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A B S T R A C T 

In recent years, a correlation between mass accretion rates onto new-born stars and their protoplanetary disc masses was detected 

in nearby young star-forming regions. Although such a correlation can be interpreted as due to viscous-diffusion processes in the 
disc, highly accreting sources with low disc masses in more evolv ed re gions remain puzzling. In this paper, we hypothesize that 
the presence of a stellar companion truncating the disc can explain these outliers. First, we searched the literature for information 

on stellar multiplicity in Lupus, Chamaeleon I, and Upper Sco, finding that roughly 20 per cent of the discs involved in the 
correlation are in binaries or higher order multiple stellar systems. We pro v e with high statistical significance that at any disc 
mass these sources have systematically higher accretion rates than those in single-stars, with the bulk of the binary population 

being clustered around M disc / Ṁ acc ≈ 0 . 1 Myr . We then run coupled gas and dust one-dimensional evolutionary models of tidally 

truncated discs to be compared with the data. We find that these models are able to reproduce well most of the population of 
observed discs in Lupus and Upper Sco, even though the unknown eccentricity of each binary prevents an object by object 
comparison. In the latter region, the agreement impro v es if the grain coagulation efficiency is reduced, as may be expected 

in discs around close binaries. Finally, we mention that thermal winds and sub-structures can be important in explaining few 

outlying sources. 

Key words: accretion, accretion discs – methods: miscellaneous – planets and satellites: formation – protoplanetary discs –
binaries: close – submillimetre: planetary systems. 
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 I N T RO D U C T I O N  

nderstanding how protoplanetary discs evolve and eventually dis-
ipate is fundamental to building a comprehensive picture of the
lanet-formation process (e.g. Manara et al. 2019b ). It is commonly
ssumed that protoplanetary discs evolve under the effect of viscosity,
hich, allowing for angular momentum re-distribution within the
isc, drives accretion onto the forming star (Shakura & Sunyaev
973 ; Lynden-Bell & Pringle 1974 ). In this framework, the mass
ccretion rate on the central star, Ṁ acc , and the disc mass, M disc , are
xpected to be correlated at any given age (e.g. Hartmann et al. 1998 ;
ones, Pringle & Alexander 2012 ): 

 disc = t acc Ṁ acc ∝ ( t + t ν) Ṁ acc , (1) 

here t ν is the initial viscous time-scale and we call t acc the accretion
ime-scale. 1 

The advent of new facilities, such as the Atacama Large Millime-
er/submillimeter Array (ALMA) and the X-shooter spectrograph at
he Very Large Telescope (VLT), has made it possible to test disc
 E-mail: fz258@cam.ac.uk 
 This is also known as the disc lifetime (e.g. Lodato et al. 2017 ). 
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 volutionary models observ ationally. In the last years, disc masses,
stimated from (sub-)millimetre dust fluxes under the assumption of
ptically thin emission and a constant gas-to-dust ratio (e.g. Ansdell
t al. 2016 , 2018 ; Barenfeld et al. 2016 ; Pascucci et al. 2016 ), as well
s mass accretion rates (e.g. Alcal ́a et al. 2014 , 2017 ; Manara et al.
016a , 2017 , 2020 ), have been inferred for a large number of YSOs.
Combining these data sets, Manara et al. ( 2016b ) and Mulders

t al. ( 2017 ) detected a slightly sub-linear correlation between mass
ccretion rates and protoplanetary disc masses in the young Lupus
nd Chamaeleon I star-forming regions (aged ≈ 1 to 3 Myr ), that
as interpreted as being compatible with viscous-diffusion models

Lodato et al. 2017 ; Mulders et al. 2017 ; Rosotti et al. 2017 ). A
orrelation was also identified by Manara et al. ( 2020 ) in the older
pper Scorpius OB association (aged ≈ 5 to 10 Myr ). Ho we ver, at

n y giv en disc mass, the median accretion rate in Upper Sco is
emarkably similar to that in young re gions; moreo v er its scatter has
ot decreased with time. This is in contrast with the viscous evolution
cenario, which predicts both lower Ṁ acc and a tighter relation at later
imes (Lodato et al. 2017 ; Rosotti et al. 2017 and equation 1 ). 

Ne vertheless, all the pre vious analyses of the correlation only
ocused on gas evolution. Instead, the disc mass estimates of

anara et al. ( 2016b , 2020 ) and Mulders et al. ( 2017 ) are based on
sub-)millimetre dust emission and are subject to systematic
© 2022 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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2 In Upper Sco, the radiation levels can grow up to 7 × 10 3 G 0 (Trapman et al. 
2020 ), suggesting that external photoe v aporation can influence the accretion 
time-scales of some sources. We plan to study this effect in a future paper. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/3/3538/6544638 by U
niversity of Leicester user on 10 M

ay 2022
ncertainties (e.g. on dust opacity and the gas-to-dust ratio). To try
o explain the observations, both gas and dust ought to be considered
hen modelling disc evolution. Moreo v er, theoretical predictions and 
bservational trends must be compared in the data space , i.e. post-
rocessing the model outputs to determine their (sub-)millimetre dust 
uxes and masses as for real data. Such an e x ercise then remo v es

he use of the restrictive assumptions about optical depth, opacities 
nd the gas-to-dust ratio that are generally used to interpret (sub-
millimetre observations. Sellek, Booth & Clarke ( 2020b ) adopted 
uch a forward modelling approach and demonstrated that viscous 
imulations provide a remarkable agreement with both Lupus and 
pper Sco data (in particular when internal photoe v aporation is

ncluded to account for late-time disc dispersal). Ho we ver, e ven
hough the models of Sellek et al. ( 2020b ) accounted for the
nderestimation of disc masses in current surv e ys, none of them
as able to reproduce discs with accretion time-scale shorter than 

 acc � 0 . 1 Myr , which contribute to most of the large scatter/high
ccretion rates in Upper Sco. 

As mass accretion rates are computed at a fixed snapshot in time,
t might be thought that accretion variability is responsible for the 
utlying sources. Unfortunately, there are no studies addressing this 
ssue at the age of Upper Sco (Manara et al. 2020 ), and very little
s known about accretion variability on time-scales longer than few 

ays. In younger ( t � 3 to 4 Myr ) discs, Ṁ acc variations are � 0 . 4 dex
n a time-scale of days (Costigan et al. 2014 ; Venuti et al. 2014 ;
anara et al. 2021 ), not enough to account for the highest accretors

n Upper Sco, with only a small fraction of the targets having larger
ariability (Audard et al. 2014 ). 

All the previous considerations are based on the assumption that 
lanet-forming discs evolve in isolation. This picture is clearly 
dealized: The majority of stars are born in clusters, where nearby 
ources can influence protoplanetary disc evolution history and 
ffect their planet-formation potential (e.g. Winter et al. 2020 ). This
ommonly occurs by either external photoe v aporation, when the UV 

adiation of a massive nearby star dissipates the less bound gas in
he outer disc regions (e.g. Adams et al. 2004 ; Facchini, Clarke &
isbas 2016 ), or by tidal interactions, when a stellar companion 

n a gravitationally bound pair, or a flyby in a dense environment,
runcates the disc (e.g. Winter et al. 2018a ; Cuello et al. 2019 , 2020 ).
hese processes hav e qualitativ ely similar effects, both reducing 
isc masses and sizes (e.g. Harris et al. 2012 ; Akeson & Jensen
014 ; Cox et al. 2017 ; Akeson et al. 2019 ; Manara et al. 2019a in
inaries and Ansdell et al. 2017 ; Otter et al. 2021 for the effects of
hotoe v aporation), e ventually hastening disc dispersal. 
Ho w external photoe v aporation and tidal truncation impact the 

orrelation between mass accretion rates and disc masses was studied 
y Rosotti et al. ( 2017 ) and Rosotti & Clarke ( 2018 ), respectively.
hese studies showed that both discs exposed to strong UV fields
nd discs in multiple stellar systems are expected to have shorter
ccretion time-scales than those (viscously) evolving in isolation. 
his means that the influence of the environment could be a potential
xplanation for those highly accreting old discs with low masses 
hat the models of Sellek et al. ( 2020b ) were not able to explain.
o we ver, these studies only focused on gas evolution. Since dust
as not considered as a separate component, it was simply assumed 

hat observationally inferred disc dust masses could be converted into 
otal disc masses using a gas-to-dust ratio of 100. This moti v ates our
resent study based on modelling both gas and dust evolution and 
hen comparing simulation-based synthetic observations with real 
ata. 
The required properties of star-forming environments for which 

xternal photoe v aporation and tidal encounters are ef fecti ve were
tudied by Winter et al. ( 2018b ). They showed that stellar densities
 10 4 pc −3 are necessary for disc truncation by tidal encounters. This

hreshold is much higher than in the nearby star-forming regions, 
aking flybys unlikely. As for external photoe v aporation, Winter 

t al. ( 2018b ) concluded that average UV fields � 3 × 10 3 G 0 are
equired to disperse a disc. (Here, G 0 corresponds to an energy
ux of 1 . 6 × 10 −3 erg cm 

−2 between 6 and 13 . 6 eV , Habing 1968 .)
n Lupus, the average radiation field is expected to be remarkably low
e.g. in IM Lup it is � 4 G 0 , Cleeves et al. 2016 ) while in Upper Sco it
s somewhat higher (on average 42 . 9 G 0 , Trapman et al. 2020 ). Since
he median UV field in both regions is below the critical value for
 v aporation, we decided not to consider external photoe v aporation
n this paper. 2 

Instead, in this work we focus on the role played by stellar
ultiplicity in disc evolution, confronting our theoretical expec- 

ations with the mass accretion rates and (sub-)millimetre fluxes 
rom nearby young star-forming regions. First of all, from the 
urrently published catalogues, we collect a state-of-the-art sample 
f homogeneously determined disc masses and accretion rates in 
upus, Chamaeleon I, and Upper Sco. This sample is further 
pdated making use of Gaia EDR3 distances (Gaia Collaboration 
t al. 2021 ) as in the PPVII chapter of Manara et al. ( 2022 ).
urthermore, searching the literature allows us to identify several 
airs, i.e. gravitationally bound stars with projected separation, 
 p , less than 300 au , in binaries or higher order multiple stellar
ystems among the previously selected sources. Subsequently, we 
un models of tidally truncated circumstellar binary discs for a 
arge number of initial disc parameters following the approach of 
agaria, Rosotti & Lodato ( 2021a ). To test our hypothesis that the
ccretion time-scale is influenced by a companion, these are then 
ompared with observations through modelling the predicted dust 
mission. 

This paper is organized as follows. In Section 2 , we introduce the
upus, Chamaeleon I, and Upper Sco samples. Discs in multiple 
tellar systems are identified (see Appendix A ) and their properties
iscussed in comparison to those in single-star systems. In Section 3 ,
ust and gas modelling is introduced, while Section 4 describes 
ur results, first of all discussing their dependence on parameter 
hoices and then comparing models and observations. In Section 5 ,
e consider the model limitations and possible impro v ements to the

greement with observational data. Finally, in Section 6, we draw 

ur conclusions. 

 SAMPLE  SELECTI ON  A N D  DATA  ANALYS IS  

.1 Sample selection 

e focus on Lupus, Chamaeleon I, and Upper Sco because they are
mong the best studied nearby star-forming regions: (sub-)millimetre 
ust fluxes and accretion rates were measured for a large fraction of
heir young stellar objects (YSOs), and their multiplicity fraction is 
ften well known. 
The distances to individual targets are taken from inverting the 

arallaxes available in the Gaia EDR3 catalogue (Gaia Collaboration 
t al. 2021 ). The only exception are the cases where the Gaia paral-
axes are unreliable, i.e. RUWE > 1.8 and/or distance differing more
han 60 pc from the median distance to the region, or unavailable. 
MNRAS 512, 3538–3550 (2022) 
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n these cases, we assumed the median distance to the members of
he region: d = 158 pc for Lupus, d = 190 pc for Chamaeleon I, and
 = 145 pc for Upper Sco. 
In Lupus, we make use of the (sub-)millimetre dust emission
easured by Ansdell et al. ( 2016 ), with the addition of the Lupus

ompletion surv e y sources of Sanchis et al. ( 2020 ), Sz 82/IM Lup
Cleeves et al. 2016 ) and Sz 91 (Tsukagoshi et al. 2019 ). We convert
he ALMA (sub-)millimetre dust fluxes into dust masses assuming
ptically thin emission (Hildebrand 1983 ): 

 dust = 

d 2 F ν

B ν( T dust ) κabs 
ν

, where κabs 
ν = 2 . 3 

( ν

230 GHz 

)
cm 

2 g −1 . (2) 

ere, F ν is the dust flux, d the distance of the source, B ν the black-
ody emission at temperature T dust = 20 K, and κabs 

ν the absorption
pacity (Beckwith et al. 1990 ). Disc masses are then computed
rom dust masses assuming a standard ISM gas-to-dust ratio of
00 (Bohlin, Savage & Drake 1978 ). A target is a non-detection
f its dust flux does not exceed three times the continuum rms
oise. 
Mass accretion rates are inferred from the VLT/X-shooter spec-

roscopic measurements of Alcal ́a et al. ( 2014 , 2017 ). Briefly, stellar
roperties and the accretion parameters are derived self-consistently
tting the YSO spectra with the sum of the photospheric template
f a non-accreting star and a slab model to reproduce the accretion
uminosity excess in the Balmer continuum and also in the optical
art of the spectrum, as described in Manara et al. ( 2013 ). Following
anara et al. ( 2022 ), the ef fecti ve temperature, T eff , of the stars
ere re-calculated using the relation between spectral type and T eff 

y Herczeg & Hillenbrand ( 2014 ), and the stellar luminosity and
ccretion luminosity were re-scaled to the distances from Gaia EDR3.
o derive the stellar masses, needed to calculate the mass accretion
ates, the non-magnetic evolutionary tracks by Feiden ( 2016 ) and
araffe et al. ( 2015 ) were used for targets hotter and colder than
900 K, respectively, while the models by Siess, Dufour & Forestini
 2000 ) were used for sources appearing too young/old for the former
racks. Underluminous objects (see Alcal ́a et al. 2014 ), i.e. falling
ell below the main locus of pre-main-sequence targets in the HR
iagram, are excluded. If the excess continuum UV luminosity of a
SO with respect to the best-fitting photospheric template is close

o its chromospheric noise level, it is termed a non-accretor and its
ass accretion rate is considered an upperlimit (see Alcal ́a et al.

017 ; Manara et al. 2017 ). The accretion rate of MY Lup is as
omputed from the HST observation results of Alcal ́a et al. ( 2019 ).
fter updating stellar distances, an average uncertainty of 0 . 35 dex

s estimated. 
In Chamaeleon I and Upper Sco, we follow a similar procedure.

n the former region, we use the (sub-)millimetre dust emission of
ascucci et al. ( 2016 ) and Long et al. ( 2018a ), and the accretion

uminosities of Manara et al. ( 2016a , 2017 ). In the latter region, we
ely on Manara et al. ( 2020 ) sample for mass accretion rates, while
isc masses are computed using the (sub-)millimetre dust emission
f Barenfeld et al. ( 2016 ). 
Transition discs (TDs) are identified as both discs with a ‘resolved’

imaged) cavity and ‘unresolved’ discs, whose classification is based
n their SED shape as in Manara et al. ( 2016b , 2020 ) and Mulders
t al. ( 2017 ). Finally, we remark that Lupus and Chamaeleon I
amples are more than 90 per cent complete 3 (Alcal ́a et al. 2017 ;
NRAS 512, 3538–3550 (2022) 

 In this paper, by saying that a given star-forming region is x per cent complete, 
e mean that disc accretion rates were measured for a fraction x /100 of the 
SOs with discs in that region. 
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anara et al. 2017 ), while Upper Sco has high levels of completeness
nly for M disc � 5 × 10 −5 M Sun (Manara et al. 2020 ). 4 

We searched the literature for information on stellar multiplicity
or the previously selected YSOs. Our main references are Zurlo
t al. ( 2021 ) in Lupus, Lafreni ̀ere et al. ( 2008 ) in Chamaeleon I,
nd Barenfeld et al. ( 2019 ) in Upper Sco. A total of 9 binaries or
igher order multiple stellar systems with projected separation less
han 300 au are found is Lupus, 16 in Chamaeleon and 9 in Upper
co. Of these, 11 are in pairs closer than 40 au (Kraus et al. 2012 ).
e refer the reader to Appendix A for a detailed discussion of the
ultiplicity detection methods and comparison among regions. 

.2 Data analysis 

.2.1 General population trends 

n the left-hand panel of Fig. 1, the mass accretion rate, Ṁ acc ,
s plotted as a function of the disc mass inferred from (sub-
millimetre dust emission, M disc = M dust × 100, for all Lupus,
hamaeleon, and Upper Sco discs in our sample. Grey dots are used

or isolated stars, orange and blue for binary ( a p < 300 au ) and close
inary ( a p < 40 au ) discs, while green for circumbinary discs. Non-
ccretors are displayed as downward-pointing triangles, while disc
ass non-detections are identified by left-pointing arrows. Adopting

he same convention of Manara et al. ( 2016b ), TDs can be recognized
y a larger external circle of the same colour. In the background,
ines of constant accretion time-scale for t acc = 0 . 1 , 1 , and 10 Myr
re displayed as grey dashed–dotted lines. 

Single-star discs and discs in binary systems populate different
egions of the data-space. The former span all the range of observed
isc masses and accretion rates, while the latter are characterized
y a systematically shorter accretion time-scale and can be divided
nto three sub-regions. The bulk of discs in binaries (A) have
 acc ≈ 0 . 1 Myr . The remainder have longer accretion time-scales,
ith t acc � 1 Myr . Some of these are very faint (B), often undetected

n the (sub-)millimetre, with M disc � 2 × 10 −4 M Sun , while a small
umber are massive (C), with M disc � 2 × 10 −3 M Sun . Remarkably,
ery close binaries ( a p < 40 au ) mainly live in region A, and 5/11

45 per cent have accretion time-scales much shorter than 0 . 1 Myr ,
ecause of high accretion rates and (generally) low disc masses. 
To pro v e our inference of a shorter accretion time-scale in discs

n multiple systems, we perform a Kolmogoro v–Smirno v (K-S)
est on the full sample made up of all data from the three star-
orming regions together, excluding the three circumbinary discs in
he sample. The null-hypothesis of single-star and binary discs being
rawn from the same t acc distribution is rejected with p -values of
.00 × 10 −7 and 3.54 × 10 −6 , when non-accretors are considered
r e xcluded, respectiv ely. This is visually displayed in the right-
and panel of Fig. 1 , where the accretion time-scale cumulative
istributions are plotted for single-star and binary discs in grey and
range, respectively. Solid lines are used for the full sample, while
ashed ones when non-accretors are not considered. Clearly, discs in
ultiple systems have systematically shorter t acc than those evolving

n isolation. 
More specifically, Manara et al. ( 2020 ) claimed completeness to be 
0 per cent in the mass range 4 . 8 × 10 −5 ≤ M disc ≤ 6 . 47 × 10 −4 M Sun and 
0 per cent in the mass range 6 . 47 × 10 −4 ≤ M disc ≤ 1 . 55 × 10 −2 M Sun 

Manara et al. 2020 ). Nevertheless, these are likely overestimates if the 
efined membership census of YSOs with discs in Upper Sco (Luhman & 

splin 2020 ) is considered. 
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Figure 1. Left-hand panel: mass accretion rate, Ṁ acc , as a function of the disc mass, M disc = M dust × 100, for Lupus, Chamaeleon I, and Upper Sco Class II 
sources. Grey dots are used for isolated stars, orange and blue for binary ( a p < 300 au ) and close binary ( a p < 40 au ) discs, and green for circumbinary discs. 
TDs are identified by a wider circle, non-accretors by a downward-pointing triangle and non-detections by a left-pointing arrow. In the background, lines of 
constant t acc = 0 . 1 , 1, and 10 Myr are shown as dot-dashed lines. Letters A, B, and C are used to label different binary disc populations (see the main text). 
Right-hand panel: accretion time-scale, t acc , cumulative distribution for single-star and binary discs in grey and orange, respectively. Solid lines are used for the 
full sample, dashed lines when non-accretors are excluded. The caption lists p -values for the null hypothesis of binaries and singles being drawn from the same 
t acc distribution. 
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Combining the targets from different regions allows us to collect 
 large enough sample to make statistically significant comparisons 
etween single-star and binary discs. This is a fair procedure as long
s it does not introduce any multiplicity biases in the target selection.
lthough it can be argued that only Upper Sco discs with 5 × 10 −5 

 M disc / M Sun � 7 × 10 −4 have been surveyed for accretion rates
ith high completeness, such incompleteness does not discriminate 
etween singles and binaries. Indeed, Barenfeld et al. ( 2019 ) showed
hat, in this region, discs in binaries and around singles span a similar
sub-)millimetre brightness range. 

Finally, we briefly comment on the treatment of (sub-)millimetre 
mission upper limits in our sample, highlighting that the significant 
ifference between the accretion time-scale in binary and single- 
tar discs is not the result of uncertainties associated with how dust
ass upper limits are assigned to non-detections. We test this claim 

n the worst-case scenario, i.e. where we assign to non-detections 
alues which make the data sets for singles and binaries as similar as
ossible. Performing a K-S test on the new cumulative curve gives a
 -values of 2.22 × 10 −4 . 

.2.2 Analysis by star-forming region 

hile the combined data from Lupus, Chamaeleon I, and Upper Sco 
learly demonstrate the difference between singles and binaries, it 
ashes out possible evolutionary effects resulting from the different 

ges of the re gions. F or this reason, in Fig. 2, the mass accretion rate,
˙
 acc , is plotted as a function of the disc mass, M disc = M dust × 100

or Lupus, Chamaeleon I, and Upper Sco individually. 
Fig. 2 shows that, while binary discs in the younger regions 

elong to all the previously identified families (A to C), only family
 is represented in Upper Sco. To understand whether this is a
isc evolution or sample-selection effect, further data are needed. 
e perform a K-S test on Lupus, Chamaeleon I, and Upper Sco
eparately, finding that the null-hypothesis that single-star and binary 
iscs are drawn from the same t acc distribution is rejected only in the
atter (the K-S test p -values are reported in the bottom right of each
anel in Fig. 2 ). Again, assessing whether this is an evolutionary
r sample-selection effect needs a higher level of completeness in 
pper Sco and a homogeneous analysis of the stellar multiplicity 

mong the three star-forming regions (see Appendix A ). 
To sum up, our data show that binary discs have statistically shorter

ccretion time-scales than those around single stars. Further data and 
nformation on disc multiplicity are needed to compare different 
tar-forming regions from the evolutionary point of view. 

 N U M E R I C A L  M E T H O D S  

n the remainder of this paper, our focus is on exploring if the
bserved trend of a shorter accretion time-scale in binaries is 
ompatible with the expectations of models for gas and dust evolution
n viscously evolving discs subject to tidal truncation by a stellar
ompanion. To do so, we run a number of binary disc simulations that
re post-processed to compute their (sub-)millimetre dust emission 
rofiles. Throughout our analysis, we use these synthetic observa- 
ions to e v aluate model disc properties (e.g. masses and accretion
ime-scales) employing the same standard assumptions used in the 
iterature (cf. Sellek et al. 2020b , in the case of single-star discs).
hose properties are then compared with real data. 
We model gas and dust evolution in circumstellar binary discs, 

eglecting re-supply of material from beyond the binary orbit and 
ssuming that the disc cannot spread outside the tidal truncation 
imit imposed by the companion. For the gas we consider viscous
volution and omit the effects of photoevaporation. For the dust, 
he two-population model of Birnstiel, Klahr & Ercolano ( 2012 ) is
MNRAS 512, 3538–3550 (2022) 
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Figure 2. Same as in the left-hand panel of Fig. 1 , with each star-forming region in a different sub-figure. From the left- to right-hand panel: Lupus, Chamaeleon I, 
and Upper Sco. The 80 per cent completeness mass range (Manara et al. 2020 ) is highlighted in grey in the latter region. Captions as in the right-hand panel of 
Fig. 1 . 
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mployed. As a post-processing step, dust emission and accretion
ates from our models are used to generate synthetic observations to
e compared with real data. 
The one-dimensional finite-differences code developed by Booth

t al. ( 2017 ) is used, modified to take into account tidal truncation
s Zagaria et al. ( 2021a ) did. Briefly, the viscous-diffusion equa-
ion (Lynden-Bell & Pringle 1974 ) is solved on a grid made up of
50 cells equally spaced in R 

1/2 , assuming zero-flux (Bath & Pringle
981 ; Rosotti & Clarke 2018 ) at the outer boundary, R = R trunc . We
hoose an exponentially tapered power-law initial condition: 

( R, t = 0) = 

M 0 

2 πR 0 R 

exp 

(
− R 

R 0 

)
, (3) 

here R 0 is a characteristic scale radius, and M 0 is the initial disc
ass within R trunc . We explore the region of the parameter space

orresponding to R 0 = 10 and 100 au , and M 0 = 1, 3, 10, 30, and
00 M Jup (Sellek et al. 2020b ). 
A passively irradiated time-independent disc temperature profile

Chiang & Goldreich 1997 ) is considered, radially decaying as R 

−1/2 

nd with reference temperature T 0 = 88.23 K at 10 au, calibrated
n a solar-mass star. The Shakura & Sunyaev ( 1973 ) prescription is
sed for viscosity: we set 10 −4 ≤ α ≤ 10 −3 , both for consistency with
revious works (Sellek et al. 2020b ) and because at these viscosities
imilar models reproduce the flux-radius correlation most closely
Rosotti et al. 2019a ; Zagaria, Rosotti & Lodato 2021b ; Zormpas
t al. 2022 ). 

For the dust, a uniform initial dust fraction of 0.01 is employed.
he routine for grain growth implements the simplified treatment
f Birnstiel et al. ( 2012 ). In short, at each disc radius two dust
opulations are evolved in time: a population of small grains, whose
ize is the monomer grain size, a min = 0 . 1 μm, and a population of
arge grains, dominating the mass, whose size, a max , is determined by
he combined effect of grain growth (with a grain-growth efficiency
 grow = 1, Booth & Owen 2020 ; Sellek et al. 2020b ), fragmentation
with fragmentation velocity u f = 10 m s −1 , Gundlach & Blum 2015 )
nd radial drift. We refer to Birnstiel et al. ( 2012 ) for more infor-
ation and to Booth et al. ( 2017 ) for the specific implementation.
inally, the dust fraction is advected along the gas flo w, follo wing the
rescription of Laibe & Price ( 2014 ) and taking into account the dust
ack-reaction on gas (e.g. Dipierro et al. 2018 ; G ́arate et al. 2020 ). 
NRAS 512, 3538–3550 (2022) 
We compare models and observations in the data space. This means
hat our simulation results are post-processed to determine how they
ould look if observed with ALMA at the same wavelength as in
nsdell et al. ( 2016 ) and Barenfeld et al. ( 2016 ). Their mass is

hen computed as in these surv e ys and compared with real data. We
all this quantity the observer’s equivalent disc mass (Sellek et al.
020b ). Doing so, we can be agnostic on the assumptions made to
ompute disc masses in the observations and our results would not
e influenced by the latter. Our procedure is as follows. For each of
ur models, we first determine a synthetic surface brightness, S b , at
requency ν ≈ 338 . 75 GHz (ALMA band 7): 

 b ( R) = B ν( T ) 
{

1 − exp ( −κν� d ) 
}
, (4) 

here � d is the dust surface density, B ν is the blackbody radiation
pectrum at temperature T , and κν the dust (absorption) opacity,
omputed as in Tazzari et al. ( 2016 ) and Rosotti et al. ( 2019b ).
e assumed face-on discs. If one considers the distribution of disc

nclinations on the sky, it can be shown that this approximation is
orrect within a factor of 〈 cos i 〉 = π/4 ≈ 0.8. Moreo v er, Tazzari
t al. ( 2017 ) showed that correcting for the disc inclination impro v es
he disc masses in Ansdell et al. ( 2016 ) by less than a factor of 2.
hen, the observer’s equivalent dust mass, M dust , is computed as in
quation ( 2 ), where the disc luminosity, L ν = d 2 F ν , is given by the
urface integral of the synthetic surface brightness. 

 RESULTS  

n this section, we outline our results, discussing how the models
re affected by the initial parameters. Subsequently, models and
bservations are confronted, in order to assess their compatibility. 

.1 Model dependence on the initial disc parameters 

s a starting point, we illustrate how our results depend on the
nitial disc parameters. In Fig. 3 , the mass accretion rate, Ṁ acc ,
s shown as a function of the observer’s equi v alent disc mass,
 dust × 100. The colour dotted lines identify model evolutionary

racks and their solid sections highlight the 1 ≤ t ≤ 10 Myr age
nterval. In the background, lines of constant accretion time-scale
or t acc = 0 . 1 , 1 , and 10 Myr are displayed as grey dashed–dotted
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Figure 3. Mass accretion rate, Ṁ acc , as a function of the observer’s equi v alent disc mass (see equation 2 ), M dust × 100. The solid tracks identify the 
1 ≤ t ≤ 10 Myr e volutionary interv al, while the dotted lines describe the evolution outside this time interval. The dependence on the truncation radius, R trunc 

(top left-hand panel), the scale radius, R 0 (top right-hand panel), and viscosity, α (bottom left-hand panel), are explored. In the top right-hand panel, solid lines 
refer to singles, dashed to binaries. In the background, lines of constant t acc = 0 . 1 , 1 , and 10 Myr . Lupus and Upper Sco data are shown in grey for singles and 
black for binaries. Larger circles identify TDs and downward-pointing triangles are used for non-accretors. 
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ines. Lupus and Upper Sco discs are also plotted in grey for singles
nd black for binaries, respectively. 

Let us begin with the upper left-hand panel of Fig. 3 , where
odels with different values of the tidal truncation radius, R trunc , 

re plotted for M 0 = 30 M Jup , 5 R 0 = 30 au and α = 10 −3 . It can be
een from the plot that the models populate different regions of the
lane. In particular, as the truncation radius decreases, the accretion 
ime-scale, t acc , also decreases. This reduction in t acc with R trunc is
pparent even in the initial conditions and results from the fact that
he initial accretion rate is higher for a compact, high-density disc 
nd the millimetre flux is somewhat smaller due to optical depth 
ffects. For t � 0, this trend is determined by binary discs both being
ainter and accreting more. The former effect is due to the faster
 We adjust the surface density normalization so as to achieve a constant 
otal disc mass, M 0 , within R trunc . Our models are gravitationally stable, with 
oomre ( 1964 ) factor Q � 1, for R trunc � 10 au . 

d  

(  

w
 

o  
rift of grains for smaller values of R trunc (Zagaria et al. 2021a ),
hich precipitates mass depletion (Zagaria et al. 2021b ); the latter

s a consequence of the smaller viscous time-scale of truncated discs
Rosotti & Clarke 2018 ). Remarkably, while in the case of single-
tar models, evolutionary tracks are limited by t acc = 0 . 1 Myr for
 0 = 10 au (Sellek et al. 2020b ), when R trunc ≤ 100 au , the binary
odels are able to populate the region of the data-plane with shorter

ccretion time-scales, where many of the observed sources lie. 
We remark that the short t acc in the models do not imply that the

as reservoir of the disc is severely depleted but instead that the
iscs have evolved to low (sub-)millimetre fluxes as a result of dust
adial drift. The actual gas masses in our models are up to a factor
f 1000 larger than what would be obtained by assuming a standard
ust-to-gas ratio. This effect is discussed e xtensiv ely in Sellek et al.
 2020b ) and we note that it is more marked in binary discs due to the
ay that tidal truncation accelerates radial drift. 
In the upper right-hand panel of Fig. 3 , models with different values

f the initial disc scale radius, R 0 , are plotted for M 0 = 30 M Jup and
MNRAS 512, 3538–3550 (2022) 
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Figure 4. Mass accretion rate, Ṁ acc , as a function of the observer’s equi v alent disc mass (see equation 2 ), M dust × 100, for models with α = 3 × 10 −4 , 
R trunc = 51 . 48 au and R trunc = 18 . 13 au , on the left- and right-hand panels, respectively. In the background, lines of constant t acc = 0 . 1 , 1 , and 10 Myr . Left- 
hand panel: The solid tracks identify the 1 ≤ t ≤ 3 Myr e volutionary interv al, while the dotted lines describe the e volution outside this time interv al; Lupus 
discs are shown in grey for singles and black for binaries. Right-hand panel: The solid tracks identify the 5 ≤ t ≤ 10 Myr e volutionary interv al, while the dotted 
lines describe the evolution outside this time interval; Upper Sco discs are shown in grey for singles and black for binaries. Larger circles identify TDs and 
downward-pointing triangles are used for non-accretors. The colour bars refer to both panels. 
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= 10 −3 , in the case of a single-star disc (solid lines) and a binary
isc with R trunc = 50 au (dashed lines). The plot shows that the tidally
runcated models are only slightly influenced by the scale radius. In
act, while in single-star models R 0 sets the initial viscous time-
cale, determining the scaling of Ṁ acc (e.g. Lodato et al. 2017 ), and
he efficiency of radial drift (Birnstiel et al. 2012 ), such a time-scale
s only determined by R trunc in close binary discs (Rosotti & Clarke
018 ; Zagaria et al. 2021a ). 
Finally, let us mo v e on to the bottom, where the model dependence

n viscosity, α, is explored. The observer’s equi v alent dust mass is
ardly affected by the viscous parameter when discs are young.
o we ver, by the age of Upper Sco, (sub-)millimetre fluxes are

educed more for higher values of α, because the faster evolution
f the gas raises the Stokes number and accelerates the radial drift
f grains. This trend is observed also in single-star discs (Sellek
t al. 2020b ), although to a lesser extent. Instead, the accretion rates
epend more on viscosity and increase with α, because it sets the
elocity for gas transport thought the disc. 

.2 Confronting models and data 

e compare binary disc models and observations in Lupus and Upper
co. Although the Chamaeleon I disc population and stellar mul-

iplicity are well studied, the similar-age Lupus region is preferred
ecause of its lower scatter in accretion time-scale, better constrained
sub-)millimetre emission (85.7 versus 79.8 per cent detections), and
venly censused stellar multiplicity (see details in Appendix A ). 

A systematic comparison between models and observations re-
uires the disc truncation radius to be fixed to some value inferred
rom the data. As dealing with each source individually would be too
omplex (because of the difficulty of estimating individual truncation
adii given the unknown binary eccentricity and projection effects:
ee Section 5.3 ), our models enforce a single value of the tidal
runcation radius in each region. This is determined as R trunc = 0.33 ×
 a p 〉 , where 〈 a p 〉 is the average binary separation in the data, and the
NRAS 512, 3538–3550 (2022) 
revious relation applies to equal mass pairs in co-planar circular
rbit (e.g. Paczynski 1977 ). As a result of a systematically closer
inary population in Upper Sco, the values of R trunc are different in
he two re gions. F or this reason, we do not discuss any evolutionary
ependence between Lupus and Upper Sco discs in multiple stellar
ystems, which would be possible only if the binary separation
istributions in the two regions were very similar. 
Our results are displayed in Fig. 4 where the mass accretion rate,

˙
 acc , is plotted as a function of the observer’s equi v alent disc mass,
 dust × 100, for models with α = 3 × 10 −4 , and dif ferent v alues of the

nitial disc mass, M 0 , and scale radius, R 0 . Lines of constant t acc are
isplayed as dashed–dotted lines. In the left-hand panel, their solid
ections refer to the 1 ≤ t ≤ 3 Myr age range, to be compared with
upus data, while in the right-hand panel to the 5 ≤ t ≤ 10 Myr age

ange to be compared with Upper Sco data. The dotted lines describe
he evolution outside these time intervals. 

As expected, tidal truncation causes models to pass through the
egion of short accretion time-scale occupied by the bulk of the
inary data (region A in Fig. 1 ). This is due to dust being depleted
ore rapidly, because truncation prevents the retention of solids

t large radii, which can otherwise resupply the disc at late times
see Sellek, Booth & Clarke 2020a for a discussion of how external
hotoe v aporation similarly leads to a more rapid depletion of solids
y radial drift). In fact, the highest accretors in Upper Sco can be
xplained using viscous models with radial dust drift as long as
ultiplicity effects are considered. 
Nevertheless, both in Lupus and Upper Sco, model evolutionary

racks underpredict the observed disc masses. While in Lupus this
ssue concerns only few sources, particularly with long accretion
ime-scale, the bulk of the Upper Sco population is roughly ten times
righter than our models. Searching the literature provides possible
xplanations for Lupus outliers: some of them are sub-structured
e.g. GQ Lup and HT Lup), while others could be affected by thermal
inds (e.g. Lup 818s), as is discussed in detail in Appendix B . 
In Upper Sco the underprediction of the (sub-)millimetre fluxes

y 5 to 10 Myr models is rather marked and applies to most of the
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6 0 . 25 arcsec (Ansdell et al. 2018 ), 0 . 60 arcsec (Pascucci et al. 2016 ), and 
0 . 45 arcsec (Barenfeld et al. 2016 ); to be compared with, e.g. the 0 . 12 −
arcsec resolution of Long et al. ( 2019 ). 
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ources in the region. Clearly, this also depends on uncertainties in 
pacity, although it should be noted that the assumptions we made 
n the grain composition correspond to an opacity at the upper end
f the possible range of variation (cf. Birnstiel et al. 2018 ), and
herefore with any other assumption the theoretical tracks would shift 
o e ven lo wer masses, exacerbating the problem. A further reason
hat the observ ed flux es could be higher than in the models could be
hat (sub-)millimetre observations of closer binaries could contain 
mission from two discs, since more than a half of binary pairs are
ot resolved at the angular resolution ( ≈ 0 . 45 arcsec ) of Barenfeld
t al. ( 2016 ). This would ho we ver boost the emission by at most a
actor of 2, which is not enough to account for the differences with
ur models. Alternatively, an evolutionary argument would suggest 
hat only the most massive binary discs survive until the age of
pper Sco. Ho we ver, models with R trunc v alues that are too large for

he observed binary separations would be required to match the data, 
s shown in the upper left-hand panel in Fig. 3 . 

To sum up, tidally truncated models of viscously evolving discs 
an reproduce the short accretion time-scales in the bulk of the 
bserved binary population. Halting the fast drift of solids is required 
o account for the (sub-)millimetre brightness of Upper Sco and some 
ources in Lupus. 

 DISCUSSION  

.1 Sub-structures in binary discs 

he first detection of gaps and rings in HL Tau (ALMA Partnership
t al. 2015 ) provided striking evidence of sub-structures in planet- 
orming discs (see Andrews 2020 for a re vie w). Despite such
tructures often being assumed to be ubiquitous (Andrews et al. 
018 ; Long et al. 2018b ), their presence/absence in compact or low-
ass discs is yet to be established (e.g. Long et al. 2019 , Jennings

t al. submitted). 
Sub-structures have been detected in binary discs as well: e.g. 

pirals in HT Lup A and AS 205 N (K urto vic et al. 2018 ), inner
avities in XZ Tau B (Osorio et al. 2016 ), UZ Tau E and CIDA 9A
Long et al. 2019 ; Manara et al. 2019a ), gaps and rings in AS 205 S
K urto vic et al. 2018 ), GQ Lup A (Long et al. 2020 ), and T Tau N
Yamaguchi et al. 2021 ). Ho we ver, it is not clear if they are
s common as in isolated discs. In fact, since binary discs are
ystematically smaller than those in single stars (Manara et al. 2019a ),
dentifying sub-structures in the former is more challenging than in 
he latter. 

Here, we focus on axisymmetric annular features and discuss 
heir influence on the correlation between mass accretion rates and 
isc masses. In the case of single-star discs, Sellek et al. ( 2020b )
uggested that bright rings, consistent with trapping large grains in 
ocal pressure maxima (Pinilla et al. 2012 ; Dullemond et al. 2018 ),
ould be an explanation for discs with long accretion time-scales 
oo massive for their smooth models (region C in Fig. 1 ). It is then
empting to hypothesize that binary discs in region C are likewise 
ub-structured and their longer accretion time-scale compared with 
hose in region A could be similarly explained. Ho we ver, while for
ingle-star discs this inference is supported by the presence of imaged 
aps and rings, none of our binary sources in region C has clearly
etected gaps or cavities, making such systems preferential targets 
or a first higher resolution analysis of sub-structures in binary discs.

Noticeably, whereas discs around single stars fill the region 
etween population B and C continuously, disc in binaries appear 
o be well separated: for accretion rates � 10 −10 M Sun yr −1 there is a
ack of such discs o v er about an order of magnitude in disc mass (see
ig. 1 ). While it cannot be ruled out that this effect is driven by the
maller sample size of discs in binaries, it may hint at a dichotomy
f evolutionary paths. Binary discs containing sub-structures may 
emain o v er sev eral Myr in re gion C, comparable to the situation in
tructured single-star discs. Instead, in the absence of sub-structures, 
ur models predict a more rapid decay of disc luminosity in binaries
han in singles (see top left-hand panel of Fig. 3 ), particularly for discs
ith low initial disc masses (Birnstiel et al. 2012 ). The presence of
ust traps could thus explain the apparent lack of binary discs with
ow accretion rates and intermediate disc masses. 

Such a picture, both for binaries and singles, implies that traps
aintain discs in region C over time-scales of a few Myr since

ources are found in region C in both Lupus and Chamaeleon I
hich are approximately this age. Notably, this region is almost 
evoid of sources in Upper Sco. This would suggest that sources
o not evolve vertically downwards from region C, since otherwise 
pper Sco would contain several systems with high (sub-)millimetre 
uxes but low/undetected accretion rates. Alternatively, dust traps 
ay be disrupted on a time-scale of 5 to 10 Myr (Rosotti et al.

013 ; Sellek et al. 2020b ), so that systems evolve out of region C
orizontally to the left. Evidence of remnant sub-structures in Upper 
co discs would support such an interpretation. Furthermore, our 
nderstanding of the late-time trajectory of discs in the plane of
ccretion rates versus (sub-)millimetre fluxes would be improved 
y increasing the completeness of accretion rate determinations in 
pper Sco for the discs with the highest (sub-)millimetre fluxes. 
The most intriguing interpretation of dust gaps is that of being

arved by planets in the act of formation (e.g. Zhang et al. 2018 ).
f we retain the hypothesis that region C sources (whether binary or
ingle) are sub-structured, then it is tempting to extend to binaries
he argument of Manara et al. ( 2019b ) that discs in region C are
orming giant planets, whose deep gaps not only halt radial drift but
lso reduce accretion. The existence of some binaries in region C
ould thus support the idea that giant planet formation may be under
ay in at least some of these discs. 
We also consider whether sub-structures can explain the fact that 

he observed binaries in Upper Sco are too bright compared with
odel predictions (see the right-hand panel of Fig. 4 , contrasting

he data, shown as black dots, with the models, displayed as solid
urves). If this were the case then we would need dust traps to be
lmost ubiquitous. Ho we ver, apart from GQ Lup A (Long et al.
020 ), a source ≈10 times more massive than those in Upper Sco,
e have no evidence of imaged gaps and rings in any of our binary
iscs. This can be easily explained by the limited angular resolution
f the rele v ant surv e ys. 6 

A more compelling problem is that in this picture sub-structured 
iscs would live in region A, very far from region C where they would
e expected according to our pre vious argument. Ho we ver, looking
t single-star sources in region C highlights that all TDs with imaged
avities are clustered here, suggesting that these sub-structures play 
 role in maintaining conditions not only of high disc masses but
lso relati vely lo w accretion rates. We can then hypothesize that,
n the binary as in the single-star case, while discs in region C are
haracterized by prominent, large-scale sub-structures affecting both 
as and dust e volution, shallo wer, small-scale dust traps would be
equired in the case of Upper Sco, halting dust drift but not impacting
ubstantially the gas. 
MNRAS 512, 3538–3550 (2022) 
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Figure 5. Same as in the right-hand panel of Fig. 4 , assuming f grow = 10. The 
green line identifies an additional model ( R 0 = 30 au and M 0 = 100 M Jup ) 
with a smaller truncation radius corresponding to the closest binary in Upper 
Sco: R trunc = 6 . 7 au . 
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Testing this hypothesis quantitatively requires detailed modelling
f secular binary evolution in the presence of sub-structures, as well
s higher resolution observations in Upper Sco. 

.2 Coagulation efficiency in binary discs 

hallow dust traps at small radial locations are not the only solution
o the mass budget problem in Upper Sco. This can be alternatively
xplained in terms of a reduced grain growth efficiency in close
inary discs. 
Tidal interactions between gravitationally bound stars and their

iscs can be at the origin of asymmetries, spiral arms, eccentric
odes, vertical hydraulic jumps, mass transfer between discs, and

elative shocks (e.g. Nelson 2000 ; M ̈uller & Kley 2012 ; Picogna &
arzari 2013 ). It is commonly hypothesized that these higher

imensional effects could halt grain growth in circumstellar discs
rbiting close binaries ( a ≤ 30 to 50 au , Nelson 2000 ; Picogna &
arzari 2013 ). 7 When spirals are triggered by tidal interactions, the

isc temperature rises enough for water and other volatile species to
e vaporized. As ices make up to 60 per cent of our grain composition
Tazzari et al. 2016 ; Rosotti et al. 2019b ), vaporization would lead to
olid dis-aggregation and thus promote fragmentation. 8 Even though
rain growth could take place between spirals, it would then need to
egin from material in gaseous phase and would be disrupted by the
requent interactions with the spirals themselves (expected to occur
n a time-scale of less than 100 yr , Nelson 2000 ). 
These effects can be taken into account in our one-dimensional
odels by reducing the grain gro wth ef ficiency. To do so, we

ntroduce a coagulation efficiency factor, f grow (Booth & Owen 2020 ;
ellek et al. 2020b ). So far we assumed f grow = 1, meaning that
ll grain collisions lead to coagulation. Instead, if f grow > 1, only
 fraction f −1 

grow of the collisions result in growth, and sticking is
hus less efficient, as expected in binary discs. A lower coagulation
fficiency would also increase the drift time-scale, given the balance
etween dust growth and drift achieved in the drift-dominated regime
Birnstiel et al. 2012 ). Recently, Booth & Owen ( 2020 ) suggested that
ssuming f grow = 10 could be beneficial for explaining the depletion
f refractory elements in the Sun relative to nearby Solar twins.
ellek et al. ( 2020b ) ran single-star disc models with f grow = 10,
howing that they were able to reproduce massive Lupus discs that
hey could not explain assuming more efficient growth. However,
 grow = 10 single-star models could not match the data in Upper Sco,
eing too massive at any given accretion rate. 
We retain f grow = 10, as in these works because it provides a balance

etween fast growth, where solids drift fast, and slo w gro wth, where
rains are fragmentation-dominated throughout and the dust follows
he gas (Booth & Owen 2020 ). The results of our binary disc models
ith f grow = 10, in the case of R trunc = 18 . 13 au and α = 3 × 10 −3 ,

re shown in Fig. 5 . Regardless of the initial disc parameters, our
odels evolve towards disc masses that are ten times higher than for

 grow = 1 (as seen by Sellek et al. 2020b ). This difference reconciles
inary models and observations in Upper Sco, with the caveat that
he highest accretors are still not reproduced. This is easily explained
y our choice of an average binary separation. Enforcing R trunc =
 . 7 au , corresponding to the minimum binary separation in Upper
NRAS 512, 3538–3550 (2022) 

 Giv en the av erage separation of Lupus and Upper Sco binaries, this argument 
pplies preferentially to discs in the latter region. 
 Adopting u f = 10 m s −1 , as in Section 3 , is only appropriate for ice-coated 
rains (Gundlach & Blum 2015 ), while u f = 1 m s −1 is more suited for 
ilicate-rich grains (Blum & Wurm 2008 ). 

t  

t  

e  

t  

F  

w  

s  
co, allows models to reproduce high accretors as well. This is
hown in the representative case of R 0 = 30 au and M 0 = 100 M Jup ,
epicted with a solid green line in Fig. 5 . 

.3 Accretion time-scale versus binary projected separation 

sing one-dimensional viscous models, we have shown that the
act that protoplanetary discs in multiple systems occupy region A
n Fig. 1 (where t acc ≈ 0 . 1 Myr ) can be reproduced by the secular
ffects of outer disc truncation on dust and gas evolution. Such
odels suggest that a shorter accretion time-scale in discs in closer

inaries should be expected, owing to the larger accretion rates and
ower dust masses predicted in those systems (see e.g. top left-hand
anel of Fig. 3 ). 

Let us therefore examine how the observationally inferred ac-
retion time-scale, t acc , depends on the measured projected binary
eparation, a p . This is displayed in Fig. 6 for Lupus, Chamaeleon I,
nd Upper Sco binary discs, using orange dots. Single-star discs are
lso shown for comparison, using grey dots. No particular trend of t acc 

ith a p can be recognized in the data, at odds with our expectations.
hese are highlighted by the blue tracks and shaded area for the

epresentative case with M 0 = 30 M Jup , R 0 = 30 au , α = 3 × 10 −4 

nd its 1 σ spread. 
Ho we ver, what primarily sets the accretion time-scale in our
odels is the location where truncation occurs. In fact, this is not

etermined by the binary projected separation only, but is expected
o be affected by other effects, such as the relative inclination of the
nteracting pair with respect to the plane of the sky (Manara et al.
019a ), the binary mass ratio and eccentricity (e.g. Paczynski 1977 ;
rtymowicz & Lubow 1994 ; Pichardo, Sparke & Aguilar 2005 ),

nd the relative misalignment between the disc and the binary plane
Lubow, Martin & Nixon 2015 ). 

In particular, comparing the binary separation distribution in our
ata with the observed relation between main-sequence binaries
ccentricity and orbital period (Raghavan et al. 2010 ), would imply
hat some discs in our sample could have a significant eccentricity,
hus washing out the expected dependence of t acc on a p . Recent
vidence that eccentricity in wider binaries follows a thermal rather
han uniform distribution (see Hwang, Ting & Zakamska 2021 ,
ig. 6 ) would suggest that the most eccentric pairs would be those
ith larger a p . As long as the bulk of the population has relatively

maller eccentricities ( e ≈ 0.3 as expected in the field, e.g. Duch ̂ ene &
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Figure 6. Accretion time-scale, t acc , as a function of the pair projected separation, a p , in Lupus, Chamaeleon I, and Upper Sco. Orange dots are used for discs in 
binary systems and grey dots for discs evolving in isolation. The blue tracks highlight our models expectations for M 0 = 30 M Jup , R 0 = 30 au , α = 3 × 10 −4 . 
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raus 2013 ), this is not in tension with the fact that the the dust disc
izes in Taurus and ρ Ophiuchus can be well explained assuming 
ow eccentric orbits (Zagaria et al. 2021b and Rota et al. 2022 ). 

Even though the comparison between models and specific sources 
an be challenged by uncertainties on binary eccentricities, we do not 
xpect them to substantially modify our results in Section 4 , because
hey would reduce the average truncation radius only by a factor of
 few and this is potentially compensated by the underestimation 
f the binary separation by its projection on the plane of the sky.
ev ertheless, reco v ering the theoretically expected trend of t acc with
 p is only part of the problem, given the large scatter in Fig. 6 . In fact,
n top of the previously mentioned mechanisms, other effects related 
o grain coagulation ef ficiency, disc e volution and dispersal can 
nfluence the accretion time-scale. We do not explore further these 
ossibilities because, given our uncertainty on the determination of 
 trunc , modelling would be under constrained by the data. Finally, 
ome of the sources in Fig. 6 can also be components of undetected
igher order multiples. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this paper, we made use of gas and dust one-dimensional 
imulations to address how stellar multiplicity can influence the 
orrelation between mass accretion rates on to forming stars and 
he masses of their protoplanetary discs. 

Hereafter, our main conclusions are summarized as follows: 

(i) We searched the literature for information on the stellar 
ultiplicity of Lupus, Chamaeleon I, and Upper Sco discs with both 

sub-)millimetre emission and accretion rates in Manara et al. ( 2016b , 
020 ) and Mulders et al. ( 2017 ). We found that roughly 20 per cent
f the targeted discs are in binary or higher order multiple stellar
ystems. 

(ii) We introduced the accretion time-scale, t acc , as the ratio of
bservationally estimated disc mass to accretion rate (see equation 1 )
nd found that discs in gravitationally bound pairs have a systemat-
cally shorter accretion time-scale than discs evolving in isolation, 
lustering around t acc ≈ 0 . 1 Myr . The short accretion time-scales is a
onsequence both of the well-known fact that dust masses are lower 
n binaries compared with single stars (e.g. Harris et al. 2012 ) and of
he fact that accretion rates are somewhat higher than in single stars
see Fig. 1 ). 

(iii) To understand the trend in the data, we ran models of tidally
runcated protoplanetary discs subject to viscous evolution, grain 
rowth and radial drift. We found that our models show shorter
ccretion time-scales for lower values of R trunc , as a consequence of
he faster radial drift and reduced disc lifetime determined by tidal
runcation (see the upper left-hand panel of Fig. 3 ). 

(iv) Models and data agree reasonably well in Lupus (see the left-
and panel of Fig. 4 ); we suggest that a small number of anomalously
sub-)millimetre bright discs may be explained by the existence 
f sub-structures, while a disc with anomalously long t acc , may
otentially undergo internal photoe v aporation. 
(v) In Upper Sco, our models systematically underpredict disc 
asses by up to a factor of ten (see the right-hand panel of Fig. 4 ).

t is unclear if this could be the effect of undetected traps halting the
rift of solids. We also find that the agreement is impro v ed if the grain
ro wth ef ficiency is reduced (see Fig. 5 ) as has been hypothesized in
he dynamically active environments of discs in binaries: 

(vi) Finally, we find no clear evidence that the observationally 
nferred accretion time-scale increases with the binary projected 
eparation (see Fig. 6 ), at odds with our theoretical expectation that
he accretion time-scale should increase with the tidal truncation 
adius of the disc. Ho we ver, the relationship between projected
eparation and tidal truncation radius is complicated by projection 
ffects and the orbital eccentricity: given the relatively limited 
ynamic range of projected separations in the sample, this lack of
orrelation is therefore not necessarily surprising. 
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 ́arate M., Birnstiel T., Dr ążkowska J., Stammler S. M., 2020, A&A , 635,

A149 
hez A. M., McCarthy D. W., Patience J. L., Beck T. L., 1997, ApJ , 481, 378
NRAS 512, 3538–3550 (2022) 
inski C. et al., 2018, A&A , 616, A79 
uenther E. W., Esposito M., Mundt R., Covino E., Alcal ́a J. M., Cusano F.,

Stecklum B., 2007, A&A , 467, 1147 
undlach B., Blum J., 2015, ApJ , 798, 34 
abing H. J., 1968, Bull. Astron. Inst. Netherlands, 19, 421 
arris C. R. et al., 2020, Nature , 585, 357 
arris R. J., Andrews S. M., Wilner D. J., Kraus A. L., 2012, ApJ , 751, 115 
artmann L., Calvet N., Gullbring E., D’Alessio P., 1998, ApJ , 495, 385 
erczeg G. J., Hillenbrand L. A., 2014, ApJ , 786, 97 
ildebrand R. H., 1983, QJRAS, 24, 267 
unter J. D., 2007, Comput. Sci. Eng. , 9, 90 
wang H.-C., Ting Y.-S., Zakamska N. L., 2021, preprint ( arXiv:2111.01789 )

ones M. G., Pringle J. E., Alexander R. D., 2012, MNRAS , 419, 925 
luyver T. et al., 2016, in Loizides F., Scmidt B., eds, Positioning and

Power in Academic Publishing: Players, Agents and Agendas. IOS Press,
Amsterdam, p. 87 

raus A. L., Ireland M. J., Hillenbrand L. A., Martinache F., 2012, ApJ , 745,
19 

raus A. L., Ireland M. J., Martinache F., Lloyd J. P., 2008, ApJ , 679, 762 
 urto vic N. T. et al., 2018, ApJ , 869, L44 
afreni ̀ere D., Jayawardhana R., Brandeker A., Ahmic M., van Kerkwijk M.

H., 2008, ApJ , 683, 844 
aibe G., Price D. J., 2014, MNRAS , 444, 1940 
odato G., Scardoni C. E., Manara C. F., Testi L., 2017, MNRAS , 472,

4700 
ong D. E., Zhang K., Teague R., Bergin E. A., 2020, ApJ , 895, L46 
ong F. et al., 2018a, ApJ , 863, 61 
ong F. et al., 2018b, ApJ , 869, 17 
ong F. et al., 2019, ApJ , 882, 49 
ubow S. H., Martin R. G., Nixon C., 2015, ApJ , 800, 96 
uhman K. L., 2004, ApJ , 602, 816 
uhman K. L., Esplin T. L., 2020, AJ , 160, 44 
ynden-Bell D., Pringle J. E., 1974, MNRAS , 168, 603 
anara C. F. et al., 2016b, A&A , 591, L3 
anara C. F. et al., 2017, A&A , 604, A127 
anara C. F. et al., 2019a, A&A , 628, A95 
anara C. F. et al., 2020, A&A , 639, A58 
anara C. F. et al., 2021, A&A , 650, A196 
anara C. F., Beccari G., Da Rio N., De Marchi G., Natta A., Ricci L.,

Robberto M., Testi L., 2013, A&A , 558, A114 
anara C. F. et al., 2022, preprint ( arXiv:2203.09930 ) 
anara C. F., Fedele D., Herczeg G. J., Teixeira P. S., 2016a, A&A , 585,

A136 
anara C. F., Mordasini C., Testi L., Williams J. P., Miotello A., Lodato G.,

Emsenhuber A., 2019b, A&A , 631, L2 
ulders G. D., Pascucci I., Manara C. F., Testi L., Herczeg G. J., Henning

T., Mohanty S., Lodato G., 2017, ApJ , 847, 31 
 ̈uller T. W. A., Kley W., 2012, A&A , 539, A18 
elson A. F., 2000, ApJ , 537, L65 
euh ̈auser R., Guenther E. W., Wuchterl G., Mugrauer M., Bedalov A.,

Hauschildt P. H., 2005, A&A , 435, L13 
guyen D. C., Brandeker A., van Kerkwijk M. H., Jayawardhana R., 2012,

ApJ , 745, 119 
sorio M. et al., 2016, ApJ , 825, L10 
tter J., Ginsburg A., Ballering N. P., Bally J., Eisner J. A., Goddi C.,

Plambeck R., Wright M., 2021, ApJ, 923, 27 
aczynski B., 1977, ApJ , 216, 822 
ascucci I. et al., 2016, ApJ , 831, 125 
ichardo B., Sparke L. S., Aguilar L. A., 2005, MNRAS , 359, 521 
icogna G., Marzari F., 2013, A&A , 556, A148 
inilla P., Birnstiel T., Ricci L., Dullemond C. P., Uribe A. L., Testi L., Natta

A., 2012, A&A , 538, A114 
aghavan D. et al., 2010, ApJS , 190, 1 
osotti G. P., Booth R. A., Tazzari M., Clarke C., Lodato G., Testi L., 2019a,

MNRAS , 486, L63 
osotti G. P., Clarke C. J., 2018, MNRAS , 473, 5630 
osotti G. P., Clarke C. J., Manara C. F., Facchini S., 2017, MNRAS , 468,

1631 

http://dx.doi.org/10.1086/421989
http://dx.doi.org/10.1088/0004-637X/784/1/62
http://dx.doi.org/10.3847/1538-4357/aaff6a
http://dx.doi.org/10.1051/0004-6361/201322254
http://dx.doi.org/10.1051/0004-6361/201629929
http://dx.doi.org/10.1051/0004-6361/201935657
http://dx.doi.org/10.1088/2041-8205/808/1/L3
http://dx.doi.org/10.3847/2041-8213/aaf741
http://dx.doi.org/10.1146/annurev-astro-031220-010302
http://dx.doi.org/10.3847/0004-637X/828/1/46
http://dx.doi.org/10.3847/1538-4357/aab890
http://dx.doi.org/10.3847/1538-3881/aa69c0
http://dx.doi.org/10.1051/0004-6361/201424520
http://dx.doi.org/10.1086/173679
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.1051/0004-6361/201425481
http://dx.doi.org/10.3847/1538-4357/ab1e50
http://dx.doi.org/10.3847/0004-637X/827/2/142
http://dx.doi.org/10.1093/mnras/194.4.967
http://dx.doi.org/10.1086/115385
http://dx.doi.org/10.3847/2041-8213/aaf743
http://dx.doi.org/10.1051/0004-6361/201118136
http://dx.doi.org/10.1146/annurev.astro.46.060407.145152
http://dx.doi.org/10.1086/156357
http://dx.doi.org/10.1093/mnras/stx1103
http://dx.doi.org/10.1093/mnras/staa578
http://dx.doi.org/10.1086/304869
http://dx.doi.org/10.3847/0004-637X/832/2/110
http://dx.doi.org/10.1093/mnras/stu529
http://dx.doi.org/10.3847/1538-4357/aa97e2
http://dx.doi.org/10.1093/mnras/sty3325
http://dx.doi.org/10.1093/mnras/stz2938
http://dx.doi.org/10.1051/0004-6361/201321220
http://dx.doi.org/10.1093/mnras/sty1701
http://dx.doi.org/10.1146/annurev-astro-081710-102602
http://dx.doi.org/10.3847/2041-8213/aaf742
http://dx.doi.org/10.1093/mnras/stw240
http://dx.doi.org/10.1051/0004-6361/201527613
http://dx.doi.org/10.1051/0004-6361/202039657
http://dx.doi.org/10.1051/0004-6361/201936067
http://dx.doi.org/10.1086/304031
http://dx.doi.org/10.1051/0004-6361/201732417
http://dx.doi.org/10.1051/0004-6361:20065686
http://dx.doi.org/10.1088/0004-637X/798/1/34
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.1088/0004-637X/751/2/115
http://dx.doi.org/10.1086/305277
http://dx.doi.org/10.1088/0004-637X/786/2/97
http://dx.doi.org/10.1109/MCSE.2007.55
http://arxiv.org/abs/2111.01789
http://dx.doi.org/10.1111/j.1365-2966.2011.19730.x
http://dx.doi.org/10.1088/0004-637X/745/1/19
http://dx.doi.org/10.1086/587435
http://dx.doi.org/10.3847/2041-8213/aaf746
http://dx.doi.org/10.1086/590239
http://dx.doi.org/10.1093/mnras/stu1367
http://dx.doi.org/10.1093/mnras/stx2273
http://dx.doi.org/10.3847/2041-8213/ab94a8
http://dx.doi.org/10.3847/1538-4357/aacce9
http://dx.doi.org/10.3847/1538-4357/aae8e1
http://dx.doi.org/10.3847/1538-4357/ab2d2d
http://dx.doi.org/10.1088/0004-637X/800/2/96
http://dx.doi.org/10.1086/381146
http://dx.doi.org/10.3847/1538-3881/ab9599
http://dx.doi.org/10.1093/mnras/168.3.603
http://dx.doi.org/10.1051/0004-6361/201628549
http://dx.doi.org/10.1051/0004-6361/201630147
http://dx.doi.org/10.1051/0004-6361/201935964
http://dx.doi.org/10.1051/0004-6361/202037949
http://dx.doi.org/10.1051/0004-6361/202140639
http://dx.doi.org/10.1051/0004-6361/201321866
arXiv:2203.09930
http://dx.doi.org/10.1051/0004-6361/201527224
http://dx.doi.org/10.1051/0004-6361/201936488
http://dx.doi.org/10.3847/1538-4357/aa8906
http://dx.doi.org/10.1051/0004-6361/201118202
http://dx.doi.org/10.1086/312752
http://dx.doi.org/10.1051/0004-6361:200500104
http://dx.doi.org/10.1088/0004-637X/745/2/119
http://dx.doi.org/10.3847/2041-8205/825/1/L10
http://dx.doi.org/10.1086/155526
http://dx.doi.org/10.3847/0004-637X/831/2/125
http://dx.doi.org/10.1111/j.1365-2966.2005.08905.x
http://dx.doi.org/10.1051/0004-6361/201321860
http://dx.doi.org/10.1051/0004-6361/201118204
http://dx.doi.org/10.1088/0067-0049/190/1/1
http://dx.doi.org/10.1093/mnrasl/slz064
http://dx.doi.org/10.1093/mnras/stx2769
http://dx.doi.org/10.1093/mnras/stx595
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Table A1. Binary statistics, average projected separation and truncation 
radius in Lupus, Chamaeleon I, and Upper Sco. 

Discs Binaries 〈 a p 〉 R trunc 

< 300 au < 40 au (arcsec) (au) 

Lupus 70 9 1 0.98 51.84 
Chamaeleon I 84 16 6 0.43 27.18 
Upper Sco 34 9 4 0.42 18.13 
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9 TW Cha/2MASS J10590108-7722407 was also identified as a candidate 
spectroscopic binary by Nguyen et al. ( 2012 ), but to our knowledge this 
source was not further investigated in the next years. The cavity in the CS Cha 
disc is reasonably due to its binary nature (e.g. Ginski et al. 2018 ), hence it is 
not considered a TD. 
10 In the case of multiple systems, each disc-bearing binary pair (see the 
definition of Harris et al. 2012 ) was considered. 
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PPENDIX  A :  SAMPLE  SELECTION  –
ULTIPLICITY  

iscs in multiple stellar systems are identified as follows. 
In Lupus, we rely on the near-infrared, adaptive optics L 

′ -band 
LT/NACO surv e y of Zurlo et al. ( 2021 , see Zurlo et al. 2020

or details on the observation technique and data reduction). Their 
ample includes all the pre-main-sequence stars observed with 
LMA by Ansdell et al. ( 2016 , 2018 ). Companions were identified
sing the daophot algorithm in the photutils package in the 
stropy library (Astropy Collaboration et al. 2018 ) and then 

nspected visually. Stellar pairs with separation less than 20 au 
roughly 0 . 1 arcsec at Lupus distance) could not be resolved. Of
he sources not in the sample of Ansdell et al. ( 2016 ), Sz 75/GQ Lup
nd Sz 77 are close binaries with separation of 0 . 7 arcsec (Neuh ̈auser
t al. 2005 ), and 1 . 8 arcsec (Ghez et al. 1997 ), respectively. In total,
1 discs in our sample are in multiple systems closer than 2 arcsec. 
In Chamaeleon I, not all the sources taken into account by Pascucci

t al. ( 2016 ) have been surveyed, to our knowledge. Lafreni ̀ere
t al. ( 2008 ) looked for companions to the previously identified
hamaeleon I members brighter than K = 13 of Luhman ( 2004 ),
sing K - and H -band VLT/NACO observations with median K-
and PSF full width at half-maximum of 0 . 086 arcsec . Several of
hese targets were re-observed by Daemgen et al. ( 2013 ) with a
imilar K -band magnitude selection criterion and angular resolution, 
onfirming their multiplicity. DI Cha/2MASS J11072074-7738073 
nd Sz 22/2MASS J11075792-7738449 were re-imaged with NACO 

n the J , H , and K bands at three and two dif ferent epochs, allo wing
or the identification of closer companions, as explained by Schmidt 
t al. ( 2013 ). 2MASS J11175211-7629392 is also a binary with a
eparation of 2 arcsec (Manara et al. 2017 ). Using VLTI/PIONIER 

t H band with a maximum angular resolution of 3 mas , An-
honioz et al. ( 2015 ) identified WW Cha/2MASS J11100010- 
634578 as a close binary system with circumbinary disc. Sim- 
larly, Nguyen et al. ( 2012 ), using high-resolution RV measure-
ents suggested that FM Cha/2MASS J11095340-7634255 and 
S Cha/2MASS J11022491-7733357 are spectroscopic binaries 
ith separation less than 0.8 and 4 . 0 au (Guenther et al. 2007 ),

espectively. 9 A total of 21 discs in our sample are in multiple systems
loser than 2 arcsec . 

In Upper Sco we relied on Barenfeld et al. ( 2019 ) AO imaging
nd non-redundant aperture masking K -band observations obtained 
sing the NIRC2 AO imager on the Keck II telescope. Their sample
ncludes all the pre-main-sequence stars observed with ALMA by 
arenfeld et al. ( 2016 ). Following Kraus et al. ( 2008 ), any sources
righter than K = 15 and within 2 arcsec of a target star are considered
o be candidate bound companions. In total, nine discs in our sample
re in multiple systems closer than 2 arcsec . 

In our analysis, we consider as binary systems all those gravitation- 
lly bound pairs whose projected separation is closer than 2 arcsec
t the average distance of Upper Sco, that is to say a p ≈ 300 au . This
orresponds to approximately 1 . 83 arcsec at the average distance of
upus and 1 . 53 arcsec at the average distance of Chamaeleon I. In

otal, 9 discs in Lupus (excluding Sz 123 B because sub-luminous),
6 in Chamaeleon I (excluding the 3 known circumbinary discs) 
nd 9 in Upper Sco are in those systems and have measured disc
asses and accretion rates. We also define close binaries as pairs
ith projected separation less than 40 au , following Kraus et al.

 2012 ). Table A1 summarises our literature search outcomes for
inaries in Lupus, Chamaeleon I, and Upper Sco, and lists the average 
rojected separation 10 and inferred truncation radius to be used in 
odels. 

PPENDIX A.1: Single-star discs are really singles? 

espite Lupus, Chamaeleon I, and Upper Sco stars having been 
 xtensiv ely searched for companions, their stellar multiplicity was 
ot homogeneously determined. This makes assessing whether 
ifferences between binary discs in these star-forming regions are 
ntrinsic or determined by selection biases harder. 

F or e xample, we would e xpect fewer close (accreting) binaries
with discs) in more evolved regions (e.g. Kraus et al. 2012 ). How-
MNRAS 512, 3538–3550 (2022) 

http://dx.doi.org/10.1093/mnras/sts725
http://dx.doi.org/10.1093/mnras/stz1190
http://arxiv.org/abs/2201.03588
http://dx.doi.org/10.1051/0004-6361/201936913
http://dx.doi.org/10.1051/0004-6361/201220660
http://dx.doi.org/10.1093/mnras/stz3528
http://dx.doi.org/10.1093/mnras/staa2519
http://dx.doi.org/10.1051/0004-6361/201527423
http://dx.doi.org/10.1051/0004-6361/201730890
http://dx.doi.org/10.1086/147861
http://dx.doi.org/10.1051/0004-6361/202037673
http://dx.doi.org/10.3847/1538-4357/aaf4f1
http://dx.doi.org/10.1051/0004-6361/201423776
http://dx.doi.org/https://doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1051/aas:2000332
http://dx.doi.org/10.1093/mnras/sty012
http://dx.doi.org/10.1093/mnras/sty984
http://dx.doi.org/10.1038/s41586-020-2800-0
http://dx.doi.org/10.1093/mnras/stab985
http://dx.doi.org/10.1093/mnras/stab2024
http://dx.doi.org/10.3847/2041-8213/aaf744
http://arxiv.org/abs/2202.01241
http://dx.doi.org/10.1093/mnras/staa1886
http://dx.doi.org/10.1093/mnras/staa3674


3550 F. Zagaria et al. 

M

e  

t  

d  

t  

L  

w  

B  

m  

h
 

r  

s  

e

A

H  

r
 

g  

b  

a  

b  

a  

s  

M  

t  

o  

t  

c  

a  

c  

m  

a  

t  

w  

e  

r

T

D
ow

nloaded from
 https://academ

ic
ver, while in the Lupus 9 / 70 ≈ 12 . 8 per cent discs are in multiples,
his percentage roughly doubles to 9 / 34 ≈ 26 . 5 per cent in the un-
ercomplete Upper Sco sample. This picture worsens if pairs closer
han 40 au (Kraus et al. 2012 ) are considered: 1 / 70 ≈ 1 . 4 per cent in
upus and 4 / 34 ≈ 11 . 8 per cent in Upper Sco. Both binary samples
ere primarily compiled using AO imaging (Zurlo et al. 2021 ;
arenfeld et al. 2019 ). Ho we ver, in Upper Sco Barenfeld et al. ( 2019 )
ade also use of non-redundant aperture masking, able to achieve

igher contrast in the case of very close ( ≈ 100 mas ) binaries. 
A homogeneous study of disc multiplicity between star-forming

egions of different ages is needed to properly assess the role of
tellar companions to affect disc evolution and to compare theoretical
xpectations in regions of different ages. 

PPENDIX  B:  LUPUS  O U T L I E R S  

ereafter, we comment in detail on the discs in Lupus that cannot be
eproduced by our smooth binary models. 

In Sz 75/GQ Lup, a broad inner gap ( ≈ 10 au ) and a tentative outer
ap ( ≈ 32 au ) were imaged by Long et al. ( 2020 ): dust trapping can
e a moti v ation for its mass being higher than expected. Lup 818s has
NRAS 512, 3538–3550 (2022) 
n unusually long accretion time-scale ( t acc ≈ 50 Myr ). This could
e a result of photoe v aporation which, if included, would cause
ccretion rates to plummet at late times (Sellek et al. 2020b ). The
ystem parameters for Lup 818s ( a p = 90 au , Zurlo et al. 2021 , and
 ∗ ≈ 0 . 057 M Sun , Manara et al. 2022 ) are such that it is expected

hat X-ray photoe v aporation would generate an inner hole and cut-
ff accretion (see Rosotti & Clarke 2018 , Fig. 3 ). According to
he results of Rosotti & Clarke ( 2018 ), X-ray photoe v aporation
ould also be important in Sz 123 A, a well-known SED TDs with
zimuthal asymmetries (Ansdell et al. 2018 ), and ≈ 1 . 77 arcsec -close
ompanion (Zurlo et al. 2021 ). Sz 68/HT Lup A is the closest, most
assive binary disc in Lupus. Its behaviour could be explained by its

ge, log ( t yr −1 ) = 5 . 9 ± 0 . 3 (Andrews et al. 2018 ), being lower than
he population-average one. Ho we ver, it is also possible that this disc
as born massive. It shows spiral structures (K urto vic et al. 2018 ),

vidence that our one-dimensional models are probably not suited to
eproduce its behaviour. 
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