including 11 doubles and 2 triples. In
agreement with previous studies, we find that the most massive (Mgust > 50 Mg) and largest (Rqyse > 70 au) discs are only seen
around stars lacking visual companions (with separations of 20—4800 au) and that primaries tend to host more massive discs
than secondaries. However, as recently shown in a very similar study of >200 PMS stars in the Ophiuchus molecular cloud, the
distributions of disc masses and sizes are similar for single and multiple systems for My,ss < 50 Mg and radii Rqyg < 70 au. Such
discs correspond to ~80-90 per cent of the sample. This result can be seen in the combined sample of Lupus and Ophiuchus
objects, which now includes more than 300 targets with ALMA imaging and NIR AO data, and implies that stellar companions
with separations >20 au mostly affect discs in the upper 10 per cent of the disc mass and size distributions.

Key words: instrumentation: adaptive optics—instrumentation: interferometers —methods: statistical —planets and satellites:
physical evolution — protoplanetary discs — binaries: visual.

1 INTRODUCTION

Recent Atacama Large Millimetre/sub-millimetre Array (ALMA)
surveys in nearby (d < 300 pc) molecular clouds such as Lupus
and Ophiuchus (Ansdell et al. 2016; Cieza et al. 2019) have shown
that protoplanetary discs exhibit a wide range of masses (<I1-
200 Mg) and sizes (r < 15-300 au). Disc properties are a function of
different variables, including infrared spectral energy distribution
class (Williams et al. 2019), stellar mass (Andrews et al. 2013;
Barenfeld et al. 2016; Pascucci et al. 2016), age (Ansdell et al. 2018;
Ruiz-Rodriguez et al. 2018), and multiplicity (Harris et al. 2012;
Cox et al. 2017; Zurlo et al. 2020). Disentangling the effects of each
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variable is difficult and requires large samples and multiwavelength
observations.

In general, studies have found that discs in binary systems with
medium separations (~10-200 au) tend to be smaller and less
massive than those around single stars. Very tight systems (with
separations <1 au) seem to host massive circumbinary discs, while
wide companions (with separations >200 au) have little impact on
disc properties (Harris et al. 2012; Cox et al. 2017). These effects
that stellar companions have on disc properties can be understood in
terms of tidal truncation. In the case of a circumbinary disc, the
inner edge location varies from 1.8 to 2.6 times the separation,
depending on the eccentricity of the orbit (e.g. Artymowicz &
Lubow 1994). For a system with a stellar companion external
to the circumstellar disc, truncation occurs at 0.3-0.5 times the
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2MASS J15430624-3920194

2MASS J15464121-3618472

RXJ16038 IRAS 16051-3820

V856 Sco IRAS 16054-3857

Figure 1. A gallery including all the detected multiple systems of the Lupus sample. For each object, the NACO image is shown with a logarithmic colour
stretch. Images shown with a distinct green colour map correspond to archival data. When detected, the millimetre ALMA counterpart 1.3-mm emission is
shown in white contour levels, ranging from 5 times the RMS noise (normally, the RMS noise is 0.15-0.2 mJy in each map) to 90 per cent the peak emission.
None of the class III objects are detected in the mm. The ALMA synthesized beam is shown in the bottom left corner. North is up, east is left, and scale is in
arcsec.

MNRAS 501, 2305-2315 (2021)
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Figure 2. Same as Fig. 1.
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Figure 3. Contrast curves extracted from images shown in Figs 1 and 2,
calculated from azimuthally averaged profiles centred at the primary’s
location. The curves flatten at distances greater than 5 arcsec. We note that
the structures displayed by some curves beyond 2 arcsec are due to detector
artefacts that affect the averaged profile or due to reaching the edge of the
detector. Labels are provided for all curves.

physical separation of the binary companion (see e.g. Papaloizou

& Pringle 1977; Artymowicz & Lubow 1994).! A smaller disc

I These truncation radii rely on co-planarity of the discs with the binary orbit
and could change if more complex scenarios are considered.

also implies a shorter viscous dissipation time-scale and previous
infrared studies have shown that discs around medium-separation
binaries do in fact have shorter lifetimes than those around single
stars (Cieza et al. 2009; Kuruwita et al. 2018). In addition, Rosotti
& Clarke (2018) found that secondary components of close binaries
clear first due to the shorter viscous time-scale associated with the
smaller size of the disc, while for wide binaries the difference in
photoevaporation rate permits a longer lifetime than that of tight
systems.

Nevertheless, the extent to which stellar multiplicity affects disc
properties is not yet fully established. For instance, Cox et al. (2017)
found significant differences in the disc sizes and masses seen around
binary systems with respect to those of single stars. However, as
noted by Zurlo et al. (2020), their sample was selected based on
the presence of 70-um Spifzer excesses, which introduces strong
biases against small and faint discs. Since the vast majority of discs
in Ophiuchus are very small (r < 15 au; Cieza et al. 2019) and
of low mass (Myuse < 1 Mg; Williams et al. 2019), the effects that
visual binaries (with separations >20 au) have on the sizes and
masses of the general disc population are weak (Zurlo et al. 2020).

In order to investigate disc properties as a function of multiplicity,
we present here a near-infrared (NIR) adaptive optics (AO) survey
with VLT/NACO for a sample of 125 young stellar objects (YSOs) in
the Lupus star-forming region, which have previously been observed
by ALMA at ~0’2 resolution for the class II objects (Ansdell
et al. 2016, 2018) and at ~0"7 resolution for the class III objects
(Lovell et al. 2020). The sample selection of this NIR survey is
presented in Section 2. The observations and data reduction of the
NIR and millimetre data are described in Section 3. Our main results
combining the NACO and ALMA data are presented in Section 4.

MNRAS 501, 2305-2315 (2021)

Gz0z Asenuep gz uo Jasn oeso | oIAIS AQ 2689009/S0SZ/Z/ 1 0S/2 10N e /seiuw/woo dno olwapede//:sdiy woll papeojumod



2308 A. Zurlo et al.

Table 1. Properties of the companions detected by the NIR-Lupus survey. Note that the RA and Dec. coordinates are reported for the primary star. Objects
marked with a ¥ are in the planetary mass regime, in the range 8—12Mj,,. The distance marked with * is not derived from Gaia DR2 (Bailer-Jones et al. 2018)
as the others, but assumed to be 150 pc, the mean distance for the Lupus star-forming region. The uncertainty on the separation is 2 au for all the targets, and on

the angle it is 2 deg, as explained in Section 3.1.

Name RA DELoC Class Dist. Sep. PA NIR mm Cat.” Pokg b New or
(pc) (au) (deg) blfi blfi (per cent) literature
Sz65B (Sz66) 234.8656  —34.7715 I 155 983 97 0.46 0.21 Res 0.1 L
2MASS J15430624—3920194B 235.7760  —39.3387 11 165 24 —16 0.99 - ND <1074 N
Sz68B¢ 236.3027 —34.2916 1T 154 17 -90 0.10 - UN - N
Sz68C* 236.3027 —34.2916 11 154 433 —63 0.07 0.05 Res - L
2MASS J15464121-3618472B 236.6717 —36.3132 1 149 172 88 0.13 - ND <1074 N
Sz74B 237.0217 —35.2648 11 150* 49 -5 0.33 0.03 UN <1074 L
Sz81B¢ 238.9594  —38.0261 1T 160 309 19 0.62 0.34 Res <107 L
RXJ16038B¢ 240.9687  —39.6504 11 130 41 -97 0.16 - ND <1074 N
Sz88B 241.7524  —39.0389 1T 158 245 34 0.1 - ND 0.1 L
IRAS 16051—3820B¢ 242.1279  —38.4742 11 156 787 -31 0.2 - ND 0.2 N
V856ScoB 242.1428  —39.1052 1T 161 231 111 0.02 0.36 Res <1074 N
Sz108B 242.1786  —39.1042 11 169 683 23 0.31 - N.B/ 0.2 L
IRAS 16054—3857B 242.2058  —39.0944 1T 159 69 8 0.77 - ND <107 N
2MASS J16094258—3919407B 2424274  —39.3280 11 147 245 26 0.6 - N.B.¢ <1074 N
2MASS J16095628—3859518B 242.4845 —38.9978 1T 157 90 12 0.93 - ND <1074 N
V2MASS J16095628—-3859518C 2424845  —38.9978 11 156 1529 —112 0.14 - ND 16.4 N
vSz123C 2427149  —38.8873 1T 162 292 -53 0.01 - N.B.¢ 1.0 N
V*V1097 ScoB 2432601  —40.0758 1 139 21 100 0.35 - ND <1074 N

Notes. “Res: resolved; UN: unresolved; ND: non-detected discs with ALMA. See Table 4 and Section 4 for more details.
bProbability of being a background object. We indicate known bound companions with a dash sign.

¢Archive NB_1.64 filter data.
4 Archive K-band data.
¢Not bound; see Table 3.

Table 2. Properties of the companions in Lupus detected by ALMA but not observed or detected in the
NIR. These candidate secondaries were assumed as contaminants in our analysis.

Name RA Dec. Sep. (au) PA (deg) mm flux ratio
Sz88B? 241.7524 —39.0389 54 213 -
J16070384-3911113B? 241.7649 —39.1867 568 268 0.39
J16073773-3921388B? 241.9065 —39.3609 344 267 0.87

Table 3. Gaia distances for the detected systems. Objects assumed

as not physically bound are marked with a .

Name Gaia distance (pc)
Sz 65 1553 + 1.2
Sz 66 1573 + 2.1
Sz 68A 1542 + 1.4
Sz 68B 1549 + 3.0
Sz 81A 1599 + 1.6
Sz 81B 160.0 £+ 2.1
Sz 88A 1584 + 1.2
Sz 88B 159.0 + 2.7
* Sz 108A 1513 £ 1.2
* Sz 108B 169.0 &+ 3.4
* 2MASS J16094258-3919407 146.5 + 0.8
* 2MASS J16094258-3919407B (Sz 116) 1543 + 1.8
* Sz 123AB 162.8 + 1.2
* Sz 123C 1497.0 £ 322.3

MNRAS 501, 2305-2315 (2021)

In Section 5, we discuss our results, comparing and combining them
with those from other regions. Finally, we present a summary of our
conclusions in Section 6.

2 THE LUPUS SAMPLE AND LITERATURE
DATA

The aim of this NIR survey is to study the multiplicity of YSOs in
the Lupus star-forming region and the effects on circumstellar disc
properties. The NIR-Lupus sample presented in this paper consists
of the YSOs more massive than brown dwarfs in the Lupus [-IV
clouds that have been identified as either class II or class III sources.
The complete sample includes 125 objects: 95 class II sources that
were observed with ALMA and presented in Ansdell et al. (2016,
2018) and 30 class III objects that were observed with ALMA and
presented in Lovell et al. (2020).

Among the 125 objects in our NIR-Lupus sample, we found NACO
observations for 58 of them in the European Southern Observatory
(ESO) archive. A total of 47 objects have never been observed in the
NIR with AO and are bright enough to be observed with NACO, with
a K magnitude of 12.6 for the faintest target. These 47 objects were
included in our NACO target list, along with the stars in our sample
with poor-quality archival data and all the known binaries that we
were allowed to re-observe with NACO. There are 20 objects in our
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Table 4. Summary of the four categories in which the population of NIR Lupus is divided. Note that there are two triple systems,

so the total number of systems are 105.

Category No. of objects

Description

Single objects

Resolved discs (Res)
Unresolved multiple discs (UN)
ND of component(s) (ND)

Ne
\QNJ&N

Single class II and class III objects in Lupus

Resolved disc companions in the mm

Binary systems where the components are unresolved in the mm

Only the primary is detected in ALMA, or none of the components is detected

Single objects
Resolved primaries
Resolved companions
Unresolved binaries

101 ] ND of component(s)

10 1

0 50 100 150 200
Total dust mass (Mg)

Figure 4. Histogram of the total mass of the dust of the discs measured in
the ALMA data.

sample that are too faint for NACO observations; these objects are
listed in Table A1 and are excluded from our statistical analysis.

The literature covering multiplicity in Lupus is currently limited.
Some visual binaries were presented in Reipurth & Zinnecker (1993):
Sz 65 (the companion to Sz 66), Sz 68, Sz 81, Sz 88, and Sz 108.
Sz 65 was also identified as a binary by Merin et al. (2008), while
Sz 69, presented in the same paper as a binary, appears as a single
star in our survey. The discs in the system of Sz 68 (also known as HT
Lup) have been resolved by ALMA (as part of Disk Substructures at
High Angular Resolution Project, DSHARP; Andrews et al. 2018;
Kurtovic et al. 2018) and in polarized scattered light with SPHERE
(as part of Disks around T Tauri stars with SPHERE, DARTTS-S;
Garufi et al. 2020). Sz 74 was also identified as a binary system by
Woitas, Kohler & Leinert (2001) and Sz 123 is composed of two
close M-type star binaries as reported by Alcald et al. (2014).

3 OBSERVATIONS AND DATA REDUCTION

3.1 VLT/NACO

To study the multiplicity in Lupus, we observed the YSOs in our
sample with VLT/NACO, using methods similar to the already
completed Near Infrared Ophiuchus DIsc Survey Employing ALMA
(NIR-ODISEA) survey of the Ophiuchus molecular cloud (Zurlo
et al. 2020). We refer the reader to Zurlo et al. (2020) for details on
the observing strategy. In short, we used very quick (0.16-0.17 s) L -
band filter exposures with the ‘star-hopping’ technique to minimize
overheads and maximize the number of observed objects. We took
two exposures for each target with the jittering technique to record a
quasi-simultaneous sky background. As for NIR-ODISEA, we chose
the AO configuration N90C10 (where 90 per cent of the star light goes

to the AO system NaCo Nasmyth Adaptive Optics System (NAOS)
and the remaining 10 per cent goes to the detector). The observations
were carried out in visitor mode during the nights of 2019 August
6, 20, 22, and 23 (for a total of 1.2 observing nights) under ESO
programme 0103.C-0466 (PI: Zurlo). The observing conditions were
generally favourable, with seeing from 0”4 to 172 (averaging 076),
low wind, and stable observing conditions. This permitted us to
swiftly observe all of the 47 new targets, and to re-observe some of
the known multiple systems.

The data reduction follows the procedures described in Zurlo et al.
(2020): The two exposures per star are background subtracted (one
from the other), flat-fielded, and then re-centred to have the target at
the centre of the detector. Each final image is the mean of the two re-
centred frames. For the astrometric calibration, we adopt the ALMA
coordinates for the centre of the star, the true north direction as given
by the position angle of the exposure on sky, and the pixel scale of
0.027 19 arcsec per pixel. The field of view is about 32 arcsec wide,
which is ~4800 au at 150-pc distance.

The companion detection procedure starts with the automatic
identification of >50 signals using the DAOPHOT algorithm via the
PHOTUTILS package in the ASTROPY library (Astropy Collaboration
2018). All of these automatic detections are inspected visually for
confirmation in the individual images (in very few cases, some
artefacts were selected by the algorithm). The minimum separation
probed by our observations is related to the AO diffraction limit of the
instrument in the L band. This is 071, i.e. ~18 au at 150 pc. Binaries
with separations closer than 20 au would not be resolved in this
study. A conservative error of half a pixel is given on the measured
separation of the companions, which corresponds approximately to
the width of the point spread function (PSF) divided by the minimum
signal-to-noise ratio (SNR) of our observations. Note that an offset
of up to 2 deg on the north orientation may be present, as reported in
the NACO manual, version P103.

The detected multiple systems are shown in Figs 1 and 2. The
individual values of all the contrast curves are shown in Fig. 3.
Contrast limits are calculated from the azimuthal median of the rms
noise, following Zurlo et al. (2014). Two triple systems and eleven
binaries are detected in the final NACO images. One of the two triple
systems is Sz 123, reported as a close binary by Alcald et al. (2014),
which shows a faint tertiary in the NW. This detection has the lowest
local SNR of ~6. The properties of the companion sources are listed
in Table 1.

3.2 Archival data

We found 58 objects in our Lupus sample in the ESO archive, all
observed with NACO but through different observing programs using
different techniques and filters. We reduced all the raw archival
images with the same technique described in Section 3.1 and included
any objects with low-quality or inconclusive data in our NACO target
list for an additional epoch of observation. Four systems are multiple:
Sz 68 (triple system, observed under program 073.C-0379), Sz 81

MNRAS 501, 2305-2315 (2021)
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Figure 5. Cumulative distribution of the total mass of the dust (left) and of the average mass of the dust around each star (right) in the systems as measured in

the ALMA data; single versus multiple systems are shown.
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Figure 6. Cumulative distribution of the total mass of the dust in the
primaries versus the companions as measured in the ALMA data.
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Figure 7. Cumulative distribution of the total mass of the dust in the systems
where the tight binaries are not resolved by ALMA versus the ones where the
binaries are resolvable in the mm, but only the primary is detected.

MNRAS 501, 2305-2315 (2021)
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Figure 8. Cumulative distribution of the projected semimajor axis of the
discs as measured in the ALMA data.

(095.C-0610), RXJ16038 (085.C-0012), and IRAS 16051—-3820
(097.C-0572). All of them but Sz 68 were observed in the K band
with the jittering technique; Sz 68 was observed with the NB_1.64
filter. The final images of the archival data are shown in Fig. 1 with
a different colour map to distinguish them from our new NACO
observations. Contrast curves are shown in Fig. 3. Two new binaries
are found, while Sz 68 is discovered to be a triple system, not a
binary as presented in Reipurth & Zinnecker (1993). Note that all the
multiple systems reported in the literature were re-observed in this
survey or reduced from archival data. The properties of the systems
are listed in Table 1.

3.3 ALMA data

The ALMA data for the class II sources in our Lupus sample were
taken during Cycle 3 in Band 6 under program 2015.1.00222.S (PI:
Williams). The complete ALMA data set of all 95 class II sources
in Lupus was presented in Ansdell et al. (2018). The median 1.3-
mm continuum rms was 0.10 mJy per beam and the typical beam
size was 0.25 arcsec (~40 au at 150 pc). Only 24 of the class II
sources were undetected by ALMA, and these typically had spectral
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types of M3 or later. The candidate secondary sources reported
in Ansdell et al. (2018) but detected only in the ALMA data are
not considered as multiple systems in this analysis, as they do not
have NIR counterparts. These systems are: Sz 88, which presents a
marginally detected elongated PSF in ALMA, J16070384-3911113,
which is too faint to be observed with NACO, and J16073773—
3921388, which appears as a single star in the NACO image. The
properties of these systems as reported by Ansdell et al. (2018) are
listed in Table 2.

The ALMA data for the class III objects in our Lupus sample
were taken during Cycle 8 in Band 7 under program 2018.1.00437.S
(PI: Wyatt) and are presented in Lovell et al. (2020). This class
IIT ALMA survey had a moderate resolution of ~0’/7 and a high
continuum sensitivity of ~37 pJy at 860 pwm, but detected only four
systems. None of the NIR binaries reported in this work are detected
in the ALMA data.

4 RESULTS

We identify a total of 16 multiple systems: 3 triple systems and
13 binaries. Three of these detected companions (Sz 108B, Sz 116
or 2MASS J16094258-3919407B, and Sz 123C) are at different
distances than their primaries; thus, we consider them not physically
bound (see below and Table 3). Some of these systems were already
known as multiples from the literature (see Section 2). The NIR
images, overplotted with the ALMA contours, are shown in Figs 1
and 2. Four systems are resolved with ALMA, two close binaries are
unresolved with ALMA, and nine systems do not show millimetre
flux in at least one of the components. Each multiple system is
labelled as resolved (Res), unresolved (UN), not detected (ND), or
not bound (N.B.) in Table 1. A summary of these three categories
of multiple system is presented in Table 4, together with the number
of single stars. For each multiple system, we measure the separation
and the position angle of the companions, along with the ratio of NIR
flux. The millimetre flux ratio is also reported from Ansdell et al.
(2018). Most of the systems have Gaia Data Release 2 (DR2) parallax
measurements (Bailer-Jones et al. 2018), which we report in Table 1
with all the other information mentioned above for the primaries.
Systems for which Gaia detected the secondary component are listed
in Table 3; the systems that present discrepancies in the distances of
the components are assumed as not physically bound.

For the other companion candidates that remain unconfirmed as
bound, we estimate their probability of being background objects.
We first consider a homogeneous spatial Poisson point process to
calculate the probability P(n=0|A, B) of not having any background
object that is of equal or greater brightness than that of the companion
candidate in an area B for a number density A. For each companion
candidate, we set B to the area of a circle with a radius equal to the
candidate separation, and estimate the number density of background
stars that are of equal or greater brightness in that area of the sky
using the TRILEGAL model of the Galaxy (Girardi et al. 2012). We
then consider the probability of having at least one background star
by chance P(n > O|A, B) = 1 — P(n=0|X, B) to be a reasonable
proxy for the probability of the candidate being a background object,
as in Reggiani et al. (2018) and Ubeira-Gabellini et al. (2020). The
calculated probabilities are reported in the last column of Table 1.
For all stellar candidates, the probabilities are approximately null
owing to their large fluxes.

Sz 88 presents an elongated shape in the millimetre, which may
be attributed to an edge-on disc or a close companion. The close
millimetre blob is only marginally detected in the ALMA data at
the ~30 level, and no signal is detected at the same position in the
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NIR. The nature of the close millimetre blob should therefore be
further investigated with deeper high-contrast and/or high-resolution
observations. Sz 123AB is composed of two close M-type stars
(Alcala et al. 2014) and we detect a third faint object in the north-
west. This faint companion is detected by Gaia at a distance of 1497.0
+ 322.3 (Table 3); thus, we assume that it is a background object.
Note that the central binary appears as a single star in the NIR, while
in the millimetre the PSF is elongated, showing what seems to be a
circumbinary disc. Another faint companion is detected as a tertiary
component in the J16095628—-3859518 system. From the AMES-
COND evolutionary models, following the same procedure used in
Zurlo et al. (2020), the object would have an estimated mass of
12Mj,,. The candidate planet is located at ~1500 au from the binary
system. We estimate the probability of this object being a background
star to be ~17 per cent; hence, a second-epoch observation is needed
to rule out this possibility.

As for NIR-ODISEA for the Ophiuchus molecular cloud, we
compare the masses of the Lupus discs in the different multiplicity
categories. The dust mass for each disc is taken from the last column
of table 1 in Ansdell et al. (2018) for the class II objects, and
from table 1 of Lovell et al. (2020) for the class III objects. Only
four companions are detected in the millimetre: Sz 68, Sz 81A,
Sz 65, and V856 Sco. The values of their masses are obtained
from the millimetre fluxes listed in table 4 of Ansdell et al. (2018),
according to the same procedure described by the authors for the
primary components. Fig. 4 shows a histogram of the disc masses
in Lupus, colour coded by multiplicity category. In Fig. 5, we show
cumulative distribution functions of disc mass, accounting for non-
detections using the PYTHON package LIFELINES (Davidson-Pilon
2019), a Kaplan—Meier product estimator, as in Zurlo et al. (2020);
for clarity, we present separately the distributions for the dust mass
per system (left) and per component (right). We also compare the
dust mass cumulative distributions for the primary versus companion
components (Fig. 6) and with unresolved and undetected components
(Fig. 7). The cumulative distribution of the disc sizes for single and
multiple objects, expressed in semimajor axis of the disc, is displayed
in Fig. 8. The disc size for the class II objects is used when available
in Ansdell et al. (2018) (Table 3); otherwise, we assume that the
disc is unresolved. Concerning the class III objects, three discs were
unresolved, and only one was marginally resolved (077; Lovell et al.
2020). The dust radii are measured from the 1.33-mm continuum
images using a curve-of-growth method, in which successively larger
photometric elliptical apertures are applied until the measured flux
is 90 per cent of the total flux. For the detected multiples, we
show, respectively, the total mass (Fig. 9, left-hand panel) and the
semimajor axis (Fig. 9, right-hand panel) of the primary disc versus
the separation of the companion, to display any dependence of the
mass and size of the discs on the separation of the components in the
system. Finally, in Fig. 10, we show the distribution of the spectral
type of the primary stars in single and multiple systems.

5 DISCUSSION

Even though the NIR-Lupus sample (105 objects; 20 discs are not
observable with NACO) is smaller than that of Ophiuchus (236
objects; presented in Zurlo et al. 2020), the same trends are found.
The fractions of visual multiple systems (with separations of 20—
4800 au) are similar in both samples, with 12 per cent (13/105) in
Lupus and 18 per cent (43/236) in Ophiuchus. These fractions are
significantly lower than those in other star-forming regions where
the multiplicity censuses are more complete. The Taurus region,
for example, shows a multiplicity frequency of ~70 per cent, when

MNRAS 501, 2305-2315 (2021)

Gz0z Asenuep gz uo Jasn oneso| oIAIS Aq 2689009/S0SZ/Z/ 1 0S/a 0 e /seiuw/woo dno olwepese//:sdiy woll papeojumod



2312

A. Zurlo et al.

70
® Resolved binaries
601 @ Unresolved binaries
— ® ND of component(s)
§@ 50 1
= ® ®
3 40
®©
€
*g 30
[ ]
°
© 20+ [ ]
S
10 ®
(J L)
01 @ e o° [ ]
10 10 10° 10

80

701
5 60
A
£ 501
=

5 40-
©

o
» 20+
10+

® Resolved binaries
©® Unresolved binaries
® ND of component(s)

! !

T !

LI X,

10° 10"

10° 10°

Separation (au)

Separation (au)

Figure 9. Total mass of the system in dust (left) and semimajor axis of the discs as measured in the ALMA data (right) versus projected separation in between
each component of the multiple system. Unresolved discs are indicated with arrows.
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Figure 10. Histogram of the spectral type of the single stars versus multiple
systems.

including spectroscopic binaries (Kraus et al. 2011). Therefore, the
multiplicity fraction in Lupus and Ophiuchus is likely to increase
once more spectroscopic and/or very tight binaries are identified.

For the Lupus region, single and multiple systems are found to
be homogeneously distributed by spectral type, as shown in Fig. 10,
but the fraction of multiple systems is lower for late-type objects, as
expected. In Fig. 11, we show the histograms that also include the
Ophiuchus sample, which follows the same trend. Stellar multiplicity
surveys show that the frequency of multiple systems strongly depends
on the mass of the primary (e.g. Duquennoy & Mayor 1991; Fischer
& Marcy 1992; Burgasser et al. 2003). Indeed, solar-type stars have
a high probability of having companions (~50 per cent; Raghavan
et al. 2010), while very low mass objects (T5-YO spectral types)
show a significantly lower fraction of 8 per cent (Duchéne & Kraus
2013).

The distributions of dust disc masses for single and multiple
systems are very similar up to Mg, =~ 50 Mg (Fig. 5). This
result is the same if we include the Ophiuchus discs, as shown in
Fig. 12 (left-hand panel). A Kolmogorov—Smirnov test comparing the
distributions of singles versus multiples gives a p-value of 40 per cent

MNRAS 501, 2305-2315 (2021)

H Single

10°{ W= Multiple

A G K M L

Figure 11. Histogram of the spectral type of the single stars versus multiple
systems of all the primary stars of Lupus and Ophiuchus. The sample is
dominated by M-type stars, but multiple systems have been identified across
the entire spectral range.

for Lupus and 51 per cent for Lupus and Ophiuchus combined. These
high p-values suggest that the distributions are nearly identical. The
corresponding cumulative probability distribution for each category
is displayed in Fig. 12 (right-hand panel). The larger sample size
strengthens the statistical significance. Discs around single stars may
have massive discs up to Mgy =~ 200 Mg, as derived from the same
cumulative distribution. Note that the most massive discs of both
Lupus and Ophiuchus have Mgy >~ 200 Mg,

Only four multiple systems in Lupus have all the components
detected also by ALMA. For these systems, the discs around the
primaries are more massive than the discs around the secondaries
(Fig. 6). This result is confirmed in the larger combined sample
of Lupus and Ophiuchus: In Fig. 13, we show the cumulative
distributions of the disc masses for primaries and companions. Discs
around the primary stars are indeed systematically more massive
than the ones around the secondary stars. This result is likely to be
due to the combination of two factors: the strong dependence of disc
mass on stellar mass (e.g. Andrews et al. 2013) and the fact that

Gz0z Asenuep gz uo Jasn oneso| oIAIS Aq 2689009/S0SZ/Z/ 1 0S/a 0 e /seiuw/woo dno olwepese//:sdiy woll papeojumod



Cumulative distribution

—— Single (Lup+Oph)
—— Multiple (Lup+Oph)

0 50 100 150 200
Average dust mass per disc (Mg)

Stellar multiplicity in Lupus 2313
1.0
rr/ffJ
508"
=
2
064 |-
©
o
-% 04 1 Single objects
E ’ [ ] Resolved A star
8 [ 1 Resolved B star
0.21 [ Unresolved binaries
[ 1 ND of component(s)
0.0 y " - —
0 50 100 150 200

Total dust mass (Mg)

Figure 12. Left: Cumulative distribution of the average mass of the dust around each star in the systems for the two combined samples of Lupus and Ophiuchus;
single versus multiple systems are shown. The distributions are very similar up to ~50 Mg, but discs around single stars can reach dust masses as large as
200 Mg. Right: Cumulative distribution of the total mass of the dust for the different categories of systems.

Cumulative distribution

—— Primary (Lup+Oph)
—— Companions (Lup+Oph)

0 10 20 30 40
Total dust mass (Mg)

Figure 13. Cumulative distribution of the total mass of the dust in the
primaries versus the companions as measured for both Lupus and Ophiuchus
samples. Primary stars have more massive discs than their secondaries due
to the strong dependence of disc mass on stellar mass and the fact that their
discs have larger truncation radii.

secondaries are expected to have smaller truncation radii. This result
is also in agreement with the predictions of Rosotti & Clarke (2018)
that discs around secondary stars have shorter lifetimes than discs
around primaries.

As for the mass, the disc size is also influenced by the effects of
multiplicity: The semimajor axis is smaller around discs in multiple
systems, as seen in Taurus (Manara et al. 2019). From the complete
samples of all the discs of Lupus and Ophiuchus, we can constrain the
maximum size for multiple-system discs to be ~80 au, while discs
around single stars can be more than 3 times larger. The semimajor
axis cumulative distribution is presented in Fig. 14.

In Fig. 15 (left-hand panel), we show total disc dust mass as
a function of semimajor axis (defined as the radius containing
90 per cent of the flux) for single and multiple systems. The figure
shows not only that single systems span a larger range in disc sizes
and masses, but also that singles have a wider range of masses for a
given disc size. This finding suggests that disc around binary systems
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Figure 14. Cumulative distribution of the projected semimajor axis of the
discs in Lupus and Ophiuchus. The distributions are very similar up to ~80
au, but discs around single stars can be significantly larger.

might have different surface density profiles. Deriving accurate
surface density profiles requires radiative transfer modelling, which
is outside the scope of this paper. However, at 1.3 mm the brightness
profile is well correlated with the distribution of mass as a function
of radius.

In Fig. 15 (right-hand panel), we show the normalized brightness
profiles for discs in single and multiple systems, deprojected using
the inclination and position angle from IMFIT (from CASA; McMullin
et al. 2007), for individual sources in Ophiuchus and Lupus. Using
the data from both star-forming regions, we obtain the radial profiles
for sources where the peak SNR is >10xrms and the IMFIT Gaussian
coincides with the signal peak, thereby excluding transition discs
as well as poorly resolved sources. The figure includes 147 radial
profiles between single and binary stars for both samples. Discs in
multiple systems are clearly more compact than single star discs.
The same finding is presented in Manara et al. (2019) for the Taurus
region.

Even if the influence of multiplicity is evident on the mass and
size of the protoplanetary discs, Desidera & Barbieri (2007) found
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Figure 15. Left: Dust mass versus semimajor axis of the discs of Lupus and Ophiuchus. Discs around single stars span a larger range in disc sizes and masses.
Right: Deprojected radial profiles of normalized brightness for discs with peak SNR > 10 in Ophiuchus and Lupus. Discs in multiple systems tend to be much

more compact than those around single stars.

that the properties of exoplanets around single and wide binaries are
similar, with the exception of a possible effect on the eccentricity of
the planet orbits. For tight binary systems (<40 au), the disc lifetime
is expected to be so short that planets would have to form within
1 Myr (Kraus et al. 2012; Cheetham et al. 2015). The fraction of
binary systems in Lupus and Ophiuchus is only 4 per cent from the
NIR-Lupus and NIR-ODISEA surveys, even if they are not sensitive
to very short period binaries due to the NACO spatial resolution
(0”1), corresponding to an ~20-au projected separation at 150 pc.

6 SUMMARY AND CONCLUSIONS

We have conducted a NIR AO imaging survey of all the class II and
III objects of the Lupus star-forming region. We complemented our
VLT/NACO L -band observations of 47 stars with archival data to
cover almost all the 125 circumstellar discs of Lupus. Only 20 faint
objects were not included in this analysis. Our study is sensitive to
visual binaries with projected separations between 20 and 4800 au
— spectroscopic, tight, and large-separation binaries are not included
in our statistics. In total, we report the detection of 11 potentially
bound binary systems and 2 triple systems, where the primaries have
different spectral types spanning from A to L. The frequency of
visual companion multiplicity in Lupus in the range 20-4800 au
is then 12 per cent (13/105). Among the companions, one object
is in the planetary regime (12Mj,,), but we cannot exclude it as a
background contaminant with the available data.

To strengthen the statistical analysis, we combined this Lupus
survey with its twin in Ophiuchus (Zurlo et al. 2020). The results
that were obtained with the combined 341 (105+236) PMS stars
are listed below. The following statistics are applicable to visual
companions in the range of projected separations of ~20-4000 au
and flux ratios >0.01:

(i) Considering the Lupus and Ophiuchus regions, the fraction of
stellar multiplicity for circumstellar discs with visual companions
(separations ~20—4000 au and flux ratios >0.01) is 16 per cent.

(ii) The distributions of the dust mass of discs around single stars
and multiple systems are similar up to Mg, = 50 Mg. Higher mass
discs (up to ~200 Mg) are only found around single stars.

(iii) Discs around primary stars are systematically more massive
than the ones around their companions.
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(iv) Discs around single stars can have semimajor axes up to 300
au, while discs around multiple systems are 3 times smaller.

(v) Discs around stars in multiple systems have flux distributions
that tend to be much more compact than those seen for single stars.
This suggests significant differences in their surface density profiles.

(vi) The visual binaries identified in our AO IR survey have sep-
arations >20 au and mostly affect discs properties in the 10 per cent
upper end of the mass and size distributions. The incidence of tight
visual binaries (with separations of 10—40 au) that are likely to
prevent the formation of planets is rather low (4 per cent), possibly
due to the limited angular resolution of our survey.
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APPENDIX: NON-OBSERVABLE LUPUS
OBJECTS

Table Al. List of the non-observable Lupus objects in the NIR
with NACO, then excluded in the statistical analysis.

Name RA Dec.

SSTc2dJ154301.3—340915 15:43:01.29 —34:09:15.40
SSTc2dJ154302.3—344406 15:43:02.29 —34:44:06.20
SSTc2dJ160115.6—415235 16:01:15.55 —41:52:35.30
SSTc2dJ160703.9—391112 16:07:03.85 —39:11:11.60
SSTc2dJ160714.0—385238 16:07:14.00  —38:52:37.90
SSTc2dJ160754.7—391545 16:07:54.75 —39:15:44.60
SSTc2dJ160801.7—391231 16:08:01.75 —39:12:31.60
SSTc2dJ160815.0—385715 16:08:14.96  —38:57:14.50
SSTc2dJ160828.1-391310 16:08:28.10  —39:13:10.00
SSTc2dJ160831.1—385600 16:08:31.10  —38:56:00.00
SSTc2dJ160851.4—390530 16:08:51.43 —39:05:30.40
SSTc2dJ160858.3—390749 16:08:58.30  —39:07:49.40
SSTc2dJ160916.4—390444 16:09:16.43 —39:04:43.70
SSTc2dJ160920.3—390402 16:09:20.30  —39:04:01.60
SSTc2dJ160923.2—390407 16:09:23.15 —39:04:07.40
SSTc2dJ160934.2—391513 16:09:34.18 —39:15:12.70
SSTc2dJ160939.3—390432 16:09:39.29 —39:04:31.80
SSTc2dJ161013.1-384617 16:10:13.06  —38:46:16.80
SSTc2dJ161027.4—390230 16:10:27.43 —39:02:30.20
SSTc2dJ161204.5—380959 16:12:04.48 —38:09:59.00
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