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A B S T R A C T 

Observations of systems hosting close-in ( < 1 au) giant planets and brown dwarfs ( M � 7 M Jup ) 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 simulations of binary-star systems with circumprimary self-gravitating discs, which include a realistic 
approximation to radiation transport, and e xtensiv ely e xplore the companion’s orbital parameter space for configurations that 
may trigger fragmentation. We identify a ‘sweet spot’ where intermediate separation binary companions (100 au � 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 set-up parameters considered 

here. The sweet spot found is consistent with the range of binary separations that 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. 

Key words: accretion, accretion discs – gravitation – instabilities – planets and satellites: formation – stars: formation. 

1  I N T RO D U C T I O N  

There are both theoretical (Lin & Pringle 1987 ; Rice, Mayo & 

Armitage 2010 ) and observational (Rodr ́ıguez et al. 2005 ; Tobin 
et al. 2012 , 2015 ) indications 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 (GI; 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 on to 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 (P ́erez et al. 2016 ), consistent with the disc 
being gravitationally unstable (Dong et al. 2015 ; Hall et al. 2016 , 
2018 , 2020 ; Meru et al. 2017 ; Cadman et al. 2020b ; Paneque-Carre ̃ no 
et al. 2021 ; Veronesi et al. 2021 ). 

The other potential pathway is that the 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 

� E-mail: cadman@roe.ac.uk 

1997 , 2000 ; Mayer et al. 2002 ; Durisen et al. 2007 ). This outcome, 
ho we ver, requires not only that the disc is gravitationally unstable, 
but also that it can also cool very efficiently (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/e xoplanets (Bole y 2009 ; Johnson & Li 2013 ). 

Ho we ver, 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 companions (Nero & Bjorkman 2009 ; Kratter, Murray-Clay & 

Youdin 2010 ; Cadman, Rice & Hall 2021 ; Humphries et al. 2021 ). 
It has been shown that fragmentation is fa v oured in discs around 
higher mass stars (Cadman et al. 2020a ; Haworth et al. 2020 ), 
consistent with results from direct-imaging surv e ys that 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 distribution of planets formed via 
GI is indeed consistent with results from direct-imaging surv e ys 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 or- 
bits could migrate inwards rapidly (Baruteau, Meru & Paardekooper 
2011 ) and potentially undergo tidal stripping (Boley et al. 2010 ; 
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ayakshin 2010 ) to produce close-in planets with a wide range
f masses (Nayakshin & Fletcher 2015 ). Ho we ver, hydrodynamics
imulations of such systems show that these objects either stay on
ide orbits or are destroyed during the migration process (Hall,
organ & Rice 2017 ). Population synthesis models also suggest that
uch an outcome is relatively rare, and that most objects that form
ia GI will remain on wide orbits as giant planets, or brown dwarfs
Forgan & Rice 2013 ; Forgan et al. 2018 ). Such objects could, though,
till be scattered on to highly eccentric orbits that can then tidally
ircularize on to close-in orbits (Rice et al. 2015 ). This will tend to
orm gas giant planets, or brown dwarfs, with very close-in circular
rbits (with orbital properties similar to those of ‘hot’ Jupiters) or
ccentric orbits that are still undergoing tidal circularization. 

Given that the scatterer is likely to be a companion to the host
tar, this moti v ated a search for companions to systems with close-
n massive planets, or brown dwarfs (F ontaniv e et al. 2019 ). The
esults of this search did indeed indicate a binary fraction twice
s high as for field stars on projected separations between 20 and
0 000 au. Ho we ver, only about half of these systems were consistent
ith high-eccentricity migration through secular interactions with the
uter stellar companion, the others being on orbits where the tidal
ircularization time-scale w as f ar too long to explain their origin
F ontaniv e et al. 2019 ). 

None the less, even if the close-in objects were not scattered on
o their current orbits, the high binary fraction for these systems
uggests that the existence of a companion may still influence their
ormation. There are also indications that some of these objects may
ave formed via GI. The sample of stars studied in F ontaniv e et al.
 2019 ), hosting close-in companions with masses between 7 and
0 M Jup , has a mean metallicity of 〈 [Fe/H] 〉 = −0.12, consistent with
he mean field metallicity (Moe, Kratter & Badenes 2019 ). This is
ubstantially lower than the mean metallicity for hosts to genuine hot
upiters (0.2–4 M Jup ) of 〈 [Fe/H] 〉 = 0.23 (Santos, Israelian & Mayor
004 ; Fischer & Valenti 2005 ), which also do not show the same
xcess in multiplicity frequency (Ngo et al. 2016 ; Moe & Kratter
019 ). 
This lower mass planetary population is thought to have formed

ia the alternative scenario for planet formation, core accretion (CA;
ollack et al. 1996 ). This formation mechanism shows a strong
etallicity dependence in the formation of giant planets with masses

bo v e a few Jupiter masses (Mordasini et al. 2012 ; Jenkins et al.
017 ). In contrast, the GI formation process has no metallicity
ependence (Meru & Bate 2010 ), and preferentially forms massive
lanets or brown dwarfs (Kratter et al. 2010 ; Forgan & Rice 2011 ),
ith a transition at around ∼4–10 M Jup between the two mechanisms

Schlaufman 2018 ). 
This suggests that only the most massive planetary and brown

w arf companions, lik ely forming via GI, are affected by stellar
inarity. F ontaniv e & Bardalez Gagliuffi ( 2021 ) recently confirmed
his idea, finding that close-in exoplanets and substellar companions
ith masses of several Jupiter masses and above are almost exclu-

iv ely observ ed in binary-star systems with separations of a few
undred au or less. In contrast, sub-Jovian and wide giant planets
re less frequently seen in multiple-star systems, mostly observed in
inaries with wider separations, and show similar planet properties
hen compared to the population of planets orbiting single and binary

tars (F ontaniv e & Bardalez Gagliuffi 2021 ). We therefore inv estigate
ow the presence of a companion at a few hundred au can influence
he likelihood of a disc undergoing fragmentation and forming such
igh-mass planetary systems. 
There is little agreement in the literature as to whether binary

ompanions or stellar flyby events can trigger fragmentation in a disc
NRAS 511, 457–471 (2022) 
hat would be marginally stable in isolation. Early work considering
sothermal discs suggested that encounters during a flyby event could
rigger fragmentation (Boffin et al. 1998 ; Watkins et al. 1998a , b ).
oss ( 2006 ) also found that a binary star will act to promote fragmen-

ation, as the spiral arms driven by the companion will typically go on
o form self-gravitating clumps. Other authors, ho we ver, found that
idal heating during the binary orbit generally acts to stabilize the disc
gainst fragmentation (Nelson 2000 ; Mayer et al. 2005 ; Lodato et al.
007 ; Forgan & Rice 2009 ). While none of their simulations resulted
n fragmentation, and the majority of their results suggest that the
ffect of encounters is to prohibit fragmentation, Forgan & Rice
 2009 ) find that, for some orbital parameters, their discs become more
nstable o v er a larger range of radii, suggesting that there may be
ome region of parameter space that is fa v ourable to fragmentation. It
as also been shown that once a fragment forms in a GI disc, further
ragmentation may be triggered as material is channelled inwards
ausing the inner spirals to become sufficiently dense to fragment
Meru 2015 ). 

In this paper, we present a suite of smoothed particle hydrodynam-
cs (SPH) simulations of binary-star systems. We e xtensiv ely test the
arameter space of binary orbital properties for configurations that
ay trigger fragmentation in discs that would be marginally stable

n isolation. We evolve a total of 62 discs, which, to the authors’
nowledge, represents the most thorough search of this parameter
pace to date, and in each simulation we model realistic cooling
hrough the Forgan et al. ( 2009 ) hybrid radiative transfer method.
ection 2 details the various disc set-ups explored in our simulations.
ection 3 presents the results obtained, which we discuss in Section 4 .
ur conclusions are presented in Section 5 . 

 M E T H O D S  – SPH  SI MULATI ONS  

e simulate a three-dimensional gaseous disc using SPH, a La-
rangian method where a continuous fluid is discretized as N
seudo-particles (Benz 1990 ; Monaghan 1992 ). We employ the
HANTOM SPH code (Price et al. 2018 ), which has been modified
o include the radiative transfer method introduced in Forgan et al.
 2009 ); a hybrid cooling approach that combines the polytropic
ooling approximation from Stamatellos et al. ( 2007 ) and flux-
imited diffusion (e.g. Mayer et al. 2007b ). We also include the
tandard SPH artificial viscosity, with parameters αSPH = 0.1 and
SPH = 0.2. 
Each disc is initialized with N = 1 × 10 6 SPH particles, distributed

uch that the initial surface density profile of the disc is �( R ) =
 0 ( R / R 0 ) −1.5 and the temperature profile is T ( R ) = T 0 ( R / R 0 ) −1.0

etween R 0 = 1 au and R out = 100 au. In each disc, T 0 and � 0 

re determined self-consistently, with T 0 = 374 K for all discs set
p here, and � 0 varying with the disc mass being considered. Any
articles that fall within R 0 are accreted on to the central star, which
s represented as a point mass particle. When considering binary-star
ystems, we set up circumprimary discs only, and the companion star
ehaves as a gravitationally bound point mass, modelled using a sink
article. 

.1 Suite of SPH models 

o ef fecti v ely e xplore the parameter space in binary-star separation,
 , orbital eccentricity, e , orbital inclination, i , and companion star
ass, M ∗, companion , we set up four suites of discs – one for studying

ach variable individually. In each case, the disc set-up parameters are
elected to be close to where we find the limit for disc fragmentation



Binary companions trig g ering fra gmentation 459 

Table 1. SPH disc set-up parameters for the reference run of 
discs with no companion star. Final states of these discs are 
shown in Fig. 1 . 

N SPH R out,disc M ∗ M disc 

1 × 10 6 100 au 1 M � [0.1, 0.2, 0.3, 0.4] M �

t  

b

2

W  

a
w  

o  

h  

o  

s  

r
T

2

I  

d
f  

b  

t  

fi  

d  

s  

M  

t  

t  

T

c
o
s

2

W  

o  

e  

b  

M  

M  

a  

t

2

A  

t
d  

6
2  

e  

a  

o  

T

2

F  

t  

i
m  

b  

M  

m  

t  

o

3

R  

s  

f  

e  

o  

t  

t  

h  

s
c  

t

3

F  

n
o  

l
<  

f  

0
 

p
p

Q

A  

p  

a√

β

t  

i  

2
 

a  

β

 

i  

t  

(  

i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/1/457/6505149 by guest on 29 M
arch 2023
o be, identified during our reference run of discs that are detailed
elow. 

.1.1 Reference run of discs with no companion 

e initially set up a reference run of discs with no companion. This
llows us to understand how our discs would evolve in isolation, 
hile also being able to identify the region of parameter space where
ur discs are near to the limit for fragmentation. We set up four discs
ere with masses M disc = 0.1, 0.2, 0.3, and 0.4 M �, and a parent star
f mass M ∗ = 1.0 M �. The value of � 0 for each of these discs, and all
ubsequent discs of the same mass, are 322, 644, 966, 1288 g cm 

−2 ,
espectively. A summary of these set-up parameters can be found in 
able 1 . 

.1.2 Varying binary-star separation 

n the first of our suites that include a companion star, we aim to
etermine how binary separation affects a disc’s susceptibility to 
ragmentation. We set up a grid of 16 systems in which we vary a
etween 100 and 1000 au and M disc between 0.1 and 0.4 M �, as for
he reference runs. We then explore four additional cases of a with
ner steps in binary separation between a = 150–400 au and a fixed
isc mass M disc = 0.2 M �. In all the set-ups, we consider a primary
tar with mass M ∗,primary = 1.0 M � and a companion star with mass
 ∗,companion = 0.2 M �, hence a stellar mass ratio q binary = 0.2. For

his initial suite, we set up binaries on circular orbits in the plane of
he disc, with e = 0 and i = 0. These disc set-ups are summarized in
ables 2 and 3 . 
Results from this initial suite of discs, where we vary the 

ompanion’s semimajor axis, were then used to inform the range 
f semimajor axes considered for the subsequent suites of disc 
imulations. 

.1.3 Varying orbital eccentricity 

e then wish to study the effect of varying the orbital eccentricity
f the binary orbit. 18 new discs are set-up where we introduce
ccentricities, e = 0.25, 0.5, and 0.75. We vary the binary separation
etween a = 150–500 au while keeping the disc mass constant at
 disc = 0.2 M �. In all cases, we consider a primary star mass,
 ∗,primary = 1.0 M �, a companion star mass, M ∗,companion = 0.2 M �,

nd binary orbits in the plane of the disc, with i = 0. A summary of
hese disc set-ups is outlined in Table 4 . 

.1.4 Varying orbital inclination 

 third suite of discs is set up where we study the effect of varying
he companion star’s orbital inclination relative to the plane of the 
isc. We set up 12 new discs that include inclinations i = 30 ◦,
0 ◦, and 90 ◦. We consider binary separations in the range a = 100–
50 au, while keeping the disc mass constant at M disc = 0.2 M �. In
ach case, we consider a primary star mass, M ∗,primary = 1.0 M �,
 companion star mass, M ∗,companion = 0.2 M �, and circular binary
rbits with e = 0. A summary of these disc set-ups is outlined in
able 5 . 

.1.5 Varying companion star mass 

inally, we set up a suite of discs to explore the effect of varying
he mass of the companion star. We set up a grid of discs that
ncludes eight new set-ups, where we introduce companion star 

asses M ∗,companion = 0.1 and 0.5 M �. We vary the binary separation
etween a = 150–400 au, while keeping the disc mass constant at
 disc = 0.2 M �. For all disc set-ups, we consider a primary star
ass, M ∗,primary = 1.0 M �, and circular binary orbits in the plane of

he disc, with e = 0 and i = 0. A summary of these disc set-ups is
utlined in Table 6 . 

 RESULTS  

esults from the final states of all the discs simulated here are
ummarized in Table 7 . In all cases, we allow the discs to evolve
or at least 5 orbital periods at the disc outer edge ( R out = 100 au),
qui v alent to t = 5000 yr, or until fragmentation occurs. In the case
f the wide-orbit binary systems, for which the binary orbit is longer
han 5 orbital periods at R out = 100 au, we allow the simulations
o evolve for at least a full binary orbit. We define a simulation as
aving fragmented when a local clump forms where the density is
ignificantly higher than the surrounding disc gas. Typically, these 
lumps have densities that are a few orders of magnitude greater than
he surrounding gas. 

.1 Reference run of discs with no companion 

ig. 1 shows the final states of the reference run of discs with
o companion star included. Set-up parameters for these discs are 
utlined in Section 2.1.1 and summarized in Table 1 . We find the
ower mass limit for disc fragmentation to be in the range 0.2 < M disc 

 0.3 M �. The disc with M disc. = 0.2 M � is able to evolve for the
ull simulation time without fragmenting, while the disc with M disc =
.3 M � fragments quickly, after 700 yr of evolution. 
In Fig. 3 , we plot the azimuthally averaged mid-plane disc

roperties from some of the systems simulated here. We include 
lots of the Toomre parameter, Q , where (Toomre 1964 ) 

 = 

c s �

πG � 

. (1) 

 disc will become susceptible to fragmentation when Q � 1. We also
lot the disc cooling time, t cool ( = u/ ̇u ), from Forgan et al. ( 2009 ),
nd the dimensionless cooling parameter, βcool = t cool �, where � = 

 

G M ∗/r 3 is the Keplerian frequency at a given radius. The term 

cool quantifies how the disc cooling time compares to the dynamical 
ime. Early work has shown that fragmentation may occur if the disc
s able to cool on dynamical time-scales, with βcool � 3 (Gammie
001 ; Rice et al. 2003 ). 
From Fig. 3 , we find that the system with M disc = 0.2 M � reaches

 marginally stable final state with Q min = 1.06 at R = 74 au, and
cool, min = 9.75 at R = 100 au. 
In order to ensure that the fragmentation threshold found here is

ndependent of the discs’ initial set-ups, we also ran each disc such
hat Q ≈ 1 at R = R out , by adjusting the value of the disc aspect ratio
 H / R ) at R = R out . Again, we found the limit for fragmentation to be
n the range 0.2 < M disc < 0.3 M �. 
MNRAS 511, 457–471 (2022) 
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M

Table 2. SPH disc set-up parameters for the initial suite of discs, where we explore the parameter space in binary 
semimajor axis and disc mass. Final states of these discs are shown in Fig. 2 . 

N SPH R out,disc M ∗,primary M ∗,companion a M disc e i 

1 × 10 6 100 au 1 M � 0.2 M � [100, 250, 500, 1000] au [0.1, 0.2, 0.3, 0.4] M � 0 0 ◦

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

N SPH R out,disc M ∗,primary M ∗,companion a M disc e i 

1 × 10 6 100 au 1 M � 0.2 M � [150, 200, 325, 400] au 0.2 M � 0 0 ◦

Table 4. SPH disc set-up parameters where we explore the parameter space in binary semimajor axis and orbital eccentricity. 
Final states of these discs are shown in Fig. 5 . 

N SPH R out,disc M ∗,primary M ∗,companion a M disc e i 

1 × 10 6 100 au 1 M � 0.2 M � [150, 200, 250, 325, 400, 500] au 0.2 M � [0.25,0.5,0.75] 0 ◦

Table 5. SPH disc set-up parameters where we explore the parameter space in binary semimajor axis and binary 
inclination. Final states of these discs are shown in Fig. 6 . 

N SPH R out,disc M ∗,primary M ∗,companion a M disc e i 

1 × 10 6 100 au 1 M � 0.2 M � [100, 150, 200, 250] au 0.2 M � 0 [30 ◦, 60 ◦, 90 ◦] 

Table 6. Additional SPH disc set-up parameters where we explore the parameter space in binary 
semimajor axis and companion mass. Final states of these discs are shown in Fig. 7 . 

N SPH R out,disc M ∗,primary M ∗,companion a M disc e i 

1 × 10 6 100 au 1 M � [0.1,0.5] M � [150, 250, 325, 400] au 0.2 M � 0 0 ◦
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.2 Varying binary separation 

.2.1 Initial suite of discs 

esults from the initial suite of discs where we vary binary
eparation and disc mass are displayed in Fig. 2 . Set-up parameters
or these discs are outlined in Section 2.1.2 and summarized in
able 2 . As with the results in Section 3.1 , we also ran each of

hese discs with slightly different initial Q- profiles to ensure our
onclusions remain consistent. 

When comparing the results in Fig. 2 to those from the reference
un in Fig. 1 , we find one disc configuration, with M disc = 0.2 M �
nd a = 250 au, where the simulation results in fragmentation, and
ts analogue from the reference run, with M disc = 0.2 M � and no
ompanion star, did not. The companion star’s initial eccentricity
s e = 0; ho we v er, energy e xchange with disc material throughout
he companion’s orbit results in a periastron binary separation of
 peri,actual = 186 au. As the companion approaches and passes through
eriastron, an m = 2 spiral mode propagates through the disc
enerating a bump in the surface density at R ≈ 60 au. 
Comparing the disc properties in Fig. 3 for the system where

 = 250 au and M disc = 0.2 M � immediately before fragmentation
ccurs (at t ≈ 2700 yr), and the properties from the final state of
he analogue disc from the reference run (where M disc = 0.2 M �),
e observe how the surface density increases in the disc of the
 = 250 au system, consistent with the location of the spirals driven
y the companion. Efficient cooling, evident from the drop in t cool 

etween ≈ 60 and 90 au, is able to prevent the disc temperature from
ncreasing significantly at the spiral location. Hence, Q can drop to
NRAS 511, 457–471 (2022) 
elow Q = 1 and fragmentation ensues. For the system where a =
50 au, immediately before the disc fragments, we find βcool,min =
.92 at R = 75 au. 
Binaries on wide orbits ( a = 500, 1000 au) converge to the single-

tar solution, where the mass limit for fragmentation is 0.2 M � <

 disc < 0.3 M �. In Fig. 3 , we also plot the azimuthally averaged
id-plane disc properties for the set-up where M disc = 0.2 M �

nd a = 500 au at the time of periastron passage. The temperature
rofile and Q -profile are almost identical to the analogue disc from
he reference run, with Q min = 1.05 at R = 75 au. Similarly, we
nd no significant bump in the surface density profile that would
e consistent with a spiral being driven by the companion star. The
 disc = 0.3 M � system with a companion at a = 500 au fragments

uickly, as it did around a single star. 
Binaries with small semimajor axes, whose orbits result in the

ompanion star passing through the disc ( a = 100 au), are found to
e prohibitive to fragmentation. In Fig. 3 , we plot the azimuthally
veraged mid-plane properties for the disc with a = 100 au and
 disc = 0.2 M �, at the point of periastron passage (where r peri,actual =

8 au). As the companion mo v es through the disc the mid-plane
emperature increases, while material is simultaneously ejected from
he outer disc and channelled towards the inner disc. The final surface
ensity profiles for the a = 100 au discs, set up with M disc = 0.1
nd 0.2 M �, are consequently truncated at a ≈ 40 au, with final
isc masses M disc = 0.06 and 0.12 M �, respectively. Hence, no
ragmentation can occur. The massive discs with M disc ≥ 0.3 M � are
till able to fragment quickly, before completing a full binary orbital
eriod, in a spiral arm that trails the path of the companion star. 
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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 
analogue. Double green ticks: Disc fragmented when the reference run analogue did not. Black crosses: Did not fragment. r peri,actual = NR (‘not reached’) 
denotes systems where the simulation ended before reaching r peri,actual , as the disc had already fragmented. 

a M disc M ∗,primary M ∗,companion e i r peri,calc r peri,actual Fragmented? t frag 

Reference runs : – 0.1 M � 1 M � – – – – – � –
– 0.2 M � 1 M � – – – – – � –
– 0.3 M � 1 M � – – – – – � 700 yr 
– 0.4 M � 1 M � – – – – – � 500 yr 

Varying binary separation : 100 au 0.1 M � 1 M � 0.2 M � 0 0 ◦ 100 au 87 au � –
100 au 0.2 M � 1 M � 0.2 M � 0 0 ◦ 100 au 78 au � –
100 au 0.3 M � 1 M � 0.2 M � 0 0 ◦ 100 au 70 au � 600 yr 
100 au 0.4 M � 1 M � 0.2 M � 0 0 ◦ 100 au 64 au � 500 yr 
250 au 0.1 M � 1 M � 0.2 M � 0 0 ◦ 250 au 213 au � –
250 au 0.2 M � 1 M � 0.2 M � 0 0 ◦ 250 au 186 au � � 3050 yr 
250 au 0.3 M � 1 M � 0.2 M � 0 0 ◦ 250 au NR � 720 yr 
250 au 0.4 M � 1 M � 0.2 M � 0 0 ◦ 250 au NR � 540 yr 
500 au 0.1 M � 1 M � 0.2 M � 0 0 ◦ 500 au 430 au � –
500 au 0.2 M � 1 M � 0.2 M � 0 0 ◦ 500 au 373 au � –
500 au 0.3 M � 1 M � 0.2 M � 0 0 ◦ 500 au NR � 680 yr 
500 au 0.4 M � 1 M � 0.2 M � 0 0 ◦ 500 au NR � 445 yr 

1000 au 0.1 M � 1 M � 0.2 M � 0 0 ◦ 1000 au 862 au � –
1000 au 0.2 M � 1 M � 0.2 M � 0 0 ◦ 1000 au 758 au � –
1000 au 0.3 M � 1 M � 0.2 M � 0 0 ◦ 1000 au NR � 650 yr 
1000 au 0.4 M � 1 M � 0.2 M � 0 0 ◦ 1000 au NR � 500 yr 

Additional separation runs : 150 au 0.2 M � 1 M � 0.2 M � 0 0 ◦ 150 au 116 au � � 750 yr 
200 au 0.2 M � 1 M � 0.2 M � 0 0 ◦ 200 au 150 au � � 1500 yr 
325 au 0.2 M � 1 M � 0.2 M � 0 0 ◦ 325 au 240 au � –
400 au 0.2 M � 1 M � 0.2 M � 0 0 ◦ 400 au 299 au � –

Varying eccentricity : 150 au 0.2 M � 1 M � 0.2 M � 0.25 0 ◦ 113 au 92 au � � 900 yr 
150 au 0.2 M � 1 M � 0.2 M � 0.5 0 ◦ 75 au 63 au � –
150 au 0.2 M � 1 M � 0.2 M � 0.75 0 ◦ 38 au 39 au � –
200 au 0.2 M � 1 M � 0.2 M � 0.25 0 ◦ 150 au 119 au � � 1300 yr 
200 au 0.2 M � 1 M � 0.2 M � 0.5 0 ◦ 100 au 81 au � –
200 au 0.2 M � 1 M � 0.2 M � 0.75 0 ◦ 50 au 46 au � –
250 au 0.2 M � 1 M � 0.2 M � 0.25 0 ◦ 188 au 147 au � � 2000 yr 
250 au 0.2 M � 1 M � 0.2 M � 0.5 0 ◦ 125 au 102 au � � 1770 yr 
250 au 0.2 M � 1 M � 0.2 M � 0.75 0 ◦ 63 au 54 au � –
325 au 0.2 M � 1 M � 0.2 M � 0.25 0 ◦ 244 au 200 au � –
325 au 0.2 M � 1 M � 0.2 M � 0.5 0 ◦ 163 au 134 au � � 2750 yr 
325 au 0.2 M � 1 M � 0.2 M � 0.75 0 ◦ 81 au 69 au � –
400 au 0.2 M � 1 M � 0.2 M � 0.25 0 ◦ 300 au 236 au � –
400 au 0.2 M � 1 M � 0.2 M � 0.5 0 ◦ 200 au 163 au � � 3800 yr 
400 au 0.2 M � 1 M � 0.2 M � 0.75 0 ◦ 100 au 84 au � –
500 au 0.2 M � 1 M � 0.2 M � 0.25 0 ◦ 375 au 295 au � –
500 au 0.2 M � 1 M � 0.2 M � 0.5 0 ◦ 250 au 204 au � –
500 au 0.2 M � 1 M � 0.2 M � 0.75 0 ◦ 125 au 104 au � –

Varying inclination : 100 au 0.2 M � 1 M � 0.2 M � 0 30 ◦ 100 au 77 au � –
100 au 0.2 M � 1 M � 0.2 M � 0 60 ◦ 100 au 74 au � � 835 yr 
100 au 0.2 M � 1 M � 0.2 M � 0 90 ◦ 100 au 75 au � � 835 yr 
150 au 0.2 M � 1 M � 0.2 M � 0 30 ◦ 150 au 114 au � � 720 yr 
150 au 0.2 M � 1 M � 0.2 M � 0 60 ◦ 150 au 115 au � � 1045 yr 
150 au 0.2 M � 1 M � 0.2 M � 0 90 ◦ 150 au 116 au � � 1340 yr 
200 au 0.2 M � 1 M � 0.2 M � 0 30 ◦ 200 au 151 au � � 1600 yr 
200 au 0.2 M � 1 M � 0.2 M � 0 60 ◦ 200 au 152 au � � 2840 yr 
200 au 0.2 M � 1 M � 0.2 M � 0 90 ◦ 200 au 153 au � –
250 au 0.2 M � 1 M � 0.2 M � 0 30 ◦ 250 au 187 au � –
250 au 0.2 M � 1 M � 0.2 M � 0 60 ◦ 250 au 189 au � –
250 au 0.2 M � 1 M � 0.2 M � 0 90 ◦ 250 au 190 au � –

Varying companion mass : 150 au 0.2 M � 1 M � 0.1 M � 0 0 ◦ 150 au 110 au � � 900 yr 
150 au 0.2 M � 1 M � 0.5 M � 0 0 ◦ 150 au 112 au � � 550 yr 
250 au 0.2 M � 1 M � 0.1 M � 0 0 ◦ 250 au 181 au � –
250 au 0.2 M � 1 M � 0.5 M � 0 0 ◦ 250 au 197 au � � 1550 yr 
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Table 7 – continued 

a M disc M ∗,primary M ∗,companion e i r peri,calc r peri,actual Fragmented? t frag 

325 au 0.2 M � 1 M � 0.1 M � 0 0 ◦ 325 au 237au � –
325 au 0.2 M � 1 M � 0.5 M � 0 0 ◦ 325 au 256 au � � 4000 yr 
400 au 0.2 M � 1 M � 0.1 M � 0 0 ◦ 400 au 292 au � –
400 au 0.2 M � 1 M � 0.5 M � 0 0 ◦ 400 au 315 au � –

Figure 1. Final states of the reference run of disc set-ups with no companion star included. A summary of the disc set-up 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 that resulted in fragmentation. 
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.2.2 Further probing the parameter space in binary separation 

s the results in Fig. 2 indicate that there may be a sweet spot in
inary separation at a ≈ 250 au that can trigger fragmentation, we
an an additional set of discs where we probe this region of parameter
pace with greater granularity. This consists of four additional discs
ith M disc = 0.2 M � and a = 150, 200, 325, and 400 au. Set-up
arameters for these are outlined in Section 2.1.2 and summarized
n Table 3 . Final states of these discs are shown in Fig. 4 . 

We find that the disc set-ups with binary semimajor axes between
50 au ≤ a ≤ 250 au result in fragmentation. In the configuration
ith a = 150 au, the companion narrowly a v oids passing through the
uter extent of the disc, with r peri,actual = 116 au. As the companion
pproaches and passes through periastron, an m = 2 spiral mode
ropagates through the disc causing a significant drop in Q at the
nner regions of one of these spirals, between 30 au ≤ R ≤ 50 au, and
our fragments initially form. All four of these fragments survive as
he companion travels back towards apastron, as can be seen in the
nal state of the disc in Fig. 4 . A similar process occurs in the system
ith a = 200 au. 
As we increase the binary separation beyond a = 250 au the

nfluence of the companion star becomes progressively weaker. Once
 ≥ 325 au the companion star can no longer trigger fragmentation
n the disc. The spiral mode induced by the a = 325 au companion
s much weaker than in the a = 250 au disc. We find that Q drops
lightly in the outer disc of the a = 325 au system when compared
o its analogue from the reference run (with M disc = 0.2 M � and no
ompanion), but not enough to push the disc o v er the fragmentation
hreshold. Once we increase the binary semimajor axis to a = 400 au
e find a similar result as with the a = 500 au system in the previous

ection. The surface density profile, Q -profile and temperature profile
t periastron passage become increasingly similar to the final state
f the reference run disc with M disc = 0.2 M �. 

.3 Varying orbital eccentricity 

o far we have only considered companion stars on circular orbits,
ith e = 0. In reality it is likely that there will be some orbital

ccentricity. Hence, in this section, we simulate 18 new discs,
NRAS 511, 457–471 (2022) 
ntroducing eccentricities, e = 0.25, 0.5, and 0.75. We consider
et-up parameters found to be near to the limit for fragmentation,
eeping the disc mass constant at M disc = 0.2 M �, and varying a and
 only. These set-ups are outlined in Section 2.1.3 and summarized
n Table 4 . Final states of these discs are shown in Fig. 5 . 

In the previous section, we found that companion stars with
emimajor axes 150 au ≤ a ≤ 250 au (116 au ≤ r peri,actual ≤
86 au) may induce fragmentation in a disc that would not frag-
ent in isolation. When including eccentricity we find a wider

ange of semimajor axes are capable of inducing fragmentation,
iven that r peri,actual falls roughly within the same range as found
reviously. 
When including an eccentricity of e = 0.5 we find that disc set-ups

ith a = 325 au and a = 400 au now also result in fragmentation.
he periastron distances observed in these simulations are r peri,actual =
34 au and r peri,actual = 163 au, respectively. Fragmentation occurs in
 similar manner here to what was found in the previous section;
n m = 2 spiral that is generated as the companion approaches and
asses through periastron becomes unstable and forms bound, self-
ravitating clumps. 
We find that fragmentation occurs in this suite for a slightly lower

 peri,actual than was found in the previous section. In the configuration
ith a = 150 au and e = 0.25, corresponding to r peri,actual = 92 au,

he companion passes through the very outer edge of the disc and
 single fragment forms in the spiral 180 ◦ from the companion’s
ocation. Disc heating at periastron is much less here than was the
ase when a = 100 au and e = 0 ( r peri,actual = 78 au), which was
ound to inhibit fragmentation. The amount of mass ejected is also
ignificantly less here, with a final disc mass M disc = 0.18 M �. What
emains is a slightly more compact disc, truncated at R ≈ 75 au. 

F or an y companion that passes closer than r peri,actual = 92 au, the
isc–star interaction becomes destructive. Disc material is dispersed
s the companion passes through the disc, ejecting a significant
mount of mass, leaving a compact, lower mass disc, thus entirely
reventing fragmentation. All configurations here with e = 0.75
uffer this fate. 

An interesting case is the disc set-up with a = 500 au and
 = 0.75. Despite this system’s actual periastron distance of
 peri,actual = 104 au falling within the sweet spot found that may

art/stac033_f1.eps
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Figure 2. Final states of the discs where we vary the disc mass and the semimajor axis of the companion star. Disc set-up parameters are summarized in 
Table 2 and outlined in detail in Section 2.1.2 . Blue boxes are included to highlight discs that resulted in fragmentation when their reference run analogues also 
fragmented. Green boxes are included to highlight disc configurations that resulted in fragmentation when their reference run analogue did not fragment. 
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nduce fragmentation, no fragmentation occurs here. As the com- 
anion passes through periastron a self-gravitating clump begins 
o form at the inner edge of one of the spirals but immediately
isperses as the companion quickly mo v es a way from periastron.
s the companion mo v es back towards apastron the disc stabilizes

gain. 

.4 Varying orbital inclination 

n this section, we consider systems with some orbital inclination 
elative to the plane of the disc. We introduce inclinations i = 30 ◦,
0 ◦, and 90 ◦, once again keeping the disc mass constant at M disc =
.2 M � and varying the binary separation close to the limit for
ragmentation. Disc set-up parameters are outlined in Section 2.1.4 
nd summarized in Table 5 . Final states of these discs are shown
n Fig. 6 . 

In the short orbit system, with a = 100 au, we find that including an
nclination i ≥ 60 ◦ results in a less destructive disc–star interaction 
han when the companion orbits in the plane of the disc, hence
ragmentation can occur. Despite their r peri,actual being similar, the 
esulting surface density profile after the companion has passed 
hrough the plane of the disc is much less truncated when i = 60 ◦

han was the case when i = 0 ◦, extending to R out ≈ 80 au after several
inary orbital periods. An m = 2 spiral mode forms quickly, and a
ragment forms at the inner edge of one the spirals, at R = 55 au. The
ragment’s orbit is initially slightly inclined relative to the disc, with
 ≈ 8 ◦, but it quickly settles into the plane of the disc after an orbital
eriod. The final state of the i = 60 ◦ disc is more flared compared
o when i = 0 ◦, with H / R = 0.15 at R = 100 au compared to H / R =
.10 at R = 100 au. 
In the wider orbit systems, with a = 200 and 250 au, we find

hat including an inclination can weaken the disc–star interaction 
ompared to when i = 0 ◦ such that disc fragmentation no longer
ccurs. Considering the discs with a = 250 au, as we increase the
ompanion’s inclination from i = 0 ◦ to i = 90 ◦ we find that the m =
 spiral mode generated by the companion becomes progressively 
ess significant. When i = 30 ◦, we observe a much smaller bump
n the surface density profile when compared to the system with
MNRAS 511, 457–471 (2022) 
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Figure 3. Azimuthally averaged mid-plane disc properties calculated from 

the M disc = 0.2 M � discs from the initial suite that includes a binary 
companion (set-up parameters in Table 2 , final states in Fig. 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 a = 500 au run at periastron. 
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 = 0 ◦. Hence, the Q -profile remains relatively flat, and no fragmen-
ation occurs. For the discs with a = 200 au, only a single fragment
orms when i = 60 ◦, and increasing the inclination to i = 90 ◦ prevents
ragmentation from happening altogether. 
NRAS 511, 457–471 (2022) 
.5 Varying companion mass 

he gravitational influence of the companion star on the disc will
ary with the star’s mass. Hence, we set up eight new discs where we
xplore the parameter space in M ∗,companion and a for configurations
hat result in fragmentation. In particular, we focus on how varying
he companion star’s mass affects the binary separations that are
apable of inducing fragmentation. 

Discs are set-up with parameters close to the fragmentation limit
ound until now, keeping the disc mass constant at M disc = 0.2 M �
nd varying M ∗,companion and a only. We introduce new companion
asses M ∗,companion = 0.1 M � and M ∗,companion = 0.5 M �. These set-

ps are outlined in Section 2.1.5 and summarized in Table 6 . The
nal states of these discs are shown in Fig. 7 . 
Considering the discs with a = 150 au, we find that both of the new

et-ups, with M ∗,companion = 0.1 M � and M ∗,companion = 0.5 M �, result
n fragmentation, with a trend for the discs to fragment faster with
ncreasing M ∗,companion . We find t frag = 900, 750, and 550 yr when
 ∗,companion = 0.1, 0.2, and 0.5 M �, respectively. 
When a = 250 au we find that decreasing M ∗,companion from 0.2 to

.1 M � no longer results in fragmentation. A weaker m = 2 spiral
ode is driven by the 0.1 M � companion, which results in an increase

n � and a decrease in Q at the spiral location, but the change is not
ignificant enough to induce fragmentation. Instead, the spiral mode
ersists for two full binary orbits until the simulation ends. For the
iscs which do fragment, we again find a trend for discs to fragment
arlier with increasing companion mass, finding t frag = 3050 and
550 yr for M ∗,companion = 0.2 and 0.5 M �, respectively. 
Considering the discs with a = 325 au we find that increasing
 ∗,companion from 0.2 to 0.5 M � causes the disc to fragment, as the
ore massive star generates a stronger spiral mode. A single fragment

orms after 4000 yr in the disc with a = 325 au and M ∗,companion =
.5 M �. Of all the discs simulated here, this is the widest periastron
eparation ( r peri,actual = 256 au) for which we find fragmentation can
e triggered. 
None of the configurations where a = 400 au result in fragmenta-

ion, for any of the new companion star masses considered here. 

 DI SCUSSI ON  

.1 Summary of results 

e have identified a ‘sweet spot’ in the orbital parameter space
f binary stars that may trigger fragmentation in a disc that does
ot fragment in isolation. We find that the disc-star interaction for
ntermediate separation binaries can be beneficial for fragmentation,
ith the exact range of ideal semimajor axes being a function of

he orbital eccentricity, inclination, and companion star mass. A plot
ummarizing the companion’s orbital parameters that are found to
rigger fragmentation is included in Fig. 8 , where we also highlight
he minimum radius at which fragments formed in each disc. 

In general, the companion will drive an m = 2 spiral through
he disc, and fragmentation occurs at the inner region of one, or
oth, of the spirals as a result of the enhanced surface density
ushing the disc o v er the fragmentation threshold. Heating of the
isc induced by the companion is balanced by efficient cooling
see Fig. 3 ) and the instability is able to grow until fragmentation
ccurs. 
We find that this is true for intermediate separation binaries with

50 au ≤ a ≤ 250 au (116 au ≤ r peri,actual ≤ 186 au), when considering
ircular binary orbits in the plane of the disc. 
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Figure 4. Final states of the discs where we keep the disc mass constant and consider small changes in the semimajor axis of the companion star. Disc 
set-up parameters are summarized in Table 3 and outlined in detail in Section 2.1.2 . Green boxes are included to highlight disc configurations that resulted in 
fragmentation, when their reference run analogue did not. 
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For wide-orbit binaries the spiral induced by the companion 
ecomes progressively weaker with increasing binary separation. 
hen a � 400 au and M disc = 0.2 M �, the disc’s final surface density

rofile and Q -profile are almost identical to the counterpart disc from
he reference run with no companion. 

Very short separation binary encounters, where the companion 
asses through the outer edge of the disc, become prohibitive to 
ragmentation. As the companion star passes through the disc, 
aterial is ejected and the remaining surface density profile is 
odified to be much steeper in the inner disc, and truncated at a

istance slightly smaller than the distance of periastron passage. 
ence, a much more compact and lower mass disc remains, and no

ragmentation can occur. 
When including an eccentricity in the binary orbit, we find a 

imilar range in r peri,actual capable of triggering fragmentation. From 

he suite considering non-circular orbits with moderate eccentric- 
ties ( e = 0.25, 0.5) we find that semimajor axes 150 au ≤ a ≤
00 au (au ≤ r peri,actual ≤ 163 au) can induce fragmentation. When 
onsidering highly eccentric orbits, with e = 0.75, none of our 
imulations fragment. This is generally because the high eccen- 
ricity causes the companion to pass through the disc at periastron 
assage. 
When including an orbital inclination for the companion, we find 

ts influence to become progressively lesser as we mo v e its orbit
way from the plane of the disc. When i = 60 ◦ we find the sweet spot
n binary semimajor axis to be between 100 au ≤ a ≤ 200 au (74 au

r peri,actual ≤ 152 au), which is reduced to being between 100 au ≤ a
150 au (75 au ≤ r peri,actual ≤ 116 au) when considering companions 
ith i = 90 ◦. High inclination binary companions ( i = 60 ◦, 90 ◦) that
ass through the disc outer edge are less destructive than when the
inary orbit is in the plane of the disc, hence fragmentation can occur
or slightly shorter separations when i = 60 ◦ and i = 90 ◦ compared
o when i = 0 ◦. 

The sweet spot found in binary separation is broadened as we 
ncrease the companion star’s mass from 0.2 to 0.5 M �, as the higher
ass companion drives a stronger spiral mode through the disc. 
e find companions with semimajor axes as wide as a = 325 au

 r peri,actual = 256 au) can trigger fragmentation when M ∗,companion =
.5 M �. Equally, when considering less massive companions, the 
weet spot in binary separation is narrowed. Only one of our simula-
ions, with a = 150 au ( r peri,actual = 110 au), results in fragmentation
hen M ∗,companion = 0.1 M �. In the disc configurations that fragment

or more than one value of M ∗,companion (when a = 150 and 250 au),
e find that the discs fragment faster with increasing companion 
ass. 

.2 Comparison to previous theoretical work 

revious work considering the possibility of fragmentation induced 
y the presence of a binary-star companion consists of three key
apers in Nelson ( 2000 ), Mayer et al. ( 2005 ), and Boss ( 2006 ),
ith their results discussed in the re vie w paper (Mayer, Boss &
elson 2007a ). Nelson ( 2000 ) and Mayer et al. ( 2005 ) found that

he presence of a companion suppresses any instability due to 
ignificant tidal heating in spiral shock waves, thus stabilizing the 
isc. Boss ( 2006 ), ho we ver, concluded that binary companions may
romote fragmentation, finding that spiral waves generated from 

he tidal interaction between the disc and the companion would 
ypically go on to form dense, self-gravitating clumps. In Mayer 
t al. ( 2007a ), the authors largely attribute the differences in their
esults to the use of an artificial viscosity in Nelson ( 2000 ) and

ayer et al. ( 2005 ), which is not included in Boss ( 2006 ), and would
ontribute significantly towards heating of the disc in the presence 
f a shock wav e, giv en a sufficiently large artificial viscosity was
ncluded. 

Various authors have also investigated the role of stellar flyby 
vents in promoting or suppressing fragmentation in discs that would 
e marginally stable in isolation. The early work of Boffin et al.
 1998 ) and Watkins et al. ( 1998a , b ) found that, when considering
sothermal discs, previously non-fragmenting discs would fragment 
MNRAS 511, 457–471 (2022) 
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Figure 5. Final states of the discs where we vary the orbital eccentricity and the semimajor axis of the companion star. Disc set-up parameters are summarized 
in Table 4 and outlined in detail in Section 2.1.3 . Green boxes are included to highlight disc configurations that resulted in fragmentation, when their reference 
run analogue did not. 
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uring star–disc and disc–disc interactions. Ho we ver, later models
hich included more realistic cooling found that heating of the disc
uring the stellar encounter was sufficient to stabilize it against
ragmentation (Lodato et al. 2007 ; Forgan & Rice 2009 ). 
NRAS 511, 457–471 (2022) 
Until now, most work has considered either simple cooling
rescriptions, where the cooling time is proportional to the local
rbital time ( β-cooling, Gammie 2001 ; Rice et al. 2003 ), isothermal
iscs, or have not included an artificial viscosity that will capture
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Figure 6. Final states of the discs where we vary the orbital inclination and the semimajor axis of the companion star. Disc set-up parameters are summarized 
in Table 5 and outlined in detail in Section 2.1.4 . Green boxes are included to highlight disc configurations that resulted in fragmentation, when their reference 
run analogue did not. 
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eating from shocks. Including an algorithm to approximate radiation 
ransport in our models (Forgan et al. 2009 ) allows us to model
ealistic disc cooling, hence we can realistically capture whether the 
isc is able to radiate away the additional energy generated through 
idal heating during the binary encounter. 

The aforementioned works generally also considered much more 
ompact discs than we have modelled here (in the case of Nelson
000 ; Mayer et al. 2005 ; Boss 2006 ; Lodato et al. 2007 ), or discs
ith R out = 1000 au (in the case of Boffin et al. 1998 ; Watkins

t al. 1998a , b ). Ho we ver, o wing to the simpler methods used to
odel disc cooling, their models are scale free and can be scaled to

ifferent physical units for comparison with the results here. Hence 
hen comparing to the works of Boffin et al. ( 1998 ), Watkins et al.

 1998a , b ), Nelson ( 2000 ), Mayer et al. ( 2005 ), Boss ( 2006 ), and
odato et al. ( 2007 ), we can use their ratios r peri / r out,disc for direct
omparison to our results. This is not the case for the results from
organ & Rice ( 2009 ), who use the Forgan et al. ( 2009 ) hybrid
adiative transfer method, and considered R out = 40 au discs. For the
oplanar binary encounters considered here, we find that companions 
ith 0.92 ≤ r peri / r out,disc ≤ 1.86 trigger fragmentation. Only Lodato 
t al. ( 2007 ) considered binary encounters within this range, finding
hat no fragmentation occurred in their simulations. 

Of the previous works, which include a similar cooling approx- 
mation as we use here, we find that our results broadly indicate
he same thing. Forgan & Rice ( 2009 ) find that small separation,
isc-penetrating encounters heat the disc material, while angular 
omentum transport and mass stripping result in a more stable disc

onfiguration after the encounter. Large separation encounters have 
ery little effect, becoming less significant as the periastron distance 
ncreases. Ho we ver, intermediate separation encounters may modify 
he surface density profile of the disc, without causing significant 
eating, such that the disc is more unstable o v er a larger range of
adii after the encounter. None of the discs in Forgan & Rice ( 2009 )
ragment, but the authors suggest that there could be some region
f parameter space in periastron distance that may act to promote
ragmentation. 

Meru ( 2015 ), who used the flux-limited diffusion approximation 
e.g. Mayer et al. 2007b ), also found that further fragmentation may
MNRAS 511, 457–471 (2022) 

art/stac033_f6.eps


468 J. Cadman et al. 

M

Figure 7. Final states of the discs where we vary the mass and the semimajor axis of the companion star. Disc set-up parameters are summarized in Table 6 and 
outlined in detail in Section 2.1.5 . Green boxes are included to highlight disc configurations that resulted in fragmentation, when their reference run analogue 
did not. 
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e triggered in a disc that has fragmented already. The fragment
hat has initially formed causes material to be channelled inwards,
ncreasing the density of the inner spirals, causing fragmentation. 

Here, we have presented a suite of simulations that model realistic
ooling using the Forgan & Rice ( 2009 ) radiative transfer approach.
e find that efficient cooling is able to prevent the disc temperature

rom increasing significantly during the binary’s periastron passage,
nd fragmentation can occur in the spiral regions of enhanced surface
ensity that are driven by the companion. 

.3 Comparison to obser v ations 

inaries are often neglected from observational and theoretical
xoplanetary science, as they complicate the modelling of planet
ormation, as well as the detection and characterization of planetary
ystems. Most of the work (theoretical and observational) conducted
o far on planets in binaries has focused on close-in binaries
NRAS 511, 457–471 (2022) 
separations of tens of au), generally agreeing that tight binaries
 < 50–100 au) hinder planet formation (Kraus et al. 2012 , 2016 ;
ergfors et al. 2013 ; Kaib, Raymond & Duncan 2013 ). Ho we ver,

he first planets disco v ered in binary systems showed distinct orbital
nd physical properties from the rest of the planetary population,
inting at the possibility that binary companions could dramatically
eorient the orbital configuration of planetary systems (Zucker &

azeh 2002 ). Observations of binary-star systems suggest that stellar
ultiplicity at wider separations may play a key role in the formation

f high-mass gas giant planets and brown dwarfs. Various surv e ys
ave found an excess of outer companions to stars with massive
ot Jupiters or short-period stellar and substellar companions when
ompared to field stars, suggesting that binary-star systems on
eparations of a few hundred au may be fa v ourable sites for the
ormation of these inner companions. 

Beginning with their survey of solar-type spectroscopic binaries
SB), Tokovinin et al. ( 2006 ) found an excess of wide tertiary stellar
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Figure 8. Summary of model parameters found to trigger fragmentation 
throughout this work, including the minimum radius at which fragments 
formed in each disc. A total of 20 systems presented here resulted in 
fragmentation. Companion orbital eccentricities are distinguished by different 
colours. Companion orbital inclinations are distinguished by different plot 
markers. 
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ompanions for SBs with periods from 1 to 30 d, rising to a frequency
f 96 per cent for SBs with periods < 3 d. In their series of ‘Friends of
ot Jupiters’ papers, Ngo et al. ( 2016 ) searched for stellar companions
o 77 systems hosting hot Jupiters. They found that 47 ± 7 per cent of
tars hosting hot Jupiters have a binary companion with separations 
etween 50 and 20 000 au (a value three times higher than found for
eld stars), although Moe & Kratter ( 2019 ) concluded that this excess
as not significant after accounting for remaining statistical biases. 
one the less, Ngo et al. ( 2016 ) still observed a significant deficit of

ight binary companions, with separations 50–100 au, compared to 
ider systems, consistent with the idea that shorter period binaries 
ay be detrimental to planet formation (Wang et al. 2014 ; Kraus

t al. 2016 ). 
Using direct-imaging data, F ontaniv e et al. ( 2019 ) searched for

ide-orbit binary companions to 38 stars known to host v ery massiv e
ot Jupiters or brown dwarfs (7–60 M Jup ) on short periods ( < 1 au),
nding a binary fraction close to 80 per cent for these systems on
eparations of 20–10 000 au, twice as high as for field stars, with
 significance confirmed in Moe & Kratter ( 2019 ). Again, they
bserved a lack of binaries with separations of tens of au, and
nstead found an excess of intermediate separation binaries, with 
 peak in binary separation at ∼250 au. The binary frequency for
assive giant exoplanets and brown dwarfs ( M > 7 M Jup ) was found

o be higher than for lower mass hot Jupiters (0.2–4 M Jup ), suggesting
hat the stellar companion’s influence may facilitate the formation of 
igh-mass giant planets and brown dwarfs. The systems probed in 
 ontaniv e et al. ( 2019 ) also have a lower mean metallicity, consistent
ith that of the field (Moe et al. 2019 ), compared to hosts to genuine
ot Jupiters like those studied in Ngo et al. ( 2016 ). Given the strong
orrelation seen between metallicity and the ability to form gas giant 
lanets via CA (Mordasini et al. 2012 ; Jenkins et al. 2017 ), the high-
ass inner substellar companions targeted in F ontaniv e et al. ( 2019 )

re therefore likely to have formed via GI rather than CA as for the
ower mass hot Jupiters. 

Recently, F ontaniv e & Bardalez Gagliuffi ( 2021 ) reached similar
onclusions, finding that giant planets have a substantially larger 
aw stellar multiplicity fraction than sub-Jovian planets, and that this 
rend further increases up to a ∼30 per cent raw binary fraction for

assive planet and brown dwarfs ( M > 7 M Jup ) on very short orbital
eparations ( < 0.5 au), with the most massive and shortest period
ubstellar companions almost e xclusiv ely observ ed in multiple-star 
nvironments. These systems thus appear to follow the architectures 
f stellar SB, systematically observed as part of hierarchical triple 
ystems (Tokovinin et al. 2006 ). Notably, Fontanive & Bardalez 
agliuffi ( 2021 ) showed that these extreme inner companions, with 

ew analogues in (seemingly) single-star systems, were predomi- 
antly found to be in binaries with separations of few hundred au,
nd mostly on separations < 250 au (despite a strong incompleteness
t these separations) for substellar companions with masses abo v e
 M Jup , consistent with results from F ontaniv e et al. ( 2019 ). In
omparison, they found a peak around 600 au (subject to the same
ncompleteness biases) for binaries hosting lower mass planets 
r warm and cool gas giants on wider orbital separations, and
hese systems showed similar planet properties to the population 
f exoplanets orbiting single stars. 
These results suggest that very wide binaries have no meaningful 

mpact on the architectures of planetary systems, and confirm the 
dea that very tight binary systems have a negative impact on
lanet formation. In particular, it appears that binaries with tens 
o a few hundred au separations prevent planet formation for sub-
ovian and giant planets with masses up to a few M Jup , while wider
inaries can harbour such planets but without affecting their orbital 
roperties. This indicates that the exoplanet population issued from 

A only exists in binary configurations that are not disruptive to
lanet formation and do not influence the resulting planet properties. 
n the other hand, the higher mass population of giant planets

nd brown dwarfs on short-period orbits, likely formed via GI, 
s predominantly seen in intermediate separation binaries of few 

undred au separations (F ontaniv e & Bardalez Gagliuffi 2021 ), 
hich must thus play a role in their existence. 
Here, we show with simulations of self-gravitating discs that 

uch intermediate separation binary companions may assist in the 
ormation of giant planets through means of the GI. We find that
hen introducing a stellar companion at a few hundred au into a
isc configuration that would previously not fragment, fragmentation 
ay be induced as the companion drives strong spirals that push

he disc o v er the limit for instability. We find this to be true for
inaries with semimajor axes between ∼100 and 400 au for the
xplored parameter space, with some dependence on binary orbital 
ccentricity, inclination, and companion mass. This is consistent with 
he binary projected separations observed by Fontanive et al. ( 2019 )
nd F ontaniv e & Bardalez Gagliuffi ( 2021 ), a peak in the observed
istribution at around 250 au. We also note that in our simulations
he orbital properties of these intermediate separation binaries remain 

ostly unchanged after a full orbital period, as the companions do not
ass directly through the disc; hence, the drag that they experience 
rom the disc material is minimal. 

Shorter period binaries and highly eccentric systems inhibit 
ragmentation as the disc–star interaction becomes destructive. As 
he companion passes through periastron, it will pass through the disc,
eaving a compact, lower mass disc remaining. Hence, we would 
xpect a lower frequency of GI-born planets within tight binary 
ystems on separations of tens of au, which is also consistent with
he shortfall of such systems in observations (Wang et al. 2014 ; Kraus
t al. 2016 ; Ngo et al. 2016 ; F ontaniv e et al. 2019 ). 

.4 Outlook and implications for short-period, massi v e planets 

ur work provides a viable formation pathway for the high-mass 
iant planets and brown dwarfs observed around components of 
ultiple-star systems (F ontaniv e et al. 2019 ; F ontaniv e & Bardalez
MNRAS 511, 457–471 (2022) 
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agliuf fi 2021 ). Ho we ver, these substellar companions are actually
bserved on very short orbital periods ( < 1 au), much tighter than the
ypical formation locations from disc fragmentation. 

In some cases, these objects could have been scattered by the
inary stellar companion on to highly eccentric orbits and then
een tidally circularized on to their current orbits (Rice et al. 2015 ).
o we ver, as discussed earlier, this is only possible for a subset of the

ystems presented in F ontaniv e et al. ( 2019 ). 
Another possibility is that these objects may have naturally
igrated to their current locations. Baruteau et al. ( 2011 ) showed

hat fragments forming in young, massive discs will undergo rapid,
ype I migration before having chance to open a gap, and may be able
o reach the inner disc within a few orbital periods. Ho we ver, it is
ncertain as to what fraction of fragments will survive this migration,
nd what their eventual masses will be after tidal downsizing (Boley
t al. 2010 ; Nayakshin 2010 ). 

We also find indications that fragmentation triggered by the binary
ompanion may be occurring closer in than is usually found for discs
n isolation. In Fig. 3 , considering the disc with an a = 250 au
ompanion, the Q- profile reaches a minimum of Q = 0.79 at R =
3 au; hence, the first fragment initially forms at R = 56 au. In Fig. 8 ,
e plot the minimum separation at which fragments form in each of
ur discs, including all systems with M disc = 0.2 M � that resulted in
ragmentation. Of the 20 discs included in the plot, we find 9 systems
roduce fragments within R = 50 au, and 2 form fragments within
 = 30 au. 
It may then be that a combination of scattering, fragments forming

lose in, and rapid inward migration can produce the giant planets
nd brown dwarfs observed on very short orbital periods. While
aruteau et al. ( 2011 ) considered the subsequent migration of single

ragments forming in a self-gravitating discs, it is not kno wn ho w a
inary companion or the formation of multiple fragments may affect
his. We leave this question as subject of future work. 

 C O N C L U S I O N S  

bservations of systems with close-in massive planetary and brown
warf companions suggest that almost all host a binary stellar com-
anion on a wider orbit (F ontaniv e et al. 2019 ). Also, the properties
f the close-in objects are consistent with them having formed
ia fragmentation in a gravitationally unstable disc (F ontaniv e &
ardalez Gagliuffi 2021 ). However, disc fragmentation is only likely

o operate in the outer parts of such discs, requiring that these objects
omehow mo v e from where the y formed on to the close-in orbits
hey now occupy. 

In some cases, the close-in object could have been scattered by the
inary stellar companion and then undergone tidal circularization on
o its current close-in orbit (Rice et al. 2015 ; F ontaniv e et al. 2019 ).
o we v er, in man y cases, the tidal circularization time-scale is far

oo long for this to be a viable pathway for these systems. That such
ystems still typically host binary stellar companions suggests that
hese stellar companions still play a role in their formation. 

To investigate this, we have conducted a series of 3D SPH
imulations of self-gravitating discs with a binary stellar companion,
xploring the companion’s orbital parameter space for configurations
hat may trigger fragmentation in a marginally gravitationally unsta-
le disc. We find a ‘sweet spot’ in which intermediate separation
inaries can induce fragmentation, with the exact set of ideal orbital
arameters being a function of the companion’s semimajor axis,
ccentricity, inclination, and mass. 

Radiation transport is modelled using the Forgan et al. ( 2009 )
ybrid approach. For the discs modelled here, with outer radii R out =
NRAS 511, 457–471 (2022) 
00 au, we find that efficient cooling during intermediate separation
100 au � a � 400 au) binary encounters allows disc fragmentation
o occur in a spiral region of enhanced surface density driven by the
ompanion star. Short separation disc-penetrating ( a � 100 au) en-
ounters are generally destructive, as mass stripping and disc heating
ntirely wipe out any instability. This is also true of highly eccentric
inary orbits, which result in the companion passing through the
isc. Ho we ver, highly inclined ( i � 60 ◦) disc-penetrating encounters
an be less destructi ve, allo wing shorter separation encounters to
rigger fragmentation than when the binary orbit is in the plane of
he disc. Wide-orbit binary encounters ( a � 500 au) have little effect
n the disc properties, with the companion’s influence becoming
rogressively lesser with increasing binary separation. 
The range of binary separations found to promote fragmentation is

onsistent with the projected separations of the systems that display
n excess of close-in giant planets and brown dwarfs (Wang et al.
014 ; Kraus et al. 2016 ; Ngo et al. 2016 ; F ontaniv e et al. 2019 ;
 ontaniv e & Bardalez Gagliuffi 2021 ). As our results show that

ntermediate separation binary systems could be fa v ourable sites for
he formation of massive substellar objects, we suggest that triggered
ragmentation may contribute to the excess of massive planets and
rown dwarfs observed around these systems. The question now
emains how these fragments, initially formed on wide orbits, might
ave migrated to the very short separations ( < 1 au) where they are
ow currently observed, and will be the subject of future work. 
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