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1 INTRODUCTION

ABSTRACT

Direct imaging searches have revealed many very low mass objects, including a small number
of planetary-mass objects, as wide-orbit companions to young stars. The formation mechanism
of these objects remains uncertain. In this paper, we present the predictions of the disc
fragmentation model regarding the properties of the discs around such low-mass objects. We
find that the discs around objects that have formed by fragmentation in discs hosted by Sun-like
stars (referred to as parent discs and parent stars) are more massive than expected from the
Misc—M., relation (which is derived for stars with masses M, > 0.2Mg). Accordingly, the
accretion rates on to these objects are also higher than expected from the M, — M, relation.
Moreover, there is no significant correlation between the mass of the brown dwarf or planet
with the mass of its disc nor with the accretion rate from the disc on to it. The discs around
objects that form by disc fragmentation have larger than expected masses as they accrete gas
from the disc of their parent star during the first few kyr after they form. The amount of gas
that they accrete and therefore their mass depend on how they move in their parent disc and
how they interact with it. Observations of disc masses and accretion rates on to very low mass
objects are consistent with the predictions of the disc fragmentation model. Future observations
(e.g. by Atacama Large Millimeter/submillimeter Array) of disc masses and accretion rates
on to substellar objects that have even lower masses (young planets and young, low-mass
brown dwarfs), where the scaling relations predicted by the disc fragmentation model diverge
significantly from the corresponding relations established for higher mass stars, will test the
predictions of this model.

Key  words: accretion, accretion  discs—hydrodynamics —methods:  numerical —

protoplanetary discs —brown dwarfs —stars: formation — stars: low-mass.

& Chabrier 2008, 2009; Hopkins 2013), (ii) by fragmentation of
protostellar discs (Boss 1997; Stamatellos, Hubber & Whitworth

Many very low mass objects, including a small number of planetary-
mass objects, have been observed by direct imaging as companions
to young stars at distances from a few tens to a few hundred au
(Kraus et al. 2008, 2014a; Marois et al. 2008; Faherty et al. 2009;
Ireland et al. 2011; Kuzuhara et al. 2011, 2013; Aller et al. 2013;
Bailey et al. 2014; Rameau et al. 2013; Galicher et al. 2014; Naud
etal. 2014). The dominant mechanism for the formation of low-mass
stellar and substellar objects (low-mass hydrogen-burning stars,
brown dwarfs, and giant planets) is still uncertain (e.g. Chabrier
et al. 2014; Stamatellos 2014). It is believed that such objects may
form in three ways: (i) by collapsing molecular cloud cores, i.e. the
same way as Sun-like stars (Padoan & Nordlund 2004; Hennebelle
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2007a; Attwood et al. 2009; Boley 2009; Stamatellos & Whitworth
2009a), which may not even be centrifugally supported (Oftner et al.
2010, 2012), and (iii) by ejection of protostellar embryos from their
natal cloud cores (Reipurth & Clarke 2001; Bate, Bonnell & Bromm
2002; Goodwin, Whitworth & Ward-Thompson 2004). Addition-
ally, gas giant planets also form by core accretion, i.e. by coagu-
lation of dust particles to progressively larger bodies (Safronov &
Zvjagina 1969; Goldreich & Ward 1973; Mizuno 1980; Boden-
heimer & Pollack 1986; Pollack et al. 1996). Objects formed by
core accretion may even become deuterium-burning brown dwarfs
(e.g. Molliere & Mordasini 2012). However, gas giants on wide
orbits (=>100-300 au) are not believed to be able to form, at least in
situ, by core accretion.

Substellar objects are difficult to form similarly to Sun-like stars,
and it has been argued that a different mechanism may in fact
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be at play (e.g. Thies & Kroupa 2007; Whitworth et al. 2007;
Reggiani & Meyer 2013). A low-mass pre-(sub)stellar core has to
be very dense and compact in order to be gravitationally unsta-
ble. Up to now, only one clear-cut self-gravitating brown dwarf
mass core has been observed (André, Ward-Thompson & Greaves
2012), but such cores have small size and they are faint, making
them difficult to observe. Another way to reach the high densi-
ties that are required for the formation of substellar objects is in
the discs around young stars. This model has been studied exten-
sively and has been shown to reproduce critical observational con-
straints such as the low-mass initial mass function, the brown dwarf
desert, and the binary statistics of low-mass objects (Stamatellos &
Whitworth 2009a; Lomax et al. 2014a,b). In the third formation
scenario mentioned in previous paragraph, formation by ejection of
proto stellar embryos, objects that were destined to become Sun-like
stars fail to fulfil their potential as they are ejected from their natal
cloud before they accrete enough mass to become hydrogen-burning
stars.

The presence of discs around substellar objects (and associated
phenomena, i.e. accretion and outflows) was initially thought to
favour a Sun-like formation mechanism (i.e. turbulent fragmen-
tation and collapse of pre-substellar cores). However, all three
main formation mechanisms produce substellar objects that are sur-
rounded by discs, albeit with different disc fractions. In the turbu-
lent fragmentation scenario substellar objects almost always form
with discs (e.g. Machida, Shu-ichiro Inutsuka & Matsumoto 2009).
Substellar objects that form by disc fragmentation also most likely
form with discs, but these discs may be disrupted as these objects are
liberated from the disc in which they formed (Stamatellos & Whit-
worth 2009a). In the ejection scenario, discs are also likely to be
disrupted but quite a few still survive. Bate (2009) finds that at least
10 per cent of the very low mass objects formed in his simulations
have discs with sizes larger >40 au.

Although the presence of discs around substellar objects is con-
sistent with all three formation theories, the properties of these
discs may hide clues regarding their formation mechanism. Re-
cently, many authors (Andrews et al. 2013; Mohanty et al. 2013;
Kraus et al. 2014b; Ricci et al. 2014) have estimated the masses of
discs around young low-mass stellar and substellar objects down
to a limit of ~107> M, using submillimetre observations. The
accretion rates around many low-mass objects have also been deter-
mined down to 10~13 Mg yr*l (Calvet et al. 2004; Natta et al. 2004
Mohanty, Jayawardhana & Basri 2005; Muzerolle et al. 2005; Her-
czeg & Hillenbrand 2008; Antoniucci et al. 2011; Rigliaco et al.
2011; Biazzo et al. 2012).

The goal of this paper is to compare these observations with
the theoretical predictions of the disc fragmentation model. This is
particularly topical as the discovery of many planetary-mass objects
at wide separations (a few tens to a few hundred au) from their
host stars by direct imaging (Kraus et al. 2008, 2014a; Marois
et al. 2008; Faherty et al. 2009; Ireland et al. 2011; Kuzuhara et al.
2011, 2013; Aller et al. 2013; Bailey et al. 2014; Rameau et al.
2013; Naud et al. 2014; Galicher et al. 2014) has renewed the
debate whether these objects have formed by core accretion or by
fragmentation in the discs of their parent stars, or have formed
otherwise and were later captured by the parent stars (Perets &
Kouwenhoven 2012). It is also uncertain whether such companions
may have formed differently than field objects. More wide orbit
substellar objects are bound to be discovered with focused surveys
looking for giant planets (Gemini Planet Imager, Macintosh et al.
2014; SPHERE/VLT, Beuzit et al. 2008; HICIAO/SUBARU, Suzuki
et al. 2009) and therefore their properties and the properties of
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their probable discs may be better determined in the near future,
providing tighter constraints for theoretical models.

In this paper we present the predictions of the disc fragmenta-
tion model regarding the masses of discs around low-mass stellar
and substellar objects (brown dwarfs and planets) that are either
companion to higher mass stars or free-floating. We also determine
the accretion rates on to low-mass objects and compare them with
observations. In Section 2, we briefly review the hydrodynamic
simulations that we use for this study, and in Section 3 we discuss
how we compute the evolution of the discs around brown dwarfs
and planets, after these discs have separated from the discs of their
parent stars. In Section 4, we present the results of the model re-
garding the disc masses of low-mass objects and discuss how they
fit with observations, and in Section 5 we discuss the accretion rates
on to low-mass objects. Finally in Section 7, we summarize the
main results of this work.

2 SIMULATIONS OF THE FORMATION OF
WIDE-ORBIT PLANETS AND BROWN DWARFS
BY DISC FRAGMENTATION

2.1 Overview

The properties of the low-mass stellar and substellar objects (plan-
ets, brown dwarfs, and low-mass hydrogen-burning stars) formed
by disc fragmentation have been studied in detail by Stamatellos
et al. in a series of papers (Stamatellos et al. 2007a; Stamatellos
& Whitworth 2009a,b, 2011). In this paper, we use the results of
the simulations of Stamatellos & Whitworth (2009a) to determine
the properties of the discs around wide-orbit planets, brown dwarfs,
and low-mass stars that form in the discs of Sun-like stars, and the
accretion rates on to these objects.

2.2 Initial Conditions

Stamatellos & Whitworth (2009a) performed 12 simulations of
gravitationally unstable discs around Sun-like stars. These simu-
lations are different realizations of the same star-disc system, i.e.
the properties of the system are the same in all simulations; the only
difference is the random seed used to construct each disc. The star
has an initial mass of M, = 0.7 M. The disc around it has an initial
mass of Mp = 0.7 M and a radius of Rp = 400 au. The surface
density of the disc is

0.014M R\
EO<R>=T® (5) , (1)

and its temperature

—1/2
T,(R) = 250K (—) + 10K. 2)
au

The disc has an initial Toomre parameter Q ~ 0.9, and therefore, it
is gravitationally unstable by construction. In a realistic situation,
the disc forms around a young protostar and grows in mass by
accreting infalling material from the envelope (e.g. Attwood et al.
2009; Stamatellos, Whitworth & Hubber 2011b, 2012; Lomax et al.
2014a). The disc fragments once it has grown enough to become
gravitationally unstable at distance ~100 au from its parent star and
this happen before it can reach the mass assumed by Stamatellos
& Whitworth (2009a). In fact, even discs with masses ~0.25 Mg
and radii 100 au can fragment (Stamatellos et al. 2011a). Such
disc masses are comparable to the observed disc masses in young
(Class 0, Class I) objects (e.g. Jorgensen et al. 2009; Tobin et al.
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2012; Murillo et al. 2013; Favre et al. 2014). In any case, any
evolutionary period with such a massive disc is short-lived as the
disc quickly (within a few thousand years) fragments.

The large disc mass and size assumed by Stamatellos &
Whitworth (2009a) ensure that more low-mass objects form in the
disc to improve the statistical analysis of the results, but the proper-
ties of these objects (mass, disc mass, and disc size) are similar to
the ones formed in lower mass discs (Stamatellos et al. 2011a). This
is because the characteristic initial mass of objects formed by disc
fragmentaton is set by the opacity limit, which is thought to be ~1—
5 My (Low & Lynden-Bell 1976; Rees 1976; Silk 1977; Boss 1988;
Boyd & Whitworth 2005; Whitworth & Stamatellos 2006; Boley
et al. 2010; Kratter, Murray-Clay & Youdin 2010; Forgan & Rice
2011; Rogers & Wadsley 2012). Therefore, the typical initial mass
of the objects formed by fragmentation is the same for lower and
higher parent disc masses. The parent disc mass (in lower mass
discs) is distributed among fewer objects, and therefore, the masses
of these objects and the masses of their discs are similar to the ones
that form in higher mass discs.

The simulations that we use start off with already formed discs;
therefore, disc loading and other interactions with the star form-
ing cloud (which may lead to non-axisymmetric discs) are ignored.
Simulations that take these effects into account (e.g. Tsukamoto
et al. 2015) have given similar results to the simulations of
Stamatellos & Whitworth (2009a) used in this paper. We therefore
do not anticipate the choice of the specific set of disc simulations
to significantly alter the main conclusions of this paper.

2.3 Numerical method

The evolution and fragmentation of the disc of the parent star is
followed using the smoothed particle hydrodynamics (SPH) code
DRAGON, which treats the radiation transport within the disc with
the diffusion approximation of (Stamatellos et al. 2007b, see also
Forgan et al. 2009b). The radiation feedback from the parent star
is also taken into account. The code uses time-dependent viscosity
with parameters « = 0.1, 8 = 2« (Morris & Monaghan 1997) and
a Balsara switch (Balsara 1995).

2.4 Results

The parent disc is unstable and therefore within a few kyr it frag-
ments into 5-11 secondary objects. In the 12 simulations a total
of 96 objects are formed. Some of them escape and others remain
bound to the parent star at wide orbits (see Stamatellos & Whitworth
2009a, 2011). Most of these objects are brown dwarfs (67 per cent;
13M; < M < 80 Mj) and the rest are low-mass hydrogen-burning
stars (30 per cent; M > 80 M), and planets (3 per cent; M < 13 Mj).
These mass ranges are set by the hydrogen-burning limit (~80 Mj)
and the deuterium-burning limit (~13 Mj). Stars can sustain hy-
drogen burning, whereas brown dwarfs can sustain only deuterium
burning. Planets cannot sustain deuterium burning. However, there
is no reason for gas fragmentation to stop either at the hydrogen-
burning limit or the deuterium-burning limit: the minimum mass of
an object that forms by gas fragmentation is given from the opacity
limit for fragmentation (~1—5 Mj). On the other hand, planets that
form by core accretion may have masses >13 M; (e.g. Molliere &
Mordasini 2012). In this paper, we use the term planet to refer to
objects with mass <13 Mj regardless on their formation mechanism.

About 70 per cent of the secondary objects that form in the parent
disc are attended by their own individual discs. These discs have
masses up to a few tens of M; and radii of a few tens of au (see
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Figure 1. The masses of objects formed by disc fragmentation plotted
against the semimajor axes of their orbits around the parent star. Most of
these objects are brown dwarfs (with a few of them near the brown dwarf-
planet boundary of 13Mj), and a few of them are planets and low-mass
hydrogen-burning stars. Low-mass hydrogen-burning stars tend to be closer
to the parent star than brown dwarfs and planets.

Stamatellos & Whitworth 2009a). Out of these secondary objects
with discs, we select 34 single objects (i.e. they are not in a binary
system with another secondary object formed in the parent disc, but
they may still be bound to the parent star) for which the properties
of the discs can be determined (i.e. the discs are nearly Keplerian).
The rest of the objects either were binaries or were attended by
disc-like structures whose properties could not be obtained (e.g.
discs that were perturbed). Almost all of the objects in the sample
(33 out of 34) are still bound to the parent star albeit in most cases
at very wide orbits (see Fig. 1). Eventually many of these will be
liberated and will become field objects (Stamatellos & Whitworth
2009a). Therefore, in Sections 4 & 5, the properties of the discs of
these objects and the accretion rates on to them will be compared
with the observed properties of objects that are either wide-orbit
companions to other stars, or field objects.

Fig. 1 presents the relation between the masses and the semimajor
axes of the orbits of these objects. Most of these objects are brown
dwarfs (with a few of them near the brown dwarf-planet boundary
of 13M;) and a few of them planets and low-mass hydrogen-burning
stars. Low-mass hydrogen-burning stars tend to be closer to their
parent stars than brown dwarfs and planets (the brown dwarf desert;
Marcy & Butler 2000; Grether & Lineweaver 2006; Sahlmann et al.
2011; Ma & Ge 2014). There are many brown dwarf companions to
Sun-like stars, but these tend to be at wide separations (Kraus et al.
2008, 2011; Faherty et al. 2009, 2010; Evans et al. 2012; Duchéne
& Kraus 2013; Reggiani & Meyer 2013). As the above types of
objects all form by the same mechanism in the disc irrespective of
their mass, we will analyse their disc properties collectively.

Fig. 2 presents the mass of each disc versus the semimajor axis
of its host object. There is no significant correlation between the
two. The disc masses are determined by how these objects move
within the disc of the parent star and accrete mass from it, rather
than where they form in the parent disc.
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Figure 2. The disc masses around objects formed by disc fragmentation
against the semimajor axes of their orbits around the parent star. There is
no significant correlation between the two. The disc masses are probably
determined by how these objects move in the disc of the parent star and
accrete mass from it, rather than where they form in the parent disc.

3 THE EVOLUTION OF THE DISCS AROUND
BROWN DWARFS AND PLANETS

The hydrodynamic simulations provide the properties of the discs
around wide-orbit companions to Sun-like stars at the time when
70-80 per cent of the parent disc around the parent Sun-like star has
been accreted, either on to the parent star or on to the low-mass
objects that form in the parent disc. This typically happens within
10-20 kyr from the start of each simulation. By this point, the mass
of the parent disc has been reduced to <0.01 M. Considering that
the secondary objects that formed in the parent disc are on wide
orbits around the parent star, we do not expect interactions between
the parent disc and the secondary discs to be important. Additionally,
in a cluster environment they are likely to be disrupted by stellar
flybys and become free-floating objects (Heggie 1975; Kroupa et al.
2003; Parker et al. 2009; Parker & Goodwin 2009; Spurzem et al.
2009; Malmberg, Davies & Heggie 2011; Hao, Kouwenhoven &
Spurzem 2013). Therefore, we assume that at this point (i) that
the secondary discs (i.e. the discs around the low-mass objects that
form in the parent disc) have separated from their parent disc (ii) that
they evolve independently (i.e. there are no dynamical interactions
between them and the parent disc, or other objects that form in
the parent disc), and (iii) that no further mass from the parent disc
is accreted on to them. These assumptions are not critical as the
accretion of additional material on to the secondary disc reinforces
our conclusions. To compare the properties of the discs around
these low-mass companions with the observed disc properties of
companions in nearby young stellar clusters (age ~1-15 Myr) these
properties need to be evolved in time. As this is not possible to be
done by hydrodynamic simulations due to the large computational
cost, we have employed an analytic model of viscous disc evolution.

We ignore any disc clearing due to photoevaporation from
radiation from the low-mass object hosting the disc (see
Alexander et al. 2013, and references therein). Photoevaporation
of discs around low-mass objects (<0.15 M) could happen (e.g.
Alexander, Clarke & Pringle 2006) but because of our limited
knowledge on how ultraviolet and X-ray emission from low-mass
objects would affect their discs, it is difficult to ascertain how im-
portant photoevaporation is for disc dispersion.

Disc properties of low-mass objects 3435

The analytic model we employ assumes the disc (around a sec-
ondary object) is geometrically thin and evolves viscously under the
influence of the central object’s gravity (e.g. Lynden-Bell & Pringle
1974), which in this case is the planet or brown dwarf (represented
as point masses in the model). The surface density of such a disc
(R, 1) at polar radius R and time #, evolves as follows

0¥ 3 0 12 0 12
9t  ROR R aR(UZR )| 3)
where V(R, ) is the kinematic viscosity (Pringle 1981). In this equa-
tion (and in subsequent equations), ¢ = 0 corresponds to the time
where these discs are decoupled from their parents discs (i.e. the
end of the hydrodynamic simulations). Assuming that the viscos-
ity is independent of time and can be expressed as a power law in
R, v < R”, then the above evolution equation has a similarity solu-
tion (Lynden-Bell & Pringle 1974; Hartmann et al. 1998)

P
S(R.1) = Mp(0)(2 — V)T(S/Zf)/)/Q—y)eXp 7 )
’ 2nR3rY T |’

where r = R/Ry (Ry is the radius within which 60 per cent of the
disc mass is contained initially), and

T=t/t,+1, )]
where
t, = R}/[32 — y) v(Ry)]. (6)

The accretion rate on to the central object is then

Mp(0)

— 7= 6/2=9)/C=y) , (7)
22 =y,

*

and the disc mass
Mp (1) = Mp(0)r /P71, (8)

It has been argued that observations of the discs of T Tauri stars
suggest that y ~ 1 (Hartmann et al. 1998, i.e. v o« R), and therefore
we will adopt this value in the present study. The choice of y is not
critical for the conclusions of this paper.

We use the «-viscosity parametrization (Shakura & Sunyaev
1973)

v=oacH, )

where ¢, is the sound speed in the disc, H is the disc scale-height, and
o the viscosity parameter. Assuming that the disc is locally vertically
isothermal we obtain H = ¢, /S2(R), which when used in equation (9)
and assuming Keplerian rotation, i.e. Q(R) = (GM../R?)'/?, gives

voca Ty RPM;V2. (10)

Using equation (10) in equation (6) and assuming T.(R) xR~/?

(consistent with y = 1), we obtain

-1/ R M, \" 1, \!
f=8x10"(=5) (o0 ' =)y (D
10 10au J\ 0.5 Mg 10K

where Ty is the disc temperature at 100 au.

We can therefore calculate the disc mass and the accretion rate
on to the central object that hosts the disc (planet or brown dwarf)
at any given time, using the initial disc mass Mp(0), obtained by the
SPH simulations, and using equations (7), (8), and (11).

MNRAS 449, 3432-3440 (2015)
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4 THE MASSES OF DISCS AROUND
LOW-MASS STELLAR AND SUBSTELLAR
OBJECTS

Observations of disc masses (e.g Andrews et al. 2013; Mohanty
et al. 2013) over a wide range of host stellar and substellar masses
from intermediate-mass stars to planetary-mass objects suggest a
linear correlation between object mass and disc mass, i.e. Mp o< M,.

Andrews et al. (2013) using three different evolutionary mod-
els for calculating stellar masses, they find that stellar' mass
scales almost linearly with the disc mass, Mp ~ 10¢ Mj, where
Kk =-23+£03,-27+02, -25+02,and A = 1.4 £ 0.5,
1.0 £ 0.4, 1.1 £ 0.4, when using the D’ Antona & Mazzitelli (1997,
hereafter DM97), Baraffe et al. (1998, BCAH98) and Siess et al.
(2000, SDF00) models, respectively. Mohanty et al. (2013) follow
a similar approach using the SDFO0 models for stars with mass
>1.4 Mg, the BCAH98 model for stars with masses 0.08—-1.4 M,
and the dusty models of Chabrier et al. (2000) for stellar masses
<0.08 My and similarly find that M, ~ 10~24M,. We note how-
ever that both Andrews et al. (2013) and Mohanty et al. (2013)
have assumed that the scatter in disc mass is constant for all objects
irrespective of their mass; this may not be the case (Alexander &
Armitage 2006).

It is evident (see fig. 9 in Andrews et al. 2013 and fig. 9 in
Mohanty et al. 2013) that (i) there is a considerable scatter in the
Mp—M, relation and (ii) there are only a few definite detections
of discs around stars with masses <0.1 M. For example in the
sample of Andrews et al. (2013) using the DCAH98 model, there
are just 15 definite disc detections around stars with mass <0.1 M
(for 42 objects only upper limits for the disc masses were derived,
these upper limits vary from 6 x 107#~1.3 x 107> Mc)). The large
scatter in the data points and the small number of data points at low
masses cast doubt to the suggestion that there is a simple relation
between stellar and disc mass that holds from intermediate-mass
stars all the way to brown dwarfs and planetary-mass objects. In
other words, these data do not exclude different scaling relations
for low- and high-mass objects. Another complication comes from
the fact that when calculating the relation between stellar and disc
masses the ages of these objects are not taken into account: disc
masses are getting smaller with time either due to viscous evolution
or due to photoevaporation from the host star. Thus, considering
that discs around low-mass objects have masses that are low and
near the detection limits of current observational facilities, it is more
likely to observe them when they are still young (and therefore have
more mass). Therefore, it may be expected that the discs around
brown dwarfs and planets are more massive than what a simple
extrapolation from the Mp—M., relation for higher mass stars would
suggest. The exact effect that the object ages have on the analyses
of Andrews et al. (2013) and Mohanty et al. (2013) is difficult to
estimate as stellar ages cannot be determined accurately enough
(Soderblom et al. 2013).

The disc masses of the objects formed by disc fragmentation
in the Stamatellos & Whitworth (2009a) simulations are plotted
against the masses of the objects in Fig. 3. The disc masses are
calculated from the disc masses in the hydrodynamic simulations
of Stamatellos & Whitworth (2009a) assuming that the discs evolve
viscously and using equation (8) with & = 0.01. The time for which
each disc is evolved is chosen randomly between 1-10 Myr, so

!'In this context, the terms star and stellar are used to refer to any objects
formed by gravitational instability, therefore including brown dwarfs and
planets, as well as hydrogen-burning stars (Whitworth et al. 2007).

MNRAS 449, 3432-3440 (2015)
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Figure 3. Disc masses of objects formed by disc fragmentation versus the
masses of the host objects (black squares). The disc masses are calculated
from the disc masses in the hydrodynamic simulations of Stamatellos &
Whitworth (2009a) assuming that viscous disc evolution and & = 0.01. The
time for which each disc is evolved is chosen randomly between 1 and
10 Myr, so as to emulate the age spread of observed discs. On the graph, we
also plot the best-fitting line (solid black line) and the £ 1o region from the
best fit (dotted black line). The three coloured lines correspond the scaling
relations derived by Andrews et al. (2013) using different evolutionary mod-
els (as marked on graph). The difference between the two relations indicate
a different formation mechanism for low-mass objects. The difference is
more pronounced at the extreme low-mass regime.

as to emulate the age spread of observed discs. The same figure
shows the relations derived by Andrews et al. (2013) using different
evolutionary models to calculate the masses of the host star (DM97,
BCAHO98, and SDF00 as marked on graph).

There is scatter in the calculated disc masses of objects formed
by disc fragmentation due to differences in the initial disc masses
(i.e. the mass they have when they separate from the disc of the
parent star) and their ages. Most of these discs are more massive
than expected from the scaling Mp—M, relation (which is mainly
determined by higher mass stars) by more than a order of magnitude
in a few cases. Additionally, there is no significant dependence
between disc mass and stellar mass in contrast with higher mass
systems; we find a relation log (Mp) = —3.7—0.005 log (M,.) with
a standard deviation of o = 0.27.

Both of the above characteristics are consequences of formation
by disc fragmentation. When a low-mass object forms from gas con-
densing out in the parent disc, its properties (and its disc properties)
are initially similar to an object that forms from a collapsing core
in isolation. However as this object/disc system moves within the
parent disc (but before it separates from the parent disc) it accretes
more gas, and therefore its mass increases. This mass is initially
accreted on to the object’s disc and then slowly flows on to object.
Therefore, when a young object that has formed by disc fragmenta-
tion separates from its parent disc and evolves independently, has a
more massive disc than it would have if it had formed in an isolation
in a collapsing core.

This scenario is consistent with the observations of Andrews
et al. (2013) and Mohanty et al. (2013); at least a few discs around
young low-mass objects are more massive than expected. In their
samples, the detection limit is around ~10~> M and a few of the
low-mass objects that they observed either have lower mass discs
or no discs at all. These may be objects that have either formed
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Figure 4. The evolution of the disc masses of the low-mass objects formed
by disc fragmentation in the simulations of Stamatellos & Whitworth
(2009a). The disc masses are calculated assuming that viscous disc evo-
lution with a viscosity parameter & = 0.01. Disc mass decreases with time.
Due to the difference in the initial disc masses there is a wide range of disc
masses for each given time.

by the collapse of a low-mass pre-(sub)stellar core like Sun-like
stars, or objects that have formed by disc fragmentation but have
lost their discs (through evolution with time, see Fig. 4, or due to in-
teractions within the disc). The presence of low-mass discs around
low-mass objects are consistent with both formation scenarios, but
the presence of relatively high-mass discs are indicative of forma-
tion by disc fragmentation. Observations of disc masses around very
low mass objects (<10 M;), where the predicted Mp—M, relation
for young objects diverges significantly from the established Mp—
M., relation derived for higher mass stars, will further test the disc
fragmentation model. Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) has the required sensitivity and spatial resolution to
observe such small discs. For example, Ricci et al. (2014), have es-
timated disc masses down to ~0.8-2.1M; in three young low-mass
objects in the Taurus star forming region.

5 ACCRETION RATES ON TO WIDE-ORBIT
LOW-MASS OBJECTS

The accretion rates on to low- and higher mass objects may also
relate to their formation mechanism. In some cases, it is possible to
derive accretion rates even when the disc that provides the material
for accretion is not detectable in the submm, where disc masses are
usually measured (Herczeg, Cruz & Hillenbrand 2009; Joergens
et al. 2013; Zhou et al. 2014). For example, Herczeg et al. (2009)
and Zhou et al. (2014) estimate the accretion luminosity from the
excess line and continuum emission; for low-mass objects, they can
estimate accretion rates down to ~10713 M yr~!.

It has been argued that, similarly to the Mp—M, relation men-
tioned in the previous section, there is a relation between accretion
rate on to a star and its mass. It has been suggested that this re-
lation holds from intermediate-mass stars down to brown dwarfs,
namely that M, o« M?, where a ~ 1.0-2.8, albeit with a large scatter
(Calvet et al. 2004; Natta et al. 2004; Mohanty et al. 2005; Muze-
rolle et al. 2005; Herczeg & Hillenbrand 2008; Antoniucci et al.
2011; Biazzo et al. 2012).
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Figure 5. The accretion rates on to stars against their masses for a wide
range of stellar masses. The black squares correspond to the objects formed
by disc fragmentation in the simulations of Stamatellos & Whitworth
(2009a) with accretion rates calculated assuming that viscous disc evolution
with & = 0.01. The time for which each disc is evolved is chosen randomly
between 1 and 10 Myr, so as to emulate the age spread of observed discs. On
the graph, we also plot the best-fitting line (solid black line) and the 1o
region from the best fit (dotted black line). The remaining points (coloured)
correspond to observational data as marked on the graph. On the graph, we
also plot the best-fitting line for the observations (solid blue line) and the
+ 10 region from the best fit (dashed blue lines) as estimated by Zhou et al.
(2014).

The accretion rates on to stars for a wide range of stellar masses
are plotted against the stellar masses in Fig. 5. The accretion rates
shown here have all been measured directly from excess Balmer
continuum emission in the U-band (Gullbring et al. 1998; Herczeg
& Hillenbrand 2008; Herczeg et al. 2009; Rigliaco et al. 2011, 2012;
Ingleby et al. 2013; Alcald et al. 2014; Zhou et al. 2014). In the same
figure, the best-fitting line that was calculated by Zhou et al. (2014)
is also plotted. It is evident from the graph that there is considerable
scatter in M* — M, relation, that may reflect a difference in the disc
initial conditions (Alexander & Armitage 2006; Dullemond, Natta
& Testi 2006). A part of the scatter could also be attributed to the
different ages of the systems plotted in Fig. 5; accretion rates drop
as stars age (see Fig. 6).

The detection limits of accretion rates are relatively low for plan-
ets and brown dwarfs. Most objects with excess emission in the
infrared also have measured U-band accretion rates; thus, it is ex-
pected that there is no bias towards detecting only younger objects
with higher accretion rates. In fact most of the observed objects
exhibit low accretion rates. The estimated accretion rates for most
of the low-mass objects (<0.1 M) are consistent with the M,—M,
scaling relation derived for higher mass stars. In fact in a few cases
the accretion rates are lower than expected. However in a few cases,
like the three planetary-mass companions observed by Zhou et al.
(2014) (GSC 06214-00210 b, GQ Lup b, and DH Tau b), the ac-
cretion rates are higher than expected; these accretion rates are an
order of magnitude higher than what is expected from the M, —M,
relation.

In Fig. 5, we also plot the accretion rates of the objects formed by
disc fragmentation in the simulations of Stamatellos & Whitworth
(2009a). These accretion rates are calculated using the viscous evo-
lution model (equation (7)) with & = 0.01. The time for which each
disc is evolved is chosen randomly between 1 and 10 Myr, so as
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Figure 6. The evolution of the accretion rates of the objects formed by disc
fragmentation in the simulations of Stamatellos & Whitworth (2009a). These
accretion rates are calculated using the viscous evolution model (equation (7)
with o« =0.01). There is a wide range of accretion rates for a specific age due
to the spread in the initial disc masses. The three red triangles corresponds
to the observations of Zhou et al. (2014). Considering the large uncertainties
(~1-5 Myr) in the estimated ages these relatively high accretion rates are
consistent with the predictions of the disc fragmentation model.

to emulate the age spread of observed discs. There is no significant
correlation between the accretion rate and the mass of the object; we
find a relation log(M*) = —10.5 — 0.12 log(M,.), with a standard
deviation of o = 0.3. Moreover, in a few cases the accretion rates
are higher than expected from the M,—M, scaling relation. In the
model that we present here, this is due to the higher initial mass
of the discs of these objects. As mentioned in the previous section,
these secondary discs grow in mass as they move within the discs of
their parent stars (before they start evolving independently). There-
fore, we suggest that the relatively high accretion rates are indicative
of formation by disc fragmentation. On the other hand, low accre-
tion rates are consistent with both formation by disc fragmentation
or formation by the collapse of low-mass pre-(sub)stellar cores. In
the former case low accretion rates could be due to time evolution
(accretion rate drops with time; see Fig. 6) or due to disruption by
interactions with other objects in the parent disc.

Observations of accretion rates around very low mass objects
(<10 Mj; e.g. Zhou et al. 2014), where the predicted M*—M* re-
lation relation diverges significantly from the established M,—M,
relation derived for higher mass stars, will further test the model
presented here.

6 THE EFFECT OF THE VISCOSITY
OF SECONDARY DISCS

We have so far assumed in our analysis that the physical processes
for redistributing angular momentum are the same for discs of
T Tauri stars and for discs of lower mass objects (brown dwarfs,
planets). However, this may not be the case. It has been argued
that the magneto-rotational instability may not be effective in discs
around low-mass objects (Fujii et al. 2014; Keith & Wardle 2014;
Szulagyi et al. 2014), which means that the effective viscosity in
such discs should be smaller than the one presumed for T Tauri
star discs (o = 0.01). However, these studies have focused on discs
around Jovian planets on Jovian orbits, i.e. orbits relatively close to
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Figure 7. Disc masses of objects formed by disc fragmentation versus the
masses of the host objects for different disc viscosities. The best-fitting lines
are calculated similarly to the ones in Fig. 4, assuming that @ = 0.001 (black
solid line) or &« = 0.05 (brown solid line). The dotted lines correspond to the
+10 region from the best fit for each case. The other three coloured lines
correspond to the scaling relations derived by Andrews et al. (2013) (see
Fig. 4). The differences between this relation and the ones derived in this
paper (i.e. for objects formed by disc fragmentation) are more pronounced
for low-viscosity secondary discs.

the central stars (e.g. Gressel et al. 2013). In our study, we focus on
wide-orbit low-mass companions (see Fig. 2), whose discs are more
extended as they not limited by the Hill radii of their host secondary
objects (see Stamatellos & Whitworth 2009a). These discs could
be massive enough so that angular momentum can be effectively
transported by gravitational torques.

Nevertheless, our knowledge of the effective viscosity in such
discs is limited, and it is important to examine the effect that the
assumed disc viscosity has on the conclusions of our study. In
Figs 7 and 8, we present the predictions of our model for low-
viscosity discs (o« = 0.001) and for high-viscosity discs (o = 0.05).
As expected, low-viscosity discs evolve slower and their masses and
accretion rates remain higher for longer. Therefore, in this case the
differences between the predicted Mp—M, and M*—M* relations
for disc fragmentation and the observed relations for higher mass
stars are more pronounced (see black lines in Figs 7 and 8). The
opposite holds for high-viscosity discs (¢ = 0.05; see brown lines
in Figs 7 and 8).

7 CONCLUSIONS

We suggest that substellar (planetary-mass objects and brown
dwarfs) and low-mass stellar objects (low-mass hydrogen-burning
stars) that form by disc fragmentation, have disc masses and ac-
cretion rates that (i) are independent of the mass of the host object
and (ii) are higher than what is expected from scaling relations de-
rived from their intermediate and higher mass counterparts. These
low-mass objects form similarly to higher mass objects by self-
gravitating gas but as they move within the gas-rich parent disc
their individual discs accrete additional material; therefore, before
these objects separate from their parent discs and evolve indepen-
dently (i.e. within a few kyr), their discs grow more massive and the
accretion rates on to them are higher than if they were formed
in isolation in collapsing low-mass pre-(sub)stellar cores. The

ST0Z ‘6 JSqWIBAON UO Arlq 1T 8yl T /610 [euIno[pJoJxoseluw//:any wouy papeojumod


http://mnras.oxfordjournals.org/

1075 g T .
3 collapsing - E
10-6 [ prestellar cores .- ]
1077 £ disc ) gl E
t fragmentation L 3
—~ 107% ¢ . E
| E s I E
5 100k E
o) E .7 S . 3
10 L TR A /1OW—VISCOSlty ]
S 10710 - —= discs  (a=0.001)
, A " high—viscosity E
= 10-u c i discs («=0.05) E
-zl .
1o-1s 77 5
10-14 :\(\/m\ | | Ll ]

0.01 0.1 1 10

Mass (M)

Figure 8. The accretion rates on to stars against their masses for a wide
range of stellar masses. The best-fitting lines are calculated similarly to the
ones in Fig. 5, assuming that « = 0.001 (black solid line) or « = 0.05
(brown solid line). The dotted lines correspond to the +10 region from the
best fit for each case. On the graph, we also plot the best-fitting line for the
observations (solid blue line) and the 10 region from the best fit (dashed
blue lines; Zhou et al. 2014). The differences between this relation and the
ones derived in this paper (i.e. for objects formed by disc fragmentation) are
more pronounced for low-viscosity secondary discs.

assumption of independent evolution is not critical as if these sec-
ondary discs were still interacting with their parent disc they would
accrete additional material reinforcing the above conclusion. How-
ever, we do not expect additional accretion to be important.

Observations of disc masses and accretion rates of low-mass
objects are consistent with the predictions of the disc fragmentation
model. Although the presence of low-mass discs (or lack of discs)
and low accretion rates (or no accretion at all) may be attributed
to disc evolution and/or disc disruption due to interactions with
other objects within the parent disc, relatively high disc masses
and high accretion rates are suggestive of formation due to disc
fragmentation. We therefore suggest that low-mass objects that have
discs with masses higher than expected (or equivalently accretion
rates on to them higher than expected), such as GSC 06214-00210
b, GQ Lup b, and DH Tau b (Zhou et al. 2014), are young objects
that have formed by disc fragmentation.

The disc fragmentation model can further be tested by observa-
tions of disc masses and accretion rates of very low mass objects
(<10Mj). At these very low masses, the Mp—M,, and M,—M, re-
lations predicted by the model presented here diverge significantly
from the corresponding relations established for higher mass stars.
We suggest that future analyses of the Mp—M, and M,—M, rela-
tions should separate the sample into two subgroups, low-mass
(<0.2M() and higher mass (>0.2Mc)) objects, so as to test
whether these objects obey different scaling relations.

The intense interest in wide-orbit and free-floating planets has
given momentum to the development of instruments with high sen-
sitivity and good spacial resolution. Therefore, observations in the
near future are expected to deliver many more such low-mass ob-
jects. ALMA is already delivering such observations (Kraus et al.
2014b; Ricci et al. 2014). The study of these objects, their disc prop-
erties and the accretion rates on to them (if they are still young), will
provide further constraints regarding their formation mechanism.
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