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ABSTRACT

Observations of systems hosting close in (< 1 AU) giant planets and brown dwarfs (M > 7Mjyp) find an excess of binary
star companions, indicating that stellar multiplicity may play an important role in their formation. There is now increasing
evidence that some of these objects may have formed via fragmentation in gravitationally unstable discs. We present a suite of
3D smoothed particle hydrodynamics (SPH) simulations of binary star systems with circumprimary self-gravitating discs, which
include a realistic approximation to radiation transport, and extensively explore the companion’s orbital parameter space for
configurations which may trigger fragmentation. We identify a "sweet spot" where intermediate separation binary companions
(100 AU 5 a < 400 AU) can cause a marginally stable disc to fragment. The exact range of ideal binary separations is a function
of the companion’s eccentricity, inclination and mass. Heating is balanced by efficient cooling, and fragmentation occurs inside
a spiral mode driven by the companion. Short separation, disc penetrating binary encounters (a < 100 AU) are prohibitive
to fragmentation, as mass stripping and disc heating quench any instability. This is also true of binary companions with high
orbital eccentricities (e > 0.75). Wide separation companions (a > 500 AU) have little effect on the disc properties for the setup
parameters considered here. The sweet spot found is consistent with the range of binary separations which display an excess of
close in giant planets and brown dwarfs. Hence we suggest that fragmentation triggered by a binary companion may contribute

to the formation of these substellar objects.
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1 INTRODUCTION

There are both theoretical (Lin & Pringle 1987; Rice et al. 2010) and
observational (Rodriguez et al. 2005; Tobin et al. 2012, 2015) indi-
cations that during the earliest stages of star formation, protostellar
disc masses may be a significant fraction of the mass of the central
protostar. If so, these discs would be susceptible to the growth of a
gravitational instability (Toomre 1964).

The evolution of a gravitationally unstable disc can follow two
basic pathways. It can settle into a quasi-steady state (Paczynski
1978) in which spiral density waves act to drive angular momentum
outwards, allowing mass to accrete onto the central protostar (Lin &
Pringle 1987; Laughlin & Bodenheimer 1994; Lodato & Rice 2004).
Recent observations of very young protostellar systems have shown
the presence of spirals (Pérez et al. 2016), consistent with the disc
being gravitationally unstable (Dong et al. 2015; Hall et al. 2016;
Meru et al. 2017; Hall et al. 2018; Cadman et al. 2020b; Hall et al.
2020; Paneque-Carreiio et al. 2021; Veronesi et al. 2021).

The other potential pathway is that the gravitational instability
(GI) can lead to a disc becoming so unstable that it fragments into
bound objects that could then contract to become gas giant planets,
or brown dwarfs (Boss 1997, 2000; Mayer et al. 2002; Durisen et al.
2007). This outcome, however, requires not only that the disc is
gravitationally unstable, but also that it can also cool very efficiently
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(Gammie 2001; Rice et al. 2003). Such conditions are unlikely to
be satisfied in the inner parts of protostellar discs (Rafikov 2005;
Clarke 2009; Rice & Armitage 2009), suggesting that this pathway
is unlikely to play a dominant role in the in-situ formation of the
known close-in gas giant planets/exoplanets (Boley 2009; Johnson
& Li 2013).

However, it is possible that such a process may operate in the outer
parts of extended protostellar discs (Stamatellos & Whitworth 2009;
Vorobyov & Basu 2010), potentially explaining the origin of some
directly-imaged, wide-orbit planetary-mass and brown dwarf com-
panions (Nero & Bjorkman 2009; Kratter et al. 2010; Cadman et al.
2021; Humpbhries et al. 2021). It has been shown that fragmentation
is favoured in discs around higher mass stars (Cadman et al. 2020a;
Haworth et al. 2020), consistent with results from direct imaging
surveys which find an excess of wide-orbit, giant planets in these
systems (Nielsen et al. 2019). Population synthesis models (Forgan
& Rice 2013; Forgan et al. 2018) suggest that the mass distribu-
tion of planets formed via GI is indeed consistent with results from
direct-imaging surveys of wide-orbit giant planets and brown dwarfs
(Vigan et al. 2017, 2021).

It has also been suggested that objects that form via GI on wide
orbits could migrate inwards rapidly (Baruteau et al. 2011) and po-
tentially undergo tidal stripping (Nayakshin 2010; Boley et al. 2010)
to produce close-in planets with a wide range of masses (Nayakshin
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& Fletcher 2015). However, hydrodynamics simulations of such sys-
tems show that these objects either stay on wide orbits or are destroyed
during the migration process (Hall et al. 2017). Population synthesis
models also suggest that such an outcome is relatively rare, and that
most objects that form via GI will remain on wide-orbits as giant
planets, or brown dwarfs (Forgan & Rice 2013; Forgan et al. 2018).
Such objects could, though, still be scattered onto highly eccentric
orbits that can then tidally circularise onto close-in orbits (Rice et al.
2015). This will tend to form gas giant planets, or brown dwarfs,
with very close-in circular orbits (with orbital properties similar to
those of “hot’ Jupiters) or eccentric orbits that are still undergoing
tidal circularisation.

Given that the scatterer is likely to be a companion to the host
star, this motivated a search for companions to systems with close-in
massive planets, or brown dwarfs (Fontanive et al. 2019). The results
of this search did indeed indicate a binary fraction twice as high as for
field stars on projected separations between 20—10,000 AU. However,
only about half of these systems were consistent with high eccen-
tricity migration through secular interactions with the outer stellar
companion, the others being on orbits where the tidal circularisation
timescale was far too long to explain their origin (Fontanive et al.
2019).

Nonetheless, even if the close-in objects were not scattered onto
their current orbits, the high binary fraction for these systems suggests
that the existence of a companion may still influence their formation.
There are also indications that some of these objects may have formed
via GI. The sample of stars studied in Fontanive et al. (2019), hosting
close-in companions with masses between 7-60 Myyp, has a mean
metallicity of ([Fe/H]) = —0.12, consistent with the mean field metal-
licity (Moe et al. 2019). This is substantially lower than the mean
metallicity for hosts to genuine hot Jupiters (0.2—4 Myy,) of ([Fe/H])
= 0.23 (Santos et al. 2004; Fischer & Valenti 2005), which also do
not show the same excess in multiplicity frequency (Ngo et al. 2016;
Moe & Kratter 2019).

This lower-mass planetary population is thought to have formed
via the alternative scenario for planet formation, core accretion (CA;
Pollack et al. 1996). This formation mechanism shows a strong metal-
licity dependence in the formation of giant planets with masses above
a few Jupiter masses (Mordasini et al. 2012; Jenkins et al. 2017). In
contrast, the GI formation process has no metallicity dependence
(Meru & Bate 2010), and preferentially forms massive planets or
brown dwarfs (Kratter et al. 2010; Forgan & Rice 2011), with a tran-
sition at around ~4-10 My, between the two mechanisms (Schlauf-
man 2018).

This suggests that only the most massive planetary and brown
dwarf companions, likely forming via GI, are effected by stellar bi-
narity. Fontanive & Bardalez Gagliuffi (2021) recently confirmed
this idea, finding that close-in exoplanets and substellar compan-
ions with masses of several Jupiter masses and above are almost
exclusively observed in binary-star systems with separations of a few
hundred AU or less. In contrast, sub-Jovian and wide giant planets
are less frequently seen in multiple-star systems, mostly observed
in binaries with wider separations, and show similar planet proper-
ties when compared to the population of planets orbiting single and
binary stars (Fontanive & Bardalez Gagliuffi 2021). We therefore
investigate how the presence of a companion at a few hundred AU
can influence the likelihood of a disc undergoing fragmentation and
forming such high-mass planetary systems.

There is little agreement in the literature as to whether binary
companions or stellar flyby events can trigger fragmentation in a
disc which would be marginally stable in isolation. Early work con-
sidering isothermal discs suggested that encounters during a flyby
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event could trigger fragmentation (Boffin et al. 1998; Watkins et al.
1998a,b). Boss (2006) also found that a binary star will act to pro-
mote fragmentation, as the spiral arms driven by the companion will
typically go on to form self-gravitating clumps. Other authors, how-
ever, found that tidal heating during the binary orbit generally acts
to stabilise the disc against fragmentation (Nelson 2000; Mayer et al.
2005; Lodato et al. 2007; Forgan & Rice 2009). Whilst none of their
simulations resulted in fragmentation, and the majority of their re-
sults suggest that the effect of encounters is to prohibit fragmentation,
Forgan & Rice (2009) find that, for some orbital parameters, their
discs become more unstable over a larger range of radii, suggesting
that there may be some region of parameter space which is favourable
to fragmentation. It has also been shown that once a fragment forms
in a GI disc, further fragmentation may be triggered as material is
channelled inward causing the inner spirals to become sufficiently
dense to fragment (Meru 2015).

In this paper we present a suite of smoothed particle hydrodynam-
ics (SPH) simulations of binary star systems. We extensively test the
parameter space of binary orbital properties for configurations which
may trigger fragmentation in discs that would be marginally stable in
isolation. We evolve a total of 62 discs which, to the authors’ knowl-
edge, represents the most thorough search of this parameter space
to date, and in each simulation we model realistic cooling through
the Forgan et al. (2009) hybrid radiative transfer method. Section 2
details the various disc setups explored in our simulations. Section 3
presents the results obtained, which we discuss in Section 4. Our
conclusions are presented in Section 5.

2 METHODS - SPH SIMULATIONS

We simulate a three-dimensional gaseous disc using SPH, a La-
grangian method where a continuous fluid is discretised as N pseudo-
particles (Benz 1990; Monaghan 1992). We employ the PHANTOM
SPH code (Price et al. 2018), which has been modified to include
the radiative transfer method introduced in Forgan et al. (2009); a
hybrid cooling approach which combines the polytropic cooling ap-
proximation from Stamatellos et al. (2007) and flux-limited diffusion
(e.g. Mayer et al. 2007b). We also include the standard SPH artificial
viscosity, with parameters agpy = 0.1 and Bgpy = 0.2.

Each disc is initialised with N = 1x 10® SPH particles, distributed
such that the initial surface density profile of the disc is £(R) =
%o(R/Ro)~1 and the temperature profile is T(R) = Ty(R/Rg) ™10
between Ryp = 1 AU and Ryy = 100 AU. In each disc Ty and X
are determined self-consistently, with 7y = 374K for all discs set
up here, and X varying with the disc mass being considered. Any
particles that fall within R are accreted onto the central star, which
is represented as a point mass particle. When considering binary star
systems, we set up circumprimary discs only, and the companion star
behaves as a gravitationally bound point mass, modelled using a sink
particle.

2.1 Suite of SPH models

To effectively explore the parameter space in binary star separation,
a, orbital eccentricity, e, orbital inclination, #, and companion star
mass, M. companion, W€ set up 4 suites of discs — one for studying
each variable individually. In each case, the disc setup parameters are
selected to be close to where we find the limit for disc fragmentation
to be, identified during our reference run of discs which are detailed
below.
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NSPH Rnul,disc M.

Mdisc

1x10°

100AU Mg

[0.1,0.2,0.3,0.4] Mo

Table 1. SPH disc setup parameters for the reference run of discs with no companion star. Final states of these discs are shown in Figure 1

Nspu Roul,disc M*,primary M*,companion

a M gisc e i

1x10°  100AU 1Mo 0.2Mo

[100, 250, 500, 1000] AU

[0.1,0.2,0.3,04]My 0 0°

Table 2. SPH disc setup parameters for the initial suite of discs, where we explore the parameter space in binary semi-major axis and disc mass. Final states of

these discs are shown in Figure 2.

Nspu Rout,disc M*,primary

M*,companion

a M gisc e i

1x10°  100AU 1Mo 0.2Mo

[150,200,325,400] AU 02Mg 0 0°

Table 3. SPH disc setup parameters where we probe the parameter space in binary semi-major axis further, considering small changes in binary semi-major axis
and keeping the disc mass constant. Final states of these discs are shown in Figure 4.

NSPH Roul,disc M*,primary M*,companion

a M gisc e i

1x10° 100 AU 1Mo 0.2Mo

[150, 200, 250, 325, 400, 500] AU

02Mo  [0.25,0.5,0.75] 0°

Table 4. SPH disc setup parameters where we explore the parameter space in binary semi-major axis and orbital eccentricity. Final states of these discs are

shown in Figure 5.

Nspu Roul,disc M*,primary M*,companion

a M gise e i

1x106 100 AU 1Mo 0.2Mo

[100, 150, 200, 250] AU

02Meo 0 [30°,60°,90°]

Table 5. SPH disc setup parameters where we explore tha parameter space in binary semi-major axis and binary inclination. Final states of these discs are shown

in Figure 6.

NSPH Rout,disc M*,primary

M*,companion

a M gisc e i

1x10°  100AU 1Mo

[0.1,0.5] Mg

[150,250,325,400] AU 02Mgy 0 0°

Table 6. Additional SPH disc setup parameters where we explore the parameter space in binary semi-major axis and companion mass. Final states of these discs

are shown in Figure 7.

2.1.1 Reference run of discs with no companion

We initially set up a reference run of discs with no companion.
This allows us to understand how our discs would evolve in isolation,
whilst also being able to identify the region of parameter space where
our discs are near to the limit for fragmentation. We set up 4 discs
here with masses Myjsc = 0.1,0.2,0.3 and 0.4 M, and a parent star
of mass M, = 1.0 Mg. The value of Z for each of these discs, and all
subsequent discs of the same mass, are 322, 644, 966, 1288 g crn’z,
respectively. A summary of these setup parameters can be found in
Table 1.

2.1.2 Varying binary star separation

In the first of our suites which include a companion star, we aim
to determine how binary separation affects a disc’s susceptibility to
fragmentation. We set up a grid of 16 systems in which we vary
a between 100-1000 AU and M. between 0.1-0.4 M, as for the
reference runs. We then explore 4 additional cases of a with finer
steps in binary separation between a = 150-400 AU and a fixed disc
mass Mgisc = 0.2Mg. In all the setups we consider a primary star
with mass M primary = 1.0Me and a companion star with mass
M. companion = 0.2 Mo, hence a stellar mass ratio gpinary = 0.2. For
this initial suite we set up binaries on circular orbits in the plane of
the disc, with e = 0 and i = 0. These disc setups are summarised in
Tables 2 and 3.

Results from this initial suite of discs, where we vary the com-

panion’s semi-major axis, were then used to inform the range of
semi-major axes considered for the subsequent suites of disc simula-
tions.

2.1.3 Varying orbital eccentricity

We then wish to study the effect of varying the orbital eccen-
tricity of the binary orbit. 18 new discs are setup where we in-
troduce eccentricities, ¢ = 0.25, 0.5 and 0.75. We vary the bi-
nary separation between a =150-500 AU whilst keeping the disc
mass constant at Mgjsc = 0.2Mg. In all cases we consider a pri-
mary star mass, M, primary = 1.0Mo, a companion star mass,
M, companion = 0.2Me, and binary orbits in the plane of the disc,
with i = 0. A summary of these disc setups is outlined in Table 4.

2.1.4 Varying orbital inclination

A third suite of discs is set up where we study the effect of varying
the companion star’s orbital inclination relative to the plane of the
disc. We set up 12 new discs which include inclinations i = 30°,
60° and 90°. We consider binary separations in the range a = 100—
250 AU, whilst keeping the disc mass constant at Myjsc = 0.2 Mg.
In each case we consider a primary star mass, M. primary = 1.0 Mo,
a companion star mass, My companion = 0.2 Mo, and circular binary
orbits with e = 0. A summary of these disc setups is outlined in Table
5.

MNRAS 000, 1-15 (2021)
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2.1.5 Varying companion star mass

Finally, we set up a suite of discs to explore the effect of varying
the mass of the companion star. We set up a grid of discs which
includes 8 new setups, where we introduce companion star masses
M companion = 0-1 Mg and 0.5 Me. We vary the binary separation
between a =150—400 AU, whilst keeping the disc mass constant at
Mgisc = 0.2 M. For all disc setups we consider a primary star mass,
M, primary = 1.0Mo, and circular binary orbits in the plane of the
disc, with e = 0 and 7 = 0. A summary of these disc setups is outlined
in Table 6.

3 RESULTS

Results from the final states of all the discs simulated here are sum-
marised in Table 7. In all cases we allow the discs to evolve for at
least 5 orbital periods at the disc outer edge (Rout = 100 AU), equiv-
alent to ¢ = 5000 yrs, or until fragmentation occurs. In the case of
the wide orbit binary systems, for which the binary orbit is longer
than 5 orbital periods at Royt = 100 AU, we allow the simulations
to evolve for at least a full binary orbit. We define a simulation as
having fragmented when a local clump forms where the density is
significantly higher than the surrounding disc gas. Typically, these
clumps have densities that are a few orders of magnitude greater than
the surrounding gas.

3.1 Reference run of discs with no companion

Figure 1 shows the final states of the reference run of discs with
no companion star included. Setup parameters for these discs are
outlined in Section 2.1.1 and summarised in Table 1. We find the
lower mass limit for disc fragmentation to be in the range 0.2 <
Mgisc < 0.3Mg. The disc with Mgjs.. = 0.2 Mg is able to evolve
for the full simulation time without fragmenting, whilst the disc with
Mgisc = 0.3 Mg fragments quickly, after 700 yrs of evolution.

In Figure 3 we plot the azimuthally averaged midplane disc prop-
erties from some of the systems simulated here. We include plots of
the Toomre parameter, Q, where (Toomre 1964),

Q2
G’

0= )]
A disc will become susceptible to fragmentation when Q < 1. We
also plot the disc cooling time, #.o0(= u/i), from Forgan et al.
(2009), and the dimensionless cooling parameter, Bcool = fcool€2s
where Q = /GM. /r3 is the Keplerian frequency at a given radius.
The term S, quantifies how the disc cooling time compares to the
dynamical time. Early work has shown that fragmentation may occur
if the disc is able to cool on dynamical timescales, with B.o01 < 3
(Gammie 2001; Rice et al. 2003).

From Figure 3, we find that the system with My = 0.2Mg
reaches a marginally stable final state with Q i, = 1.06 at R = 74 AU,
and Beool,min = 9.75 at R = 100 AU.

In order to ensure that the fragmentation threshold found here is
independent of the discs’ initial setups, we also ran each disc such
that Q ~ 1 at R = Ry, by adjusting the value of the disc aspect ratio
(H/R) at R = Rout. Again, we found the limit for fragmentation to
be in the range 0.2 < Mjsc < 0.3 Mg.

MNRAS 000, 1-15 (2021)

3.2 Varying binary separation
3.2.1 Initial suite of discs

Results from the initial suite of discs where we vary binary separation
and disc mass are displayed in Figure 2. Setup parameters for these
discs are outlined in Section 2.1.2 and summarised in Table 2. As
with the results in Section 3.1, we also ran each of these discs with
slightly different initial Q—profiles to ensure our conclusions remain
consistent.

When comparing the results in Figure 2 to those from the reference
run in Figure 1, we find one disc configuration, with Mgjsc = 0.2 Mg
and a = 250 AU, where the simulation results in fragmentation,
and its analog from the reference run, with Mg;c = 0.2Mg and
no companion star, did not. The companion star’s initial eccentric-
ity is e = 0, however energy exchange with disc material through-
out the companion’s orbit results in a periastron binary separation
Of rperi,actual = 186 AU. As the companion approaches and passes
through periastron, an m = 2 spiral mode propagates through the
disc generating a bump in the surface density at R ~ 60 AU.

Comparing the disc properties in Figure 3 for the system where
a =250 AU and Mgjsc = 0.2 M immediately before fragmentation
occurs (at t =~ 2700yrs), and the properties from the final state of
the analog disc from the reference run (where Mgisc = 0.2Mg),
we observe how the surface density increases in the disc of the
a =250 AU system, consistent with the location of the spirals driven
by the companion. Efficient cooling, evident from the drop in 70
between = 60-90 AU, is able to prevent the disc temperature from
increasing significantly at the spiral location. Hence Q can drop to
below Q = 1 and fragmentation ensues. For the system where a =
250 AU, immediately before the disc fragments, we find Beool,min =
2.92at R =75AU.

Binaries on wide orbits (¢ = 500, 1000 AU) converge to the single
star solution, where the mass limit for fragmentation is 0.2Mg <
Mgisc < 0.3Mg. In Figure 3 we also plot the azimuthally averaged
midplane disc properties for the setup where Mgjsc = 0.2Mg and
a = 500 AU at the time of periastron passage. The temperature
profile and Q—profile are almost identical to the analog disc from
the reference run, with Qnip = 1.05 at R = 75 AU. Similarly, we
find no significant bump in the surface density profile which would
be consistent with a spiral being driven by the companion star. The
Mgisc = 0.3 Mg system with a companion at a = 500 AU fragments
quickly, as it did around a single star.

Binaries with small semi-major axes, whose orbits result in the
companion star passing through the disc (a = 100 AU), are found
to be prohibitive to fragmentation. In Figure 3 we plot the az-
imuthally averaged midplane properties for the disc with a = 100 AU
and Mgjsc = 0.2Mg, at the point of periastron passage (where
Tperi,actual = 78 AU). As the companion moves through the disc
the midplane temperature increases, whilst material is simultane-
ously ejected from the outer disc and channeled toward the inner
disc. The final surface density profiles for the a = 100 AU discs, set
up with Myjsc = 0.1 Mg and 0.2 M, are consequently truncated at
a =~ 40 AU, with final disc masses Mgjsc = 0.06 M@ and 0.12Mg
respectively. Hence no fragmentation can occur. The massive discs
with Mgisc > 0.3 Mg are still able to fragment quickly, before com-
pleting a full binary orbital period, in a spiral arm which trails the
path of the companion star.

3.2.2 Further probing the parameter space in binary separation

As the results in Figure 2 indicate that there may be a sweet spot in
binary separation at a ~ 250 AU which can trigger fragmentation, we
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Figure 1. Final states of the reference run of disc setups with no companion star included. A summary of the disc setup parameters laid out in Table 1, and
outlined in detail in Section 2.1.1. Blue boxes are included to highlight the reference run discs which resulted in fragmentation.
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Figure 2. Final states of the discs where we vary the disc mass and the semi-major axis of the companion star. Disc setup parameters are summarised in Table
2 and outlined in detail in Section 2.1.2. Blue boxes are included to highlight discs which resulted in fragmentation when their reference run analogs also
fragmented. Green boxes are included to highlight disc configurations which resulted in fragmentation when their reference run analog did not fragment.
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Figure 3. Azimuthally averaged midplane disc properties calculated from
the Mgise = 0.2Mg discs from the initial suite which includes a binary
companion (setup parameters in Table 2, final states in Figure 2). We plot the
reference run final state, the a = 100 AU run at periastron, the a = 250 AU
run immediately before fragmentation, and the @ = 500 AU run at periastron.
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ran an additional set of discs where we probe this region of parameter
space with greater granularity. This consists of 4 additional discs
with Mgisc = 0.2Mg and a = 150,200,325 and 400 AU. Setup
parameters for these are outlined in Section 2.1.2 and summarised in
Table 3. Final states of these discs are shown in Figure 4.

We find that the disc setups with binary semi-major axes between
150 AU < a < 250 AU result in fragmentation. In the configuration
with a = 150 AU, the companion narrowly avoids passing through the
outer extent of the disc, with rperi actual = 116 AU. As the companion
approaches and passes through periastron, an m = 2 spiral mode
propagates through the disc causing a significant drop in Q at the
inner regions of one of these spirals, between 30 AU < R < 50 AU,
and 4 fragments initially form. All 4 of these fragments survive as
the companion travels back towards apastron, as can be seen in the
final state of the disc in Figure 4. A similar process occurs in the
system with a = 200 AU.

As we increase the binary separation beyond a = 250 AU the in-
fluence of the companion star becomes progressively weaker. Once
a > 325 AU the companion star can no longer trigger fragmentation
in the disc. The spiral mode induced by the a = 325 AU compan-
ion is much weaker than in the a = 250 AU disc. We find that Q
drops slightly in the outer disc of the a = 325 AU system when
compared to its analog from the reference run (with Myisc = 0.2Mg
and no companion), but not enough to push the disc over the frag-
mentation threshold. Once we increase the binary semi-major axis to
a =400 AU we find a similar result as with the @ = 500 AU system in
the previous section. The surface density profile, Q—profile and tem-
perature profile at periastron passage become increasingly similar to
the final state of the reference run disc with Mgjsc = 0.2 Me.

3.3 Varying orbital eccentricity

So far we have only considered companion stars on circular orbits,
with e = 0. In reality it is likely that there will be some orbital eccen-
tricity. Hence in this section we simulate 18 new discs, introducing
eccentricities, e = 0.25,0.5 and 0.75. We consider setup parameters
found to be near to the limit for fragmentation, keeping the disc mass
constant at Mgjsc = 0.2 Mg, and varying a and e only. These setups
are outlined in Section 2.1.3 and summarised in Table 4. Final states
of these discs are shown in Figure 5.

In the previous section we found that companion stars with semi-
major axes 150 AU< a < 250 AU (116 AU < rperi actual < 186 AU)
may induce fragmentation in a disc which would not fragment in
isolation. When including eccentricity we find a wider range of
semi-major axes are capable of inducing fragmentation, given that
Tperi,actual falls roughly within the same range as found previously.

When including an eccentricity of e = 0.5 we find that disc setups
with a = 325AU and a = 400 AU now also result in fragmen-
tation. The periastron distances observed in these simulations are
Tperi,actual = 134 AU and rperj acrual = 163 AU respectively. Frag-
mentation occurs in a similar manner here to what was found in the
previous section; an i = 2 spiral which is generated as the compan-
ion approaches and passes through periastron becomes unstable and
forms bound, self-gravitating clumps.

We find that fragmentation occurs in this suite for a slightly lower
Tperi,actual than was found in the previous section. In the configuration
witha = 150 AU and e = 0.25, corresponding to rperj actual = 92 AU,
the companion passes through the very outer edge of the disc and
a single fragment forms in the spiral 180° from the companion’s
location. Disc heating at periastron is much less here than was the
case when a = 100 AU and € = 0 (rperj,actual = 78 AU), which was
found to inhibit fragmentation. The amount of mass ejected is also
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Figure 4. Final states of the discs where we keep the disc mass constant and consider small changes in the semi-major axis of the companion star. Disc setup
parameters are summarised in Table 3 and outlined in detail in Section 2.1.2. Green boxes are included to highlight disc configurations which resulted in

fragmentation, when their reference run analog did not.

significantly less here, with a final disc mass Mgjsc = 0.18 M. What
remains is a slightly more compact disc, truncated at R ~ 75 AU.

For any companion which passes closer than rper actual = 92 AU,
the disc-star interaction becomes destructive. Disc material is dis-
persed as the companion passes through the disc, ejecting a sig-
nificant amount of mass, leaving a compact, lower mass disc,
thus entirely preventing fragmentation. All configurations here with
e = (.75 suffer this fate.

An interesting case is the disc setup with a = 500 AU and
0.75. Despite this system’s actual periastron distance of
Tperi,actual = 104 AU falling within the sweet spot found which may
induce fragmentation, no fragmentation occurs here. As the compan-
ion passes through periastron a self-gravitating clump begins to form
at the inner edge of one of the spirals but immediately disperses as the
companion quickly moves away from periastron. As the companion
moves back toward apastron the disc stabilizes again.

e =

3.4 Varying orbital inclination

In this section we consider systems with some orbital inclination
relative to the plane of the disc. We introduce inclinations i = 30°, 60°
and 90°, once again keeping the disc mass constant at Mgis. = 0.2 Mg
and varying the binary separation close to the limit for fragmentation.
Disc setup parameters are outlined in Section 2.1.4 and summarised
in Table 5. Final states of these discs are shown in Figure 6.

In the short orbit system, with a = 100 AU, we find that including
an inclination i > 60° results in a less destructive disc-star inter-
action than when the companion orbits in the plane of the disc,
hence fragmentation can occur. Despite their rperi actual being sim-
ilar, the resulting surface density profile after the companion has
passed through the plane of the disc is much less truncated when
i = 60° than was the case when i = 0°, extending to Ryt ~ 80 AU
after several binary orbital periods. An m = 2 spiral mode forms
quickly, and a fragment forms at the inner edge of one the spirals, at
R =55 AU. The fragment’s orbit is initially slightly inclined relative

to the disc, with i ~ 8°, but it quickly settles into the plane of the
disc after an orbital period. The final state of the i = 60° disc is more
flared compared to when i = 0°, with H/R = 0.15 at R = 100 AU
compared to H/R = 0.10 at R = 100 AU.

In the wider orbit systems, with a = 200 AU and 250 AU, we find
that including an inclination can weaken the disc-star interaction
compared to when i = 0° such that disc fragmentation no longer
occurs. Considering the discs with a = 250 AU, as we increase the
companion’s inclination fromi = 0° toi = 90° we find that the m = 2
spiral mode generated by the companion becomes progressively less
significant. When i = 30°, we observe a much smaller bump in the
surface density profile when compared to the system with i = 0°.
Hence the Q—profile remains relatively flat, and no fragmentation
occurs. For the discs with a = 200 AU, only a single fragment forms
when i = 60°, and increasing the inclination to i = 90° prevents
fragmentation from happening altogether.

3.5 Varying companion mass

The gravitational influence of the companion star on the disc will
vary with the star’s mass. Hence we setup 8 new discs where we
explore the parameter space in M, companion and a for configurations
which result in fragmentation. In particular, we focus on how varying
the companion star’s mass affects the binary separations which are
capable of inducing fragmentation.

Discs are setup with parameters close to the fragmentation limit
found until now, keeping the disc mass constant at Mgjsc = 0.2Mg
and varying M, companion @nd a only. We introduce new companion
masses M. companion = 0.1 Mo and M, companion = 0.5Me. These
setups are outlined in Section 2.1.5 and summarised in Table 6. The
final states of these discs are shown in Figure 7.

Considering the discs with a = 150 AU, we find that both of
the new setups, with M, companion = 0-1 Mo and My companion =
0.5 Mg, result in fragmentation, with a trend for the discs to fragment
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Figure 5. Final states of the discs where we vary the orbital eccentricity and the semi-major axis of the companion star. Disc setup parameters are summarised
in Table 4 and outlined in detail in Section 2.1.3. Green boxes are included to highlight disc configurations which resulted in fragmentation, when their reference
run analog did not.
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Table 5 and outlined in detail in Section 2.1.4. Green boxes are included to highlight disc configurations which resulted in fragmentation, when their reference

run analog did not.

faster with increasing M. companion- We find 7gr,g = 900,750 and
550 yrs when M, companion = 0.1,0.2 and 0.5 Mg respectively.

When a = 250 AU we find that decreasing M. companion from
0.2Mg to 0.1 M@ no longer results in fragmentation. A weaker
m = 2 spiral mode is driven by the 0.1 M companion, which results
in an increase in X and a decrease in Q at the spiral location, but the
change is not significant enough to induce fragmentation. Instead,
the spiral mode persists for two full binary orbits until the simulation
ends. For the discs which do fragment, we again find a trend for discs
to fragment earlier with increasing companion mass, finding #f,e =
3050 and 1550 yrs for M. companion = 0.2 and 0.5 M respectively.

Considering the discs with a = 325 AU we find that increasing
M. companion from 0.2Mg to 0.5Mgp causes the disc to fragment,
as the more massive star generates a stronger spiral mode. A single
fragment forms after 4000 yrs in the disc with a = 325 AU and
M. companion = 0.5Me. Of all the discs simulated here, this is the

widest periastron separation (rperi,actual = 256 AU) for which we find
fragmentation can be triggered.

None of the configurations where a = 400 AU result in fragmen-
tation, for any of the new companion star masses considered here.

4 DISCUSSION
4.1 Summary of results

We have identified a "sweet spot" in the orbital parameter space of
binary stars which may trigger fragmentation in a disc which does
not fragment in isolation. We find that the disc-star interaction for
intermediate separation binaries can be beneficial for fragmentation,
with the exact range of ideal semi-major axes being a function of
the orbital eccentricity, inclination and companion star mass. A plot
summarising the companion’s orbital parameters which are found to
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did not.

trigger fragmentation is included in Figure 8, where we also highlight
the minimum radius at which fragments formed in each disc.

In general, the companion will drive an m = 2 spiral through the
disc, and fragmentation occurs at the inner region of one, or both,
of the spirals as a result of the enhanced surface density pushing the
disc over the fragmentation threshold. Heating of the disc induced
by the companion is balanced by efficient cooling (see Figure 3) and
the instability is able to grow until fragmentation occurs.

We find that this is true for intermediate separation binaries with
I50AU < a < 250 AU (116 AU < rper actual < 186 AU), when
considering circular binary orbits in the plane of the disc.

For wide orbit binaries the spiral induced by the companion be-
comes progressively weaker with increasing binary separation. When
a 2 400 AU and M ;s = 0.2 Mg, the disc’s final surface density pro-
file and Q—profile are almost identical to the counterpart disc from
the reference run with no companion.

Very short separation binary encounters, where the companion
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passes through the outer edge of the disc, become prohibitive to frag-
mentation. As the companion star passes through the disc, material
is ejected and the remaining surface density profile is modified to be
much steeper in the inner disc, and truncated at a distance slightly
smaller than the distance of periastron passage. Hence a much more
compact and lower mass disc remains, and no fragmentation can
occur.

When including an eccentricity in the binary orbit, we find a simi-
lar range in rperi actual capable of triggering fragmentation. From the
suite considering non-circular orbits with moderate eccentricities
(e = 0.25,0.5) we find that semi-major axes 150 AU < a < 400 AU
(92 AU < rperjjactual < 163 AU) can induce fragmentation. When
considering highly eccentric orbits, with e = 0.75, none of our sim-
ulations fragment. This is generally because the high eccentricity
causes the companion to pass through the disc at periastron passage.

When including an orbital inclination for the companion, we find
its influence to become progressively lesser as we move its orbit away
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from the plane of the disc. When i = 60° we find the sweet spot in
binary semi-major axis to be between 100 AU < a < 200 AU (74 AU
< Tperi,actual < 152 AU), which is reduced to being between 100 AU
< a < 150AU (75AU < rperjacual < 116 AU) when consider-
ing companions with i = 90°. High inclination binary companions
(i = 60°,90°) which pass through the disc outer edge are less de-
structive than when the binary orbit is in the plane of the disc, hence
fragmentation can occur for slightly shorter separations when i = 60°
and i = 90° compared to when i = 0°.

The sweet spot found in binary separation is broadened as we
increase the companion star’s mass from 0.2Mg to 0.5Mg, as
the higher mass companion drives a stronger spiral mode through
the disc. We find companions with semi-major axes as wide as
a = 325 AU (rperi,actual = 256 AU) can trigger fragmentation when
M companion = 0.5Me. Equally, when considering less massive
companions, the sweet spot in binary separation is narrowed. Only
one of our simulations, with @ = 150 AU (rperi actual = 110 AU), re-
sults in fragmentation when M. companion = 0.1 Me. In the disc con-
figurations which fragment for more than one value of M, companion
(when a = 150 AU and 250 AU), we find that the discs fragment
faster with increasing companion mass.

4.2 Comparison to previous theoretical work

Previous work considering the possibility of fragmentation induced
by the presence of a binary star companion consists of three key
papers in Nelson (2000), Mayer et al. (2005) and Boss (2006), with
their results discussed in the review paper Mayer et al. (2007a). Nel-
son (2000) and Mayer et al. (2005) found that the presence of a
companion suppresses any instability due to significant tidal heat-
ing in spiral shock waves, thus stabilising the disc. Boss (2006),
however, concluded that binary companions may promote fragmen-
tation, finding that spiral waves generated from the tidal interaction
between the disc and the companion would typically go on to form
dense, self-gravitating clumps. In Mayer et al. (2007a) the authors
largely attribute the differences in their results to the use of an ar-
tificial viscosity in Nelson (2000) and Mayer et al. (2005), which
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isn’t included in Boss (2006), and would contribute significantly to-
ward heating of the disc in the presence of a shock wave, given a
sufficiently large artificial viscosity was included.

Various authors have also investigated the role of stellar flyby
events in promoting or suppressing fragmentation in discs which
would be marginally stable in isolation. The early work of Boffin
et al. (1998), Watkins et al. (1998a) and Watkins et al. (1998b) found
that, when considering isothermal discs, previously non-fragmenting
discs would fragment during star-disc and disc-disc interactions.
However later models which included more realistic cooling found
that heating of the disc during the stellar encounter was sufficient to
stabilise it against fragmentation (Lodato et al. 2007; Forgan & Rice
2009).

Until now, most work has considered either simple cooling pre-
scriptions, where the cooling time is proportional to the local orbital
time (B-cooling, Gammie 2001; Rice et al. 2003), isothermal discs,
or have not included an artificial viscosity which will capture heating
from shocks. Including an algorithm to approximate radiation trans-
port in our models (Forgan et al. 2009) allows us to model realistic
disc cooling, hence we can realistically capture whether the disc is
able to radiate away the additional energy generated through tidal
heating during the binary encounter.

The aforementioned works generally also considered much more
compact discs than we have modelled here (in the case of Nelson
2000; Mayer et al. 2005; Boss 2006; Lodato et al. 2007), or discs
with Roye = 1000 AU (in the case of Boffin et al. 1998; Watkins et al.
1998a,b). However, owing to the simpler methods used to model
disc cooling, their models are scale-free and can be scaled to dif-
ferent physical units for comparison with the results here. Hence
when comparing to the works of Boffin et al. (1998); Watkins et al.
(1998a,b); Nelson (2000); Mayer et al. (2005); Boss (2006); Lodato
et al. (2007) we can use their 1atios rperi/Fout,disc for direct compar-
ison to our results. This is not the case for the results from Forgan
& Rice (2009), who use the Forgan et al. (2009) hybrid radiative
transfer method, and considered Roy: = 40 AU discs. For the copla-
nar binary encounters considered here, we find that companions with
0.92 < 7peri/Fout,disc < 1.86 trigger fragmentation. Only Lodato
et al. (2007) considered binary encounters within this range, finding
that no fragmentation occurred in their simulations.

Of the previous works which include a similar cooling approx-
imation as we use here, we find that our results broadly indicate
the same thing. Forgan & Rice (2009)in find that small separation,
disc-penetrating encounters heat the disc material, whilst angular
momentum transport and mass stripping result in a more stable disc
configuration after the encounter. Large separation encounters have
very little effect, becoming less significant as the periastron distance
increases. However intermediate separation encounters may modify
the surface density profile of the disc, without causing significant
heating, such that the disc is more unstable over a larger range of
radii after the encounter. None of the discs in Forgan & Rice (2009)
fragment, but the authors suggest that there could be some region
of parameter space in periastron distance which may act to promote
fragmentation.

Meru (2015), who used the flux-limited diffusion approximation
(e.g. Mayer et al. 2007b), also found that further fragmentation may
be triggered in a disc which has fragmented already. The fragment
which has initially formed causes material to be channelled inwards,
increasing the density of the inner spirals, causing fragmentation.

Here, we have presented a suite of simulations which model re-
alistic cooling using the Forgan & Rice (2009) radiative transfer
approach. We find that efficient cooling is able to prevent the disc
temperature from increasing significantly during the binary’s peri-
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astron passage, and fragmentation can occur in the spiral regions of
enhanced surface density which are driven by the companion.

4.3 Comparison to observations

Binaries are often neglected from observational and theoretical ex-
oplanetary science, as they complicate the modelling of planet for-
mation, as well as the detection and characterisation of planetary
systems. Most of the work (theoretical and observational) conducted
so far on planets in binaries has focused on close-in binaries (sepa-
rations of tens of AU), generally agreeing that tight binaries (< 50—
100 AU) hinder planet formation (Bergfors et al. 2013; Kraus et al.
2012, 2016; Kaib et al. 2013). However, the first planets discovered in
binary systems showed distinct orbital and physical properties from
the rest of the planetary population, hinting at the possibility that
binary companions could dramatically reorient the orbital configu-
ration of planetary systems (Zucker & Mazeh 2002). Observations
of binary star systems suggest that stellar multiplicity at wider sepa-
rations may play a key role in the formation of high-mass gas giant
planets and brown dwarfs. Various surveys have found an excess of
outer companions to stars with massive hot Jupiters or short-period
stellar and substellar companions when compared to field stars, sug-
gesting that binary star systems on separations of a few hundred AU
may be favourable sites for the formation of these inner companions.

Beginning with their survey of solar-type spectroscopic binaries
(SB), Tokovinin et al. (2006) found an excess of wide tertiary stel-
lar companions for SBs with periods from 1-30 days, rising to a
frequency of 96% for SBs with periods < 3days. In their series
of "Friends of hot Jupiters" papers, Ngo et al. (2016) searched for
stellar companions to 77 systems hosting hot Jupiters. They found
that 47 + 7% of stars hosting hot Jupiters have a binary companion
with separations between 50-20,000 AU (a value 3 times higher than
found for field stars), although Moe & Kratter (2019) concluded that
this excess was not significant after accounting for remaining statis-
tical biases. Nonetheless, Ngo et al. (2016) still observed a signifi-
cant deficit of tight binary companions, with separations 50-100 AU,
compared to wider systems, consistent with the idea that shorter-
period binaries may be detrimental to planet formation (Wang et al.
2014; Kraus et al. 2016).

Using direct imaging data, Fontanive et al. (2019) searched for
wide-orbit binary companions to 38 stars known to host very massive
hot Jupiters or brown dwarfs (7-60 Myyp) on short periods (<1 AU),
finding a binary fraction close to 80% for these systems on separa-
tions of 20-10,000 AU, twice as high as for field stars, with a sig-
nificance confirmed in Moe & Kratter (2019). Again, they observed
a lack of binaries with separations of tens of AU, and instead found
an excess of intermediate separation binaries, with a peak in binary
separation at ~250 AU. The binary frequency for massive giant exo-
planets and brown dwarfs (M > 7 Myyp) was found to be higher than
for lower mass hot Jupiters (0.2-4 Myyp), suggesting that the stellar
companion’s influence may facilitate the formation of high-mass gi-
ant planets and brown dwarfs. The systems probed in Fontanive et al.
(2019) also have a lower mean metallicity, consistent with that of the
field (Moe et al. 2019), compared to hosts to genuine hot Jupiters
like those studied in Ngo et al. (2016). Given the strong correlation
seen between metallicity and the ability to form gas giant planets
via core accretion (Mordasini et al. 2012; Jenkins et al. 2017), the
high-mass inner substellar companions targeted in Fontanive et al.
(2019) are therefore likely to have formed via GI rather than CA as
for the lower-mass hot Jupiters.

Recently, Fontanive & Bardalez Gagliuffi (2021) reached simi-
lar conclusions, finding that giant planets have a substantially larger
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raw stellar multiplicity fraction than sub-Jovian planets, and that this
trend further increases up to a ~30% raw binary fraction for mas-
sive planet and brown dwarfs (M > 7 Mjyp) on very short orbital
separations (< 0.5 AU), with the most massive and shortest-period
substellar companions almost exclusively observed in multiple-star
environments. These systems thus appear to follow the architectures
of stellar spectroscopic binaries, systematically observed as part of
hierarchical triple systems (Tokovinin et al. 2006). Notably, Fontanive
& Bardalez Gagliuffi (2021) showed that these extreme inner com-
panions, with few analogues in (seemingly) single-star systems, were
predominantly found to be in binaries with separations of few hun-
dred AU, and mostly on separations < 250 AU (despite a strong
incompleteness at these separations) for substellar companions with
masses above 7 Myyp, consistent with results from Fontanive et al.
(2019). In comparison, they found a peak around 600 AU (subject
to the same incompleteness biases) for binaries hosting lower-mass
planets or warm and cool gas giants on wider orbital separations, and
these systems showed similar planet properties to the population of
exoplanets orbiting single stars.

These results suggest that very wide binaries have no meaningful
impact on the architectures of planetary systems, and confirm the
idea that very tight binary systems have a negative impact on planet
formation. In particular, it appears that binaries with tens to a few
hundred AU separations prevent planet formation for sub-Jovian and
giant planets with masses up to a few My, while wider binaries can
harbour such planets but without affecting their orbital properties.
This indicates that the exoplanet population issued from core accre-
tion only exists in binary configurations that are not disruptive to
planet formation and do not influence the resulting planet properties.
On the other hand, the higher-mass population of giant planets and
brown dwarfs on short-period orbits, likely formed via GI, are pre-
dominantly seen in intermediate separation binaries of few hundred
AU separations (Fontanive & Bardalez Gagliuffi 2021), which must
thus play a role in their existence.

Here, we show with simulations of self-gravitating discs that such
intermediate separation binary companions may assist in the forma-
tion of giant planets through means of the gravitational instability.
We find that when introducing a stellar companion at a few hundred
AU into a disc configuration which would previously not fragment,
fragmentation may be induced as the companion drives strong spi-
rals which push the disc over the limit for instability. We find this
to be true for binaries with semi-major axes between ~100—400 AU
for the explored parameter space, with some dependency on binary
orbital eccentricity, inclination and companion mass. This is con-
sistent with the binary projected separations observed by Fontanive
et al. (2019) and Fontanive & Bardalez Gagliuffi (2021), a peak in
the observed distribution at around 250 AU. We also note that in our
simulations the orbital properties of these intermediate separation
binaries remain mostly unchanged after a full orbital period, as the
companions do not pass directly through the disc hence the drag that
they experience from the disc material is minimal.

Shorter-period binaries and highly-eccentric systems inhibit frag-
mentation as the disc-star interaction becomes destructive. As the
companion passes through periastron it will pass through the disc,
leaving a compact, lower mass disc remaining. Hence we would ex-
pect alower frequency of GI-born planets within tight binary systems
on separations of tens of AU, which is also consistent with the short-
fall of such systems in observations (Wang et al. 2014; Kraus et al.
2016; Ngo et al. 2016; Fontanive et al. 2019).



4.4 Outlook and implications for short-period, massive planets

Our work provides a viable formation pathway for the high-mass giant
planets and brown dwarfs observed around components of multiple
star systems (Fontanive et al. 2019; Fontanive & Bardalez Gagliuffi
2021). However, these substellar companions are actually observed
on very short orbital periods (<1 AU), much tighter than the typical
formation locations from disc fragmentation.

In some cases, these objects could have been scattered by the binary
stellar companion onto highly eccentric orbits and then been tidally
circularised onto their current orbits (Rice et al. 2015). However, as
discussed earlier, this is only possible for a subset of the systems
presented in Fontanive et al. (2019).

Another possibility is that these objects may have naturally mi-
grated to their current locations. Baruteau et al. (2011) showed that
fragments forming in young, massive discs will undergo rapid, type
I migration before having chance to open a gap, and may be able to
reach the inner disc within a few orbital periods. However, it is uncer-
tain as to what fraction of fragments will survive this migration, and
what their eventual masses will be after tidal downsizing (Nayakshin
2010; Boley et al. 2010).

We also find indications that fragmentation triggered by the binary
companion may be occurring closer in than is usually found for discs
in isolation. In Figure 3, considering the disc with an a = 250 AU
companion, the Q—profile reaches a minimum of Q = 0.79 at R =
63 AU, hence the first fragment initially forms at R = 56 AU. In
Figure 8, we plot the minimum separation at which fragments form
in each of our discs, including all systems with Mg = 0.2Mg
which resulted in fragmentation. Of the 20 discs included in the plot,
we find 9 systems produce fragments within R = 50 AU, and 2 form
fragments within R = 30 AU.

It may then be that a combination of scattering, fragments forming
close in, and rapid inward migration can produce the giant planets
and brown dwarfs observed on very short orbital periods. Whilst
Baruteau et al. (2011) considered the subsequent migration of single
fragments forming in a self-gravitating discs, it is not known how a
binary companion or the formation of multiple fragments may affect
this. We leave this question as subject of future work.

5 CONCLUSIONS

Observations of systems with close-in massive planetary and brown
dwarf companions suggest that almost all host a binary stellar com-
panion on a wider orbit (Fontanive et al. 2019). Also, the properties of
the close-in objects are consistent with them having formed via frag-
mentation in a gravitationally unstable disc (Fontanive & Bardalez
Gagliuffi 2021). However, disc fragmentation is only likely to operate
in the outer parts of such discs, requiring that these objects some-
how move from where they formed onto the close-in orbits they now
occupy.

In some cases, the close-in object could have been scattered by the
binary stellar companion and then undergone tidal circularisation
onto its current close-in orbit (Rice et al. 2015; Fontanive et al.
2019). However, in many cases the tidal circularisation timescale is
far too long for this to be a viable pathway for these systems. That
such systems still typically host binary stellar companions suggests
that these stellar companions still play a role in their formation.

To investigate this, we have conducted a series of 3D SPH simu-
lations of self-gravitating discs with a binary stellar companion, ex-
ploring the companion’s orbital parameter space for configurations
which may trigger fragmentation in a marginally gravitationally un-
stable disc. We find a "sweet spot" in which intermediate separation

Binary companions triggering fragmentation 13

binaries can induce fragmentation, with the exact set of ideal orbital
parameters being a function of the companion’s semi-major axis,
eccentricity, inclination and mass.

Radiation transport is modelled using the Forgan et al. (2009)
hybrid approach. For the discs modelled here, with outer radii
Rout = 100 AU, we find that efficient cooling during intermediate
separation (100 AU 5 a < 400 AU) binary encounters allows disc
fragmentation to occur in a spiral region of enhanced surface den-
sity driven by the companion star. Short separation disc-penetrating
(a < 100 AU) encounters are generally destructive, as mass stripping
and disc heating entirely wipe out any instability. This is also true of
highly eccentric binary orbits, which result in the companion passing
through the disc. However, highly inclined (i z 60°) disc-penetrating
encounters can be less destructive, allowing shorter separation en-
counters to trigger fragmentation than when the binary orbit is in the
plane of the disc. Wide orbit binary encounters (a 2 500 AU) have
little effect on the disc properties, with the companion’s influence
becoming progressively lesser with increasing binary separation.

The range of binary separations found to promote fragmentation
is consistent with the projected separations of the systems which
display an excess of close-in giant planets and brown dwarfs (Wang
et al. 2014; Kraus et al. 2016; Ngo et al. 2016; Fontanive et al.
2019; Fontanive & Bardalez Gagliuffi 2021). As our results show that
intermediate separation binary systems could be favourable sites for
the formation of massive substellar objects, we suggest that triggered
fragmentation may contribute to the excess of massive planets and
brown dwarfs observed around these systems. The question now
remains how these fragments, initially formed on wide orbits, might
have migrated to the very short separations (< 1 AU) where they are
now currently observed, and will be the subject of future work.
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a M gise M*,primary M*,companion e i Tperi,calc Tperi, actual Fragmented? Ifrag
Reference runs: - 0.1 Mg 1 Mg - - - - - X -
- 0.2Mp 1Mo - - - - - X -
- 0.3Mg 1 Mg - - - - - v 700 yrs
- 0.4Mp 1Mo - - - - - v 500 yrs
Varying binary separation: 100AU  0.1Mp 1Mo 0.2Mp 0 0° 100 AU 87 AU X -
100AU  0.2Mg 1 Mg 0.2Mp 0 0° 100 AU 78 AU X -
100AU  0.3Mp 1Mp 0.2Mp 0 0° 100 AU 70 AU v 600 yrs
100AU  0.4Mg 1 Mg 0.2Mp 0 0° 100 AU 64 AU v 500 yrs
250AU  0.1Mg 1Mp 0.2Mp 0 0° 250 AU 213 AU X -
250 AU  0.2Mg 1 Mg 0.2Mp 0 0° 250 AU 186 AU 24 3050 yrs
250 AU 0.3 Mg 1 Mg 0.2Mg 0 0° 250 AU NR v 720 yrs
250 AU  0.4Mg 1 Mg 0.2Mg 0 0° 250 AU NR v 540 yrs
500AU  0.1Mg 1Mp 0.2Mp 0 0° 500 AU 430 AU X -
500AU  0.2Mg 1 Mg 0.2Mg 0 0° 500 AU 373 AU X -
500AU  0.3Mg 1 Mg 0.2Mp 0 0° 500 AU NR v 680 yrs
500AU  0.4Mg 1 Mg 0.2Mp 0 0° 500 AU NR v 445 yrs
1000AU  0.1Mgp 1 Mg 0.2Mp 0 0° 1000 AU 862 AU X -
1000AU  0.2Mg 1 Mg 0.2Mg 0 0° 1000 AU 758 AU X -
1000AU  0.3Mgp 1 Mg 0.2Mp 0 0° 1000 AU NR v 650 yrs
1000AU  0.4Mg 1 Mg 0.2Mg 0 0° 1000 AU NR v 500 yrs
Additional separation runs: 150AU  0.2Mg 1 Mg 0.2Mg 0 0° 150 AU 116 AU v 750 yrs
200AU  0.2Mg 1 Mg 0.2Mg 0 0° 200 AU 150 AU 24 1500 yrs
325AU  0.2Mg 1 Mg 0.2Mp 0 0° 325 AU 240 AU X -
400AU  0.2Mg 1 Mg 0.2Mg 0 0° 400 AU 299 AU X -
Varying eccentricity: 150 AU 0.2Mg 1 Mg 0.2Mg 0.25 0° 113 AU 92 AU e4 900 yrs
150AU  0.2Mg 1 Mg 0.2Mg 0.5 0° 75 AU 63 AU X -
150AU  0.2Mg 1 Mg 0.2Mp 075 0° 38 AU 39 AU X -
200AU  0.2Mg 1 Mg 0.2Mg 025 0° 150 AU 119 AU 24 1300 yrs
200AU  0.2Mg 1 Mg 0.2Mp 0.5 0° 100 AU 81 AU X -
200AU  0.2Mg 1 Mg 0.2Mg 075 0° 50 AU 46 AU X -
250AU  0.2Mg 1 Mg 0.2Mp 025 0° 188 AU 147 AU 4 2000 yrs
250 AU  0.2Mg 1 Mg 0.2Mg 0.5 0° 125 AU 102 AU v 1770 yrs
250AU  0.2Mg 1 Mg 0.2Mp 075 0° 63 AU 54 AU X -
325AU  0.2Mg 1 Mg 0.2Mg 025 0° 244 AU 200 AU X -
325AU  0.2Mg 1 Mg 0.2Mp 0.5 0° 163 AU 134 AU 4 2750 yrs
325AU  0.2Mg 1 Mg 0.2Mg 075 0° 81 AU 69 AU X -
400AU  0.2Mgp 1 Mg 0.2Mp 025 0° 300 AU 236 AU X -
400AU  0.2Mg 1 Mg 0.2Mg 0.5 0° 200 AU 163 AU v 3800 yrs
400AU  0.2Mgp 1 Mg 0.2Mp 075 0° 100 AU 84 AU X -
500AU  0.2Mg 1 Mg 0.2Mg 025 0° 375 AU 295 AU X -
S00AU  0.2Mg 1Mo 0.2Mp 0.5 0° 250 AU 204 AU X -
500AU  0.2Mg 1 Mg 0.2Mg 075 0° 125 AU 104 AU X -
Varying inclination: 100AU  0.2Mp 1Mo 0.2Mp 0 30° 100 AU 77 AU X -
100AU  0.2Mpo 1Mo 0.2Mpo 0  60° 100AU  74AU vV 835yrs
100AU  0.2Mg 1 Mg 0.2Mp 0 90° 100 AU 75 AU v 835 yrs
150 AU 0.2Mg 1 Mg 0.2Mg 0 30° 150 AU 114 AU v 720 yrs
150AU  0.2Mg 1 Mg 0.2Mp 0 60° 150 AU 115 AU v 1045 yrs
150 AU 0.2Mg 1 Mg 0.2Mg 0 90° 150 AU 116 AU v 1340 yrs
200AU  0.2Mg 1 Mg 0.2Mp 0 30° 200 AU 151 AU v 1600 yrs
200 AU 0.2Mg 1 Mg 0.2Mg 0 60° 200 AU 152 AU v 2840 yrs
200AU  0.2Mg 1 Mg 0.2Mp 0 90° 200 AU 153 AU X -
250AU  0.2Mg 1Mp 0.2Mp 0 30° 250 AU 187 AU X -
250 AU  0.2Mg 1 Mg 0.2Mg 0 60° 250 AU 189 AU X -
250AU  0.2Mg 1 Mg 0.2Mp 0 90° 250 AU 190 AU X -
Varying companion mass: 150AU  0.2Mg 1 Mg 0.1 Mg 0 0° 150 AU 110 AU v 900 yrs
150AU  0.2Mg 1 Mg 0.5Mp 0 0° 150 AU 112 AU L4 550yrs
250 AU  0.2Mg 1 Mg 0.1 Mg 0 0° 250 AU 181 AU X -
250AU  0.2Mg 1 Mg 0.5Mp 0 0° 250 AU 197 AU v/ 1550 yrs
325AU  0.2Mg 1 Mg 0.1 Mg 0 0° 325 AU 237 AU X -
325AU  0.2Mg 1 Mg 0.5Mp 0 0° 325 AU 256 AU v/ 4000 yrs
400AU  0.2Mg 1 Mg 0.1 Mg 0 0° 400 AU 292 AU X -
400AU  0.2Mgp 1 Mg 0.5Mp 0 0° 400 AU 315 AU X -

Table 7. Summary of all discs simulated here, and whether they did or did not fragment. Black ticks: disc fragmented and so did its reference run analog. Double
DARER AiSKA0Qiskfia ¢dEhted when the reference run analog did not. Black crosses: did not fragment. rperi actual =NR ("not reached") denotes systems where the
simulation ended before reaching rperi,actual> @s the disc had already fragmented.
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