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A B S T R A C T 

In recent years, many wide orbit circumbinary giant planets have been discovered; some of these may have formed by gravitational 
fragmentation of circumbinary discs. The aim of this work is to investigate the lower mass limit for circumbinary disc 
fragmentation. We use the smoothed particle hydrodynamics code SEREN , which employs an approximate method for the 
radiative transfer, to perform three sets of simulations of gravitationally unstable discs. The first set of simulations covers 
circumstellar discs heated by a single 0.7 M� star (circumstellar model), the second set covers binaries with the same total 
stellar mass as the circumstellar model, attended by circumbinary discs with the same temperature profile (circumbinary fiducial 
model), and the third set covers circumbinary discs heated by each individual star (circumbinary realistic model). We vary the 
binary separation, mass ratio, and eccentricity to see their effect on disc fragmentation. For the circumstellar disc model, we find a 
lower disc-to-star mass ratio for fragmentation of ∼ 0.31. For the circumbinary fiducial disc model we find the same disc-to-star 
mass ratio for fragmentation (but slightly lower for more eccentric, equal-mass binaries; 0.26). On the other hand, realistic 
circumbinary discs fragment at a lower mass limit (disc-to-star mass ratio of 0.17–0.26), depending on the binary properties. We 
conclude that circumbinary discs fragment at a lower disc mass (by ∼45 per cent) than circumstellar discs. Therefore, gas giant 
planet around binaries may be able to form by gravitational instability easier than around single stars. 

Key words: accretion, accretion discs – exoplanets – hydrodynamics – radiative transfer – protoplanetary discs – binaries: gen- 
eral. 
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 I N T RO D U C T I O N  

bservations of young, protostellar objects have revealed discs 
round them. These discs show substructure such as gaps and 
ings, as well as spiral arms (S. M. Andrews et al. 2018 ). Spiral
tructures observed in protostellar discs, such as Elias 2–27, have 
een attributed to gravitational instability (F. Meru et al. 2017 ; C. Hall 
t al. 2018 ). Another example is the disc around AB Aurigae, which
xhibits global spirals that are attributed to gravitational instability, 
s evidenced by kinematic signatures (J. Cadman, K. Rice & C.
all 2021 ; J. Speedie et al. 2024 ). Using the gravitational instability

wiggle’ (C. Hall et al. 2020 ; C. Longarini et al. 2021 ), J. Speedie
t al. ( 2024 ) estimate a total disc mass that is about 1 / 3 of the mass
f the hosting star. In the same system a possible disc-instability
ovian planet has been observed at a wide separation ( ∼93 au; T.
urrie et al. 2022 , 2025 ). In general, spiral arms that form as a result
f gravitational instability transport angular momentum outwards in 
he disc, allowing for accretion on to the central star(s) (D. Lynden-
ell & A. J. Kalnajs 1972 ; C. Longarini et al. 2024 ). 
Protostellar discs have been observed around binaries, with two 

xamples of resolved circumbinary discs being GG Tau (S. Guil- 
oteau, A. Dutrey & M. Simon 1999 ) and HD 142 527 (M. Fukagawa
t al. 2006 ; A. P. Verhoeff et al. 2011 ). Observed circumbinary discs
 E-mail: MTeasdale1@lancashire.ac.uk (MT); 
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how features such as cavities and spirals caused by binary–disc 
nteractions (M. Keppler et al. 2020 ; S. Hunziker et al. 2021 ; A. B. T.
enzlin et al. 2024 ). These observations have been complemented by
imulation-based studies that look into multiple circumbinary disc 
nd stellar parameters (M. M. Mutter, A. Pierens & R. P. Nelson
017 ; J. Calcino et al. 2019 ; K. Hirsh et al. 2020 ; A. B. T. Penzlin
t al. 2022 ; M. Teasdale & D. Stamatellos 2023 ). 

Since the discovery of Kepler-16b (L. R. Doyle et al. 2011 ), ∼ 50
ircumbinary exoplanets have been confirmed, several of which may 
orm in circumbinary protostellar discs (P. Delorme et al. 2013 ; B.
uarles et al. 2018 ; A. B. T. Penzlin et al. 2024 ; M. Teasdale & D.
tamatellos 2024 ). A circumbinary, or P-type planet, is defined as
 planet that orbits a binary star. The properties of the binaries that
ost these exoplanets vary in separation, mass ratio and eccentricity. 
ig. 1 shows the observed binary separations, αb , plotted against the
inary mass ratio, qb , and eccentricity, eb , for the currently known
ystems that host circumbinary exoplanets (with data taken from 

he NASA Exoplanet Archive and the Exoplanet.eu data base). The 
ost binaries show a variety in separations (10−3 –20 au), mass ratios
0.05–1), and eccentricities (0–0.9), which suggests a variety in the 
roperties of the exoplanets that they host. The number of observed
ircumbinary exoplanets is limited but it is likely that many wide-
rbit P-type planets are yet to be discovered. 
It has been argued that the formation of gas giant planets, especially

hose on wide orbits, may be possible through gravitational instability 
G. P. Kuiper 1951 ; A. G. W. Cameron 1978 ; A. P. Boss 1997 ; D.
tamatellos & A. P. Whitworth 2009a ; A. Fenton & D. Stamatellos
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,

http://orcid.org/0000-0003-0419-6074
http://orcid.org/0000-0002-4502-8344
mailto:MTeasdale1@lancashire.ac.uk
mailto:DStamatellos@lancashire.ac.uk
https://creativecommons.org/licenses/by/4.0/


2 M. Teasdale and D. Stamatellos

M

Figure 1. The separation of the host binaries of the currently known 
systems with circumbinary planets, plotted against their mass ratio (top) 
and eccentricity (bottom). Data from the ‘Extrasolar Planets Encyclopae- 
dia’ (https://exoplanet.eu/) and from the ‘NASA Exoplanet Archive ( https: 
//exoplanetarchive.ipac.caltech.edu ) which is operated by the California In- 
stitute of Technology, under contract with the National Aeronautics and Space 
Administration under the Exoplanet Exploration Program (J. L. Christiansen 
et al. 2025 ). 
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024 ). Planetary systems like HR 8799 (C. Marois et al. 2008 , 2010 ),
r the Jovian planet around AB Aurigae (T. Currie et al. 2022 ,
025 ) cannot have formed through core accretion as this mechanism
n inefficient at large distances from the central star. Gravitational
nstability may also be be possible to form even lower mass (super-
arth) planets either through tidal downsizing (S. Nayakshin 2017 )
r through facilitating dust growth and fragmentation of the dust
omponent (W. K. M. Rice et al. 2006 ; C. Longarini et al. 2023a , b ).
t has also been suggested that the inclusion of magnetic fields may
educe the mass of fragments formed by gravitational instability,
eading to the formation of intermediate-mass planets (H. Deng, L.

ayer & R. Helled 2021 ). 
A protostellar disc becomes gravitationally unstable if the Toomre

riterion is satisfied (A. Toomre 1964 ), 

 = cs �

πG� 

� Qcrit � 1 − 2 , (1) 

here Q is the Toomre parameter, cs is the sound speed, � the
ngular frequency, G the gravitational constant, and � the surface
ensity of the disc. Effectively Q measures the balance between the
hermal and rotational support of the disc against gravity. If a disc
s sufficiently massive, so that Q � 1 , a spiral structure forms. For
he gravitational instability to lead to fragmentation the disc needs to
NRAS 545, 1–10 (2026)
ool on a short time-scale (i.e. τc � 3 �−1 ) (C. F. Gammie 2001 ; B.
. Johnson & C. F. Gammie 2003 ; W. K. M. Rice et al. 2003 ; W. K.
. Rice, G. Lodato & P. J. Armitage 2005 ). Circumbinary planets
ay also form the same way; an example of a circumbinary disc that

ndergoes fragmentation is L1448 IRS3B (J. J. Tobin et al. 2016 ; N.
. Reynolds et al. 2021 ). 
It is important to investigate the conditions under which circumbi-

ary discs may fragment, in order to determine whether circumbinary
lanets can form through this process. The physics of fragmentation
f circumstellar discs has been explored in great detail (e.g. W.
. M. Rice et al. 2003 ; D. Stamatellos & A. P. Whitworth 2009a ;
. Stamatellos et al. 2011 ; F. Meru & M. R. Bate 2012 ; H.
eng, L. Mayer & F. Meru 2017 ; C. Hall, D. Forgan & K. Rice
017 ; J. Cadman et al. 2020 ). While there is a dependence on the
pecific disc and stellar parameters, simulations that include detailed
adiative heating and cooling, find that fragmentation is possible for
 minimum disc-to-star mass ratio of qD ∼ 0 . 3 (D. Stamatellos et al.
011 ; T. J. Haworth et al. 2020 ; A. Mercer & D. Stamatellos 2020 ). D.
tamatellos et al. ( 2011 ) studied circumstellar discs around a 0.7 M�
tar and found that fragmentation can happen for disc-to-stellar mass
atios of at least 0.36. A. Mercer & D. Stamatellos ( 2020 ) studied M
warfs (0.2–0.4 M�) and found a disc-to-stellar mass ratio from at
east 0.3 to 0.6 for fragmentation, with a dependence on the stellar

ass and disc radius. They find that the lower mass limit for disc
ragmentation increases linearly with the stellar mass and that larger
iscs require higher mass for fragmentation to happen. A. Mercer &
. Stamatellos ( 2020 ) also find that higher disc-to-stellar mass ratios

re needed for fragmentation of discs around lower mass stars. This
esult is corroborated by J. Cadman et al. ( 2020 ) who studied disc
round higher-mass stars (0.25–2 M�). This means that lower-mass
tars may be able to support discs with higher disc-to-stellar mass
atios, without fragmentation happening (T. J. Haworth et al. 2020 ). 

The aim of this work is to investigate the lower mass limit
or circumbinary disc fragmentation and compare it with the limit
or circumstellar discs. We describe the computational method in
ection 2 , and in Section 3 the simulation set-up. In Section 4 ,
e present the results on the minimum disc mass required for

ragmentation, and in Section 5 we make comparisons between
ircumstellar and circumbinary discs. We finally discuss the wider
mplications of this work and its conclusions in Section 6 . 

 C O M P U TAT I O NA L  M E T H O D  

e use SEREN , a three-dimensional smooth particle hydrodynamics
SPH) code developed by D. A. Hubber et al. ( 2011 ). The code
ncludes the effects of radiative transfer using the approximate

ethod of J. C. Lombardi, W. G. McInally & J. A. Faber ( 2015 ).
his method determines the heating and cooling rate of the gas
ithin the protostellar disc, as 

d ui 

d t 
= 4 σSB ( T

4 
A − T 4 

i 
) 

�̄2 
i κ̄R ( ρi , Ti ) + κ−1 

P 
( ρi , Ti ) 

, (2) 

here ui is the specific internal energy of the SPH particle, σSB is the
tefan–Boltzmann constant, TA the pseudo-background temperature
bove which gas can cool radiatively ( TA is due to heating from the
tars in the system), �̄ the mass-weighted mean column density, ρi 

s the density of the particle, Ti is the temperature of the particle,
¯R and κ̄P are the Rosseland and Planck-mean opacities. In our case,

A is the background temperature set by the stars of the system. The
ass-weighted mean column density, which regulates heating and

ooling is calculated using the pressure scale-height which is a good

https://exoplanetarchive.ipac.caltech.edu
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Table 1. The stellar parameters used for the CBR model simulations. qb is 
the binary mass ratio, M� is the mass of each star of the binary, and Ti is the 
temperature at 1 au from each star of the binary. 

qb M� (M�) Ti (K) 

1 0.35 130 
0.35 130 

0.3 0.53 180 
0.16 85 

0.1 0.64 220 
0.064 40 
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pproximation in discs, 

¯
 = ζ

′ P 

|a h | , (3) 

here ζ
′ = 1.014 is a dimensionless coefficient, P the gas pressure,

nd a h the hydrodynamical acceleration (i.e. without including the 
ravitational or viscous contribution), 

 h = −∇P 

ρ
. (4) 

his method is used as it is a better approximation of the radiative
ransfer processes in protostellar discs than the D. Stamatellos et al. 
 2007 ) method that uses the gravitational potential as a proxy for the
olumn density (A. Mercer, D. Stamatellos & A. Dunhill 2018 ; A. K.
oung et al. 2024 ). This method results in more efficient cooling than

he D. Stamatellos et al. ( 2007 ) approximation, with the expectation
hat discs may fragment at lower masses. 

 SIMULATION  SET-UP  

e perform three sets of simulations. The first set of simulations
overs circumstellar discs heated by a single star (referred to as the
ircumstellar model; CS) as e.g. in A. Mercer & D. Stamatellos 
 2020 ), the second set covers circumbinary discs with the same
emperature profile as the circumstellar disc model (referred to as 
he fiducial model; CBF), and the third set covers circumbinary discs
hat are heated by each star individually (referred to as the realistic

odel; CBR). Our goal is to compare fragmentation of circumbinary 
iscs with that of circumstellar discs, and to investigate how the initial 
inary parameters (i.e. binary mass ratio, separation, eccentricity, and 
emperature profile) affects fragmentation. 

We use a stellar mass of M� = 0.7 M� for the CS model. For
he circumbinary disc models (CBF, CBR) the total mass of the 
inary is set to M� = 0.7 M�, with individual stellar masses detailed
n Table 1 . We model three initial binary mass ratios, qB = 1, 0.3,
nd 0.1, two initial binary separations, αb = 5, 10 au, and two initial
inary eccentricities, eb = 0.2 and 0.5. These values were chosen to 
eflect the typical properties of binaries known to host circumbinary 
xoplanets (see Fig. 1 ). We do not model binaries on circular orbits as
est simulations showed that these binaries quickly become eccentric 
R. M. Heath & C. J. Nixon 2020 ; D. Lai & D. J. Mu˜ noz 2023 ; M.
iwek, R. Weinberger & L. Hernquist 2023 ), especially since the 
isc mass is rather high. The stars in the simulations are represented
ith sink particles with accretion radius R� 

s = 1 au. 
For all models, we assume a disc extending from RD 

in = 5 au
o RD 

out = 120 au that is represented by 106 SPH particles (as e.g.
n A. Mercer & D. Stamatellos 2020 ). This number ensures that
ravitational fragmentation is properly resolved. M. R. Bate & 

. Burkert ( 1997 ) argue that the Jeans mass must be resolved by
 × Nneigh and A. F. Nelson ( 2006 ) conclude that the Toomre mass
ust be resolved by 6 × Nneigh , where Nneigh ≈ 50 is the number
f SPH neighbours. The simulations performed by D. Stamatellos & 

. P. Whitworth ( 2009b ) with a 0 . 7 M� disc and 1 . 5 × 105 particles
nd a minimum Jeans mass of ∼ 2 MJ and a minimum Toomre 
ass of ∼ 2 . 5 MJ . If we take 2 MJ as a lower resolution limit, then

his corresponds to ∼ 128 × Nneigh i.e. their disc is sufficiently 
esolved. In this study we use a larger number of SPH particles and
 lower mass disc, therefore the above conditions are comfortably 
et. The vertical structure of our discs is also adequately resolved,

ince we use ∼7 times more particles than in their simulations, in
hich the disc scale height is resolved by a factor of more than 3–5

moothing lengths. 
The surface density profile of the disc is set to 

( R) = �(1 AU )

(
R 

AU 

)−1 

, (5) 

or all three different models. 
For the CS model the disc temperature is set to 

 ( R) = 250K

(
R 

AU 

)−0 . 7 

+ 10 K, (6) 

here �(1 AU) is determined by the radius and mass of the disc, and
 is the distance to the central star. We chose a temperature power

ndex of 0.7 as observations find typical values from 0.35 to 0.8 (S.
. Andrews et al. 2009 ). For the circumbinary fiducial model, we

se the same temperature profile for the disc as above, with R being
he distance to the centre of mass of the binary. For the circumbinary
ealistic model, we include heating from both stars, setting the disc
emperature profile to 

 ( R1 , R2 ) =
2 ∑ 

i = 1 

{ 

Ti (1 AU )

(
Ri 

AU 

)−0 . 7 
} 

+ 10 K, (7) 

here Ti (1AU ) is the temperature at 1 au from the corresponding
tar (see Table 1 ), when ignoring the other star, R1 the distance
rom the primary, and R2 the distance from the secondary star of the
inary, respectively. In effect, we assume that at any given location
n the disc the temperature is due to implicit heating from both
tars; the temperature is the sum of the contributions from each
tar. Our model therefore includes asymmetric radiation from the 
inary components, which has important implications on the disc 
ynamics (P. P. Poblete et al. 2025 ). The temperatures in Table 1
ere selected using typical luminosities for each stellar mass (e.g. 
. Cifuentes et al. 2020 ), and assuming that the temperature scales
s T ( R) = (L� /16 πσSB ) R

−1 / 2 . The initial disc temperature profiles,
s given in equations ( 6 )–( 7 ), also act as the pseudo-background
emperature TA for the approximate radiative transfer method (see 
quation 2 ). 

 T H E  MI NI MUM  MASS  LIMIT  F O R  

RAG MENTATI ON  O F  C I R C U M B I NA RY  DIS CS  

e first simulate discs with mass MD = 0 . 3 M� for each parameter
onfiguration as this mass leads to Q ∼ 0 . 5, i.e. highly unstable
iscs. In a typical simulation spiral arms form that eventually frag-
ent to form planets and higher mass objects (brown dwarfs and low
ass stars), in agreement with previous simulations (e.g. D. Stamatel-

os & A. P. Whitworth 2009a ; A. Mercer & D. Stamatellos 2017 ).
e assume that fragmentation is achieved when a condensation 

eaches a density of 10−9 g cm−3 , whereby a sink with an accretion
adius of Rs = 0 . 1 au is introduced to represent the fragment. At
his density the first hydrostatic core has been securely formed (in
MNRAS 545, 1–10 (2026)
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Table 2. The lower mass limit for disc fragmentation for the fiducial, realistic, 
and circumstellar models. Here, Type refers the CS, CBF, CBR models, 
αb is the initial binary separation, qb the binary mass ratio, eb the binary 
eccentricity, MD the lower mass limit for disc fragmentation and qD the lower 
disc-to-star/binary mass ratio for fragmentation. 

Type αb (au) qb eb MD (M�) qD 

CS 0.22 0.31 

CBF 10 1 0.2 0.20 0.29 
0.5 0.18 0.26 

0.3 0.2 0.22 0.31 
0.5 0.22 0.31 

0.1 0.2 0.22 0.31 
0.5 0.22 0.31 

5 1 0.2 0.22 0.31 
0.5 0.22 0.31 

0.3 0.2 0.22 0.31 
0.5 0.22 0.31 

0.1 0.2 0.22 0.31 
0.5 0.22 0.31 

CBR 10 1 0.2 0.16 0.23 
0.5 0.16 0.23 

0.3 0.2 0.16 0.23 
0.5 0.14 0.20 

0.1 0.2 0.16 0.23 
0.5 0.16 0.23 

5 1 0.2 0.18 0.26 
0.5 0.12 0.17 

0.3 0.2 0.18 0.26 
0.5 0.12 0.17 

0.1 0.2 0.18 0.26 
0.5 0.12 0.17 
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act this happens at around 10−12 g cm−3 ; D. Stamatellos & A. P.
hitworth 2009b ; A. Mercer & D. Stamatellos 2020 ; A. Fenton &
. Stamatellos 2024 ) and the clump is gravitationally bound. To
etermine the lower limit for disc fragmentation we progressively
educe the disc mass by 0.02 M�, and repeat each simulation until
he disc does not fragment. We perform three sets of simulations
CS, CBF, CBR) and for each combination of binary parameters we
erform three simulations with different realization of the disc, to
ccount for the stochastic nature of disc fragmentation. The lower
imit for fragmentation is identified as the disc mass at which even one
f the three simulated discs fragments. The results on the lower mass
imit for disc fragmentation are summarized in Table 2 . Each row
n this table corresponds to three simulations with the same initial
onditions (but with different realization of the disc, i.e. different
andom seeds); i.e. there is a total of 75 simulations. 

.1 Circumstellar model 

he evolution of the surface density of a representative circumstellar
isc, at the disc fragmentation limit, is shown in Fig. 2 . We find
he lower mass limit for disc fragmentation with our parameters
s MD = 0 . 22 M�, which corresponds to a disc-to-star mass ratio
f qD = 0 . 31 (see Table 2 ). Our result is in agreement with T. J.
aworth et al. ( 2020 ) who use the same stellar mass and find that

ragmentation occurs down to qD ∼ 0 . 3, using a disc of radius 100 au
nd the radiative transfer approximation of D. Forgan et al. ( 2009 ). 

This value is lower than that found by D. Stamatellos et al. ( 2011 )
 qD = 0 . 36) despite using the same system parameters. We credit
his to the use of the J. C. Lombardi et al. ( 2015 ) radiative transfer
NRAS 545, 1–10 (2026)
pproximation method as opposed to the D. Stamatellos et al. ( 2007 )
ethod; the former results in more efficiently disc cooling. 
J. Cadman et al. ( 2020 ) find that fragmentation occurs for a disc-

o-star mass ratio of qD = 0 . 5, using a solar mass star and a disc
adius of 140 au. Their estimated qD is expectedly higher than what
e find due to simulating a larger radii disc than we do, and the use
f the D. Stamatellos et al. ( 2007 ) method for the radiative transfer.
oth factors limit the likelihood of fragmentation due to lower disc

urface density (as a result of the larger disc radius) and the disc not
eing able to cool efficiently enough. 
A. Mercer & D. Stamatellos ( 2020 ) use the same radiative transfer

pproximation but a different SPH code ( GANDALF ; D. A. Hubber,
. P. Rosotti & R. A. Booth 2018 ) and for a disc with radius 120 au

hey find that the minimum disc mass for fragmentation is M120AU 
disc =

 . 08M� + 0 . 22( M� / M�). Substituting for a stellar mass of 0.7 M�
hat we use, we estimate a minimum disc mass of 0.23 M�, i.e. a
isc-to-star mass ratio of qD = 0 . 33, which is slightly higher than
hat we find here. However, the previous relation was derived from

imulations of M dwarfs with masses up to 0.4 M�, i.e. a lower stellar
ass than in our case. 

.2 Circumbinary fiducial model 

igs 3 and 4 show snapshots of the disc surface density for
epresentative circumbinary fiducial simulations, at a time just before
ragmentation occurs, for all the binary parameters investigated (see
able 2 ). The majority of the simulations presented here are at the

ower mass limit for disc fragmentation. 
In the simulations with a lower binary mass ratio (i.e. qb = 0.3, 0.1),

e find that the lower mass limit for fragmentation is the same as
n the circumstellar disc model, i.e. at a disc mass of MD = 0.22 M�
see Table 2 ). This is to be expected as (i) the stellar heating is
xactly the same as in the CS model (per construction), and (ii) due
o small binary separation and mass ratio, the two stars have the
ame gravitational effect on the disc as a single star with the same
ombined mass. 

On the other hand, for the high binary mass ratio, qb = 1, and
arger binary separation, αb = 10 au, fragmentation is possible at a
ower disc mass. For a binary eccentricity of eb = 0.2, fragmentation
s possible at MD = 0.2 M�, whereas for eb = 0.5, fragmentation
s possible at MD = 0.18 M� with the corresponding disc-to-star

ass ratios qD = 0.26 and 0.29, respectively. This lower mass limit
s expected as the gravitational effect of the binary on the disc is

ore pronounced when the binary ‘deviates’ from a single star, i.e.
he binary separation, mass ratio and the eccentricity are high (D.
ai & D. J. Mu˜ noz 2023 ; M. Teasdale & D. Stamatellos 2023 ). This

nduces structure in the disc that promotes fragmentation at slightly
ower disc masses than in the CS model, despite the fact that the disc
emperature profiles are almost the same. 

.3 Circumbinary realistic model 

his model includes asymmetric radiation from the binary compo-
ents, which affects the disc dynamics (P. P. Poblete et al. 2025 ).
napshots for representative circumbinary realistic simulations near

he fragmentation limit are shown in Figs 5 and 6 . 
We find that the mass needed for the realistic circumbinary

isc to fragment is lower than that of the fiducial CB model by
45 per cent , with a minimum disc mass of MD = 0.12 M� and

isc-to-star mass ratio of qD = 0.17 (see Table 2 ). This is because
n the realistic model the heating provided by the stars is lower than
hat provided in the fiducial model; the stellar temperatures used for
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Figure 2. The evolution of the disc surface density (g cm−2 ) for a circumstellar disc of mass MD = 0 . 22 M�, with stellar and disc parameters discussed in 
Section 3 . 

Figure 3. Disc surface density (g cm−2 ) snapshots for representative circumbinary fiducial model simulations with a disc mass of MD = 0 . 22 M�, and a binary 
separation of αb = 10 au. The first column corresponds to simulations with a binary mass ratio of qb = 1, the second with a binary mass ratio of qb = 0.3, and 
the third with a binary mass ratio of qb = 0.1. The top row corresponds to simulations with a binary eccentricity of eb = 0.2 and the bottom row with a binary 
eccentricity of eb = 0.5. 
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i [see equation ( 7 ) and Table 1 ] are lower than the 250 K used in

he circumstellar and circumbinary fiducial models, which lead to a 
ooler disc that, for the same mass, has a lower Toomre parameter Q.
dditionally, due to their lower temperature these discs cool more 

fficiently (see equation 2 ). 
In realistic circumbinary discs, there are two competing factors 

hat affect the likelihood of fragmentation: (i) the gravitational 
ffect of the binary on the disc, and (ii) disc heating from the
omponents of the binary. Both of these are larger for high mass
atio, separation and eccentricity; however, the former promotes 
ragmentation by creating density enhancements in the disc, whereas 
he latter suppresses fragmentation by increasing the disc temper- 
ture. These two factors seem to cancel out in the case of wide
inary simulations ( αb = 10 au) as the lower disc mass limit for
ragmentation is at 0.16 M�, irrespective of the binary eccentricity 
nd stellar mass ratio (apart from one case). On the other hand, in
he close binary simulations ( αb = 5 au), discs around more eccentric
inaries ( eb = 0.5) fragment at lower mass than discs around less
ccentric binaries ( eb = 0.2), with the mass limit for fragmenta-
ion being 0.12 and 0.18 M�, respectively. We find no dependence 
MNRAS 545, 1–10 (2026)
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M

Figure 4. Same as in Fig. 3 but for CBF simulations with an initially binary separation of αb = 5 au. 

Figure 5. Disc surface density (g cm−2 ) snapshots for representative circumbinary realistic model simulations with a disc mass of MD = 0.18 M�, and a binary 
separation of αb = 10 au. The first column corresponds to simulations with a binary mass ratio of qb = 1, the second with a binary mass ratio of qb = 0.3, and the 
third with a binary mass ratio of qb = 0.1. The top row shows simulations with a binary eccentricity of eb = 0.2 and the bottom row with a binary eccentricity 
of eb = 0.5. 
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f the lower mass limit for fragmentation on the binary mass
atio. 

 C O M PA R I S O N  BETWEEN  CIRCUMSTELLAR  

N D  C I R C U M B I NA RY  DISCS  

e compare the disc morphology in the three sets of simulations
circumstellar, circumbinary fiducial, and circumbinary realistic
odels), using the Toomre parameter (with references to the temper-

ture and surface density of the disc) and the strength of the spiral
NRAS 545, 1–10 (2026)
rms present in the disc, just before fragmentation. This comparison
rovides insights on the physics of disc fragmentation. 

.1 Disc morphology 

he Toomre parameter, surface density and temperature profiles
or representative circumstellar, circumbinary fiducial, and realistic
odels are shown in Figs 7 and 8 . We use simulations with disc
ass MD = 0.22 M� for the circumstellar and fiducial models, as

his corresponds to the lower fragmentation mass (for the majority
f the simulations). For the realistic model, we use the simulation
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Figure 6. Same as in Fig. 5 but for CBR simulations with an initially binary separation of αb = 5 au. 
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ith disc mass MD = 0.18 M� (chosen for the same reason). For
ll simulations, we take the snapshot just before fragmentation (at 
ost 500 yr before fragmentation) to make comparisons. The surface 

ensity plots of the snapshots are shown in Figs 3 –6 . 
In the circumstellar model (Fig. 7 ), the Toomre criterion 

s satisfied ( Q ≤1) outside ∼ 40 au. Furthermore, the tem- 
erature and surface density of the disc drops with dis- 
ance from the star, albeit with several peaks ( ∼ 15, 45, and
5 au), which correspond to dense, hot condensations with the 
isc. 
The fiducial model (Fig. 7 ) employs the same heating as the

ircumstellar model, and the disc shows similar behaviour. How- 
ver, the density peaks are at different radii, with the Q close
o 1 even at a distance 20 au from the centre of mass of the
inary. 
In the circumbinary realistic disc model (Fig. 8 ), the disc is

ravitationally unstable beyond 20 au (i.e. Q � 1–2), similarly with 
he other two cases. However there is more structure in the disc, as
een by the dips in Q (or equivalently by the peaks in surface density). 
his is due to the temperature of the disc being significantly lower
s opposed to the previous models. CBR models with wide binaries 
 αb = 10 au ) and a high binary mass ratio ( qb = 1 , 0 . 3) tend to
ecome unstable at larger radii, than models with close binaries 
 αb = 5 au ). 

.2 Strength of spiral arms 

e quantify the strength of the spiral arms, by calculating their 
mplitude, in order to correlate it with the development of gravita- 
ional instability and disc fragmentation for the different models. We 
se the method of J. P. Sleath & P. Alexander ( 1996 ), in which the
ogarithmic spiral is described by 

 = R0 e
−mφ/ζ , (8) 

here φ is the azimuthal angle of the SPH particle, m is the mode of
he perturbation, and ζ = −m/ tan β represents the pitch angle β of 
he spiral (J. P. Sleath & P. Alexander 1996 ). The amplitude F ( ζ, m )
f a specific mode m is 

 ( ζ, m ) = 

∫ ∞ 

−∞ 

∫ π

−π

N ∑ 

j = 1 

{ δ( u − ln [ Rj ] δ( φ − φj ) } 

× e−i( ζu + mφ) d ud φ = 1 

N 

N ∑ 

j = 1 

e−i( ζ ln [ Rj ] + mφj ) , (9) 

here ( Rj , φj ) are the co-ordinates of particle j . Fig. 10 shows
he amplitude of the m = 2 mode of representative snapshots from
he CBF model (see Fig. 3 for the corresponding surface density
lots). We focus on the m = 2 mode as this generally the dominant
ne (see Fig. 9 that demonstrates this for a representative simulation).
ig. 11 shows the peak amplitude values (calculated for each snapshot 
cross all pitch angles) for all three models close to the time of
ragmentation (see Figs 3 and 4 for the CBF model and Figs 5
nd 6 for the CBR model) plotted against the pitch angle of the
piral. 

The discs in the circumbinary fiducial runs all show higher peak
mplitudes than those of the circumstellar disc runs. This is despite
he temperature profile of the circumstellar model being the same 
o that of the circumbinary fiducial model (see Fig. 7 ). This shows
he effect of the binary on promoting stronger spirals. However, 
ragmentation does not happen at a lower disc mass, as this is
egulated by the disc cooling (C. F. Gammie 2001 ); indeed, as
he disc temperature profile (which acts as the pseudo-background 
emperature, TA , below which gas cannot cool radiatively) is the 
ame for both the CS and CBF models, cooling is also similar
see equation 2 ). Therefore, in these two models, fragmentation 
appens at a similar disc mass despite the fact that the spiral
rms are stronger for a circumbinary disc than for a circumstellar
isc. 
The discs in the circumbinary realistic model also generally show 

igher peak amplitudes than the discs in the CS model, but there are
 few cases where the amplitude is slightly lower. The amplitudes
re also generally lower than the peak amplitudes of the CBF model
iscs. Despite this, realistic CB discs fragment at lower disc masses
nd mass ratios (down to 0.18 M� and 0.17, respectively, depending 
MNRAS 545, 1–10 (2026)
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Figure 7. The Toomre parameter, temperature, and surface density of the 
discs in representative simulations for the CS and CBF models, plotted against 
the distance from the centre of mass of the binary/central star (surface density 
plots are shown in Figs 2 , 3 , and 4 ). 
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Figure 8. The Toomre parameter, temperature, and surface density of the 
discs in representative simulations for the CS and CBR models, plotted against 
the distance from the centre of mass of the binary/central star (surface density 
plots are shown in Figs 2 , 5 , and 6 ). 
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n the binary properties), than CBF and circumstellar discs (0.22 M�
nd 0.31). The reason for this is that due to the lower disc temperature
n the CBR model [see equation ( 7 ) and Table 1 ] the disc can cool

ore efficiently (see equation 2 ); therefore, CBR discs fragment
espite the fact that their spiral arms are weaker than in the discs in
he CBF and CS models. 

The regulation of disc fragmentation by gas cooling is also
emonstrated by the fact that although discs around close binaries
 αb = 5 au ), have in general, spiral arms with larger peak amplitudes
han discs around wider binaries ( αb = 10 au ) (which is consistent
ith M. Teasdale & D. Stamatellos 2023 ), the lower disc mass limit
oes not show any such dependence. 
NRAS 545, 1–10 (2026)
 C O N C L U S I O N S  

e used the SPH code SEREN to study the gravitational fragmentation
f circumbinary discs. We performed three sets of simulations;
he first covered circumstellar discs (circumstellar), the second
overed circumbinary discs with the same temperature profile as the
ircumstellar discs (fiducial), and the third set covered circumbinary
iscs asymmetrically heated by each star of the binary individually
realistic). For each set of simulations, we varied the binary properties
separation, mass ratio, and eccentricity) to see their effect on the
isc dynamics and fragmentation. The mass of the central object
star or binary) has been kept the same, 0 . 7 M�, for all three models.
ur aim is to investigate the lower mass limit for circumbinary disc
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Figure 9. The strength of the different modes of spiral arms for a represen- 
tative snapshot of the CBF model with a binary separation of αb = 10 au, 
a binary mass ratio of qb = 0 . 3 and a binary eccentricity of eb = 0 . 2 (see 
Fig. 5 for the corresponding surface density plot). Here, the angle, ζ , of the 
spiral is plotted against the amplitude, F ( ζ, m ), for all modes. The m = 2 
mode is the dominant one. 

Figure 10. The strength of the m = 2 mode of the spiral arms for represen- 
tative snapshots of the CBF model with a binary separation of αb = 10 au 
(see Fig. 3 for the corresponding surface density plots). Here, the angle, ζ , of 
the spiral is plotted against the amplitude, F ( ζ, m ), of the m = 2 mode. We 
also plot the spiral arm amplitude for one snapshot from the CS model for 
reference. 
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Figure 11. The peak strength of spiral arms for the circumstellar, circumbi- 
nary fiducial and realistic model simulations that are shown in Figs 2 , 3 , 4 , 
5 , and 6 . Here, the angle ( ζ ) of the spiral is plotted against the maximum 

amplitude ( F ( ζ, m )) of the m = 2 mode. There is no correlation between 
the spiral arm strength and the minimum disc fragmentation mass (e.g. 
CBF model discs show larger spiral arm strengths than the CS model discs 
but the minimum disc fragmentation mass is similar). This suggests that 
fragmentation is regulated by the disc cooling rather than the strength of the 
spiral arms (see discussion in the text). 
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ragmentation and compare it to the lower mass limit for circumstellar 
isc fragmentation. 
We find that circumstellar discs fragment down to a disc-to-star 
ass ratio of qD = 0 . 31, which is in general agreement with previous

tudies (D. Stamatellos et al. 2011 ; J. Cadman et al. 2020 ; T. J.
aworth et al. 2020 ; A. Mercer & D. Stamatellos 2020 ). Similarly,

ircumbinary fiducial model discs are able to fragment down to qD = 

 . 31. On the other hand, realistic circumbinary discs fragment at a
ower mass limit (by 45 per cent), at a disc-to-star mass ratio of 0.17–
.26, depending on the binary properties; a larger binary separation, 
ass ratio, and eccentricity promote fragmentation down to mass 

atio of qD = 0 . 17. The lower disc mass limit for fragmentation
s expected due to the lower disc temperature of the realistic CB

odels. 
Furthermore, we find that fragmentation is regulated by cooling 

ather than the strength of the gravitational instability, as there is no
orrelation between the amplitude of the spiral arms and the lower 
isc masses needed for fragmentation. Indeed, fragmenting CBR 

iscs show a lower spiral arm amplitude than fragmenting CBF and
S discs. 
An example of a circumbinary disc that undergoes fragmentation 

s L1448 IRS3B (J. J. Tobin et al. 2016 ). This system consists of
 binary with total mass of 1.19 M�, attended by a 400 au disc.
vident spiral structure and a third object, IRS3B-c, embedded on 
ne of the spirals, strongly suggests an in situ formation through disc
nstability. N. K. Reynolds et al. ( 2021 ) calculates the mass of the
isc to be ∼0.29 M�, so that the disc is gravitationally unstable at
 120 au. The disc-to-star mass ratio of this system ( qD ∼ 0 . 24) is

bove the limit for fragmentation found by our models (both CBF
nd CBR), so our work supports the disc fragmentation scenario in
his case. 

We conclude that circumbinary discs fragment at lower disc 
asses than circumstellar discs, supporting the idea that some 

ircumbinary planets may form by disc fragmentation. In a follow 

p paper, we will present the properties of the planets formed by
ragmentation of circumbinary discs. 
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A101 
oblete P. P. , Cuello N., Alaguero A., Price D. J., Bianchi E., Pinte C., Menard

F., 2025, A&A , 703, A76 
rice D. J. , 2007, PASA , 24, 159 
uarles B. , Satyal S., Kostov V., Kaib N., Haghighipour N., 2018, ApJ , 856,

150 
eynolds N. K. et al., 2021, ApJ , 907, L10 
ice W. K. M. , Armitage P. J., Bonnell I. A., Bate M. R., Jeffers S. V., Vine

S. G., 2003, MNRAS , 346, L36 
ice W. K. M. , Lodato G., Armitage P. J., 2005, MNRAS , 364, L56 
ice W. K. M. , Lodato G., Pringle J. E., Armitage P. J., Bonnell I. A., 2006,

MNRAS: Letters , 372, L9 
iwek M. , Weinberger R., Hernquist L., 2023, MNRAS , 522, 2707 
leath J. P. , Alexander P., 1996, MNRAS , 283, 358 
peedie J. et al., 2024, Nature , 633, 58 
tamatellos D. , Maury A., Whitworth A., André P., 2011, MNRAS , 413,
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