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ABSTRACT

The formation of multiple stellar systems is a natural by-product of the star-formation process, and its impact on the properties of
protoplanetary discs and on the formation of planets is not yet fully understood. To date, no detailed uniform study of the gas emission
from a sample of protoplanetary discs around multiple stellar systems has been performed. Here we analyse new ALMA observations
of the molecular CO gas emission at a ~21 au resolution, specifically targeting discs in eight multiple stellar systems in the Taurus
star-forming regions. '2CO gas emission is detected around all primaries and in seven companions. With these data, we estimate the
inclination and the position angle (PA) for all primary discs and for five secondary or tertiary discs, and measure the gas disc radii of
these objects with a cumulative flux technique on the spatially resolved zeroth moment images. When considering the radius, including
95% of the flux as a metric, the estimated size of the gas disc in multiple stellar systems is found to be on average ~4.2 times larger
than the size of the dust disc. This ratio is higher than what was recently found in a population of more isolated and single systems. On
the contrary, when considering the radius including 68% of the flux, no difference between multiple and single discs is found in the
distribution of ratios. This discrepancy is due to the sharp truncation of the outer dusty disc observed in multiple stellar systems. The
measured sizes of gas discs are consistent with tidal truncation models in multiple stellar systems assuming eccentricities of ~0.15-0.5,
as expected in typical binary systems.

Key words. protoplanetary disks — binaries: visual — binaries: general — stars: formation — stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

The collapse and fragmentation of molecular cloud cores fre-
quently leads to the formation of binary stars or higher order
multiple systems (e.g. Bate 2018; Reipurth et al. 2014). In a tight
multiple system, the outer parts of the individual discs in the
system are affected by tidal forces from the companions, usually
resulting in disc truncation. The effect of tidal disruption of discs
on the ability of protoplanetary discs in multiple systems to form
planets is still under investigation.

From an observational point of view, exoplanet detection sur-
veys were initially strongly biased towards binary systems with
separations of >200 au (Eggenberger & Udry 2010), because
these searches focused on stellar environments as similar as
possible to the Solar System. However, in 2003 the first exoplanet

Article published by EDP Sciences

in a close binary was detected in the y Cephei system (Hatzes
et al. 2003) and exoplanets have been detected in many multiple
systems (Hatzes 2016), and in close-binaries with a separation of
~20 AU. In particular, 217 exoplanets are known in binary-star
systenlls and 51 in higher multiplicity systems (updated to Sep
2021)".

In multiple systems, dynamical interactions experienced by
circumstellar discs affect their evolution (Papaloizou & Pringle
1977; Artymowicz & Lubow 1994; Rosotti & Clarke 2018;

1 The data of all detected planets are collected in the Exoplanet cata-
logue maintained by J. Schneider (http://exoplanet.eu); whereas
the binary and higher multiplicity systems can be found separately
in the catalogue of exoplanets in binary star systems maintained by
R. Schwarz (Schwarz et al. 2016; http://www.univie.ac.at/adg/
schwarz/multiple.html).
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Zagaria et al. 2021a) and may have a negative impact on the
formation and evolution of planetary systems. Tidal effects
due to interactions may lead the outer parts of the discs to
become strongly misaligned or warped (Lodato & Facchini
2013), impacting planet migration and orbit stability and evo-
Iution (Holman & Wiegert 1999; Jensen & Akeson 2014).
Moreover, disc truncation may affect the availability of the build-
ing blocks of planets (Zsom et al. 2011; Kraus et al. 2016) and
may reduce the lifetimes of either or both of the discs around
the primary or secondary component (Monin et al. 2007). These
considerations could suggest that multiplicity reduces the prob-
ability of planet formation because there is insufficient mass to
form planets or insufficient time for planetesimal formation to
operate before the disc is dispersed.

The detection of planets in multiple stellar systems and
in close binaries has triggered studies investigating how such
planets could form and, more generally, how planet formation
is affected by binarity (Thebault & Haghighipour 2015). In
particular, to investigate these two aspects, the observation of cir-
cumstellar discs in multiple systems is crucial in order to study
how discs evolve and how interactions between discs in multiple
systems affect their evolution.

Surveys of multiple stellar systems conducted with the
Submillimeter Array (SMA) and the Atacama Large Millime-
ter/submillimeter Array (ALMA) are providing constraints on
the theory of disc evolution in multiple systems. In particular,
observations of discs around multiple stars in the Taurus and p-
Ophiucus regions (Harris et al. 2012; Akeson & Jensen 2014;
Cox et al. 2017; Akeson et al. 2019; Manara et al. 2019; Long
et al. 2019; Zurlo et al. 2021) show that discs in multiple sys-
tems are on average fainter in the (sub)millimetre at any given
stellar mass than those in single systems. The dusty disc around
the primary component, that is the more massive star, is usually
brighter and more massive than the disc around the secondary
component.

Manara et al. (2019) discussed a sample of ten multiple stellar
systems in the Taurus star-forming region, which is composed of
eight binaries and two higher order multiple systems — UZ Tau
(e.g., White & Ghez 2001) and T Tau (e.g., Kohler et al. 2016).
The sample was part of a high-angular-resolution (~0712) and
high-sensitivity (~50 uJy beam™! at 225 GHz-1.33 mm) survey
of 32 protoplanetary discs around stars with spectral types ear-
lier than M3 (Long et al. 2018, 2019) and covers a wide range of
system parameters. Manara et al. (2019) showed that, in general,
the dust radii of the discs around secondary or tertiary compo-
nents of multiple systems are statistically smaller than the sizes
of the discs around primary stars in multiple systems, which
are in turn smaller than the discs around single stars and whose
brightness profiles present a steeper outer edge than singles. The
typical measured ratio between Rgisc qust and the projected sep-
aration (ap) was <0.1. This result can be reconciled with tidal
truncation models (e.g., Papaloizou & Pringle 1977; Artymowicz
& Lubow 1994) only in the highly improbable case where the
observed binary systems were all on highly eccentric (e > 0.7)
orbits. Assuming that dust radii are smaller than gas radii by fac-
tors of >2-3 (e.g., Ansdell et al. 2018) — possibly due to a more
effective drift of the dust probed by 1.3 mm observations — would
result in values of eccentricities in agreement with the expected
ones, 0 < e < 0.5 (e.g., Duchéne & Kraus 2013). However, the
analysis above was performed using the dust disc radii estimates,
because the data available did not cover the gas emission in
these discs, which is nevertheless the component that we need
to compare with current models of tidal truncation as this is the
one that best responds to the disc dynamics. By considering the
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effect of dust growth and drift in truncated systems, Zagaria et al.
(2021b) recently showed that the results by Manara et al. (2019)
can be reconciled with tidal truncation models without the need
to invoke extremely high eccentric orbits. This result must how-
ever be confirmed also observationally by measuring the sizes of
the gas discs around multiple systems.

In this work, we analyse new high-resolution ALMA obser-
vations of line and continuum emission in the same sample of
multiple stellar systems in the Taurus star-forming region as that
used by Manara et al. (2019). Our aim is to test tidal trunca-
tion models by measuring for the first time the sizes of the gas
discs in multiple stellar systems in a uniform way, with the same
instrument and a similar noise level at high spatial resolution.

The paper is organised as follows. In Sect. 2 we present the
sample analysed in our work. In Sect. 3 we discuss the observa-
tions, and how the data were calibrated. In Sect. 4 we analyse the
new ALMA observations, deriving the geometrical properties of
the discs and the disc radii. We then discuss the results in Sect. 5,
comparing the measured radii to theoretical models to constrain
the eccentricities of the orbits expected with our data. Finally,
we draw our conclusions in Sect. 6.

2. Sample properties

The sample we analyse here comprises eight targets: seven
binary systems, CIDA 9, DH Tau, DK Tau, HK Tau, HN Tau,
RW Aur, V710 Tau, and one quadruple system, UZ Tau. The pri-
mary components of the CIDA 9 and UZ Tau systems are very
bright, and their circumprimary discs show ring-like structures,
while the other systems have smooth discs around the primary
stars (Long et al. 2018).

Eleven systems were originally selected for the apparent mul-
tiplicity of their stars (ten systems from Manara et al. 2019
and GK Tau from Long et al. 2019). New ALMA observations
were requested to detect CO lines in nine of the ten targets of
Manara et al. (2019) (i.e. CIDA 9, DH Tau, DK Tau, HK Tau,
HN Tau, T Tau, UY Aur, UZ Tau, V710 Tau) and in GK Tau. For
the last target of Manara et al. (2019), RW Aur, CO observations
with similar resolution and sensitivity were already available in
the ALMA archive (Rodriguez et al. 2018). Three sources, GK
Tau, UY Aur, and T Tau, were then excluded from the analysis
performed in this work. GK Tau and GI Tau are possibly part of
a bound system. However, considering the high separation of the
targets (~1700 au; Hartigan et al. 1994; Herczeg & Hillenbrand
2014) the sizes of both GI Tau and GK Tau are not affected by
tidal truncation (Pearce et al. 2020), and are therefore excluded
from the analysis in this work. Finally, the observations of UY
Aur and T Tau do not show a velocity pattern compatible with
Keplerian rotation (see Sect. 3), making it difficult to determine
whether or not the gas emission is reflecting the disc dynamics,
and therefore to estimate the radius of individual discs. The data
for these two objects will be analysed in future work.

Table 1 reports information on the eight multiple stellar
systems analysed in this work. We assumed the stellar masses
inferred by Manara et al. (2019). In that work, the effective tem-
perature was used with the stellar luminosity corrected assuming
the Gaia DR2 distances of the targets (Gaia Collaboration 2018),
and masses were obtained assuming the evolutionary models by
Baraffe et al. (2015) and the nonmagnetic models by Feiden
(2016), as already done in Pascucci et al. (2016) and Long
et al. (2019). Only in two cases are the stellar masses derived
from orbital dynamics and not as described immediately above:
UZ Tau E (Simon et al. 2000) and HN Tau A (Simon et al.
2017).



A. A. Rota et al.: Observational constraints on gas disc sizes in the protoplanetary discs of multiple systems in the Taurus region

Table 1. Information on the stellar and multiplicity properties of the targets analysed in this work.

ap ["] dlpc] SpTl SpT2 M\ [Mo] Mr[Mel g K
CIDA9 235 171 M2 M45 043015 019:01 044 031
DHTau 234 135 M25 M75 037013 00402 0.1 0.10
DKTau 238 128 K85 MIL5 060016 044+02 073 042
HKTau 232 133 MIL5 M2 04401  037£02 084 046
HNTau 316 136 K3 M5 153015 0.16+01 010 0.09
RWAur 149 163 KO K65  120°01%  081+02 067 041
UZTa® 352 131 M2 M3 123007 058+02 047 032
UZTauW 0375 131 M3 M3 030£004 028+02 093 048
VII0Tau 322 142 M2 M35 042083 02500 060 037

-0.11

Notes. We report the projected separations a,, the distance d from the observer, the spectral type of the primary (SpT1) and of the secondary
(SpT2) stars, the masses of the primary and the secondary stars (M, and M, respectively) the mass ratios ¢, and the mass parameters u. ®For
UZ Tau, M, refers to the total mass of the UZ Tau E spectroscopic binary, while M, is the sum of the masses of UZ Tau Wa and UZ Tau Wb.

The projected separations (a,, assumed from Manara et al.
2019, and references therein) of the individual components in
the systems range from ~49 au to 461 au, the mass ratios
(g=M,/M;) from ~0.9 to ~0.1, and the mass parameters
(,u =M M,/(M; + M>)) from ~0.1 to ~0.5.

3. Observations and data reduction

The ALMA observations presented here were obtained in pro-
gram 2018.1.00771.S, (PI: Manara). The observations were con-
ducted in ALMA Band 6 with an angular resolution of 0”15 —
~21 au at the distance of Taurus, and with an integration time
of ~40 min per source. These observations present an angu-
lar resolution slightly lower and a longer integration time than
the previous Band 6 observations presented by Long et al.
(2018, 2019) and Manara et al. (2019), i.e. 0712 and ~4-—
9 min/source, respectively. The aim of the new observations was
to detect different molecular emission lines with a higher signal-
to-noise ratio (S/N). The spectral setup was chosen to include
one continuum band (centered at 233 GHz), and the follow-
ing molecular emission lines: '>CO (J =2-1), 3CO (J=2-1),
CB0 (J=2-1), ;D (J=3-2), DCN (v=0,J=3-2), and
H,CO 3(0, 3)-2(0, 2). Two configurations were requested, C43-
6 and C43-3, but only observations in the former configuration
were executed. Therefore, the maximum recoverable scale of the
observations was only ~1.8”.

The targets were observed in two scheduling blocks (SBs),
one including HN Tau, T Tau, and V710 Tau, and the other
one including the remaining seven targets of the program. Each
science target was observed multiple times in different execu-
tion blocks (EBs), three and six for each SB respectively. The
observations of the first SB, including three science targets, were
executed between August 17, 2019, and September 19, 2019,
while those of the second SB, including seven targets, were car-
ried out between September 21, 2019, and September 27, 2019.
JO510+1800 was used as flux, bandpass, pointing, and atmo-
sphere calibrator, while J0440+1437 and J0438+3004 were used
as phase calibrators.

The calibrated data were retrieved using the script for PI pro-
vided by the observatory. In order to improve the S/N, the data
were self-calibrated in each EB separately. This step was per-
formed using the Common Astronomy Software Applications

package (CASA, version 5.6.1, McMullin et al. 2007). To speed
up the calibration, we applied a channel averaging of 125 MHz
in each spectral window (spw): this led to eight channels in
the continuum spw centred on 233.0 GHz with a bandwidth of
1875.00 MHz, and one channel in the other five spws, which was
used for the line observations. The channel averaging was done
after flagging any channel in which emission lines were found.
In each EB we applied from one to four rounds of phase-only
self-calibration, stopping the calibration when no significant
improvement was measured in the S/N from one step to the next.
We then concatenated all EBs and applied one round of ampli-
tude self-calibration. The final improvement in S/N was always
greater than 100% for all targets thanks to both a drop in the
noise and an improvement in the observed flux. As a final step,
we applied the phase and amplitude calibration to the spectral
windows containing emission lines.

Continuum and line images were created with the CASA task
tclean. Continuum images were created using both the contin-
uum spectral window and the line-free channels of the three spws
in which CO isotopologue emission was detected. The cleaning
was performed with Briggs weighting and a robust parameter of
+0.5 using an interactive cleaning, except for the line images
of HN Tau, GK Tau, UY Aur, and T Tau which were cre-
ated through the CASA auto-multithresh algorithm with Briggs
weighting and a robust parameter of +0.5. The cleaning was per-
formed with a channel width of 0.1 kms~! for 2CO emission,
except in the case of HN Tau where a 0.2 kms~' channel width
was used. The '3CO and C'30 lines were cleaned with a channel
width of 0.2-0.5 kms~'.

In this work, in order to estimate disc radii and test tidal
truncation models, we analyse the 12CO emission. In Table 2 we
report the rms of the resulting continuum image and of the zeroth
moment image of the CO isotopologues and the beam sizes.
Figure 1 shows the '2CO zeroth moment images of the ten sys-
tems observed in our program, of which three (GK Tau, UY Aur,
and T Tau) are excluded from the analysis provided in this paper
(see Sect. 2).

We detect and spatially resolve discs around all primary
stars both in continuum and '>CO emission. For discs around
the secondary stars, three discs (V710 Tau B, HN Tau B,
DH Tau B) are not detected with either dust continuum or CO
emission, CIDA 9 B disc does not show any CO emission
despite hosting a dusty disc detected in the continuum, and both

A121, page 3 of 24



A&A 662, A121 (2022)

Table 2. Information on the cleaned images.

Table 3. Detections of continuum and CO isotopologues.

Target rms Beam size
[mJy/beam per channel] ["x"]
CIDA 9 Continuum 3.0e-02 0.25x0.19
2co 4.9 0.27 x0.20
Bco 5.0 0.28 x 0.21
Cc80 2.3 0.28x0.21
DH Tau  Continuum 2.7e-02 0.23x0.15
2co 4.6 0.25x0.16
3co 3.6 0.27x0.17
CcBo 2.0 0.27x0.17
DK Tau  Continuum 2.7e-02 0.28 x0.14
2co 4.4 0.24x0.15
Bco 2.5 0.26x0.15
CcBo 2.1 0.26x0.15
GK Tau  Continuum 3.4e-02 0.24x0.15
2co 12.2 0.26x0.16
Bco 5.1 0.27x0.17
c®o 4.1 0.27 x0.17
HK Tau  Continuum 2.8e-02 0.22x0.14
2co 4.7 0.24x0.15
Bco 3.7 0.25%0.15
C80 1.7 0.25x0.15
HN Tau  Continuum 2.7e-02 0.19x0.12
2co 6.9 0.19x0.12
Bco 33 0.20x0.13
C!80 2.4 0.20x0.13
T Tau Continuum 4.3e-02 0.13x0.12
2co 41 0.14x0.14
3co 4.6 0.15x0.14
Cc80 3.7 0.15x0.14
UY Aur  Continuum 2.7e-02 0.24 x0.13
2co 14 0.26 x0.15
3co 4.5 0.28 x0.15
Cc80 3.7 0.27x0.15
UZ Tau Continuum 2.8e-02 0.23x0.14
2co 4.2 0.24x0.15
3co 4.6 0.25%0.15
Cc80 2.4 0.25x%0.15
V710 Tau Continuum 3.4e-02 0.27 x0.23
2co 5.6 0.28 x0.25
Bco 4.5 0.29x0.26
Cc80 3.1 0.30x0.26

components are detected in the remaining sample. For each sys-
tem, Table 3 shows the components that are detected in the
continuum emission and in CO emission.

Figure 2 shows the velocity maps of the observed targets,
including the three systems not analysed in this work. In particu-
lar, we show the ‘quadratic’ method to image the velocity maps,
created with bettermoments tools (Teague & Foreman-Mackey
2018), and application of a 4-sigma clipping process. Excluding
T Tau and UY Aur systems, a pattern compatible with Keplerian
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Cont det 2CO det 3CO det C80 det

CIDA 9 A,B® A A A
DH Tau A A A A®
DK Tau A,B A,B A® —
GK Tau A A A —
HK Tau A, B A B A, B -
HN Tau A A — —

T Tau N, Sa, Sb N, Sa, Sb N, Sa, Sb N, Sa, Sb
UY Aur A, B A B A, B -

UZ Tau E,Wa® Wb® E Wa, Wb E,Wa, Wb E®, Wa®
V710 Tau A A A A

Notes. For each system we indicate the detected components. We note
that GK Tau is a wide binary system with GI Tau: the label ‘A’ refers to
the disc around GK Tau. “Not resolved; ¥V marginally resolved.

rotation is observed in all detected circumprimary and circum-
secondary discs, a few of which are already well known from the
literature (e.g. HK Tau discs, Jensen & Akeson 2014). The spec-
tra and the first moment images of all targets in the sample are
presented in Appendix A.

To this sample, we add the high-angular-resolution obser-
vation of the tidally disrupted protoplanetary discs of the RW
Aurigae system analysed by Rodriguez et al. (2018). As part of
ALMA Cycle 3 and 4 projects 2015.1.01506.S (PI: Rodriguez)
and 2016.1.00877.S (PI: Rodriguez), RW Aur was observed in
Band 6 (225 GHz) with the 12 m array for a total integration
time of 311.17 min and with the 7 m array for a total addi-
tional integration time of 217.23 min. Additionally, RW Aur was
observed in Band 7 (338 GHz) for a total integration time of
22.8 min. The data were calibrated by the NAASC, and two
rounds of phase-only self-calibration were applied to each set
of observations. The '2CO 2-1 and 3-2 lines were imaged at
a velocity resolution of 0.5 kms~! using a Briggs weighting
with a robust value of 0.5, and with a uv-taper of 06 x (0’25,
resulting in a synthesised beam of 0/30x 0’25 and an rms of
1.5 mJy beam™!. Figure 3 shows the '>CO zeroth moment image
(left), the '?CO first moment map (central), and the '2CO veloc-
ity map imaged with bettermoments quadratic method (right) for
RW Aur system.

The channel maps and the spectra of the '>?CO emission for
all targets in the sample are reported in Appendix A and are use-
ful to check for absorption due to foreground cloud material in
the data. Signatures of partial absorption around the systemic
velocity are observed in almost all discs; absorption in the red-
shifted velocities is observed in the disc around CIDA 9 A, while
the redshifted velocities around DH Tau A are totally absorbed
by the cloud below the continuum level. These absorption fea-
tures are in line with previous observations (e.g. Guilloteau et al.
2013; Akeson & Jensen 2014; Czekala et al. 2019). Table 4
summarises the absorbed velocities in the disc '>CO emission.

4. Data analysis

In this section, we estimate the radii of the discs. In order to mea-
sure this quantity, one needs first to determine the position angle
(PA) and inclination of the discs. Once these disc parameters are
derived, an analysis on the image plane is performed in order to
calculate the disc radii.
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Fig. 1. '2CO zeroth moment images of the discs around multiple stars in the Taurus star-forming region observed in the new ALMA observations.
All bars in the bottom right of each panel are of 1” in length, which is ~140 au at the typical distance of the Taurus region. The FWHM beam
size is shown in the bottom left of each panel. In each image, the colour scale has the peak flux as the maximum, and two times the image rms
as minimum. White contours show five times the rms of the continuum emission. The components of the systems are labelled. The label for any

undetected secondary components in the continuum emission is not shown.
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Fig. 2. '2CO velocity map images of the discs created with the bettermoments quadratic method (Teague & Foreman-Mackey 2018). A 4-sigma
clipping process was applied to all images. The FWHM beam size is shown in the bottom left of each panel. Each image is scaled so that the
maximum and the minimum are equal to the systemic velocity of the primary target +2 kms~'. Green contours show five times the rms of the
continuum emission. The components of the systems are labelled. The label for any undetected secondary components in the continuum emission

is not shown.

4.1. Geometrical properties of discs from Keplerian modelling

The geometrical properties of interest for each disc are the disc
inclination i, its PA, and the target centre (RA, Dec). To esti-
mate these properties, we used the eddy tool (Teague 2019),
which is designed to reconstruct the rotational profile of a gas
emission line by fitting a Keplerian rotation pattern to the veloc-
ity map of the observations, taking into account the relative
uncertainties calculated with the bettermoments tool (Teague &
Foreman-Mackey 2018) and assuming a geometrically thin disc.

As there is a degeneracy between the inclination i and the
stellar mass M., the stellar mass was fixed to the values reported

in Table 1. In this way, eddy would fit five free parameters (ra,
dec, PA, i and the systemic velocity vy sgr) given two fixed param-
eters (M, and the distance d of the disc from the observer). To
account for the impact of the uncertainty on M, on the esti-
mate of the parameters of the discs, we performed three fits for
each target, one adopting the assumed value of M, and one each
for the +10 values of M, given the uncertainty (see Table 1).
The fit parameters are initialised using the moment zero value
for the target centre, and the values by Manara et al. (2019) for
inclination and PA. Flat priors for all parameters were chosen,
with Gaussian priors only for the target centre. The number of
walkers and steps needed to achieve the convergence of the chain
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Fig. 3. Maps of the RW Aur system observed by Rodriguez et al. (2018).
Left: 2CO zeroth moment. The colour scale has the peak flux as the
maximum, and two times the image rms as minimum. Right: 12CO first
velocity maps created with bettermoments quadratic method (Teague &
Foreman-Mackey 2018) and with a 4-sigma clipping process. The image
scaled so that the maximum and the minimum are equal to the systemic

velocity of the primary target +2 kms™'.

was typically 200 walkers and ~1000-2000 steps, with the last
~800-1000 steps used to sample the posterior distribution.

We account for cloud absorption in discs while excluding the
velocities absorbed by the cloud from the fit (see Table 4). As
the disc around DH Tau A is heavily absorbed in the redshifted
velocities, we only fit the 3CO velocity map of DH Tau. We did
not fit the disc around the secondary star of the HK Tau system.
This disc is almost edge-on, meaning that the assumption of geo-
metrically thin disc emission cannot be applied and the vertical
height of the disc must be considered. As the HK Tau system is
well known in the literature, we assumed the PA and the inclina-
tion estimated in a previous work by McCabe et al. (2011) (see
also Jensen & Akeson 2014): PA=(42+0)° and i =(85 + 1)°.

To avoid issues with the convergence of the eddy fit, we
estimated the source centre of the circumsecondary discs fitting
two elliptical Gaussian components to the '>CO image with the
CASA task imfit. All other parameters of circumsecondary discs
were estimated through eddy. Table 5 reports the estimated disc
properties for each disc.

The agreement between the source centres obtained here
with those derived by Manara et al. (2019) is good when
accounting for the typical proper motion of the targets. We also
compared the PA and inclination obtained fitting the gas emis-
sion with eddy with the values obtained by Manara et al. (2019)
fitting the continuum data in the uv plane. This comparison is
shown in Fig. 4. The values obtained with the two methods are
in agreement within the (307) uncertainties, with the exception
of the circumsecondary discs around DK Tau B, RW Aur B, and
UZ Tau Wa, where the estimates with both methods are uncertain
due to the small size of the targets. Another exception, probably
due to some issues in the Galario fitting, is the circumprimary
disc around HN Tau A. The agreement of the estimates with the
two different methods within the uncertainties confirms that the
assumptions on the stellar masses are reasonable, except possibly
in the four cases mentioned immediately above. Indeed, Manara
et al. (2019) did not need any assumption on stellar masses to
fit the continuum, whereas a value of M, was assumed in the
Keplerian modelling performed here.

4.2. Disc radii estimate: the cumulative flux technique

To estimate the disc radii, we perform an image plane analysis
using the cumulative flux technique (e.g. see Ansdell et al. 2018).
For reference, this method is referred to as ‘curve of growth’ by
Ansdell et al. (2018). We use it to compute aperture photometry
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Table 4. Systemic velocities (in kms™'; second column) and absorbed

velocities (in kms™'; third and fourth columns) in the disc '>CO
emission.

Systemic velocity ~ Primary Secondary
CIDA 9 5.93*9010 - ® Non resolved
DH Tau 5.0140013 5.4-M Non detected
DK Tau 5.081f8:88§ -® 3.0-7.0
HK Tau 5.34f8:}§ 52-72® 5.5-6.9
HN Tau 5.320%0.9% 3.8-5.6 Non detected
RW Aur ~6.0 — —®
UZ Tau 4.951’8:83 5.5-6.3  Wa,Wb: 5.4-7.2
V710 Tau 6.467+0007 5.8-6.9 Non detected
Notes. The systemic velocities shown in the first column are esti-

mated from the Keplerian modelling of the circumprimary disc velocity
maps (see Sect. 4.1 and Table 5 for further details). “’Sign of partial
absorption in the redshifted velocities. ("Redshifted velocities totally
absorbed. ¥Sign of partial absorption around the systemic velocity.

1 50'_ O Secondary e
—_ { © Primary
o ] P
S 1001 H%ﬁf}’
= ] V71 Z Wb
(@) ] Z Wa
O 1 RWB -~
¥ 50 %w
E ] /’/ KﬁB
o ] DK .-~
< : IQ K_B
= 1 -
- 50_' | -
—-50 0 50 100 150
PA from continuum [deg]
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< " DK B
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O " WZ_Wb
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E 404 //'/ %10 %Z%ﬁW*B
g '
5201  "Oed
01~ . | |
0 20 40 60 80

inc from continuum [deg]

Fig. 4. PA (top) and inclination (bottom) estimated using eddy fitting
on '2CO first moment maps compared with that estimate by Manara
et al. (2019) using (u, v)-plane modelling of the continuum data with
Galario. Red circles refer to circumprimary discs, while blue squares
refer to circumsecondary discs.



A. A. Rota et al.: Observational constraints on gas disc sizes in the protoplanetary discs of multiple systems in the Taurus region

Table 5. Source centres (ra,dec), inclination i, PA, and systemic velocity visg for all discs in the analysed sample.

RA Dec Inc [deg] PA [deg] v [ms™!]
CIDA9A  05h05m22.8260 +25d31m30.5550 56.0*1¢  284.2%07 5930*10
DHTauA  04h29m41.5610  +26d32m57.7442 21432 183.3*19 501413
DK Tau A  04h30m44.2509 +26d01m24.2994  21.1*33  188.2%0] 50812
DK TauB  04h30m44.4048 +26d01m23.1589  64.0"2%  181.6*)7  6000*3%
HK Tau A 04h31m50.5769  +24d24m17.3400 59.48*9%  358.1*2%  5340*]20
HKTauB  04h31mS50.6122  +24d24m15.1045  85'! 42.0%09 ~6000
HNTauA  04h33m39.3782  +17d51m51.9698  41.6*27  92.07*0%3 53203
RW Aur A 05h07m49.5716  +30d24m04.7380  61.703  225.38*0% ~6000
RW AurB  05h07m49.4597  +30d24m04.3309  38.6%%7 232204 ~5200
UZTauE  04h32m43.0742  +25d52m30.6460  59.4*01  276.96*003  4950+3
UZTauWa 04h32m42.8236  +25d52m31.1959  40.5*30  264.7702  6571.370¢
UZTau Wb 04h32m42.8159  +25d52m30.8347  50.4%] ~ 267.9*04 6390730
V710 Tau A 04h31m57.8081  +18d21m37.6092  45.173%  266.049*070  6467%3

Notes. The PA is defined as the angle to the redshifted disc major-axis counting from north to east. The target centres for circumsecondary discs
and for the disc of RW Aur A were estimated through the CASA tool imfit. The disc inclination and PA of HK Tau B are those reported in McCabe
et al. (2011). The systemic velocity of HK Tau B is estimated from the spectrum (see Fig. A.1), while v, of RW Aur discs are assumed from
Rodriguez et al. (2018). All other parameters were estimated using the eddy tool.

on the zeroth moment images of the '>CO emission and on the
continuum images using the CASA tool imstat. This technique
is applied on the continuum emission (both on new data and on
data from Manara et al. 2019) and on the '>CO zeroth moment
image of each target, both primary and secondary (tertiary),
when detected.

The cumulative flux technique consists of calculating the flux
of the source at increasingly large radii. In particular, for each
target the flux is calculated by summing over concentric annuli
centred on the source centre and corrected for the projected posi-
tion of the disc (PA and inclination from Table 5). The annuli
are increased in steps of dr= 0705 (one-third of the angular
resolution of the data), and the flux uncertainty in each annu-
lus is estimated as the standard deviation of the fluxes in 100
random annuli selected well outside the disc. We consider the
error on the disc parameters calculating three cumulative flux
curves assuming in each of these either the maximum or min-
imum allowed values for the PA and inclination of the ellipses
given the errors on these two quantities. In this way, both the
uncertainty due to the (statistical) standard deviation of fluxes
(random annuli in the field) and to the uncertainty on the stellar
masses (uncertainty on PA and i) are considered.

Once the maximum flux is calculated, we estimate the disc
radius Rgyisc (or Rgs) as the radius containing 95% of the total
flux and the effective disc radius R.g (or Rgs) as that containing
68% of the total flux. The uncertainty on the radius is calculated
considering the statistical error on the maximum flux and, as the
error on the radius estimate must be at least half of the resolution,
we summed this error in quadrature with 0 075.

A different procedure from the one described above was
applied in the case of the HK Tau B disc. For this target, known
from the literature to be an edge-on disc (e.g. McCabe et al. 2011;
Jensen & Akeson 2014), the vertical structure in the gas emission
is more extended than the continuum. Assuming an inclination
of ~85° (McCabe et al. 2011; Jensen & Akeson 2014) would lead
to a much larger estimated gas radius than the separation between
the components of the HK Tau system. To correct for this effect,

the disc radius is measured along the major axis, centring on
the source rectangles with increasing width and fixed height (i.e.
fixed to the HK Tau beam size in that direction, ~0725), and
rotated by the PA of the disc. No significant change in the esti-
mated disc radius was found when modifying the height of the
rectangles from 0”10 to 0”25. The size of the dust disc is instead
affected by optical depth effects. Being an almost edge-on disc,
the brightness profile of HK Tau B is less peaked at small radii
(near the disc centre) because of dust self-absorption (Villenave
et al. 2020). The observed profile is dominated by the emission
from larger radii, where the disc is colder, resulting in a larger
estimate of its radius (see Sect. 5.1 for further details).

As the RW Aur system is known to experience interaction
between the components (Rodriguez et al. 2018), in order to
avoid considering the emission due to the interaction, the 2co
total flux of the RW Aur A and B discs was assumed to be
the enclosed flux closest to that estimated through the CASA
tool imfit (two-Gaussian fit), namely 3.661 + 0.094 Jy km s~! and
0.949 +0.076 Jy kms™!, respectively. As the southern part of the
12CO emission of the circumprimary disc of DH Tau is absorbed
by the cloud (Fig. A.1), we applied the cumulative flux technique
only on the northern part, masking the emission from the south-
ern half of the disc. The PA of the DH Tau A disc is ~180°, and
so we masked the emission observed below a line with PA =90°
centred on the source centre. We also masked the southern part
of the UZ Tau Wa disc and the northern part of the UZ Tau
Wb disc, both in the continuum and 2CO emission, in order to
exclude emission arising from the other component of the sys-
tem. As the PA of UZ Tau Wa and Wb discs is ~270°, we drew
two lines with PA =90° centred on UZ Tau Wa disc centre and
UZ Tau Wb disc centre and we masked the emission observed
below and above each line, respectively.

Figures 5 and 6 show the cumulative flux curves for each
disc in the sample. The first columns show the cumulative sum
of the fluxes measured on the continuum emission from the data
by Manara et al. (2019) and the new data; the second, third, and
fourth columns show the cumulative flux relative to the '2CO,
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Fig. 5. Cumulative fluxes as a function of aperture radius estimated using the cumulative flux technique. Each panel shows the fluxes for a different
data set or image (the name of the target for each row is shown in the lower right corner of the first column). First column: continuum emission of
the data from Manara et al. (2019) (green dots) and the continuum emission from the new data (black dots). Second, third, and fourth columns: the
12C0, 13CO, and C'*0 moment zero emission from the new data, respectively. The blue dashed lines show the estimated disc total fluxes; the red
solid lines show the disc radii, which are defined as the radii containing 95% of the total flux (see values reported in Tables 6 and 7). In the first
column, only the total fluxes and disc radii estimated from the new continuum data are shown.
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Fig. 6. Cumulative flux curves as a function of aperture radius estimated using the cumulative flux technique. Same as in Fig. 5 but for the remaining
discs in the sample. The total fluxes and disc radii estimated from the continuum data from Manara et al. (2019) are shown in the case of RW Aur A
and B discs (first column, last two rows). In all the other cases, the total fluxes and disc radii estimated from new continuum data are shown.
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V710 Tau

®

Fig. 7. 2CO zeroth moment images of the discs with overlapping ellipses including 95 (solid) and 68% (dashed) of the total flux. The ellipses are
centred on the target source centre. All bars in the bottom right of each panel are of 170 in length, which is ~140 au at the distance of Taurus. The
beam FWHM size is shown in the bottom left of each panel. In each image, the colour scale has the peak flux as the maximum, and two times the
image rms as minimum. White contours show five times the rms of the continuum emission.

Table 6. Total fluxes measured with the cumulative flux technique.

Target Foont F(C0)  F(3CO)  F(C®0)
CIDA9A 3617711 1685.1*357 491.4*29¢  115.0127
DHTauA 26713097 409.02*0%  101.3*73 -
DKTau A 31947007  5837+194 - -
DK Tau B 2.877097  275.111%9 - -
HKTau A 3550709 123355316 181.8718¢ -
HK Tau B 4517092 265.8"33 48.8+36 -
HNTau A  13.0670%  873.4+%7 - -
RW Aur A - 367871 - -
RW Aur B - 987.8'%-1 - -
UZ Tau E 132.1717 7584*100 1333438 -
UZTauWa 14933 550613 94214 -
UZTauWb  12.9%)% 415.5%83  112.0%2¢ -
V710 Tau A 55.33*019  939.5+163  300.8*139  119.1+123

Notes. Continuum fluxes are reported in mJy, line fluxes in mJy kms™'.

13CO0, and C'®0 emission, respectively. The blue lines show the
total fluxes (see Table 6), while the red lines show the disc radii
(Ros, see Table 7).

Table 7 shows the estimated radii and their error for each
disc, while Fig. 7 shows the ellipses including 95% (solid) and
68% (dashed) of the total flux overlapped to the zeroth moment
maps. As shown by the red solid ellipses, the radii estimated with
the cumulative flux technique get the very outer extent of the
discs, where little emission is detected, providing the possibility
to test tidal truncation models. Table 6 shows the total fluxes
we estimated for each disc with the cumulative flux technique
applied on the continuum image and on the '>CO, '3CO, and
C'80 zeroth moment images.

A121, page 10 of 24

The effective disc radii estimated for the RW Aur sys-
tem are in very good agreement with the ones reported in
Rodriguez et al. (2018), and were estimated using the CASA
built-in measurement tool (McMullin et al. 2007), both for the
circumprimary and the circumsecondary discs: ~58 au and ~38,
respectively, at a distance of 140 pc (assumed by Rodriguez et al.
2018).

5. Discussion
5.1. Comparing dust and gas disc radii

The emission arising from the dusty component of discs, and
thus the dust disc radius measurement, is regulated by several
processes, such as growth, fragmentation, and transport of dust.
On the contrary, the gas emission extent is regulated by chemical
processes and by the dynamics of the disc, which in our case
means the tidal interaction of the components of the multiple
systems we are studying. Here we investigate whether the ratio
between the sizes of the discs (defined as the radius containing
95% of the total flux) measured in the '>?CO gas component and
in the dust component (Rgisc gas/Rdisc,qust) 18 different in systems
where tidal truncation is at work with respect to more isolated
systems.

The ratio Rgisc gas/Ruisc,dust has been studied in a limited
number of targets in Taurus (Kurtovic et al. 2021), and in a
larger sample in the Lupus star-forming region first analysed by
Ansdell et al. (2018), and recently revised by Sanchis et al.
(2021). The ratio Rgisc gas/Raisc,aust  in mostly isolated or wide
binary systems in the Lupus star-forming region has a median
and a mean value of ~2.5 and ~2.8, respectively, both when con-
sidering the radii at 68 and 95% of the total flux. In general, the
larger gas sizes can be explained as a combination of the effect
of radial drift of dust, and of the different opacity between the
two components (e.g. Facchini et al. 2017; Trapman et al. 2020).
Sanchis et al. (2021) noted that the gas disc to dust disc size ratios
and the stellar masses are uncorrelated, contrary to expectations
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Table 7. Radii estimated with the cumulative flux technique.

Continuum from

Target 12CO [”] Continuum [”] Manara et al. (2019) [”]
CIDA 9 A Res 1.107098 0.40*2:8 0.35*98
Ros 1.70*303 0.650*008 0.50%0.9%
i Tas o Res 02598 01590 0.107008
Ros 055700 (251008 0.20700
DK Tau o Res 02088 015790 0.102098
Ros 0407013 0251008 0.207008
DK Tau B Res 0.257099 0.20*2:08 0.10*98
Res 0.50%0% 030700 0.207009
UK Tag o Res 050758 020790 015008
Ros 080709 0351008 0.301008
MK p Ko 025705 020790 0.102008
Ros 0.55*043  0.40709% 0.20*503
HN Tau A Res 0.25%008 0.15%5% 0.10%9.9%
Ros O.40j8:83 0.251’8:83 0.20’:8182
RW Aur A Ros 0502555 - 0.15%58
Ros O.Sngi(])g - 0.30418283
RW Aur B Res 0.30%5 - 0.102558
Ros 0557013 - 0.25+0%
Uz T R 15075 05090 045008
Ros 240713 0.8070% 0.70%009
Uz Tawa Res 030785 015790 0.107008
Ros 050709 0251008 0.207098
Uz Taw e Res 020708 010750 0.107008
Ros 030709 020709 015008
V710 Tau A Res 0.45%008 0.25%0%% 0.20%0.9%8
Ros 070709 0.45:008 0.35008
Notes. We report the effective disc radius Rgg and the disc radius

Rys calculated applying the cumulative flux technique on the '2CO
and continuum emission from new observations, and on the continuum
emission data by Manara et al. (2019).

from theoretical and observational works suggesting that the
radial drift is more effective in discs around low-mass stars (e.g.
Pascucci et al. 2016; Pinilla et al. 2013). For the sake of this work,
the lack of any correlation between these two quantities assures
us that we can carry out a comparison between our results and
those of Sanchis et al. (2021) with no bias due to the different
stellar mass distributions.

For the following discussion, we use the values of Ry
obtained by Manara et al. (2019) by modelling the continuum
data in the visibility plane using the Galario library (Tazzari
et al. 2018) because this makes the results directly comparable
with Sanchis et al. (2021), who performed a similar analysis.
Our sample of multiple system reveals that the gas disc radii
are typically about two to four times larger than the dust disc
radii, for both the effective gas-to-dust radii Reggas/Resdust and
the gas-to-dust disc radii Ros gas/Rosqust (Fig. 8). As shown by

Fig. 8, the disc of HK Tau B is the biggest outlier in the
gas-to-dust size ratio distribution, with Ros gas/Ros qust ~ 1. As it
is an almost edge-on disc, this small ratio may be due to optical
depth effects, resulting in overestimation of the dust radius and,
as a consequence, underestimation of the gas-to-dust disc radius
ratio. We therefore decided to exclude the HK Tau B disc from
the statistical analysis discussed below.

The average value (and relative standard deviation) of
Reg,gas/Regquse 18 3.2+1.1 (3.1+1.1 and 3.4+09 for cir-
cumprimary and circumsecondary discs, respectively), and
Ros5 625/ Ros qust =4.2 £ 1.6 (with average values of 3.9+ 1.2 for
circumprimary discs and 5.0 + 1.9 for the circumsecondary). The
Kolmogorov-Smirnov (K-S) two-sided test for the null hypothe-
sis that the samples of gas-to-dust disc size ratios around primary
stars and around secondary stars are drawn from the same contin-
uous distribution leads to a p-value of ~0.06 (for both the 68 and
the 95% ratios), confirming that the circumprimary and circum-
secondary discs are likely to be drawn from the same distribution
(see Fig. 11).

Figure 9 shows the ratio Rgisc gas/Raisc,dust @s a function of
the projected separation of the components in the systems. No
evidence of a correlation between the size ratio and the pro-
jected separation is shown, suggesting that the gas-to-dust disc
size ratio does not depend on the distance between the compo-
nents in the system. Other features, such as the eccentricity of the
orbits, need to be considered to explain the observed distribution
of size ratios (see Sect. 5.2).

Figures 10 and 11 show the comparison between the 95 and
the 68% gas-to-dust disc size ratios measured in our sample of
multiple stellar systems in the Taurus region, and those measured
by Sanchis et al. (2021) for 42 discs in the Lupus star-forming
regions, which are mainly single-star systems or, in two cases,
wide binary systems with separations of ~1000 au, which is large
enough that the discs are not affected by tidal truncation (Pearce
et al. 2020).

The effective ratio Rgg gas/Reg dust €stimated in Taurus mul-
tiple system is in very good agreement with the average ratio
obtained in the sample of discs around single stars by Sanchis
et al. (2021) (~3.2 vs. ~2.8, respectively). The K-S test per-
formed on these two samples confirms that the gas-to-dust disc
size ratios in Taurus multiples are likely to be drawn from the
same distribution of Lupus single discs (p-value ~0.13). On the
contrary, the Ros ga5/Ros qust average ratio in Taurus multiple sys-
tems is larger than the ratio estimated by Sanchis et al. (2021),
with the K-S test confirming the two samples to be statistically
different (p-value ~0.012).

The difference in the values of Ros gss/Rosqust €stimated in
discs around binaries and in singles is possibly due to the sharp
truncation of the outer dusty discs in binary systems (Manara
et al. 2019). However, this difference may also be affected by the
method through which the gas disc radii have been estimated.
As discussed, we applied the cumulative flux technique directly
to the zeroth moment image, with no parametric form to model
the emission profile, while Sanchis et al. (2021) modelled the
CO emission of each disc by fitting the integrated line map to a
Gaussian (or a Nuker) profile in the image plane before applying
the cumulative flux technique on the modelled emission profile.
The latter method may lead to underestimation of the 95% disc
radii, smoothing the outer emission of the discs.

In general, we conclude that the ratio between the sizes of
gas and dust discs in multiple stellar systems is found to be on
the higher side of the distribution of values when compared to
a population of more isolated systems and considering the 95%
disc radius, which is more sensitive to the full disc size.
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5.2. Comparison of gas disc radii with tidal truncation models

We now compare the observed '>CO disc radii with the theoret-
ical expectations for tidal truncation predicted by Artymowicz
& Lubow (1994). As discussed by Manara et al. (2019), and
references therein, it can be analytically computed that the trun-
cation radius for a disc in a binary system with a circular orbit
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inclined along the plane of the sky (eccentricity e = 0, mass ratio
g = 1, disc orbit misalignment =0°) is ~0.33 a, where a is
the semi-major axis of the binary orbit. The value of the trun-
cation radius becomes larger for the circumprimary disc when
the mass ratio ¢ is smaller than 1, and smaller for the circumsec-
ondary disc for smaller values of g. The truncation radii instead
decrease with higher eccentricities both in circumprimary and
circumsecondary discs. For systems with e > 0.9, more violent
processes than the disc—satellite interaction would occur, such as
the collision between the disc and the companion star.

Let us first assume that the projected separation a, is ~a,
which again is correct if the orbit has low eccentricity and the
plane of the orbit is aligned close to the plane of the sky, and
compare the estimated gas disc radii Ros 4,5 With the projected
separation between the components (reported in Table 1). As the
UZ Tau system is a quadruple system (with UZ Tau E being a
spectroscopic binary), when comparing observations with ana-
lytical models, we consider the UZ Tau system as two binaries.
The first binary is composed of UZ Tau E and UZ Tau Wab (con-
sidering the sum of the masses of UZ Tau Wa and Wb), and has
a projected separation of 3”52 (assuming the position of UZ Tau
Wab as the centre of mass of the two stars); the second binary is
composed of UZ Tau Wa and UZ Tau Wb, and has a, = 07375.

Figure 12 shows that the typical observed ratio Ros g,s/ap in
our sample is ~0.15-0.35, and more specifically >0.1 in all tar-
gets, contrary to the typical ratio of <0.1 measured for the dust
radii in Manara et al. (2019). This typical observed ratio is due to
the fact that the gas disc radii are larger than the dust disc radii,
as discussed in Sect. 5.1, and already suggested by Manara et al.
(2019). However, this is the first time that this value Ros a5/ ay, is
measured in a large sample of objects.

The observed distribution of gas disc radii points to the fact
that the data do not agree with a simple description, as the ratio
Ros ¢a5/ ap typically differs from the expected value of 0.33 (only
2/13 discs show a ratio of ~0.33). Therefore, a more detailed
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comparison is to be considered. To better quantify this result,
we compare Ros ga5/a, with theoretical models by Artymowicz
& Lubow (1994), using the equation derived by Manara et al.
(2019) under the assumption that the discs and the binary orbit
are co-planar:

049 -4
0.6-¢;” +1n(1

Rirunc _
ap

e (b e +0.88u")

-1
\/ 1 - sin*(w + v) sin’ i] ,

1-—é?

1+e-cosv

6]

where v the true anomaly, w the longitude of periastron, and i
the inclination of the plane of the orbit with respect to the line of
sight, g; is the mass ratio (either g; = M /M, or g = q= M» /M),
and b and c are the parameters derived by Manara et al. (2019)
that depend on the disc viscosity or equivalently on the Reynolds
number, R. Figure 13 shows this comparison in the case of
zero-eccentricity orbits (e =0) and inclination of the orbit i =0.
Excluding the discs around UZ Tau E and CIDA 9 A and the disc
around RW Aur A, the measured values of the observed ratios
point to disc radii that are typically smaller than expectations
from tidal truncation models at zero eccentricity.

As discussed in Manara et al. (2019), at a given inclination
of the orbital plane 7, the truncation radius R; in units of the pro-
jected separation a, has a minimum when the secondary star is
observed at the apoastron — a, = a(l + ¢) — and has a maximum
at the periastron — a, =a(l - e):

a (1+e)cosi

R,
ap

R 1
- 2
a (1 —e)cosi

The minimum ratio is found at i=0° and R;/a, increases for
higher orbital inclination. In Fig. 14, we plot the ratio of the
truncation radius to the projected separation of the orbit as a

function of eccentricity for all the targets in the sample, assum-
ing an orbital inclination i=0° with respect to the line of
sight. The intersection between the observed R;/aj, (red bands in
Fig. 14) and the theoretical model assuming that the secondary
is observed at apoastron (lower black curves in the figure) rep-
resents the minimum possible value of the eccentricity for the
system. This statement holds even in the case where the orbital
plane of the binary is misaligned with respect to the disc (i > 0°),
because the black curves in Fig. 14 will move to higher val-
ues leading to a larger minimum eccentricity. As an example,
we refer to the V710 A disc (second row, last column in the fig-
ure). To be compatible with tidal truncation models, the observed
ratio of disc radius to separation must lie between the bottom and
the top black curves. The observed ratio is shown as a red band
in the plot, from which we see that, in this case, the eccentric-
ity must be larger than ~0.2. For inclined orbits, the minimum
eccentricity must be even larger. The dominant uncertainty on
the eccentricity estimated in this way comes from the lack of
information on the local Reynolds number, and hence different
Reynolds numbers are assumed — R = 10%,10°, 10°.

For each target, Table 8 shows the ratio between disc radii
and separations predicted by the models assuming e =0 and the
observed ratio between disc radii Ros 4,5 and projected separa-
tions. Finally, the minimum eccentricities of the orbits estimated
assuming zero orbital inclination and physical separation a
between the components that matches the projected separation
ap are shown in the last column in Table 8 and in Fig. 15.

The tidal truncation models assuming face-on inclination of
the orbit cannot explain the observed large values of R¢/ay in the
CIDA 9, UZ Tau, and RW Aur systems, except assuming unre-
alistic parameters (e ~ 1 and targets observed at the periastron);
this can be explained either by a high inclination of the orbit
with respect to the plane of the sky or by the fact that the disc
sizes are regulated by other additional processes (e.g. substruc-
tures and interaction between the components) — in addition to
tidal truncation — that are not included in the model. Excluding
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symbols and red crosses show the expected ratio from the tidal trun-
cation model in the case of circular orbits (e =0) for circumsecondary
discs and circumprimary discs, respectively. The longer the dashed line
that links observed radii with models, the weaker the agreement with
the zero-eccentricity model.

these systems, the estimated minimum eccentricities show typ-
ical values of ~0.15-0.5 and an average value of ~0.3, in very
good agreement with the observed distribution of eccentricities
for main sequence binary systems of low mass (e.g. Duchéne &
Kraus 2013). This is observational conformation of the result by
Zagaria et al. (2021b) that no highly eccentric orbits need to be
invoked to explain the observed small dust radii of discs in mul-
tiple stellar systems. When comparing both the circumprimary
and circumsecondary disc sizes to the models, a comparison only
possible in DK Tau and HK Tau systems, very good agreement
with the two estimated eccentricities is found.

We finally explore whether more eccentric orbits would have
an impact on the relative sizes of the gas and dust components
of discs, as predicted by previous theoretical works (e.g. Clarke
& Pringle 1993). Figure 16 shows that no correlation is observed
between the observed gas-disc to dust-disc size ratios and the
estimated eccentricity of the orbits. However, to definitively
refute a dependence of the gas-disc to dust-disc size ratio on the
eccentricity, it is necessary to significantly increase the sample
of systems with measured size ratio and eccentricity.

5.3. Disc misalignment

The amount of alignment of the plane of rotation of the disc
in a multiple system can be used as a constraint to star for-
mation models. In the most simplified case, disc fragmentation
would tend to form close binaries with aligned angular momen-
tum vectors, while turbulent fragmentation would produce more
randomly distributed binary orientation (e.g. Bate 2000, 2018;
Offner et al. 2010; Kratter et al. 2010). It is therefore instructive
to explore the observed values of the relative inclinations for the
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if the assumption of face-on orbits is not fulfilled (see Eq. (2)).
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Fig. 15. Estimated minimum eccentricities for each target. Red circles
refer to circumprimary discs, while blue squares refer to circumsec-
ondary discs.

discs in our sample for use in constraining disc evolution models
in multiple systems.

Figure 17 shows the alignment of discs around the compo-
nents of the multiple systems in which both components are
detected and resolved. The PAs and inclinations used to make
this comparison are those reported in Table 5. The first two let-
ters of the system name are labelled. In the case of the UZ Tau
system, we compare the UZ Tau E disc with the UZ Tau Wab
discs separately (labeled as UZ_Wa and UZ_Wb), and the UZ

Table 8. Comparison between observed disc radii and tidal truncation
models.

Target (Ryisc/a)byL&A94 Ros gas /ap €min
CIDA 9 A 0.39 0.72 -
DH Tau A 0.49 024 03170)3
DK Tau A 035 0.17 032702
DK Tau B 0.31 0.21 016t8ig
HK Tau A 0.34 0.34 000’:883
HK Tau B 032 024 0127012
HN Tau A 0.49 0.3 057019
RW Aur A 0.36 0.57 0®
RW Aur B 0.30 0.37 oM
UZ Tau E 0.39 0.68 -
UZ Tau Wa 0.34 1.33 -
UZ Tau Wb 0.33 0.80 0
V710 Tau A 0.37 0.22 Ozztgéé

Notes. Second column: expected ratio between disc radii and separation
as predicted by Artymowicz & Lubow (1994) when assuming circular
orbits (e =0). Third column: observed ratio between disc radii Ros g,
and projected separation. Fourth column: minimum eccentricities of the
orbits estimated assuming zero orbital inclination and physical separa-
tion a between the components that matches the projected separation
a,. Agreement with analytical model with zero eccentricity (within
one sigma; “within 1.5 sigmas; Pwithin 3.5 sigmas (see Fig. 14).

A121, page 15 of 24



A&A 662, A121 (2022)

101 © Primary
[0 Secondary
8 -
gpK.B
i
3 64
oc
~
T
[}
oc
44 H
K X %N
9] (5/7 10
giK_B

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Minimum Eccentricity
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Tau Wa disc with the UZ Tau Wb disc. The inclination of the
components of the multiple systems appears to be different in
most cases (top panel), with only the east and west components
of UZ Tau showing some agreement. The PAs of the discs are
also usually similar, with the exception of the HK Tau discs,
which show different values (bottom panel).

However, the degree of alignment should be explored
using the relative inclination of the discs, computed using
the spherical law of cosines: cos(Ai)= cos(ij) - cos(iy) +
sin(iy) sin(i) cos(Q; — €)y), with i the inclination (ambiguous in
sign, so that it leads to two families of solutions) and Q the
PA. The result is shown in Fig. 18. The discs in the UZ Tau
system show relative inclination differences <0—-20°, while the
RW Aur, DK Tau, and HK Tau systems show a larger relative
inclination (~25°, ~40°, and ~50°, respectively). For the latter,
this is in line with the earlier results of Jensen & Akeson (2014).
We conclude that most of the observed binaries appear not to
be coplanar, possibly a result of turbulent fragmentation, rather
than disc fragmentation.

6. Conclusions

Here we present new Band 6 ALMA observations of CO line and
continuum emission in ten multiple stellar systems in the Tau-
rus star-forming region. The observed sample comprises seven
binaries, one triple, one quadruple, and one star that is part of
a very wide binary system, and was observed at a spatial reso-
lution of ~0”15 and with an integration time of ~40 min/target.
Three systems (GK Tau, UY Aur and T Tau) were not analysed
here. One additional multiple system, RW Aur, was also included
in the analysis using ALMA archival data. Of this sample, eight
multiple stellar systems were analysed in this work.

We derived the disc geometrical properties using the eddy
tool (Teague 2019), and then performed an image plane analysis
of the data to estimate the disc total fluxes with a cumulative
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Fig. 17. Comparison between the PAs (fop) and inclination (bottom) for
the discs around the primary and the secondary in each multiple stel-
lar system where both discs are detected and resolved. We considered
the UZ Tau system as two binaries, comparing UZ Tau E parame-
ters with UZ Tau Wab parameters (comparison labeled as UZ_Wa and
UZ_W?b for the two UZ Tau Wab discs) and UZ Tau Wa parameters with
UZ Tau Wb parameters (comparison labeled as UZ_Wab). In the other
cases, the first two letters of the target name are labelled.

flux technique. Assuming as disc radii those enclosing a cer-
tain fraction of the total disc flux (68 or 95%), we compared the
gas radii to the dust radii estimated by Manara et al. (2019), and
derived the gas-disc-to-dust-disc size ratio to be between approx-
imately two and four. The effective (68%) gas-disc-to-dust-disc
size ratio distribution is found to be statistically compatible with
the ratio estimated by Sanchis et al. (2021) in a population of sin-
gle discs. On the contrary, considering the 95% disc radius, the
gas-disc-to-dust-disc size ratio is found to be on the high end of
the distribution of the gas-disc-to-dust-disc size ratios measured
in a population of more isolated systems, which is possibly due
to the sharp truncation of the outer dusty discs in binary systems
(Manara et al. 2019).

We compared our estimates with analytical predictions for
the tidal truncation on disc sizes in binary systems (Artymowicz
& Lubow 1994). In general, the 95% gas disc radii are
~0.15-0.35 times the projected separation of the binaries, sug-
gesting that the systems are not in circular orbits. Exceptions to
this typical ratio are the discs around UZ Tau E, CIDA 9 A, and
RW Aur, which show very large ratios, possibly due to projec-
tion effects or additional processes regulating disc truncation



A. A. Rota et al.: Observational constraints on gas disc sizes in the protoplanetary discs of multiple systems in the Taurus region

"= 50 1 ?K
o]
E K
= 40-
S
T 30-
o
= 5 »
£204 e
(]
Z10- Z_Wab Z_Wb
@
(o]
M0
100 200 300 400 500

Projected separation [au]

Fig. 18. Relative inclination of the discs in each multiple stellar system
as a function of their projected separation. We considered the UZ Tau
system as two binaries, comparing UZ Tau E parameters with UZ Tau
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parameters (comparison labelled as UZ_Wab). In the other cases, the
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(e.g. substructure for the first two systems and interaction
between the component for RW Aur). When comparing these
ratios with the theoretical predictions, the minimum eccentric-
ities of the orbits are 0 < e < 0.5, with an average value of
~0.3, in good agreement with expectations (e.g. Duchéne &
Kraus 2013). Finally, the discs in multiple systems appear to be
misaligned, possibly a result of turbulent fragmentation.

This study shows the importance of deep ALMA observa-
tions of line emission from discs in multiple stellar systems in
deriving their sizes and constraining models of tidal interactions.
Future studies targeting multiple systems should aim at larger
samples and should cover a larger span of binary separations, in
particular focusing on the shorter separations.
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Appendix A: Maps and spectra for the whole
sample

In this section, we report the maps, the spectra, and the channel
maps of all analysed and detected targets. Although in this work
we focus on the '2CO emission, the targeted emission lines also
include CO isotopologues '*CO and C'®0.

The continuum and CO zeroth and first moment maps are
shown with the integrated spectra for all targets in Figure A.1l.
The detected discs (see Table 3) show a rotation pattern that is
fitted with eddy (Section 4.1). The channel maps shown in Fig-
ures A.2-A.8 were also used to identify the channels affected
by absorption due to the foreground molecular cloud, which
is particularly pronounced in the '2CO emission. The velocity
ranges affected by cloud absorption are reported in Table 4, and
excluded from the analysis with eddy.

Appendix B: Comparison between new continuum
data and older continuum data

As described in Sect. 2, the new data analysed here have been
taken for the same sample as the one presented by Manara et al.
(2019) and Long et al. (2019). The main differences between
these samples, in addition to the presence in the new one of the
2CO emission, are the spatial resolution and the sensitivity of
the observations. The new data have slightly poorer spatial res-
olution (0”15 vs 0712) and better sensitivity (~30 pJy rms vs
~50uJy beam™!). Whereas this work focuses on the analysis of
the gas emission, we discuss here the differences between the
two data sets in the continuum emission, and describe our moti-
vation for the choices of data sets and analysis techniques used
to discuss our results.

We first show in Figure B.1 that the measured flux of the
continuum emission measured on the data presented by Manara
et al. (2019) agrees with the total flux measured on the new data
within the 10% uncertainty that is usually assumed on ALMA
flux measurements. Exceptions to this good agreement are the
circumsecondary discs around the stars in the UZ Tau system,
whose fluxes differ by ~20 — 30%.

We then compare the measured sizes of the discs using the
old and new data, accounting for the differences in resolution
and method. Images of interferometric data are always the result
of the convolution of the effective beam of the interferometer
with the intensity profile of the science target, i.e. the disc. The
size of the beam therefore has a greater effect when it is close
to the physical size of the target. In order to estimate the impact
of the beam on our measurements, we first neglect the fact that
the beam is elliptical with beam major axis BMAJ and minor
axis BMIN, and we make the assumption that the beam can be
modelled as a one-dimensional Gaussian:

B(x) =

1 —p) ) B.1)

1
- exp(_
\" 27T0—re5 2 O-Ees

where u is the source centre and the standard deviation e i
linked to the beam size I' (FWHM beam) as

r
P (B.2)
222

The convolution of the beams size with the intrinsic (‘true’)
intensity profile of the disc is then calculated under the corre-
sponding assumption that the disc can be described with a one-
dimensional Gaussian. Hence, the standard deviation o of the
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Gaussian is equal to the effective disc radius Reg e (Since the
effective disc radius is defined as the radius containing the 68%
of the total flux). The convolution between these two Gaussians
is a one-dimensional Gaussian with standard deviation equal to

+o2 (B.3)

2 _ 2 2 _p2
T obs = Ttrue + Ores = R res?

68,true
which represents the observed effective disc radius: oops =
R8s obs-

Beam size [ X "]

CIDA 9 0.130 % 0.099
DH Tau 0.132x0.107
DK Tau 0.129x0.107
HK Tau 0.122x0.107
HN Tau 0.142x0.100
RW Aur 0.158 x0.100
T Tau 0.138x0.100
UY Aur 0.152x0.099
UZ Tau 0.127x0.105
V710 Tau 0.139x0.099

Table B.1. Beam sizes of the observations by Manara et al. (2019).

The data analysed here have a spatial resolution of 0”15,
whereas the observations analysed by Manara et al. (2019) had
an angular resolution of 0”12. Tables 2 and B.1 show for each
target the synthesised beams of the observations respectively
for the new data and the data by Manara et al. (2019). As we
are assuming a one-dimensional Gaussian intensity profile and
beam, we are neglecting the PA effect both of the disc and of the
beam. Hence, the minimum BMIN gives an estimate of the best
beam resolution, while the maximum BMAJ gives an estimate
of the worst beam resolution. In the continuum data by Man-
ara et al. (2019), the minimum BMIN and the maximum BMAJ
are respectively I'minoa = 07099 and I'yax o1a = 07142 (BMIN of
CIDA 9 and BMAJ of HN Tau, respectively). In the new con-
tinuum data, the minimum BMIN and the maximum BMAJ are
respectively I'nip new = 07120 and I'pax new = 07282 (BMIN of HN
Tau and BMAJ of V710 Tau, respectively). In this way, the max-
imum effect on the ratio of the beam size between the data by
Manara et al. (2019) and the new data is given by

T obs,new

(B.4)

O obs,old

(Ctrue) = J O-lzrue + [Cimax.new/(2 V2 1n 2)]2
true) = ,
e O—tzrue"'[rmin,old/ 2V2In 2)]2

where oy 1S the true effective disc radius, i.e. Rgg e On the
contrary, the minimum effect is given by

T obs,new

2 . NCEPL NG
. (O-lrue) = J O—true i [rmm’neW/(z 21n 2)] (BS)

O—tzrue+[rmax,01d/(2 \Y% 21n 2)]2 '

T obs,old

If the disc is described by a one-dimensional Gaussian inten-
sity profile, as Rys g i defined as the radius containing 95% of
the total flux, Ros = 2R¢g. Therefore, when estimating the maxi-
mum and minimum effect of the difference in the beam size as a
function of the disc radii Rys the factor two simplifies, and Equa-
tions (B.4) and (B.5) hold with o7, expressing the dust disc
radii R95.

Figure B.2 shows these maximum (black solid line) and min-
imum (black dashed line) effects and compares these estimates
with the observed ratio between the dust effective radii (Rgg, left
panel) and the dust radii (Rgs, right panel) estimated with the
cumulative flux technique applied to the data by Manara et al.
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Fig. A.1. Images and spectra of all targets in the analysed sample. Each row refers to a system in the sample. The first columns show the continuum
images with the names of the targets indicated in the top left. The second, fourth, and sixth columns show the zeroth moment images for the '2CO,
the 1*CO, and the C'*O emission, respectively, scaled so that the maximum is equal to the peak flux and the minimum is clipped at the image rms.
The third, fifth, and seventh columns show the first moment images (calculated through the bettermoments tool) for the >CO, '3CO, and C'*0
emission, respectively, scaled so that the maximum and the minimum are equal to the systemic velocity of the target +2 km/s. The FWHM beam
size is shown in the bottom left of each panel. All bars in the bottom right of each panel are 0”5 long. The last two columns show the '2CO and
13CO spectra of the circumprimary (red), circumsecondary (blue), and circumtertiary (green) discs (when applicable), with vertical black lines
showing the systemic velocities fitted with the eddy tool and grey band showing the excluded absorbed velocities in eddy fitting on circumprimary

disc rotation maps (see Table 4).

(2019) and the new continuum data. In general, as shown by
the black lines, the smaller the disc size, the greater the beam-
size effect, while, as expected, for larger discs the effect due to
the different beam size tends towards 1. The general trend of
the observed ratio (red circles for circumprimary discs and blue
squares for circumsecondary discs) shows good agreement with
the estimates (black lines). Figure B.2 also shows a systematic
shift on the y-direction of the observed ratio both between Rgg
and Rys. Such a systematic shift in the ratio between the dust

radii Ros (and not between Reg) is expected given the difference
in integration time between the observations by Manara et al.
(2019) and the new observations: ~4 — 9 min/target versus ~40
min/target, respectively. This difference makes the new observa-
tions deeper, i.e. more sensitive, than the ones by Manara et al.
(2019). However, as mentioned, Figure B.1 shows that the dust
fluxes estimated using the new data are in good agreement with
those using the data by Manara et al. (2019), with 10% uncer-
tainty usually assumed on ALMA flux measurements. Therefore,
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4.0 km/s

Fig. A.2. Channel maps of the >?CO emission in the CIDA 9 A disc. Each panel shows the velocity of the channel in the upper left corner. The
FWHM beam size is shown in the bottom left. The images are scale so that the maximum is equal to the peak flux and the minimum is clipped at
the image rms. White contours show 5, 30, and 100 times the rms of the continuum emission.

6.4 km/s

Fig. A.3. Channel maps of the '>?CO emission in the DH Tau A disc. Panels and symbols are as in Figure A.2.

in most systems, this systematic shift is probably not due to a
sensitivity effect and its cause requires further investigation. In
particular, the systematic shift might be due to the assumption
on the intensity profile of the disc, which is not a Gaussian, but
a profile with less peaked emission in the centre, meaning that
68% (and 95%) of the emission is distributed over a larger radius.

Finally, we compare the radii estimated with the analysis
carried out in the (u,v) plane (Manara et al. 2019) with those
obtained with the method used in this work (Sect. 4). This is
shown in Figure B.3. With the visibility plane analysis a resolu-
tion down to one-third of the beam can be achieved (e.g. Jennings
et al. 2020). On the other hand, the cumulative flux technique is
performed in the image plane, and therefore the convolution of
the beam with the intensity profile of the disc places an intrinsic
resolution limit.

The left-hand panel in Figure B.3 shows the comparison
between the effective dust radii Rgg estimated with the two meth-
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ods. We cannot identify any particular difference between the
two radii estimates, with the only exceptions being the RW Aur
discs and the DK Tau B disc. We think that the fit with Galario
for RW Aur and the fit with eddy for DK Tau B could have led to
spurious results.

On the contrary, in the right panel showing the comparison
between the dust radii Ros, we can see that the dust radii esti-
mated from the new observations are typically slightly larger
than those obtained with the data by Manara et al. (2019). This is
due to the cumulative flux technique, which preferentially sam-
ples the really outer extent of the discs, where little emission is
detected (see Figure 7).

In the visibility plane analysis, a resolution under the beam
size is achievable, and so the dust radii estimated using Galario
are more reliable, especially for the more compact discs.
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Fig. A.6. Channel maps of the '>?CO emission in the HN Tau A disc. Panels and symbols are as in Figure A.2.
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10.0 km/s

Fig. A.8. Channel maps of the '>?CO emission in the V710 Tau A disc. Panels and symbols are as in Figure A.2.
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Fig. B.1. Comparisons between the total disc fluxes measured from the new continuum observation with that measured from the data presented
by Manara et al. (2019). The left panel shows the ratio between the total fluxes calculated using the data by Manara et al. (2019) (Fmanarac.fr.) and
using the new continuum data (F,,,), both estimated through the cumulative flux technique. The right-hand panel instead reports the ratio using
the fluxes calculated by Manara et al. (2019) with the uv-modelling method (Fyjanara Gatario)> and using the new continuum data with the cumulative
flux technique. Red circles are used for circumprimary discs, blue squares for circumsecondary ones.
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Fig. B.2. Observed ratio between the dust radii estimated with the cumulative flux technique applied to the data by Manara et al. (2019) and the dust
radii from the new continuum data (Rey /Ryanara) @S @ function of the new dust radii (R,ey). Left: Dust radii estimated as the radii including 68%
of the total flux (i.e. effective disc radii). Right: Dust radii estimated as the radii including 95% of the total flux. Black lines show the maximum
(solid) and minimum (dashed) effect on the ratio of the beam size between the data by Manara et al. (2019) and the new data (see Equations (B.4)
and (B.5)). Blue squares refer to the circumsecondary disc and red circles to the circumprimary discs.
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Fig. B.3. Comparison between dust disc radii estimated with the cumulative flux technique (c.f.t.) applied on the data by Manara et al. (2019)

and with those estimated by Manara et al. (2019) with Galario-modelling (R. ¢(/RGaiuio)- Left: Dust radii estimated as the radii including the 68%

of the total flux (i.e. effective disc radii). Right: Dust radii estimated as the radii including the 95% of the total flux. Red circles are used for
circumprimary discs, blue square for circumsecondary discs.
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