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ABSTRACT

Many stars are in binaries or higher order multiple stellar systems. Although in recent years a large number of binaries have been
proven to host exoplanets, how planet formation proceeds in multiple stellar systems has not been studied much yet from the
theoretical standpoint. In this paper, we focus on the evolution of the dust grains in planet-forming discs in binaries. We take into
account the dynamics of gas and dust in discs around each component of a binary system under the hypothesis that the evolution
of the circumprimary and the circumsecondary discs is independent. It is known from previous studies that the secular evolution
of the gas in binary discs is hastened due to the tidal interactions with their hosting stars. Here, we prove that binarity affects
dust dynamics too, possibly in a more dramatic way than the gas. In particular, the presence of a stellar companion significantly
reduces the amount of solids retained in binary discs because of a faster, more efficient radial drift, ultimately shortening their
lifetime. We prove that how rapidly discs disperse depends both on the binary separation, with discs in wider binaries living
longer, and on the disc viscosity. Although the less-viscous discs lose high amounts of solids in the earliest stages of their
evolution, they are dissipated slowly, while those with higher viscosities show an opposite behaviour. The faster radial migration
of dust in binary discs has a striking impact on planet formation, which seems to be inhibited in this hostile environment, unless
other disc substructures halt radial drift further in. We conclude that if planetesimal formation were viable in binary discs, this
process would take place on very short time-scales.

Key words: accretion, accretion discs — methods: numerical — planets and satellites: formation — protoplanetary discs — binaries:

general — circumstellar matter.

1 INTRODUCTION

A significant fraction of stars are part of binary or higher order
multiple stellar systems (e.g. Raghavan et al. 2010). In addition,
more than 4000 extrasolar planets around main-sequence stars have
been discovered in the last 25 yr (e.g. Winn & Fabrycky 2015).
Although traditionally the search for exoplanets has focused on
single stars due to the technical difficulties of addressing multiple
systems, in the last years more and more exoplanets have been
detected in binaries (e.g. Hatzes 2016; Martin 2018). Some of those
planets move around one of the two components of the system (e.g.
Hatzes et al. 2003; Dumusque et al. 2012) and are known as S-type
orbit planets. Others are circumbinary planets (e.g. Doyle etal. 2011;
Welsh et al. 2012; Martin & Triaud 2014) or planetary systems (as
in the case of Kepler-47, e.g. Orosz et al. 2019), and are known
as P-type orbit ones. The number of exoplanet detections in S-type
systems far outnumbers that of planets in P-type orbits: of the more
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than a hundred planets detected so far in binaries, only roughly a
dozen are circumbinary (e.g. Marzari & Thebault 2019).

Such a growing census of exoplanets in multiple stellar systems
was unexpected, given the number of works suggesting that planet
formation around pre-main-sequence stars is inhibited by the pres-
ence of a stellar companion, both for S-type (e.g. Thébault, Marzari
& Scholl 2006, 2008; Paardekooper, Thébault & Mellema 2008; Xie
et al. 2010; Fragner, Nelson & Kley 2011; Silsbee & Rafikov 2015)
and P-type (e.g. Marzari et al. 2013; Rafikov 2013; Lines et al. 2015,
2016) orbit configurations. Nevertheless, such detections have shed
a new interest on how planet formation proceeds around multiple
stellar systems (Marzari & Thebault 2019).

There is general agreement that planet formation takes place in
the protoplanetary discs, made of gas and dust, that orbit new-born
stars. As protoplanetary discs are dynamical objects and contain the
material reservoir out of which planets are assembled, studying their
secular evolution is of paramount importance to gather new insights
into how planets are formed.

To this end, Jensen, Mathieu & Fuller (1994, 1996), using the
James Clerk Maxwell Telescope (JCMT), pioneered the observa-
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tional studies of the (sub-)millimetre continuum dust emission in
binary discs in Taurus, p Ophiuchus, and Upper Scorpius. Since
then, numerous surveys looking for protoplanetary discs in multiple
stellar systems have been conducted, first with the Owens Valley
Radio Observatory (OVRO) telescope and the Sub-Millimetre Array
(SMA) and later with the Atacama Large Millimeter/submillimetre
Array (ALMA) in the young (~1-3 Myr) Taurus (Patience, Akeson
& Jensen 2008; Harris et al. 2012; Akeson & Jensen 2014; Akeson
etal. 2019; Manara et al. 2019), p Ophiuchus (Cox et al. 2017; Zurlo
et al. 2020), and Lupus (Zurlo et al. 2021) star-forming regions as
well as in the older (~5-11 Myr) Upper Scorpius OB-association
(Barenfeld et al. 2019). In the youngest regions the observations
proved that binary discs appear to be fainter and smaller in the
(sub-)millimetre than their single-star analogues. Moreover, the disc
continuum emission in each binary pair was shown to increase as
a function of the system projected separation, matching single-star
disc fluxes in wide binaries. Surprisingly, no similar trend was found
in Upper Scorpius: in this region dust fluxes in binary and single-star
discs are statistically indistinguishable.

Several theoretical studies proved that binarity has a significant
effect on planet-forming discs. In particular, due to tidal interactions
between the disc and the companion star, binary discs are expected
to be truncated at a fraction of the stellar separation. In some works
disc truncation has been attributed to the resonant exchange of
angular momentum at specific locations in the disc (e.g. Goldreich
& Tremaine 1979, 1980; Artymowicz & Lubow 1994), while in
others it has been addressed to non-resonant mechanisms, such as
perturbations in the gas density profile (e.g. Papaloizou & Pringle
1977) or orbital crossing (e.g. Paczynski 1977; Pichardo, Sparke &
Aguilar 2005).

Tidal truncation has a profound impact on the secular evolution of
planet-forming discs. This is because truncation effectively imposes
a zero-flux outer boundary condition on the gas. Consequently, as
the time-scale of gas evolution is set by the viscous time-scale at
the disc outer edge (Pringle 1981), it is expected that protoplanetary
discs in binary systems evolve and disperse faster than single-star
ones do. A number of observational studies aiming at constraining
the fraction of disc-bearing stars in multiple stellar systems appear
to confirm this trend both in the case of unresolved (e.g. Cieza et al.
2009; Kraus et al. 2012) and resolved (e.g. Daemgen, Correia &
Petr-Gotzens 2012; Daemgen et al. 2013) discs.

Gas evolution in binaries in the presence of photoevaporation has
been investigated by Rosotti & Clarke (2018) and Alexander (2012)
in the case of circumstellar and circumbinary discs, respectively.
They showed that significant differences emerge with respect to
single-star discs due to the interplay between binary separation and
photoevaporation rate in determining protoplanetary disc lifetimes.
In particular, Rosotti & Clarke (2018) suggested that in circumstellar
discs in close binary systems the tidal truncation promotes outside-in
instead of inside-out dispersal, as is in single-star discs, and hastens
disc clearing. Moreover, they showed that mass accretion rates are
expected to be higher in binary discs than in single-star ones.

Finally, the effects of binarity on the gas evolution and planet-
formation processes were primarily studied using two- and three-
dimensional simulations, such as in Miiller & Kley (2012) and
Picogna & Marzari (2013). Those works showed that planet for-
mation in close binaries is halted by the presence of a companion,
e.g. due to spiral formation, higher disc temperatures, and generally a
more hostile environment. Similar conclusions were obtained using
one-dimensional steady-state models in Jang-Condell, Mugrauer &
Schmidt (2008) and Jang-Condell (2015), considering the effects of
solids parametrically (i.e. neglecting dust evolution).
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Indeed, although most observational surveys have detected the
dust continuum emission, no systematical study on the evolution of
dust grains in discs in binary systems has been conducted to date.
Notable exceptions are the work of Zsom, Sandor & Dullemond
(2011), who took into account the growth and fragmentation of solids
in the early stages of the evolution of a binary circumstellar disc,
and some numerical studies focusing on circumbinary discs. Recent
examples are Chachan et al. (2019) and Aly & Lodato (2020), who
examined dust trapping in pressure maxima and dust ring formation,
respectively.

For single-star discs, it is known that dust dynamics is considerably
different from that of the gas (e.g. Testi et al. 2014): dust grains are not
subject to pressure, whose effect is responsible for the sub-Keplerian
motion of the gas. Friction due to this velocity difference makes the
solids move radially inwards, in a process known as dust radial drift.
From the theoretical point of view radial drift is expected to shape
the disc structure with time, determining a sharp dust outer edge, as
discussed in Birnstiel & Andrews (2014). Furthermore, because of
radial drift, the extent of dust emission is expected to be more limited
than the gaseous one, as shown in Rosotti et al. (2019b).

In the case of bright single-star discs in the young Lupus star-
forming region, Ansdell et al. (2018) proved that the gas disc sizes
exceed the dust ones by a factor of ~2. Even more extreme ratios
are possible, as in the peculiar case of CX Tau (Facchini et al. 2019),
where the gas radius exceeds the dust one by a factor of ~4-5. For
binaries, we have explicit evidence of analogue results only in the
case of the RW Aurigae system (Rodriguez et al. 2018). Finally, in
Manara et al. (2019) it is shown that similar high ratios between
gas and dust radii are needed to provide reasonable values of the
eccentricities in the observed binaries.

In this paper, we address the problem of dust secular evolution in
binary systems, with particular interest in the role played by radial
drift. As this last process is size-dependent, we employ the latest
models of dust grain growth (Birnstiel, Klahr & Ercolano 2012).
As for single-star discs, we follow the procedure of Rosotti et al.
(2019a,b), who provided testable implications of their theoretical
results, computing dust fluxes at ALMA wavelengths to be compared
with observations. While in this paper we focus on the theoretical
aspects, we refer the reader to a companion work for an exploration
of the observational consequences of our models.

This paper is organized as follows. In Section 2, we describe our
model for the dynamics of protoplanetary discs in binary systems
and introduce the code employed in our study. In Section 3, we
describe the theoretical predictions on gas and dust secular evolution
in binary discs and test them in a representative case. Sections 4 and 5
are devoted to the analysis of dust depletion in binaries as a function
of the main parameters of the system. In Section 6, we analyse the
consequences of our evolution models on planet formation in binary
systems and compare our results with those of similar works in the
literature. Finally, in Section 7 we draw our conclusions.

2 MODEL DESCRIPTION AND NUMERICAL
METHODS

In this paper, we follow the general approach of Rosotti & Clarke
(2018) in modelling gas in protoplanetary discs in binary systems,
without taking into account the effects of internal photoevaporation.
This choice is motivated in Section 3. Furthermore, as we are
interested in the evolution of dust grains, we adapt the methods
introduced in Rosotti et al. (2019a,b) to the case of binaries.

‘We consider the evolution of the circumstellar discs in binaries,
rather than the circumbinary discs. We assume such evolution to be
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independent of that of the companion disc(s). This approximation
restricts the validity of our results to the phase of evolution of
binary discs in which the resupply of material from outside of their
truncation radius can be neglected. In particular, this is the case of
evolved Class II discs, which are our main modelling target.

The secular evolution of protoplanetary discs in binary systems
is reproduced employing a one-dimensional finite-differences grid
code. Gas dynamics is ruled by the viscous-diffusion equation, while
for dust the code enforces the simplified treatment of grain growth
described in Birnstiel et al. (2012), coupled with the single-fluid
advection equation introduced in Laibe & Price (2014) to model
radial drift. In a companion paper we will estimate dust opacities at
ALMA wavelengths in order to compute synthetic surface brightness
profiles and dust fluxes to be compared with observations.

The architecture of the code we use is described in detail in Booth
et al. (2017) and we refer the reader to this paper for any further
explanations. As this code was written to study dusty single-star
discs, some modifications are needed in order to correctly model the
evolution of binary discs.

2.1 Gas evolution

As in Rosotti & Clarke (2018), instead of enforcing an explicit torque
in the viscous-diffusion equation (e.g. Lin & Papaloizou 1986), we
impose a zero-flux condition, solving the following closed-boundary
problem:

D) 3 0 0
o = kx| R aR (VBRI R < Rowe,
(D
d
ﬁ(UEgRl/z) =0 at R = Rtrunca

where R is the cylindrical radius, ¥ and X, = X4(R, 1) are the total
disc surface density and the gas surface density, respectively, v is the
disc viscosity, and Ry, i the tidal truncation radius, which is taken
as a free parameter.

This choice is justified by the very steep radial dependence of the
tidal torque, xR~ (e.g. Lin & Papaloizou 1979, 1986; Goldreich &
Tremaine 1980), which determines an abrupt fall of the gas surface
density in a thin radial interval close to the truncation radius. Our
approximation considers this interval to be infinitesimally small. In
Appendix A, we study the case of an explicit torque, discussing
the difference from the current implementation and proving that the
zero-flux assumption works properly.

As in several previous studies of evolved binary systems (e.g. Bath
& Pringle 1981), equation (1) is solved on a grid equally spaced in
R'?.In our case, the grid extends from R, = 0.01 au to Ry, = Rirunc
and is made up of 250 cells. In order to assess the effects of binarity
on disc dynamics, we use different values of the tidal truncation
radius, Ryye = 25, 50, 100, 150, 250, and 500 au, corresponding
to binary separations of @ = 3 X Ry for equal-mass stars, in
circular orbits (Papaloizou & Pringle 1977). For eccentric orbits or
non-equal-mass binaries, the separation is larger for the same Ryypc
(e.g. Artymowicz & Lubow 1994).

2.2 Dust evolution

The main quantity determining dust dynamics is the Stokes number,
St (e.g. Whipple 1972; Weidenschilling 1977). In the Epstein regime,
valid for small dust grains, the Stokes number is given by

a

b4
St ~ , 2
ZEgpS @
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where a is the dust grain size and py is the bulk density of dust
grains, which is set to be p, = 1 gcm™. Dust particles with St
< 1 are tightly coupled with gas, while those with St > 1 evolve
independently of the gas and do not move radially. When St ~ 1 dust
grains experience the fastest drift towards the central star.

The grain size is determined as in Birnstiel et al. (2012). This
prescription has the advantage of both reproducing the results of
the full coagulation/fragmentation models (e.g. Brauer, Dullemond
& Henning 2008; Birnstiel, Dullemond & Brauer 2009, 2010) and
being computationally less expensive. As described in Birnstiel et al.
(2012), at each disc radius two dust populations are evolved in time: a
population of small grains, whose size is set to be the monomer grain
8ize, dmin = 0.1 pum, and a population of large grains, whose size,
amax, 18 set by the combined effect of grain growth, fragmentation,
and radial drift. Two populations of solids with different sizes are
enough to reproduce the results of models with a continuum of grain
sizes, at a much smaller computational cost (Birnstiel et al. 2012).
This is because most of the mass is in large grains, with a non-
negligible fraction in very small grains in the fragmentation regime.
Finally, it should be considered that the two-population model was
benchmarked against single-star disc models and might not behave
as well in the case of close binaries.

In those regions of the disc in which fragmentation is the main
process limiting dust growth, the maximum grain size is set by

p 2 %, u?
"3 ot 2

Afrag = (3)
Here, fira = 0.37 is an order of unity factor set by the comparison with
the full coagulation/fragmentation models (Birnstiel et al. 2012). us
is the dust fragmentation velocity, which is set to be uf = 10 m s~!,
valid for icy grains (Gundlach & Blum 2015). « is the Shakura &
Sunyaev (1973) prescription, which parametrically takes into account
the effects of turbulent viscosity on the evolution of the gas. Finally,
¢, is the gas sound speed.

Conversely, in those regions of the disc in which radial drift is the
main process limiting dust growth, the grain size is set by

2
Qgrite = faite—— — Vs 4)
T Py

obtained by equating dust drift and growth time-scales (meaning
that grains drift as fast as they grow). Here, fyix = 0.55 is an
order of unity factor set by the comparison with the full coagula-
tion/fragmentation models (Birnstiel et al. 2012). ¥4 = X4(R, 1) is
the dust surface density, Vk = «/GM, /R is the Keplerian velocity,
and y = |dlog p/dlog R| is the polytropic index, p o p}, where p is
the gas pressure and p is the mid-plane gas surface density.

The maximum grain size iS set as dpax = MiN(Afrag, darif)- In
general, the inner region of the disc is fragmentation dominated,
while the outer regions are in the drift-dominated regime. The main
factor determining the relative importance of the two regimes is
viscosity: at a given time, for larger values of «, the fragmentation-
dominated region expands to larger radii. The time dependence in
g and aggir 1s due to the (gas and dust) surface density profiles
only. As ¥4 < X, and this inequality sharpens as time goes by, we
expect that the drift-dominated region expands to smaller radii on
secular time-scales.

Finally, in the simplified treatment of dust introduced in Birnstiel
et al. (2012), each of the two populations has a fraction fi,.ss of the
total disc dust mass according to a factor set by the comparison with
the full coagulation/fragmentation models (Birnstiel et al. 2012):
fmass = 097, if Amax = Adrift» andfmass = 075, if Amax = Afrag- From
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now on, if not otherwise stated, we will refer to the grain size of the
large population simply as the ‘grain size’.

As described in Booth et al. (2017), the code takes into account
diffusion and radial drift of dust grains throughout the disc. The
latter is achieved by computing the velocity of dust particles from
their size and evolving the dust fraction according to the single-fluid
model introduced in Laibe & Price (2014). This approach has the
advantage of taking into account both the effect of gas drag on dust
particles and that of dusty grains on gas which can substantially
affect disc evolution, e.g. in presence of local dust accumulations
at pressure maxima (e.g. Dipierro et al. 2018; Gdrate et al. 2020).
However, this is not expected to play a role in our case, in which, as
we shall see, X4 is always much smaller than X,.

As for gas, to take into account the effects of binarity also on
dust evolution, a similar closed-outer-boundary condition has been
enforced both in the diffusion and advection equations. As a matter
of fact, this correction brings about negligible modifications to our
final results. This happens because the outer regions of the disc retain
only small dust grains, which are well coupled with the gas. Those
grains move along with the gas, which already takes into account the
effect of binarity as prescribed in equation (1). Then, by construction,
also the dust naturally does.

2.3 Disc structure and initial conditions

As in Rosotti et al. (2019a,b), we set a locally isothermal disc with

R 12
T = 88.23 (7) K. (@)
10 au

This choice agrees with the Chiang & Goldreich (1997) prescription
for a solar mass star, M, = M, and corresponds to a disc with aspect
ratio of H/R ~ 1/30 at R = 1 au. Here, H is the disc scale height,
defined as H = ¢,/Qx, where Qx = /GM,/R3 is the Keplerian
angular velocity and ¢, = +/RT /u, the locally isothermal gas sound
speed, is defined in terms of the gas temperature profile, the gas mean
molecular mass, 4 = 2.4, and the gas constant, R.

Some previous works that studied circumstellar disc evolution
in binary systems suggested that higher mid-plane temperatures
should be expected due to viscous heating, shock waves, and mass
transfer in their two- and three-dimensional simulations (e.g. Nelson
2000; Miiller & Kley 2012; Picogna & Marzari 2013). We will
provide a detailed analysis of the consequences of this choice on
our work later in this paper. As for now, we remark that those studies
considered binary separations of a < 50 au, by far smaller than ours.
Furthermore, equation (5) and the temperature profiles in Nelson
(2000) and Picogna & Marzari (2013) are substantially different only
in the innermost disc region, with the reference temperature at 10 au
being less than a factor of 2 higher in those studies and decreasing
more steeply in the outer disc than ours as the stellar irradiation is
not taken into account. As we are interested in modelling the outer
disc regions equation (5) seems a valid assumption.

Once the temperature profile has been set, it is possible to compute
the disc viscosity at each radius through the Shakura & Sunyaev
(1973) o prescription, under the hypothesis that it only affects gas
dynamics, as v = «cyH. For our chosen temperature profile, viscosity
scales linearly with the disc radius: vocR. We have explored a range of
viscosities encompassing the typical values expected in protostellar
discs: @ = 107, 1073, and 10~2. From the observational point of
view, they are motivated by several works (e.g. Andrews 2020;
Trapman et al. 2020). We note that there is recent mounting evidence
that the value @ = 10~2 might be too large to be compatible with
observations (but see also Lodato et al. 2017 and the recent work
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of Flaherty et al. 2020 for the detection of turbulent motions in DM
Tau corresponding to o ~ 0.08). Nevertheless, it is instructive to
consider it because in this case fragmentation limits the grain size.
As in Rosotti et al. (2019b), we also consider the case « = 0.025,
which, despite being only slightly higher than o« = 1072, displays a
significantly different behaviour.

Our initial condition for the disc surface density, £ = X, + X,
is a self-similar profile (e.g. Lynden-Bell & Pringle 1974):

Y(R,t =0) = Mo exp _RY (©6)
27TROR R()

Here, M, is the initial disc mass, which is set to be My = 0.1Mg,
and Ry is a characteristic scale radius, defined as the radius enclosing
63 per cent of the initial disc mass. Also in the case of the scale
radius we employ different initial parameters in our simulations,
corresponding to Ry = 10, 30, and 80 au. The initial dust mass and
surface density are determined by the choice of a uniform initial dust
fraction: € = 0.01.

3 BINARITY AFFECTS GAS AND DUST
EVOLUTION

3.1 Theoretical expectations

3.1.1 Gas evolution

As outlined in Rosotti & Clarke (2018), the secular evolution of gas
in binary discs can be divided into three consecutive stages:

(1) Initially the gas viscously expands outwards following the
typical similarity solution which applies to single-star discs (e.g.
Lynden-Bell & Pringle 1974):

M, R
O 73 2exp(——— |, @)
2w R()R R()T

where T = 1 + t/t, is a dimensionless time variable in which #,

= 1,(R = Ry) is the disc viscous time-scale computed at the initial

scale radius. Here, ¢, is defined as (e.g. Lynden-Bell & Pringle 1974):
R? R?

T 3y BacH'

which is a decreasing function of «.

The gas becomes sensitive to the torque of the companion as soon
as a relevant fraction of its mass reaches the outer boundary, Ry, =
Riunc- The time span, fyoundary» Of this first stage is set by both the
initial scale radius, which determines the fraction of the disc mass
initially in the outer regions of the disc, and its viscous time-scale
at the truncation radius, #,(R = Ryunc)- As a consequence, we expect
initially more compact (smaller Ry), less viscous (smaller «) discs
with a larger truncation radius to behave essentially as single-star
discs, since fpoundary Would be longer.

(i1) Once a relevant fraction of the gas has reached the disc outer
radius, the gas surface density goes through a phase of readjustment,
departing from the similarity solution in equation (7). At the end of
this process, the gas surface density is described by the similarity
solution that solves equation (1) (Rosotti & Clarke 2018):

.(R. 1) My (7R ! ©)
(R, 1) = i xp | — ,
¢ 8R2 R32 2R\ P\ frane

trunc trunc

Tu(R, 1) =

by

®)

where fyyne = 16R2,. /37 Vigunc, in Which Viune = V(R = Ryunc), and
is valid only for R < Ryune. We note that equation (7) and equation (9)
share the same radial dependence at small radii, X go<R_', while at

larger radii £,0cR™*? in binary discs.
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Figure 1. Gas surface density evolution for the freely expanding disc —
solid lines — and binary disc — dashed lines — model reference test run
with @ = 1073 and Ry = Ryunc = 10 au. The profiles are evaluated at
t=0.1, 0.3, 1, 2, and 3 Myr.

(iii) Finally, the secular evolution proceeds on a time-scale set by
1,(R = Ryunc)- This time-scale is much shorter than that of a single-
star disc, which, instead, is set by #,(R = Roy). Here, Ry, is the disc
outer radius, which viscously expands with time. For this reason, we
expect the gas to evolve faster in the case of binaries.

This last result is confirmed by looking at the gas mass accretion
rate on to the central star. In the single-star case (e.g. Lynden-Bell &
Pringle 1974):

1M
T2,

M 7732, (10)
where t, = t,(R = Ry) is the viscous time-scale computed at the initial
scale radius. On the other hand, once self-adjustment occurred, in
binary discs the mass accretion rate can be computed as (Rosotti &
Clarke 2018):

. M, ( t )
M = exp | — . (1)
tlrunc tLrunc
Clearly, while in equation (10) the mass accretion rate declines as a
power law with time, in equation (11) it has an exponential decrease,
which sets the total lifetime of a binary disc to be ~2-3 times fync-

In Rosotti & Clarke (2018) internal X-ray photoevaporation is also
taken into account, showing that it is relevant on gas evolution only if
binary discs are large enough for gap opening to take place. This is the
case of almost all our models, with the possible exception of the Ryunc
= 25 au case, where clearing would take place outside-in instead of
inside-out (see fig. 3 in Rosotti & Clarke 2018). Photoevaporation
would hasten disc dispersal with respect to the pure viscous scenario.
Indeed, the time-scale of gas depletion within the wind-opened gap
would be set by the viscous time-scale at the gap edge, which is
smaller than #,(R = Ryunc)- Moreover, because of the steep decrease
of the gas surface density in the outer disc, £ 0cR™>2, disc clearing
due to photoevaporation would be faster than the pure viscous
draining.

Itis known that a two-time-scale evolution framework is necessary
to explain disc dispersal on secular time-scales (e.g. Haisch, Lada
& Lada 2001; Ribas et al. 2014; Ercolano & Pascucci 2017).
Nevertheless we decided not to consider photoevaporation as it would
make even less longer lived our already short-lifetime models (see
e.g. Section 4).
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3.1.2 Dust evolution

Also for the dust we expect a similarly faster evolution in binaries
as in freely expanding discs. To see this, consider the extreme case
in which dust is perfectly coupled with the gas. In this case, it will
naturally experience the same faster evolution of gas molecules.

In addition, in the case of binaries we expect radial drift to be
a more efficient mechanism to remove dust grains. In single-star
discs, radial drift acts removing large and fast-drifting grains, yet it
leaves behind smaller grains well coupled with the gas. These grains
are entrained in viscous expansion and move outwards (Rosotti et al.
2019b). Because of this process, a reservoir of small, slowly growing
grains is created in the outer regions of the disc, preventing an abrupt
fall of the dust fraction with time. In the case of binaries this process
cannot take place due to the presence of the closed outer boundary.
As a consequence, no reservoir of solids acts to prevent a substantial
dust depletion.

Finally, even if the dust fraction were the same in binary and
single-star discs, the time-scale of dust growth would be different.
The time-scale of dust growth is defined as (Birnstiel et al. 2012)

1 R3/?

Torowth = 971(6 o8 Tv (12)
where € is the dust-to-gas ratio. As for the viscous time-scale, fgrowin (R
= Ryy) is shorter in the case of binaries, where Ry = Ryune, than
in single-star discs, where R, increases with time. Because of this
effect, dust grains in binaries are expected to reach the critical size at
which they are removed by radial drift sooner than in the single-star
disc case.

Rosotti & Clarke (2018) considered the effects of internal pho-
toevaporation focusing on mass accretion rates and near-infrared
emission, none of which are influenced by the dust. Moreover, even
though photoevaporation is expected to hasten disc dispersal with
respect to the pure viscous scenario, it would eventually take place
only at late times, when the bulk of the dust has been already removed
from the disc. In this case only small grains would be retained, which
can be entertained in the wind (e.g. Booth & Clarke 2021). Those
reasons suggest to consider the effects of disc winds on dust in binary
evolution in a future work.

To sum up, we expect that the tidal effects due to the presence of a
stellar companion will dramatically shorten the lifetime of both gas
and dust in binary discs.

3.2 A model case for gas and dust evolution in binaries

It is time to test our theoretical expectations with numerical simu-
lations. We compare the time evolution of gas and dust in a freely
expanding disc, with Ry = 10 au and o« = 103, and a binary disc, with
Ro = Ryune = 10 au and the same viscosity. This choice is motivated
by the ease in distinguishing the single- and binary-disc behaviour as
explained in the following paragraphs. In the next sections we will
examine the dependence of our results on the initial conditions.

3.2.1 Gas evolution

First of all, we assess the effect of binarity on gas evolution. Fig. 1
shows the radial dependence of the gas surface density in our model
discs after r = 0.1, 0.3, 1, 2, and 3 Myr. Despite having the same
initial condition, as time goes by the gas surface density in the binary
model falls below its single-star disc analogue. This can be seen in
Fig. 1 after r ~ 1 Myr. Indeed, because of our choice of the model
parameters, both discs initially have the same viscous time-scale,
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Figure 2. Moving clockwise from the upper left panel: Evolution of the dust surface density, ¥4, the maximum dust grain size, amax, the Stokes number, St,
and the dust-to-gas ratio, €, for our freely expanding disc — solid line — and binary disc — dashed line — model reference test run with o = 1073 and Ry = Ryunc

= 10 au. The profiles are evaluated at t = 0.1, 0.3, 1, 2, and 3 Myr.

t,(R = Ry). As time goes on the binary disc still evolves on this
same time-scale. On the contrary, due to the disc viscous expansion,
such a time-scale increases in the single-star disc case, determining
a slower evolution than in the binary disc one.

To sum up, our theoretical expectations in the case of gaseous discs
in binary systems are supported by the simulations: the gas depletes
on a faster time-scale than around single-stars.

3.2.2 Dust evolution

Let us now focus on Fig. 2. Starting from the upper left panel
and moving clockwise, it displays the dust surface density, X4,
the maximum grain size, dam,, the Stokes number, St, and the
dust-to-gas ratio, €, as a function of the disc radius for our single
— solid lines — and binary — dashed lines — model discs, after
t=0.1, 0.3, 1, 2, and 3 Myr.

At first glance, the evolution of the dust in our binary model
closely follows the main features of the single-star disc case already
identified in Rosotti et al. (2019b). However, some crucial differences
need to be outlined. As can be seen from the time decay of the dust-
to-gas ratio in the lower left panel of Fig. 2, in both models the dust
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is depleted preferentially with respect to the gas. However, in the
binary disc dust depletion is more dramatic than in the single-star
model, with € dropping below 10~¢ within a few Myr.

As outlined in Rosotti et al. (2019b), in the single-star model
we expect the dust grain size to attain two different regimes. In
the inner regions of the disc the maximum grain size is limited by
fragmentation, while in the outer regions it is set by radial drift. The
transition between these two behaviours can be recognized as a knee
in the radial profile of the grain size or of the Stokes number, as the
upper right and lower right panels of Fig. 2 show with the dots and the
squares in the case of the single and binary disc model, respectively.
As time goes on, as a consequence of dust and gas depletion, the
maximum grain size decreases. Moreover, being dust preferentially
depleted with respect to the gas, aqrife decreases faster than ag,e and
the drift-dominated regime encompasses larger and larger regions of
the disc.

Remarkably, in our binary model the dust surface density decreases
so fast that the disc is fragmentation dominated only in the innermost
region, in the earliest stage of its evolution. Apart from this case, all
particles at any radius are large enough to experience radial drift and
no reservoir of pm-sized grains prevents the fast dispersal of dusty
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binary discs. This explains why the dust-to-gas ratio in the binary
disc falls faster than in the single-star model as can be seen in the
bottom left panel of Fig. 2. As in the single-star case, as time goes by
and the dust surface density decreases, radial drift becomes more and
more selective, depleting the disc from smaller and smaller particles,
ultimately reducing the size of the remaining dust grains.

Even though not encompassing secular disc evolutionary time-
scales, similar results were also obtained by Zsom et al. (2011), who
showed that both the grain size and the stopping time are reduced in
binary discs by factors comparable with those in the earliest stage of
our models. In qualitative agreement with the faster dust evolution
in binaries is also the work of Pani¢ et al. (2021), who show that the
smallest circumprimary disc in their sample has the lowest mm flux,
despite being youngest.

Finally, while in the single-star model the dust surface density
shows a sharp outer edge at any time, no similar feature is present
in the binary model because of the closed-outer-boundary condition
imposed on both gas and dust evolution. In Appendix A, we will
discuss how this feature changes if an explicit torque rather than the
closed-boundary condition is imposed on gas evolution.

To sum up, as far as dust evolution is concerned, both single-star
and binary discs share the same general features. However, in the
binary case, radial drift reduces the dust-to-gas ratio faster than in
the freely expanding model.

4 DEPENDENCE OF DUST DEPLETION ON «,
Ry, AND THE TRUNCATION RADIUS

In this section, we discuss the dependence of our results on the
disc parameters and we quantify how much dust the disc retains.
In particular, we examine the variation of the integrated dust-to-gas
ratio, Myus/M s, with the viscous parameter, o, the initial disc scale
radius, R, and the tidal truncation radius, Ryyc.

The upper panel in Fig. 3 shows the dependence of Mgy /My, 0n
the disc tidal truncation radius, for different values of the viscosity
and the initial disc scale radius, after 1 = 1 Myr. The black crosses
indicate the value of Mg,/M,,s corresponding to single-star discs
with the same parameters.

As a natural extension of the worked example in Section 3, let
us focus on the & = 1073 and Ry = 10 au case and analyse the
dependence of the integrated dust-to-gas ratio on Ryyn.. As long
as Ryune = 100 au, the binary disc is indistinguishable from a
single-star disc, while dust gets progressively more depleted when
Riune approaches Ry. We can hypothesize that the truncation radius
at which saturation occurs is such that the viscous time-scale at
that radius, #,(Ryunc), €quals the age of the disc. However, a direct
computation shows that #,(R = 100 au) ~ 5 Myr > 1 Myr. Another
possibility to explain the dependence of the integrated dust-to-gas
ratio with Ry, i8 that saturation occurs when the dust growth time-
scale at the truncation radius, Zgrowth (Ruunc)> €quals the age of the disc.
However, as in the previous case, fgrown(R = 100 au) ~ 3 Myr >
1 Myr.

In Section 3, we pointed out that the closed-outer-boundary
condition starts to play a role in the evolution of binary discs only
after the time fyoundary> in Which a relevant fraction of the disc mass
reaches the outer regions of the disc. We confirm that after r = 1 Myr
only a tiny fraction of the disc mass went beyond R = 100 au. For
this reason, binary discs with Ry, > 100 au essentially behave as
single-star discs so far. To put it in other words, fyoundary < 1 Myr
only for those binary discs with Riyne < 100 au, showing that #oundary
increases with Ry, as expected from our theoretical considerations
in Section 3.
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Dependence on the initial scale radius

Let us now study how the initial disc scale radius R, affects the
dependence of Myuu/Mg,s on the tidal truncation radius. From the
upper panel in Fig. 3, a similar behaviour as in the case Ry = 10 au
can be seen for Ry = 30 au, with My /My, increasing with Rync
and then levelling out at Ry, = 250 au, and for Ry = 80 au, where
saturation of the integrated dust-to-gas ratio occurs at Ry, = 500 au.
The fact that the saturation radius moves to larger values as the initial
disc scale radius increases can be explained using the definition of
Ry as the radius containing 63 per cent of the initial disc mass. Discs
with a larger initial scale radius have more massive outer regions than
discs with a smaller one, suggesting that, at a given stage of their
evolution, a larger fraction of the disc mass can interact with the
outer boundary. This is equivalent to say that fpoundary 1S @ decreasing
function of Ry, as it was expected from our theoretical considerations
in Section 3.

The last feature to be clarified is why discs with larger R, retain
more dust than the homologous with a smaller initial disc scale
radius. As can be seen from Fig. 3, this is also found in single-
star discs. In this case, initially more extended discs, being more
massive in the outer regions, are also richer in dust at large radii
than initially smaller ones. In the outer disc, radial drift and grain
growth have longer time-scales, implying that less dust is lost on to
the star. Additionally, part of the dust is transported outwards by the
gas viscous expansion, further slowing the evolutionary time-scale.
As a consequence of both these effects, if R is bigger, more dust is
stored in the outer disc and shielded against radial drift.

Due to the presence of a closed outer boundary at R = Ryunc,
no outward transport of dust is possible in binary discs. However,
the same considerations on the time-scale of dust growth apply,
explaining the increase of Mgy /Mg, with Ry in binaries, too.
Additionally, it can be seen from the upper panel in Fig. 3 that,
for small values of Ry, the initial disc scale radius does not affect
the integrated dust-to-gas ratio. This happens as the exponential tail
in the initial condition (see equation 6) is missing. This is consistent
with the fact that when binarity is important the secular evolution of
the gas is described by equation (9) where R, does not play a role.

On a related note, we remark that considering models with Ryync
< Ry is equivalent to assuming an initial power-law surface density
(without exponential drop). We took into account such a scenario so
as to explore an alternative initial condition.

Dependence on the disc viscosity

Let us now explore the effects of changing the value of the disc
viscosity, «. From the upper panel in Fig. 3 it is clear that for higher
values of o more dust is retained both in binary discs and in single-
star ones: the integrated dust-to-gas ratio increases.

As shown in the upper panel of Fig. 3, for « = 10~ the integrated
dust-to-gas ratio undergoes a similar behaviour with Ry, as for o
= 1073, for each initial disc scale radius Ry. Saturation of Mg,/M. sas
also occurs at similar values of Ryync, but the integrated dust-to-gas
ratio at the plateau is slightly smaller than in the o = 1073 case.
Remarkably, the increased depletion affects especially the case of Ry
= 10 au. We will provide an explanation of this feature in Section 5.

Although the general picture is the same also for @ = 1072, some
important differences occur. The integrated dust-to-gas ratio has a
steeper dependence on Ry, than for ¢ = 1073 and no saturation
arises until Ryyne = 500 au, regardless of Ry. The fact that the
truncation radius at which My.q/M,,s levels out increases can be
accounted for noticing that the viscous time-scale is a factor of 10
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Figure 3. Upper panel: The integrated dust-to-gas ratio, Maust/Mgs, is plotted as a function of the tidal truncation radius, Ryunc, for different values of o, and
the initial disc scale radius, Ry, after t = 1 Myr. The black crosses indicate the value of Mayst/Mgas corresponding to single-star discs with the same « and Ro.
Lower panel: Same as in the upper panel but after # = 3 Myr. The triangles identify upper limits for the integrated dust-to-gas ratio, once a sensitivity threshold

has been set to Mayst/Mgas = 107°.

lower than in the « = 1073 case. Indeed, after r = 1 Myr, more
viscous discs are comparably more evolved and a larger fraction
of their mass has reached the outer radius. In other words, fyoundary
decreases with « as expected from our theoretical considerations in
Section 3. Furthermore, the initial scale radius plays a much smaller
role in setting the amount of dust retained.

Finally, in the extreme case of o = 0.025 the same considerations
as in the case of @ = 1072 apply but to a somewhat more dramatic
extent. A notable exception occurs in the case of the binary discs
with Ryyne = 25 au, where the integrated dust-to-gas ratio is lower
for discs with larger initial scale radius (see e.g. the leftmost green
dot in the top right panel in Fig. 3). We will provide an explanation
of this outlier as well as the dependence of Myys/Mg,s On viscosity in
Section 5.

Slope of the dust depletion curve

Let us take into account the slope of the dust depletion curve in the
upper panel of Fig. 3. While for @ = 10~* and 10~3 the slope is ~1.5,
in the case of @ = 0.025 it decreases to ~0.5. As a consequence, the
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dust-to-gas ratio falls more quickly in the drift-dominated regime
than in the purely fragmentation-dominated one, suggesting that the
slope of the curve could be a way to understand which process
limits the maximum grain size. Finally, when o« = 1072 the slope
peaks to ~2 as the dust-to-gas ratio curve connects large discs
in the fragmentation-dominated regime and small drift-dominated
discs.

To sum up, the smaller the disc tidal truncation radius the most
severe the effect of binarity on disc evolution, leading ultimately to
a faster removal of dust grains and dissipation of the disc. Moreover,
after + = 1 Myr the integrated dust-to-gas ratio in binary discs
increases with viscosity and the initial disc scale radius.

4.1 Dependence on time

The lower panel in Fig. 3 shows the dependence of the integrated
dust-to-gas ratio on the disc tidal truncation radius, for different
values of viscosity and the initial disc scale radius, after t = 3 Myr.
The triangles identify cases where the integrated dust-to-gas ratio is
very small, specifically Maus/Mgas < 107°.
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Figure 4. The integrated dust-to-gas ratio, Maus/Mgas. is plotted as a function of «, for different values of the initial disc scale radius, Ro, after t = 1 Myr and

t = 3 Myr, in the case of a single-star disc.

Let us first focus on the @ = 10~* and & = 10~ case. Confronting
discs with the same initial disc scale radius in the upper and lower
panels of Fig. 3 it can be noticed that after # = 3 Myr the integrated
dust-to-gas ratio decreased by a factor of ~10, but the other features
(dependence on Ry and Ry, saturation radius...) are exactly the
same. This suggests that in these cases the binary viscous time-
scales are long enough that even after r = 3 Myr those discs have
not evolved much in the gas (i.e. the surface density is close to
the initial value). Moving to larger viscosities the previous pattern
changes. For « = 1072, a significant decrease in foundary, due to
the increased viscosity, explains the absence of saturation which is
evident from Fig. 3. Apparently, as in this case fyoundary < 3 Myr
regardless of Ry, all discs expanded enough to reach the outer
boundary and the evolution of binary discs proves to be considerably
different from that of single-star discs. Analogous considerations
on saturation apply in the case of o = 0.025. A look at the slope
of the curves, which is now ~1.2-1.3 for every «, suggests that
after + = 3 Myr dust removal is essentially determined by radial
drift.

Remarkably, while up to t = 1 Myr discs with a high « retain
more dust, after t = 3 Myr we see the emergence of a region of the
parameter space where the opposite behaviour happens. A number
of discs have been completely dispersed in the dust at high « (as the
triangles at small Ry, in the lower panel of Fig. 3 suggest), but not
for lower viscosities. This means that, differently from single-star
discs, Mgusi/Mg,, is not a monotonically increasing function of o.

All in all, studying how the integrated dust-to-gas ratio changes
after + = 3 Myr suggests that the differences between single and
binary discs due to tidal effects increase with time.

5 DEPENDENCE OF THE DUST-TO-GAS RATIO
ON VISCOSITY: A CLOSER LOOK

In this section, we investigate more in detail the dependence of
the dust-to-gas ratio on disc viscosity in binaries in order to answer
those questions previously left open: why does Myusi/M s not always
increase with & and why does changing R affect less the dust-to-gas
ratio for larger viscosities?

5.1 The single-star disc case

Fig. 4 shows the dependence of the integrated dust-to-gas ratio on
«, for different values of the initial disc scale radius, after t =
1 Myr and ¢+ = 3 Myr, in the case of a single-star disc. Clearly
M gy/Mgys monotonically increases with «. This behaviour can be
explained as follows. For small values of «, the disc is in the
drift-dominated regime already after r = 1 Myr and a significant
amount of dust has been removed by radial drift, reducing the dust-
to-gas ratio. As « increases, larger regions of the inner disc are in
the fragmentation-dominated regime thus reducing the radial drift
efficiency. Moreover, viscous expansion becomes more and more
important, and the small dust grains entrained with the gas in the
outer disc are transported at larger radii, where both the growth and
drift time-scales are long enough to prevent a fast depletion of the
solids. In the case of extremely high values of «, the entire disc is
fragmentation-dominated and the dust is removed only when the gas
is accreted. It then follows that the integrated dust-to-gas ratio is
roughly equivalent to its initial value. As we already highlighted,
the dust is progressively better coupled with the gas for higher
viscosities. The better coupled the dust is, not only the higher the
dust-to-gas ratio at the end of the simulation, but also the smaller
the dependence on R, because the dust tends to be accreted with the
gas.

5.2 The binary disc case

The upper panel in Fig. 5 shows the dependence of the integrated
dust-to-gas ratio on «, for different values of Ry and Ry, after t =
1 Myr. Each broken-dashed line connects binary discs with the same
tidal truncation radius, which is recorded in the rightmost figure.
The integrated dust-to-gas ratio monotonically increases with «, as
in the case of single-star discs, regardless of the tidal truncation
radius and the initial scale radius. Moreover, those discs with larger
Riune attain the same values of Myug/Mg, as single-star discs do
(see Fig. 4 for a comparison), further supporting the evidence of
saturation of the dust-to-gas ratio in large binaries already outlined
in Fig. 3.
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Figure 5. Upper panel: The integrated dust-to-gas ratio, Mqust/Mgas, is plotted as a function of « for different values of the tidal truncation radius, Ryrunc, and
the initial disc scale radius, Ry, after = 1 Myr. The dashed lines connect discs with the same tidal truncation radius, which is outlined in the rightmost panel.
Lower panel: Same as in the upper panel but after # = 3 Myr. The triangles identify upper limits for the integrated dust-to-gas ratio, once a sensitivity threshold

has been set to Mays/Mgas = 107°.

An exception to this tendency can be noticed: in the rightmost
panel of Fig. 5, in the disc with Ry, = 25 au the integrated dust-
to-gas ratio does not increase with «. Because of the presence of a
closed outer boundary, the time-scale of gas and dust evolution in
this disc is significantly shorter than in the single-star one with the
same parameters, bringing about a faster depletion of dust grains.
For this reason, after just # = 1 Myr a large part of the disc is in the
drift-dominated regime and even monomer-sized grains noticeably
move radially. The reason why this effect takes place only for the
smallest and most viscous disc in our sample is due to the fact that
its viscous time-scale is the shortest among all the other binary discs.
Consequently, after just + = 1 Myr the disc has been substantially
depleted of dust. Moreover, as discs with a larger scale radius are less
massive in the inner regions, the effect of binarity is more pronounced
in the case of Ry = 80 au because its initial dust surface density is
lower than for Ry = 10 and 30 au. Consequently, larger regions
of the disc become drift-dominated earlier and the disc disperses
faster.
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In Fig. 6, we prove the previous argument to be true, showing
the time dependence of the integrated dust-to-gas ratio in the binary
discs with Ry = 25 au, Ry = 80 au, and different values of «. The
triangles identify upper limits for the integrated dust-to-gas ratio,
once a sensitivity threshold has been set to Myys/Mgss = 107°. As
can be seen, while at low viscosities the integrated dust-to-gas ratio
falls as a power law with time, for higher values of ¢, and in particular
for o = 0.025, it remains steady for the first dynamical time-scales
of disc evolution and then plummets below the threshold.

Finally, as in the case of single-star discs it is possible to see from
Fig. 5 that Ry has a larger effect on the integrated dust-to-gas ratio
for lower viscosities. As for freely expanding discs dust grains are
more shielded from radial drift in the outer regions of extended discs
at lower viscosities.

The lower panel in Fig. 5 displays the same correlation as in
the upper panel but after + = 3 Myr. The triangles identify where
the integrated dust-to-gas ratio Myus/Mg,s < 1076, In large, less
viscous binary discs Mgy /Mg,s monotonically increases with o« as in
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Figure 6. Time dependence of the integrated dust-to-gas ratio in the binary
disc with Ryune = 25 au, Rg = 80 au, and different values of «. The triangles
identify upper limits for the integrated dust-to-gas ratio, once a sensitivity
threshold has been set to Mqus/Mgas = 107°. In the case of overlapping
points, the blue series has been slightly shifted from its right time-position.

the single-star case and saturation occurs in the widest binaries. In
smaller binaries, instead, similar considerations as for the = 1 Myr
outlier apply and are now visible not only in the Ry, = 25 au case
but also in larger discs. Because of a fast reduction of the dust surface
density, practically all the disc is drift-dominated and dust grains are
removed by radial drift, which acts dispersing the disc and reducing
the integrated dust-to-gas ratio to negligible values.

To conclude, the effect of binarity on dusty discs is that of sharply
shortening their lifetime. The higher the viscosity, the longer the
disc survives. However, if the binary is tight enough, Ryune < 30 au,
the trend reverses and discs with high viscosity experience a faster
depletion.

6 IMPLICATIONS ON PLANET FORMATION

While in wide multiple systems the presence of a companion has
a very limited impact on planet formation, it has been also largely
recognized that both the fraction of disc-bearing and planet-hosting
stars in binaries decrease sharply with stellar separation. For example,
Kraus et al. (2012) show that two-thirds of the discs in binaries
with projected separation a, < 40 au disperse faster than a million
years. In addition, Kraus et al. (2016) find a reduction in the fraction
of multiple stars with projected separation a, < 100 au hosting
exoplanets. For these reasons, the presence of massive planets in
binary systems with small a, ~ 20 au, such as HD 196885 (Correia
et al. 2008), HD 41004 (Zucker et al. 2004), y Cephei (Hatzes et al.
2003), Gliese 86 (Queloz et al. 2000), HD 7449 (Dumusque et al.
2011), HD 87646 (Ma et al. 2016), and HD 176051 (Muterspaugh
etal. 2010) is puzzling (for further considerations see also the reviews
of Thebault & Haghighipour 2015 and Marzari & Thebault 2019).

Following a complementary approach, several works have focused
on the properties of exoplanets in binaries (e.g. Moe & Kratter 2019;
Bonavita & Desidera 2020; Hirsch et al. 2021), proving that close-
in companions suppress planet formation, while planet frequency is
similar in wide binaries and singles. However, stellar multiplicity
does not always have a negative effect: for example, Desidera &
Barbieri (2007) show that massive planets with short orbital period
are more common in tight binaries.

What our models suggest is that the relative lifetime of discs around
single stars and in binary systems is strongly dependent on the disc
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viscosity, o, and the tidal truncation radius, Ryy.. In particular, highly
viscous discs with Ryyne > 50 au retain as much dust as single-star
discs do for the first Myr. However, as time goes on, their short
viscous time-scale determines a fast dispersal. On the contrary, in
protoplanetary discs with a low viscosity, radial drift removes dust
very quickly: after a million years discs with Ry < 100 au have
almost completely lost their dust. However, these discs will still
survive a long time after the initial phase of depletion due to their
large viscous time-scales. In principle both those opposing scenarios
could be compatible with the formation of rocky planets according
to the pebble accretion model (e.g. Johansen & Lambrechts 2017;
Ormel 2017), provided that planetesimals form early, within ~1 Myr,
which could be possible (e.g. according to the streaming instability
mechanism, Youdin & Goodman 2005), and that Ry, > 50-100
au, otherwise implausibly fast planetary embryo formation would be
required, in particular for the smallest and less viscous discs.

From the observational point of view, the low-viscosity scenario
seems to be favoured. Indeed, Barenfeld et al. (2019) find that
the fraction of close companions in systems with discs in Taurus
and Upper Scorpius are comparable, suggesting that the stellar
multiplicity has no substantial effect on the disc dispersal after r ~ 1—-
2 Myr. This is consistent with our results for & = 10~* and 103 discs
(see e.g. Fig. 3 and the relative discussion), where the bulk of the dust
is accreted before 7 ~ 1 Myr and no considerable modifications to the
integrated dust-to-gas ratio are found at later times. Yet, it should be
mentioned that the values of Mg, in our models are well below the
observational expectations. On the other hand, it is also possible that
highly viscous binaries exist. However, due to their very fast dust-
depletion time-scale, discs in close multiple systems (Ryune < 25
au) should be undetectable after just a million years. Indeed, when
small and relatively long-living discs are observed, such as in the
case of the ET Cha system (Ginski et 