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ABSTRACT

The sample of planet-forming disks observed by high-contrast imaging campaigns over the last decade is mature enough to enable the demograph-
ical analysis of individual star-forming regions. We present the full census of Taurus sources with VLT/SPHERE polarimetric images available.
The whole sample sums up to 43 targets (of which 31 have not been previously published) corresponding to one fifth of the Class II population in
Taurus and about half of the observable such objects. A large fraction of the sample are apparently isolated, faint disks (equally divided between
small and large, self-shadowed disks). Ambient signal is visible in about one third of the sample. This probes the interaction with the environment
and with companions or the outflow activity of the system. The central portion of the Taurus region almost exclusively hosts faint disks while the
periphery also hosts bright disks interacting with their surroundings. The few bright disks are found around apparently older stars. The overall
picture is that the Taurus region is in an early evolutionary stage of planet formation. Yet, some objects are discussed individually as in an inter-
mediate or exceptional stage of the disk evolution. This census provides a first benchmark for the comparison of the disk populations in different

star forming regions.
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1. Introduction

The study of the planet formation is hampered by the paucity of
detectable protoplanets in their natal disks. The other most direct
vehicle to determine observationally how planets form are re-
solved maps of the planet-forming disk itself, and in particular of
the (evolving) morphological features that are connected to the
interaction with embedded planets. This approach has been suc-
cessfully carried out over the last few years thanks to the near-
IR (NIR) high-contrast imaging from the ground (see review by
Benisty et al. 2023) and the high-resolution imaging granted by
the Atacama Large (sub-)Millimeter Array (ALMA, see the re-
view by Andrews 2020). While the ALMA community has soon
carried out demographical studies at moderate resolution of en-
tire star-forming regions (e.g., Pascucci et al. 2016; Ansdell et al.
2016), such an effort by the NIR community struggled to take off
mostly because of the longer minimum exposure times required
on the telescopes.

About one decade after the onset of the latest-generation in-
struments offering high-contrast imaging (such as GPI, Macin-
tosh et al. 2014, and SPHERE, Beuzit et al. 2019), the commu-
nity is finally in the condition to lead demographical studies on
large samples of young stellar objects. This effort has been made
possible in particular by systematic programs like the SEEDS
at Subaru (e.g., Hashimoto et al. 2012; Mayama et al. 2012), the
Guaranteed Time Observation (GTO) program at SPHERE (e.g.,
Garufi et al. 2016; Ginski et al. 2016), DARTTS at SPHERE
(Avenhaus et al. 2018; Garufi et al. 2020), LIGHTS at GPI (e.g.,

Laws et al. 2020; Rich et al. 2022), and more recently by DES-
TINYS at SPHERE (e.g., Ginski et al. 2021, 2022).

In particular, DESTINYS (Disk Evolution Study Through
Imaging of Nearby Young Stars) is an ESO large program to
obtain deep, polarized intensity images of 85 young stellar ob-
jects in all nearby star forming regions with the goal to alleviate
the bias on the available sample and constrain the disk evolu-
tion over a large range of ages. Thanks to DESTINYS and the
previous programs, the demography of disks can now be studied
through a meaningfully large and reasonably little biased sam-
ple. A first taxonomical analysis of the full sample available
at the time (58 targets) was performed by Garufi et al. (2018)
who identified six main classes of disk types based on NIR im-
ages. More recently, Rich et al. (2022) analyzed the 44 sources
in LIGHTS to significantly enlarge the stellar parameter space
to higher masses. Furthermore, Garufi et al. (2022) examined a
sample of 15 faint disks to demonstrate the high occurrence of
self-shadowed disks, where the inner portion of the disk casts a
shadow on the outer disk that is observable by the current gener-
ation of telescopes.

In this work, we take a step forward in the study of disk evo-
lution by moving our objective from the specific type of objects
or observing program to the population of young stars in a spe-
cific star-forming region. In parallel with the work by Ginski et
al. on Chamaeleon and by Valegard et al. on Orion, we collect
the entirety of the SPHERE dataset on the Taurus region that has
been taken over the last decade with SPHERE/IRDIS (Dohlen
et al. 2008) in Dual-beam Polarimetric Imaging mode (DPI, de
Boer et al. 2020; van Holstein et al. 2020) by the SPHERE GTO
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(PI: Beuzit), by the large program DESTINYS (PI: Ginski), antb the averaged distance of the respective group, spanning from
by individual open-time programs. The nal sample that wehe 130 pc of L14983209 to the 196 pc of L1558.
build is composed of 43 targets (of which 31 have not been pre- The goodness of thGaia astrometric observation used in
viously published), making it the largest sample of high-contrasiis work is commonly evaluated through the renormalized unit
images from an individual region ever studied as a whole.  weight error (RUWE). A single star with a good astrometric so-
The Taurus-Auriga complex is one of the most studietition has a RUWE around 1.0 or anyway smaller than 1.4. In-
nearby (128-198 pc, Galli et al. 2018) low-mass star-formingrestingly, only 19 of our 43 sources have RUWE smaller than
regions. It hosts a few hundred young stellar objects that are dis4, and these are all single stars (see Sect. 2.3). Fitton et al.
tributed in small kinematical groups (Esplin & Luhman 20192022) proposed to adopt a higher threshold (2.5) to evaluate the
Joncour et al. 2018). All Taurus members appear coeval (lg@dness of the astrometric solution on disk-bearing stars. With
Myr, Luhman 2023) and yet they are in very diverse evolutiomhis threshold, 29 of 43 our sources would have a good solution.
ary stages, ranging from embedded protostars to disk-free stight of our targets have a RUWE larger than 4 meaning that
(Kenyon et al. 2008). Large-scale maps of the dust distributitimeir astrometric solution is too poor to lend credence to the cal-
revealed that Taurus lies on the near hemispheric side of the @alated distance. In one of these eight cases, GG Tau A, we use
called Perseus-Taurus shell (Leike et al. 2020), which suggesis distance of a nearby, bound companion (GG Tau B) with a
that the whole cloud may have been formed via compressiongafod solution. The other seven cases are marked in Table B.1. In-
material between the expanding Perseus-Taurus bubble andté¢hestingly, among these seven cases we nd the aforementioned
local bubble (Soler et al. 2023). discrepancies between the individual distance and the averaged
For along time, the large sky area and the low density of Tagistance of the respective group (e.g., RW Aur at 183 pc from
rus hindered the determination of the invidual membership. Ttie group L1517, at 156 pc, or V807 Tau at 184 pc from L1524,
Gaiamission (Gaia Collaboration 2016) is now signi cantly redying at 128 pc), pointing to a erroneous parallax solution.
ducing contamination from eld stars by providing kinematical
data on all stars as faint as 20 mag in thevaveband, corre-
sponding to a stellar mass of 0.05 Mt the distance of Taurus

(Luhman 2023). Several authors have employediamdata to  Based orGaiaDR3, Luhman (2023) identi ed 532 Taurus mem-
constrain the morphological and kinematical properties of Tagars. From the nearly identical sample by Esplin & Luhman
rus (e.g., Galli et z_;\I. 2019; Roccatagliata et al. 2020; Krohl_<owst<2019), approximately 200 Taurus members have an SED in-
etal. 2021). In this work, we make use of the membership caffieative of a full Class Il disk around the star, 220 including
logue created by Luhman (2023) based on the |&easarelease {ransition and evolved disks (with most of the remaining sources
(DR3, Gaia Collaboration et al. 2022). We focus on the Specifeing Class I1l). Given the sample size of this work, we conclude
evolutionary stage of Class Il objects (Lada 1987) as these si@fs about one fth of the Taurus planet-forming disks have been
still host a gas-rich planet-forming disk but no longer Possesgobed by direct near-IR imaging.

any dusty envelope that obscures the optical light from the star. Ta main technical limit toward the high-contrast imaging of

The paper is organized as follows. In Sect. 2, we census #@ss || objects within 200 pc is the stellar brightness at optical
spatial distribution of the available SPHERE sample, and calgyayelengths needed to drive the adaptive-optics system at the
late the _stellar and disk properties. In Sect. 3, we describe {gpéscope_ For SPHERE, this limit is set toRwaveband mag-
pbservatlons.and.data reductl_on. The results from the _SPHEFﬁFdde of 13 (although an optimal performance is only expected
images are given in Sect. 4 while those from the comparison wuB to 11). From the whole sample by Esplin & Luhman (2019),
I|ter<'_;1ture ALMA images in Sect. 5. Finally, we discuss and sumgz targets show Gaia Grp passbantimagnitude smaller than
marize our results in Sects. 6 and 7. 13. Of these, 82 are classi ed as either Class Il or transition-disk

objects. Therefore, about a Hatif the planet-forming disks in
Taurus that are potentially observable with direct near-IR imag-
2. Sample ing have been surveyed. However, if we focus on the 49 Class Il

The sample studied in this work consists of the 43 sources!f{gets withGaia Gre smaller than 12 (for which the adaptive-

Taurus with available VLIAISPHERE DPI images (see Sect. 3). | ptics performance is atworst sub-optimal) then more than 750./0
this section, we discuss their distribution in space and in stelfd§at i 37) of the possible targets have been observed. The dis-

and disk properties with the intent to set a background for t ution of all Taurus sources, of all Class Il sources, and of all
SPHERE observations described in Sect. 4 e observable Class Il sources is shown in Appendix A.

The whole Taurus sample is limited in both distance and age.
Therefore, the cutoin R magnitude on the available sample re-

2.1. Spatial distribution of the sample ectsinacuto onthe stellar mass only and can be set to approx-
fa’[ely 0.4 M . This value is in fact the lowest limit of our sam-

2.2. This sample within the whole Taurus population

Figure 1 shows the spatial distribution of the 43 sources st
ied in this work. A quick look to their distribution already give
a hint of their membership to derent groups. Following the
kinematical classi cation by Luhman (2023) based@aiaDR3
(Gaia Collaboration et al. 2022), our targets belong to 1Eudi
ent groups and one association near Taurus (namely HD35
that hosts CQ Tau and MWC758). The groups that are most "8Pthe Gaia assband is wider in wavelength than the JohrRRon
resented by our sample are L1328529B215 (10 members) The exact cgﬁ\seprsion depends on the stellar cglor but for our exercise is

and L1517 (7 members) while in ve cases we only have ongy necessary as the dirence is relatively small (1 mag at most).
member. The membership and the distance feaia for the 2 40 82=49%, where 40 is our sample size (43) minus CQ Tau and

entire sample are shown in Appendixes A and B. With some nawC758 that are formally not in Taurus (see Sect.2.1), and V1025
table exceptions (see below), the distance of each source is cltmethat is classi ed as a Class Ill (see Sect. 4.3.2).

€ (see Sect. 2.3). The only other selection criterion that may
old is an IR excess indicative of a class Il object. We can there-
ore conclude that our sample is unbiased and moderately com-
plete within the Taurus stars more massive than 0.4higlsting
fgf.b,l” or a transition disk. It however remains completely blind
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Garu etal.: The SPHERE view of the Taurus star-forming region

Fig. 1. Spatial distribution of the sample. The background image is the Taurus region atri(Band 4) from the Improved Reprocessing of
the IRAS Survey (IRIS). The SPHERE images in théH, or K bands (see Table B.2) are shown in the inset panels with spatial and ux scales
optimized for better representation (whereas the actual scales can be appreciated in Fig.2).

to the entire population of lower-mass stars with a disk (that stellar mas and age in the current framework of isochrones
based on Esplin & Luhman 2019, approximately two third of tharough a set of pre-main-sequence tracks (Siess et al. 2000;
whole sample of stars with a disk). Bressan et al. 2012; Bara et al. 2015; Choi et al. 2016), includ-
ing the magnetic tracks by Feiden (2016) that would contrast the
tendency of non-magnetic tracks to underestimate stellar mass
and age (Hillenbrand & White 2004; Asensio-Torres et al. 2019).
The 43 sources of this work are divided into three A-, one FLhe age interval shown in Table B.1 re ects the variety of values
three G-, nineteen K-, and seventeen M-type stars. To our kno@#iggested by the derent tracks. Some more details on the ex-
edge, thirteen of the stars are part of multiple systems, with dif@ction of the SED and the calculation of the stellar properties
spectroscopic binary (DQ Tau), ve systems with close compa#te given in Appendix B.
ions (less than® and seven with further companions. This frac-
tion of multiple stars from our sample (30%) is mildly lower
than the overall fraction determined for solar-type stafs000,
Raghavan et al. 2010) and signi cantly lower than that con-
strained for Taurus (70%, Kraus et al. 2011). This is not neces- S
sarily a bias since close companions can shorten the disk lifetime The calculated stellar masses of the individual stellar com-
or alter their morphology (see @er et al. 2023, and referenceponents span from 2.5 MSU Aur) to 0.4 M (8 sources) with
therein). 10 intermediate-mass stars {.5 M ), 9 solar-mass stars (0.8

For each target, we retrieved theestive temperaturd, M ), and 36 low-mass stars. The age of the majority of the sam-
from Lopez-Valdivia et al. (2021) and Gangi et al. (2022ple is lower than 3 Myr, in line with the known age of the region.
and constructed the spectral energy distribution (SED) througRurces that look older from the isochrones are therefore inter-
VizieR. We then measured the stellar luminodityby means of esting cases that are described in Sect. 4. Here we only point out
a PHOENIX model of the stellar photosphere (Hauschildt et &hat the two oldest sources in the sample (CQ Tau and MWC758,
1999) scaled to thGaia distance and to th® magnitude de- 12-14 Myr) are formally not part of Taurus but rather of a nearby
reddened by the extinctiod, calculated from the/, R, andl @ssociation with an estimated age of Z8Vlyr (Luhman 2023).

fromd, Ay (20%), andT. ( 100 K). Finally, we constrained theinvolved prevent us from determining any signi cant trend be-
tween the age of the individual groups by Luhman (2023) and
8 http:/ivizier.cds.unistra.friviz-bin/VizieR the age that we inferred.

2.3. Stellar properties
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