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Disc	formation	in	binary	systems
• My	PhD	thesis	(1995)	topic:		forma9on	of	binary	systems	

• SPH	simulaAons,	examining	the	effects	of	infalling	gas	on	binary	mass	raAos,	separaAons,	
formaAon	of	discs	(Bate	1995;	Bate	&	Bonnell	1997)	

• Similar	disc	geometries	to	Lubow	&	Artymowicz’s	SPH	simulaAons	of	circumstellar	/	
circumbinary	discs	(Artymowicz	&	Lubow	1994;	1996)	

• Differences:	Artymowicz	&	Lubow	(1994,	1996)	
• Disc	only,	no	envelope,	but	streams	of	gas	from	the	inner	circumbinary	discs	onto	the	binary	

• My	work	included	infalling	envelope	gas	

• Travels	on	parabolic	orbits	—	enters	vicinity	of	binary	more	easily	than	just	accreAon	
streams	from	discs	

• Can	easily	lead	to	separaAon	increasing	(if	high	angular	momentum	material	infalling)

Bate	&	Bonnell	(1997)
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Figure 2. Steady-state accretion on to a q = 0.6 protobinary system from clouds with various specific angular momenta j;nf' The protostars are 
marked with crosses, with the primary on the right. Gas particle positions are projected on to the plane of the binary. Axes are given in units 
of the binary's separation D. Rotation is anticlockwise. 

The infalling material now has enough angular momentum 
to form a disc around the secondary (see Section 4.2). The 
gas has too much angular momentum to fall in behind the 
secondary, so that no material collides with that which is 
captured from the leading side of the secondary. Hence a 
disc is formed, rather than a Bondi-Hoyle-type accretion 
stream. The increased angular momentum also results in 
the dominant accretion on to the circumprimary disc com-
ing from its leading-outside edge. Finally, there is a build-up 
of circumbinary material. Some of the infalling gas extracts 
enough angular momentum from the binary to avoid accre-
tion on to the circumstellar discs. Spiral density waves are 
produced in this material due to the torques from the 
binary. 

With j;nf= 1.4 (Fig. 3d), the infalling gas has too much 
angular momentum to fall directly on to the binary, and a 
distinct circumbinary disc is formed with a void, essentially 
free of gas, inside. The radius of the inner edge of the disc 

is roughly equal to the periastron distance to which the gas 
would fall in if the binary were replaced by a single point 
mass. Accretion on to the binary proceeds via tidal distor-
tion of the inner edge of the disc. Material in the disc ahead 
of one of the components is slowed by the gravity of the 
protostar and falls into a lower orbit because of the loss of 
angular momentum. As the protostar approaches, this loss 
of angular momentum increases and it continues to fall in. If 
it falls within the outer Lagrange point, it is captured by the 
protostar and forms a circumstellar disc. Material that does 
not pass within the outer Lagrange point is accelerated by 
the gravity of the protostar once it is overtaken by the 
protostar, gaining angular momentum and moving outward 
again. This produces the spiral density waves that penetrate 
out into the disc as the gas collides with the slower material 
in front of it. The material accreted by the circumstellar 
discs has very high angular momentum - just low enough 
for it to pass within the outer Lagrange point. Thus the discs 
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AccreAon	onto	q=0.6	binary,	

varying	gas	specific	angular	momentum
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Formation	of	isolated	binaries	in	cloud	cores

• Bate	(2000)	evolu9on	of	mass	ra9o,	separa9on	
and	discs	in	accre9ng	protobinary	systems	

• Circumbinary	disc	formaAon	requires	the	accreAon	of	
gas	with	high	specific	angular	momentum	

• Specific	angular	momentum	>	the	specific	angular	
momentum	of	the	secondary	around	the	centre	of	
mass	(Bate	&	Bonnell	1997)

Bate	(2000)

AccreAon	on	to	binary	in	an	iniAally	1/r-density	
profile,	solid-body	rotaAng	molecular	cloud	core



Formation	of	isolated	binaries	in	cloud	cores
• Bate	(2000)	evolu9on	of	mass	ra9o,	separa9on	and	discs	in	
accre9ng	protobinary	systems	

• Used	the	results	of	the	Bate	&	Bonnell	(1997)	series	of	calculaAons	of	
the	‘instantaneous’	effect	of	accreAon	onto	binaries	with	different	
mass	raAos	&	gas	specific	angular	momentum	

• Model	long-term	protobinary	evoluAon	

• Depends	on	density	&	angular	momentum	profiles	of	cloud	cores	

• Results	favour	iniAally	not	strongly	centrally-condensed	cloud	cores	
(e.g.	uniform/Bonnor-Ebert)	and/or	differenAal	(not	solid-body)	
rotaAon

Bate	(2000)

AccreAon	on	to	binary	in	an	iniAally	1/r-density	
profile,	solid-body	rotaAng	molecular	cloud	core:		
Later	infall	builds	up	the	circumbinary	disc
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Bate	2012:			500	M⨀	cloud	with	decaying	turbulence:				35,000,000	SPH	parAcles	
							Includes	radaAve	transfer	and	a	realisAc	equaAon	of	state	

																						Produces	183	stars	and	brown	dwarfs,	following	all	binaries,	plus	discs	to	~1	AU



Bate	(2012)



Orbital	decay Misaligned	inner/outer	discs

Variable	disc	plane

Star-disc	encounter	&	circum-mulAple	disc

Bate	(2012,	2018)

400	AU

Bate	2018:			Used	the	Bate	(2012)	simulaAon	to	perform	the	first	populaAon	synthesis	study	
																						of	protostellar	discs	and	comparison	with	observaAons



Able	to	reproduce	observed	properties	of	low-mass	stars
• Since	Bate	(2012),	RHD	simula9ons	can	produce	realis9c	Galac9c	popula9ons	

• Self-regula9on	via	protostellar	interac9ons	

• Gravita9onal	fragmenta9on	of	structured	molecular	gas	to	form	stellar	groups	

• Exactly	how	the	structure	arises	is	not	so	important	(Bonnell	et	al.	1997-2001;	Klessen	et	al.	
1998-2001;		Bate	2009c;		Bertelli	Mo5a	et	al.	2016;		Liptai	et	al.	2016)	

• Dissipa9ve	dynamical	interac9ons	between	accre9ng	protostars	

• Gives	an	IMF-like	mass	distribuAon	(compeAAve	accreAon:	Bonnell	et	al.	1997,2001),	but	depends	
on	global	Jeans	mass		(Bate	&	Bonnell	2005;	Jappsen	et	al.	2005,	Bonnell	et	al.	2006)	

• Leads	to	observed	mulAplicity	fracAons	&	properAes	of	mulAple	systems	(Bate	2009a,	2012)	

• Radia9ve	interac9ons	(feedback)	between	accre9ng	protostars,	change	local	Jeans	mass	

• Enables	the	producAon	of	an	(almost)	invariant	IMF	(Bate	2009b;	Krumholz	2011)	

• All	three	together	can	reproduce	observed	Galac9c	stellar	proper9es	

• Other	physics	like	magne9c	fields,	ouVlows,	etc,	2nd-order	effects	

• e.g.	Wurster,	Bate	&	Price	(2019)	for	non-ideal	MHD Bate	(2012)

Protostellar	mass	funcAon

Stellar	mulAplicity	vs	primary	mass



Binary	formation	mechanisms
• Prompt	/	turbulent	fragmenta9on	

• `Prompt’	fragmentaAon	(Pringle	1989),	due	to	collapse	of	highly-structured	molecular	clouds	

• Simplest	cases:	cos(mθ)	density	perturbaAons	(m=2)	to	otherwise	spherical	cloud	cores	

• Boss	&	Bodenhemier	(1979);	Boss	(1986),	etc	

• Commonly	described	as	`turbulent’	fragmentaAon	these	days	

• Offner	et	al.	(2009)	

• Disc	fragmenta9on	
• Requires	massive	discs	(typically	>10%	central	object	mass)	

• Rapid	cooling	(of	order	the	dynamical	Amescale)	for	an	isolated	disc	

• See	review	by	Kra5er	&	Lodato	(2016)	

• Much	easier	if	the	disc	is	rapidly	accreAng	

• Bonnell	(1994);	Bonnell	&	Bate	(1994);	Whitworth	et	al.	(1995);	Hennebelle	et	al.	(2004)	

• ParAcularly	relevant	for	binary	star	formaAon	(hard	to	avoid	BD+	masses)	

• Encounters	of	unbound	triples		
• Insignificant	(infrequent)	in	most	stellar	environments	

• Star-disc	(dissipa9ve)	encounters	
• Two	iniAally	unbound	stars	become	bound	through	dissipaAve	close	encounter	

• Clarke	&	Pringle	(1991a,b)	—	not	significant	for	binary	formaAon,	in	a	virialised	cluster	like	the	Orion	Nebular	
Cluster	with	typically	Class	II	disc	masses	

• Discs	tend	to	be	truncated	without	enough	kineAc	energy	being	dissipated	(Hall,	Clarke	&	Pringle	1996)

Bate,	Bonnell	&	Price	(1995)



Binary	formation	in	a	clustered	environment

• Prompt	/	turbulent	fragmenta9on	
• Primary	formaAon	mechanism	for	mulAples	

• But	frequently	also	involves	star-disc	encounters	

• >48	cases,	involved	in	the	formaAon	of	32	binaries	&	14	triples	
(28	binaries	and	12	higher-order	systems	at	the	end)	

• Protostars	that	are	weakly	(un)bound,	become	bound	or	more-
Aghtly	bound	

• Cluster	iniAally	sub-virial

MulAple	(3)	fragmentaAons	of	a	circumbinary(+)	disc
Diversity and properties of protostellar discs 5629

Figure 7. Time sequence showing the fragmentation of the massive disc around sink particle 122. In panels 1–3, two protostars (sink numbers 122, 123) form
separately but bound, undergoing a star-disc encounter to form a tight binary with a circumbinary disc. This disc fragments to produce a triple (panels 4 and 5;
sink number 145), and again to produce sink number 159 (panel 5). Sink number 150 forms separately and falls into the system, colliding with the disc around
sink 159 (panel 7) to produce a tight binary companion to the triple. The widest companion in panels 7 and 8 (sink number 180) formed in the disc just before
the calculation was stopped. Sink particles are plotted as white filled circles that have radii 10 times larger than the actual sink particle accretion radius.

Figure 8. Time sequence showing the variation of the orientation of the disc around sink particle 40 due to accretion of gas with different angular momentum.
Between panels 2 and 8 the angular momentum vector of the disc rotates by more than 180◦. Sink particles are plotted as white filled circles that have radii
10 times larger than the actual sink particle accretion radius.

density, ρ, as h ∝ ρ−1/3, discs with radii !10 au are not usu-
ally resolved in the calculation. As mentioned in Section 3.4 when
discussing the last panel of Fig. 5, a disc mass of 0.004 M⊙ cor-
responds to only 280 SPH particles and is clearly not very well
resolved. In Appendix B, we also show that discs that are modelled
by !2000 particles are likely to suffer some numerical viscous evo-
lution over the typical time-scales modelled in the calculation, and
for those modelled by !500 particles this evolution is likely to be
significant.

There are a few cases in the calculation of discs being eroded,
and then new discs being accreted from the molecular cloud. An
example of this is shown in Fig. 9. In this case, the original disc is
destroyed during dynamical encounters with other protostars, and
a new disc (with a different orientation) is later accreted from the
molecular cloud.

Accretion by a disc passing through an ambient medium and ram-
pressure truncation of circumstellar discs has been studied in detail
by Moeckel & Throop (2009), and Wijnen et al. (2016, 2017a).
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Figure 6. Time sequence showing the fragmentation of the massive disc around sink particle 41. In panels 2–4 three potential fragments merge into a single
object before it collapses to a stellar core (sink number 76). Two more fragments at the top right of the fourth panel eventually collapse to stellar cores (sink
numbers 83, 89) and these pair up with 76 and 41, respectively to produce a quadruple system consisting of two pairs: (41,89),(76,83). The fifth sink (number
135, visible in the last two panels) is eventually ejected from the system. Sink particles are plotted as white filled circles that have radii 10 times larger than
the actual sink particle accretion radius.

resulting from the triple merger does then undergo the second col-
lapse phase and is replaced by a sink particle (protostar number
76) producing a binary (fifth panel). The two outer fragments also
collapse and are replaced by sink particles (protostar numbers 83
and 89). Protostar 83 forms a tight pair with protostar 76, while the
other forms a tight pair with protostar 41, resulting in a hierarchical
quadruple system (panels 6–8). In the meantime a further protostar
has formed from the largest arm, resulting in a pentuple system.

As the second example, in Fig. 7 we show a time sequence of
the evolution of the massive disc surrounding the binary system
composed of protostar numbers 122 and 123. These form from two
separate, but nearby, condensations (first panel) and quickly form a
binary which accretes a circumbinary disc (second and third pan-
els). This disc is gravitationally unstable (disc mass ≈0.15 M⊙,
protostellar masses 0.12, 0.10 M⊙, respectively, at t = 216 000 yr)
and fragments to produce two additional protostars which arrange
into a hierarchical triple system with a fourth outer component
(panels 5–7). The subsequent evolution is complicated by the infall
of protostar number 150, which formed separately from the sys-
tem and a mutual star–disc encounter with protostar number 159
produces a tight pair which is bound to the triple. Meanwhile an
additional protostar has formed from a gravitationally unstable arm
of the circum-multiple disc (panels 7 and 8), resulting in a sextuple
system overall.

4.2 Evolution of disc orientation

After a protostellar system has formed, it can continue to accrete
further gas from the cloud. Since the cloud is turbulent, the orienta-
tion of the angular momentum of this additional gas relative to the
protostellar system may be very different from the orientation of
the angular momentum that originally produced the system. In Sec-
tion 3.1 we saw how this could also produce a disc in which the inner
and outer parts of the disc had different orientations. However, in

the simulation discussed in this paper, a much more common affect
is that substantial accretion can reorientate the plane of a disc. Bate,
Lodato & Pringle (2010) investigated how the accretion of such
material may lead to stellar spins being misaligned with planetary
orbital planes, potentially explaining observations of misaligned
exoplanet systems (see also Fielding et al. 2015).

There are at least 10 examples in the simulation of disc orienta-
tions being changed by accretion. In Fig. 8, we show a time sequence
of one of these – the disc surrounding the single protostar, number
40. Between the first two panels, it can be seen that accretion rotates
the disc plane clockwise in the figure by about 20◦. Then the effect
reverses, and most of the remainder of the simulation, the disc plane
rotates anticlockwise. Between the second panel and the last panel,
the angular momentum vector of the disc rotates by approximately
220◦! During the period from 195 000 to 223 000 yr, the disc mass
remains between 0.5 and 0.7 M⊙ but the mass of the star increases
from 0.4 to 2.5 M⊙. This clearly demonstrates that the orientation
of protostellar discs can be altered dramatically by accretion in such
a chaotic environment. Such reorientation would also be expected
to alter the direction of a protostellar jet (see also Bate et al. 2010).

4.3 Disc erosion and discs renewed by accretion

Many protostars in the simulation have their discs eroded or trun-
cated either by ram-pressure stripping as they quickly move through
dense molecular cloud material, or when they have dynamical en-
counters with other protostars. There are at least two dozen ex-
amples of such disc erosion which can be seen in the animation.
In some of these a smaller, resolved disc survives, but in many
the discs are stripped away completely due to the finite numerical
resolution of the calculations. In reality, the cases in the calcula-
tion in which the discs are stripped entirely would be expected to
retain small, low-mass discs. However, with sink particle accre-
tion radii of 0.5 au and the SPH resolution length scaling with
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MulAple	(5)	fragmentaAons	of	a	circumstellar(+)	disc

• Disc	fragmenta9on	
• 10	discs	undergo	fragmentaAon	

• Producing	25/183	stars	or	brown	dwarfs	(i.e.	~1/7	of	the	
objects)	



Formation	of	spectroscopic	(close)	binaries

• Bate,	Bonnell	&	Bromm	(2002b)	
• Showed	that	three	processes	were	involved	in	

producing	close	(<10	au)	binaries	

• Hardening	of	exisAng	wider	binaries	by	
dynamical	encounters	in	unstable	mulAple	
systems	

• Orbital	decay	by:	

• AccreAon	of	gas	from	the	cloud/envelope	
that	has	low	specific	angular	momentum	

• Loss	of	orbital	angular	momentum	to	a	
circumbinary	disc	

• Together,	these	3	processes	produced	a	realisAc	
fracAon	of	close	binaries

Close	binaries	(<10	au)	at	the	end	of	the	Bate	et	al.	(2002)	simulaAon

An	example	of	a	binary	whose	disc	is	stripped	and	later	reformed



Types	of	discs

• Discs	of	single	protostars	

• May	be	gravitaAonall	unstable	(spiral	structures)	

• Analysed	the	discs	produced	in	Bate	(2012)	simulaAon	

• Discs	of	mul9ple	systems	

• Binaries:	2	circumstellar	discs,	&	a	circumbinary	disc	

• Triples:	up	to	5	discs:	

• 3	circumstellar,	a	circumbinary,	&	a	circum-triple	disc	

• Quadruples:	up	to	7	discs	!	

• May	have	spiral	structure	due	to	torques	

• May	be	misaligned	with	each	other	and/or	with	orbit(s)

Examples	of	discs	of	single	protostars	(Bate	2018)

Examples	of	discs	in	mulAple	systems	(Bate	2018)
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Figure 5. Examples of eight of the circumstellar discs around single protostars from the calculation. The first two cases demonstrate gravitational instabilities
in young massive discs soon after they have formed (protostar numbers 2 at t = 0.88 t↵ and 4 at t = 0.92 t↵ ). The remaining 6 panels show discs at the end
of the calculation around protostars 53, 85, 99, 119, 136, and 141, respectively. The discs have a wide variety of radii and masses. Sink particles are plotted as
white filled circles that have radii 10 times larger than the actual sink particle accretion radius.

jects and transition discs include: AB Aur (Hashimoto et al. 2011),
MWC 758 (Grady et al. 2013; Benisty et al. 2015), SAO 206462
(Muto et al. 2012; Garufi et al. 2013; Stolker et al. 2016), HD
100546 (Boccaletti et al. 2013; Avenhaus et al. 2014; Currie et al.
2015; Garufi et al. 2016; Follette et al. 2017), HD 100453 (Wagner
et al. 2015), AK Sco (Janson et al. 2016), Elias 2-27 (Pérez et al.
2016). Alves et al. (2017) have presented observations of the Class
I object BHB07-11 with a dense 80-au radius disc surrounded by a
lower density disc extending to ⇡ 300 au that has spiral structure.
The Class 0 triple protostar L1448 IRS 3B also has spiral struc-
tures Tobin et al. (2016). In the absence of more information it is
difficult to know whether observed spiral structure is generated by
a companion (as in the case of HD 100453; Wagner et al. 2015;
Dong et al. 2016; Benisty et al. 2017) or disc self gravity. How-
ever, the Class II object Elias 2-27 which has a clear ‘grand de-
sign’ spiral (Pérez et al. 2016) is a strong candidate for a disc in
which the spiral structure is driven by disc self-gravity (Tomida
et al. 2017; Meru et al. 2017). Similarly, it has been argued that the
triple system L1448 IRS 3B was recently formed by disc fragmen-
tation (see Sections 3.3 and 4.1), in which case the disc must have
been strongly self-gravitating.

4 DYNAMICAL EVOLUTION OF DISCS

As we have seen in the previous sections, the discs in the protostel-
lar systems have diverse morphologies, due both to their formation
in a turbulent, chaotic environment, and due to gravitational inter-
actions with companions or even the self-gravity of the discs.

However, the discs also evolve with time. Self-gravitating
discs transport mass and angular momentum via gravitational
torques (Laughlin & Bodenheimer 1994) and may also fragment
(Bonnell 1994; Bonnell & Bate 1994). Gravitational interactions
between binaries and circumbinary discs or higher-order multiples
and circum-multiple discs can lead to orbital decay (Artymowicz

et al. 1991). The discs form from the collapse and accretion of gas
from the molecular cloud, and in many cases this continues to the
end of the simulation. Conversely, discs can accrete gas (Moeckel
& Throop 2009; Scicluna et al. 2014; Wijnen et al. 2016, 2017a)
or suffer from ram-pressure stripping as they pass through den-
sity cloud material (Wijnen et al. 2016). Star-disc interactions can
also strip away or truncate discs (Clarke & Pringle 1991b), and/or
energy loss during a star-disc interaction can produce binaries or
high-order multiple systems from protostars that were previously
unbound (Clarke & Pringle 1991a; Hall, Clarke & Pringle 1996).
Finally, even if none of these processes play a significant role in
disc evolution, the numerical simulations have some shear viscos-
ity and this will lead to viscous evolution of the discs (Lynden-Bell
& Pringle 1974). Examples of all these evolutionary processes can
be seen during the simulation (see the animation in the Supporting
Information that accompanies this paper). In the following sections,
we briefly discuss these further and, in some cases, give examples.

4.1 Disc fragmentation

Although gravitational fragmentation of massive discs is not as
common in calculations that include radiative transfer (e.g. Bate
2012) as in calculations that use a barotropic equation of state (e.g.
Bate 2009a), there are ten discs that undergo fragmentation in the
calculation. All but four of these produce multiple fragments (one
produces 6 fragments, another produces 5, two produce 3 frag-
ments, and two produce 2 fragments), so together 25 protostars are
formed by disc fragmentation (i.e. about 1/7 of the total number
of protostars). The fragmentation of the circumbinary disc of sys-
tem (104,93) to produce a third protostar (number 134) which has
a very similar morphology to the Class 0 system L1448 IRS 3B
(Tobin et al. 2016) was discussed in Section 3.3. In this section, we
give two other examples.

In Fig. 6 we show a time sequence of the evolution of the mas-
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Figure 4. Eight examples of discs in binary or higher-order multiple systems. The case with sink particles 104 and 93 is shown just before the disc fragments
to form sink 134 and the morphology is very similar to the ALMA image of L1448 IRS3B published by Tobin et al. (2016). Sink particles are plotted as white
filled circles that have radii 10 times larger than the actual sink particle accretion radius. Sink particles are numbered in order of the formation, and within each
panel the their numbers are given listed according to their position in the images, from top to bottom.

the observed system of 61 and 183 au, respectively. Similarly, the
masses are lower. The observed close pair have a combined mass
of ⇡ 1 M� (Tobin et al. 2016), while each component of the close
pair in the simulated system has a mass of ⇡ 0.2 M� at the time
of disc fragmentation. In the 10,000 yrs following the formation
of the third protostar, the stellar masses of the pair each grew to
⇡ 0.2 M�, while the third component grew to ⇡ 0.15 M�. The
estimated mass of the third component in the observed system is
⇡ 0.09 M�. The total disc mass remained around ⇡ 0.1 M� dur-
ing this time due to ongoing accretion from the cloud, whereas in
L1448 IRS3B the total disc mass is estimated to be ⇡ 0.3 M�.

The four other systems in Fig. 4 are higher-order multiples
– two triples and two quadruples. The two triples both consist
of a close pair and a wider component, and large circum-triple
discs with strong spiral arms. The circumstellar and circumbinary
discs are better resolved in system ((19,22),27) than in system
((59,68),80). The two triples both consist of two tight pairs sepa-
rated by ⇡ 150 � 200 au. System (41,89),(76,83) displays both
circumbinary discs and a large circum-quadruple disc with strong
spiral arms. System (79,55),(98,109) has two resolved circumbi-
nary discs, but there is little circum-quadruple material.

There are not many resolved observations of circumbinary
discs to date. The first were of GG Tau (Dutrey et al. 1994; Guil-
loteau et al. 1999) and UY Auriga (Duvert et al. 1998), and these
are still the best examples. The edge-on disc of HH30 apparently
contains a binary (Guilloteau et al. 2008). There are also some well
known unresolved circumbinary discs such as V4046 Sgr (Byrne
1986; Stempels & Gahm 2004), UZ Tau E (Mathieu et al. 1996;
Martı́n et al. 2005), DQ Tau (Mathieu et al. 1997), and RX J0530.7-
0434 (Covino et al. 2001), with GW Ori (Mathieu et al. 1991) actu-
ally being a close triple system (Berger et al. 2011). With improved
resolution, more resolved systems should be expected in the future.

3.4 Discs around single stars

In the above sections, we have illustrated the variety of the discs
found in multiple systems. However, there are also a lot of discs
around single stars. At various times in the calculation there are
more than four dozen single protostars with resolved discs. Not all
of these remain single to the end of the calculation, and even for
those that do, not all of the resolved discs survive to the end of the
calculation due to various processes which will be discussed in the
following section.

In Fig. 5 we display snapshots of eight discs around single
protostars. Many single protostars have large ratios of disc mass to
stellar mass soon after they form. Consequently, these discs display
strong spiral arms because they are gravitationally unstable. Some
of these fragment (see Section 4.1), but others are stable enough
to avoid fragmentation and transport mass and angular momentum
rapidly via gravitational torques from the spiral arms (e.g. Lynden-
Bell & Kalnajs 1972; Paczynski 1978; Lin & Pringle 1987; Laugh-
lin & Bodenheimer 1994). In the first two panels of Fig. 5 we give
examples of such massive discs, those around protostar numbers 2
and 4. At the times shown, protostar 2 had a mass of 0.20 M� and
its disc mass was 0.25 M�; protostar 4 had a mass of 0.23 M� and
its disc mass was 0.27 M�.

At the end of the calculation, the discs around the single pro-
tostars have a wide range of properties. The remaining 6 panels of
Fig. 5 show some of them. These protostars have masses of 0.18,
0.26, 0.29, 0.11, 0.50, and 0.17 M�, respectively, while their discs
have masses of 0.03, 0.25, 0.33, 0.02, 0.38, and 0.004 M�, respec-
tively. The disc radii are approximately 60, 100, 100, 50, 30, 70 au
in radius, respectively, where in each case this is the radius contain-
ing 63.2% of the disc mass. Since the SPH particles have masses
of 1/70000 M� each, the latter of these discs only contains ⇡ 280
SPH particles, which is why it is so faint in the image.

Recent observations have detected a number of spiral waves
in circumstellar discs. Examples of spiral waves in Class II ob-
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ALMA	images	of	Class	0	multiple	systems

VANDAM	Survey	

(Tobin	et	al.	2018)

0.2	pc

east; this was a weakly detected feature at 9 mm with the VLA
(Tobin et al. 2016b).

Finally, there is less prominent extended emission toward
NGC1333 IRAS2A and L1448IRS2. NGC1333 IRAS2A has
extended features at low surface brightness, and asymmetric
extended emission to the east. Then the extended emission for
L1448IRS2 is also more diffuse and does not have as well-
defined circumbinary structure like some of the others.
However, the larger structure surrounding the protostars may
be impacted by spatial filtering given that Tobin et al. (2015b)
detected a surrounding structure on larger scales in lower-
resolution data.

The Class I sources on the whole have little or no extended
emission surrounding the components of these multiple
systems. The images show this visually in Figure 2, and
Table 1 shows that the flux densities for the Gaussian fits and
the extended emission from a larger area encompassing the two
protostars are comparable. However, some show resolved
structure toward one component. Both NGC 1333 IRAS2B and
L1448 IRS1 have at least one component that is dominant, with
resolved structure in their dust emission. The other Class I

binaries appear consistent with point sources, and the
components have similar flux densities.
While the close companions were the primary targets, we

detected several wide companions in the observed fields. In the
field of SVS13A, we detected several additional sources. One
source is RAC1999 VLA20 (Rodríguez et al. 1999), located
northeast of SVS13A. This source was previously detected by
the VLA, but has no counterpart at shorter wavelengths (i.e.,
mid-infrared and far-infrared) and has been hypothesized to be
extragalactic (Tobin et al. 2016b), see Figure 3. The wider
companion to SVS13A, often called VLA3 or SVS13A2, was
detected (Figure 3), and appears marginally resolved. SVS13B
is also detected and resolved as shown in Figure 3). VLA 8mm
imaging of SVS13B indicated that it has a small embedded disk
(Segura-Cox et al. 2016), but a larger, resolved structure is
detected in the ALMA 1.3 mm data. We also detected L1448
IRS3A in the field of L1448 IRS3B (Figure 4). The small-scale
structure of L1448 IRS3A appears to be a resolved disk
(Figure 4), consistent with the resolved emission detected in
Tobin et al. (2015b). In the field of Per-emb-55 (Figure 5), we
also detected Per-emb-8 which appears to have a large

Figure 1. ALMA images of Class 0 multiple protostar systems in Perseus at 1.3 mm. The white or black crosses mark the VLA source positions in each image. A
1″scale bar is also drawn in each panel denoting 300 au. The beam of each image is drawn in the lower right corner, corresponding to approximately 0 27×0 17
(81 au×51 au). The noise level in each image is approximately 0.14 mJy beam−1, but this varies somewhat between sources depending on dynamic range limits. The
approximate outflow directions (when known) are drawn in the lower right corner with the red and blue arrow directions corresponding to the orientation of the
outflow. Note that the outflows apparently originate from the bright continuum peaks, but the arrows are drawn offset for clarity.
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Disc	(mis)alignment

• Discs	of	mul9ple	protostellar	systems	

• Have	a	strong	tendency	for	alignment	for	pairs	with	
separaAons	<	100	AU	

• Discs	of	pairs	in	triple	or	quadruples	tend	to	be	more	
aligned	than	for	binaries,	especially	wide	pairs	

• Discs	tend	to	become	more	aligned	with	age		

• One	instance	of	a		‘broken’	disc	

• Inner	disc	and	outer	disc	are	misaligned	by	75°	

• Outer	disc	formed	later	by	accreAon	of	new	gas

Examples	of	misaligned		

circumstellar	discs		

(Bate	2018)

One	case	of	a	`broken’	disc,	misaligned	by	75°	(Bate	2018)
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Figure 3. Three examples of misaligned circumstellar discs in binary or
multiple systems. Two images (left and right) give perpendicular views of
each system. Top row: a quadruple system consisting of two tight pairs
separated by 200-au, with each pair surrounded by a circumbinary disc
(t = 1.18 t↵ ). The discs are inclined by ⇡ 80 degrees to one another.
Centre row: a 200-au binary with two circumstellar discs inclined at 44 de-
grees to one another (t = 1.07 t↵ ). Bottom row: A triple system with three
circumstellar discs that are only moderately misaligned (the left-most and
right-most discs are misaligned by 22 degrees, t = 1.20 t↵ ). Sink particles
are plotted as white filled circles that have radii 10 times larger than the
actual sink particle accretion radius. Sink particles are numbered in order
of the formation, and within each panel the their numbers are given listed
according to their position in the images, from top to bottom.

the circumstellar discs may be significantly misaligned with each
other (⇠> 60�), and with the binary’s orbit.

It has become fashionable over the past couple of decades to
refer to ‘turbulence’ when discussing the origins of systems where
discs and/or orbits are misaligned (e.g. gravoturbulent fragmenta-
tion – Jappsen et al. 2005; turbulent fragmentation – Offner et al.
2010). Such misaligned systems do naturally form in turbulent
cloud simulations. Bate (2009a, 2012) present statistics on the mis-
alignment angles of orbits in triple systems, and the misalignments
between sink particle spins and orbits in binary systems, both of
which display some similar trends to observed systems. Frequently
these systems are produced by two objects forming separately ini-
tially, and subsequently evolving into a closer bound system. The
two objects may initially marginally bound to each other but on
highly eccentric orbits or completely unbound, but in either case
may become more tightly bound through accretion and/or star-disc
encounters (see Section 4.4). Offner et al. (2016) show that binaries
resulting from turbulent fragmentation have randomly orientated

angular momentum, and that partial misalignment persists even af-
ter inward orbital migration.

However, it is important to recognise that it is not necessary
to have turbulence to produce such systems. For example, a bi-
nary with circumstellar discs whose axes are misaligned with the
binary’s orbital axis can be produced in a laminar core simply by
having misalignment between the orientation of the initial density
structure and the angular momentum vector(s) in the dense core.
Following such an idea, Bonnell et al. (1992) produced binary sys-
tems with discs that were misaligned with the binary’s orbit by
having cylindrical (i.e. filamentary) clouds that rotated about an
arbitrary axis. Pringle (1989) referred to non-linear density struc-
ture in molecular clouds as leading to ‘prompt fragmentation’,
since the seeds for fragmentation were already present in the initial
conditions prior to collapse. The distinction between appealing to
fully developed turbulence versus non-linear density structure may
be important since the velocity dispersion within dense molecular
clouds cores is typically subsonic and independent of scale (Good-
man et al. 1998; Caselli et al. 2002) and there is observational evi-
dence that dense cores may be kinematically distinct from the large
clouds in which they are embedded (Pineda et al. 2010; Hacar et al.
2016).

3.3 Circumbinary and circum-multiple discs

With binary or higher-order multiple systems it is common in the
simulation for circumstellar, circumbinary, and/or circum-multiple
discs to exist simultaneously. There are more than 30 examples of
such discs visible in the simulation at various times. Eight examples
of these are displayed in Fig. 4. Four of these are binary systems.
System (77,65) shows a large ⇡ 200 au circmbinary disc around
a ⇡ 25-au binary. This system would be expected to have circum-
stellar discs as well, but these are poorly resolved in the simulation.

Systems (72,81) and (101,86) are both wide binaries (sepa-
rations > 200 au) with two well resolved circumstellar discs and
small amounts of circumbinary material. Qualitatively, these sys-
tems are similar to the Class I system L1551 NE, in which a binary
with projected separation of 70 au has two circumstellar discs and a
300-au circumbinary disc with strong spiral arms (Takakuwa et al.
2012, 2017). Although the two examples we give here are each ap-
proximately twice as large in physical scale as L1551 NE, their
morphological structure of two circumstellar discs with high sur-
face densities, and the strongly-perturbed circumbinary disc with a
low surface density and streams feeding the circumstellar discs is
very similar. We note that Takakuwa et al. (2017) suggest that the
circumstellar discs of L1551 NE may be misaligned with each other
and with the circumbinary disc due to the differing position angles
of their major axes. The two circumstellar discs in system (72,81)
are misaligned by 40 degrees, and those in system (101,86) are mis-
aligned by 68 degrees. However, we caution that care must be taken
when using the position angles of discs to infer misalignment since,
as can be seen in the image of system (72,81), the smaller (circum-
secondary) disc is eccentric, its eccentricity varies with time (see
the animation), and the discs may contain spiral arms which may
also complicate the determination of the disc’s major and minor
axes.

System (104,93) is shown just before its circumbinary disc
fragmented to form a third protostar (number 134). The geometry
of this system is very similar to the recent ALMA image of the
triple protostar L1448 IRS3B (Tobin et al. 2016). The spatial size
of the system is about half that of L1448 IRS3B, with projected
separations of ⇡ 30 and ⇡ 90 au compared to the separations of
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Figure 2. A binary protostellar system (protostars 6 and 13) with a circumbinary disc which is misaligned. It consists of an inner disc extending from radius,
r ⇡ 25 � 120 au, and an outer disc extending from r ⇡ 200 � 350 au. The inner and outer discs are misaligned by approximately 75 degrees. Each panel
shows the system at the same time (t = 1.12 t↵ ), but from three different angles. Sink particles are plotted as white filled circles that have radii 4 times larger
than the actual sink particle accretion radius.

counter between protostars 6 and 13 that occurred at t = 0.87 t↵ .
Prior to this, each of the two protostars had discs with masses of
Md ⇡ 0.1 M� and radii of 20 and 40 au, respectively. After bi-
nary formation, further accretion quickly produced a massive cir-
cumbinary disc with a radius of 100 au and a mass ranging from
0.3 � 0.4 M�. The binary then evolved in relative isolation for
⇡ 0.1 t↵ , during which its components grow in mass from 0.6 and
0.1 M� to 1.0 and 0.5 M�, respectively.

At t = 0.98 t↵ , the binary started capturing further cloud
material, but the angular momentum of this material was almost
completely misaligned with the angular momentum of the existing
circumbinary disc and binary, producing the dramatic misaligned
disc system depicted in Fig. 2. This misaligned disc survived until
t ⇡ 1.15 t↵ (i.e. for ⇡ 0.15 t↵ ⇡ 30, 000 yr), when an encounter
with protostar 10 and several other protostars caused the accretion
of much of the disc material onto the binary and stripped away the
rest. The encounter resulted in a high-order (> 4 protostars) mul-
tiple system that persisted until the end of the calculation. During
the phase with the misaligned disc, protostars 6 and 13 increased
in mass from 1.0 to 1.1 M� and 0.5 to 0.75 M�, respectively. By
the end of the calculation, the two stars had grown via the accre-
tion of the circumbinary disc material to masses of 1.9 and 1.3 M�,
respectively, and their semi-major axis was 1.2 au.

We note that recent hydrodynamical simulations of discs
around black holes that are misaligned with the spin of the black
hole, or circumbinary discs that are strongly misaligned with the
binary’s orbital plane show that these discs may tear into discrete
precessing rings of gas (Nixon et al. 2012, 2013). Although such
dynamical evolution may result in similar disc structures to those
found in Fig. 2, this system formed by accretion of gas with differ-
ent angular momenta, not by disc tearing. Since both mechanisms
can result in similar protostellar disc structures, care must be taken
in the interpretation of any similar systems found in future obser-
vations.

3.2 Misaligned circumstellar discs in multiple systems

The disc discussed in the previous section is a unique case of a
circumbinary disc whose disc plane differs between the inner and
outer regions of the disc. A more common type of multiple-system
disc found in the simulation is where two or more components of a
multiple system each has a separate circumstellar or circumbinary

disc. Sometimes these discs are misaligned with each other; other
times they are close to being coplanar. In Fig. 3 we give three clear
examples. The first is a quadruple system consisting of two very
tight pairs, separated by ⇡ 200 au, each with a ⇡ 50 au radius
circumbinary disc. The two discs have a relative orientation angle
of ⇡ 80 degrees. The second is a binary system with a separation
of ⇡ 180 au in which each component has a circumstellar disc,
with radii of ⇡ 70 au and ⇡ 40 au. These discs are misaligned
by ⇡ 45 degrees. This binary formed with the aid of a star-disc
encounter and earlier in the evolution of the pair, the two discs were
perpendicular to each other. The final example is a triple system
in which all three components have resolved circumstellar discs
that are close to being coplanar, but are still misalignment up to 22
degrees.

Observationally, there are plenty of examples of misaligned
discs in wide binaries and some in higher-order multiple systems.
Early evidence for such systems came from the observation that
spins of binary stars are frequently misaligned with the binary’s
orbit (Weis 1974; Guthrie 1985), with Hale (1994) finding a prefer-
ence for alignment for binary separations ⇠< 30 au and random un-
correlated stellar rotation and orbital axes for wider systems. Mis-
aligned jets from protostellar systems (Davis et al. 1994; Lee et al.
2016) and inferred jet precession (Eisloffel et al. 1996) also pro-
vided indirect evidence of misaligned discs. Polarimetry can also
be used to study disc alignment (Monin et al. 1998; Jensen et al.
2004; Wolf et al. 2001; Monin et al. 2006). However, we now have a
growing list of directly imaged misaligned discs in wide (⇠> 100 au)
Class II systems (Koresko 1998; Stapelfeldt et al. 1998; Kang et al.
2008; Ratzka et al. 2009; Roccatagliata et al. 2011; Jensen & Ake-
son 2014; Salyk et al. 2014; Williams et al. 2014), including the re-
cently observed system Ophiuchus SR24 that appears to have two
discs misaligned by ⇡ 108� (Fernández-López et al. 2017). Evi-
dence for misalignment is also starting to be found in both closer
and younger multiple systems. The Class II triple system TWA 3
(Kellogg et al. 2017) consists of a spectroscopic (35-day) binary
with a circumbinary disc and a disc-less low-mass companion star
at ⇡ 50 au, with evidence that the disc and the orbits are mis-
aligned by at least 30�. (Lee et al. 2017) has reported a Class I
M-dwarf binary with a separation ⇠ 1000 au that has two circum-
stellar discs misaligned by ⇡ 70�. (Brinch et al. 2016) studied gas
kinematics in the young 74-au binary protostar IRS 43 that has two
Keplerian circumstellar discs and a circumbinary disc. They find
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Disc	evolutionary	processes

• Accre9on	
• 10	cases	of	substanAal	reorientaAon	of	discs	via	

accreAon	from	turbulent	cloud	

• One	case	of	reorientaAon	by	220°	!	

• Erosion/stripping	
• Ram-pressure	stripping:	7	discs	

• Dynamical	encounters:	26	discs	

• CombinaAon:	18	discs	

• Several	cases	of	stripped	discs	being	reformed	by	
later	accreAon	
• Detailed	studies:Moeckel	&	Throop	2009;	Wijnen	et	al.	

2016,	2017a,b)

ReorientaAon	of	a	disc	through	220°		due	to	ongoing	accreAon

An	example	of	a	binary	whose	disc	is	stripped	and	later	reformed
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Figure 8. Time sequence showing the variation of the orientation of the disc around sink particle 40 due to accretion of gas with different angular momentum.
Between panels 2 and 8 the angular momentum vector of the disc rotates by more then 180 degrees. Sink particles are plotted as white filled circles that have
radii 10 times larger than the actual sink particle accretion radius.

76) producing a binary (fifth panel). The two outer fragments also
collapse and are replaced by sink particles (protostar numbers 83
and 89). Protostar 83 forms a tight pair with protostar 76, while the
other forms a tight pair with protostar 41, resulting in a hierarchical
quadruple system (panels 6–8). In the meantime a further protostar
has formed from the largest arm, resulting in a pentuple system.

As the second example, in Fig. 7 we show a time sequence
of the evolution of the massive disc surrounding the binary sys-
tem composed of protostar numbers 122 and 123. These form
from two separate, but nearby, condensations (first panel) and
quickly form a binary which accretes a circumbinary disc (second
and third panels). This disc is gravitationally unstable (disc mass
⇡ 0.15 M�, protostellar masses 0.12, 0.10 M�, respectively, at
t = 216, 000 yrs) and fragments to produce two additional proto-
stars which arrange into a hierarchical triple system with a fourth
outer component (panels 5–7). The subsequent evolution is com-
plicated by the infall of protostar number 150, which formed sepa-
rately from the system and a mutual star-disc encounter with proto-
star number 159 produces a tight pair which is bound to the triple.
Meanwhile an additional protostar has formed from a gravitation-
ally unstable arm of the circum-mulitple disc (panels 7 and 8), re-
sulting in a sextuple system overall.

4.2 Evolution of disc orientation

After a protostellar system has formed, it can continue to accrete
further gas from the cloud. Since the cloud is turbulent, the orienta-
tion of the angular momentum of this additional gas relative to the
protostellar system may be very different from the orientation of the
angular momentum that originally produced the system. In Section
3.1 we saw how this could also produce a disc in which the inner
and outer parts of the disc had different orientations. However, in
the simulation discussed in this paper, a much more common af-
fect is that substantial accretion can re-orientate the plane of a disc.
Bate et al. (2010) investigated how the accretion of such material

may lead to stellar spins being misaligned with planetary orbital
planes, potentially explaining observations of misaligned exoplanet
systems (see also Fielding et al. 2015).

There are at least ten examples in the simulation of disc ori-
entations being changed by accretion. In Fig. 8, we show a time
sequence of one of these – the disc surrounding the single proto-
star, number 40. Between the first two panels, it can be seen that
accretion rotates the disc plane clockwise in the figure by about 20
degrees. Then the effect reverses, and most of the remainder of the
simulation, the disc plane rotates anticlockwise. Between the sec-
ond panel and the last panel, the angular momentum vector of the
disc rotates by approximately 220 degrees! During the period from
195,000 to 223,000 yrs, the disc mass remains between 0.5 and 0.7
M� but the mass of the star increases from 0.4 to 2.5 M�. This
clearly demonstrates that the orientation of protostellar discs can
be altered dramatically by accretion in such a chaotic environment.
Such reorientation would also be expected to alter the direction of
a protostellar jet (see also Bate et al. 2010).

4.3 Disc erosion and discs renewed by accretion

Many protostars in the simulation have their discs eroded or trun-
cated either by ram pressure stripping as they quickly move through
dense molecular cloud material, or when they have dynamical en-
counters with other protostars. There are at least two dozen exam-
ples of such disc erosion which can be seen in the animation. In
some of these a smaller, resolved disc survives, but in many the
discs are stripped away completely due to the finite numerical res-
olution of the calculations. In reality, the cases in the calculation
in which the discs are stripped entirely would be expected to retain
small, low-mass discs. However, with sink particle accretion radii
of 0.5 au and the SPH resolution length scaling with density, ⇢, as
h / ⇢�1/3, discs with radii ⇠< 10 au are not usually resolved in the
calculation. As mentioned in Section 3.4 when discussing the last
panel of Fig. 5, a disc mass of 0.004 M� corresponds to only 280
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Figure 9. Time sequence showing the stripping and reforming of a disc around protostar number 37 (located at the exact centre of each panel). Initially
protostar 37 forms a binary with protostar number 48 and the pair are surrounded by a circumbinary disc. This disc is stripped away via dynamical encounters
with several other protostars. During these encounters, protostar 48 is unbound and replaced by protostars 25 and 26, forming a tight triple system. This triple
system then accretes new material from the molecular cloud, producing a circumtriple disc. Sink particles are plotted as white filled circles that have radii 10
times larger than the actual sink particle accretion radius.

SPH particles and is clearly not very well resolved. In Appendix B,
we also show that discs that are modelled by ⇠< 2000 particles are
likely to suffer some numerical viscous evolution over the typical
timescales modelled in the calculation, and for those modelled by
⇠< 500 particles this evolution is likely to be significant.

There are a few cases in the calculation of discs being eroded,
and then new discs being accreted from the molecular cloud. An
example of this is shown in Fig. 9. In this case, the original disc is
destroyed during dynamical encounters with other protostars, and
a new disc (with a different orientation) is later accreted from the
molecular cloud.

Accretion by a disc passing through an ambient medium and
ram-pressure truncation of circumstellar discs has been studied
in detail by Moeckel & Throop (2009), and Wijnen et al. (2016,
2017a). Wijnen et al. (2017) also study the effects of disc reori-
entation as a protostellar disc travels through an ambient medium.
(Wijnen et al. 2017b) find that face-on accretion and ram pressure
stripping are more important for setting disc radii than dynamical
encounters when the total mass in stars is < 30%. However, this as-
sumes a ‘smooth’ (non-clustered) stellar distribution. In the simula-
tion studied here, protostars tend to be formed in small groups (ei-
ther in filament fragmentation or disc fragmentation, or both). Be-
cause of this, both dynamical interactions and ram-pressure strip-
ping are very important in truncating and stripping discs (even
though at the end of the calculation less than 20% of the mass is
in protostars). Furthermore, because other forming protostars are
embedded in dense gas, both effects can occur during a single en-
counter. Examining the evolution of all 183 protostars, we find that
dynamical encounters alone are responsible for stripping approx-
imately 26 discs, ram-pressure stripping alone is responsible for
stripping approximately 7 discs. Another 18 discs are stripped by
a combination of ram-pressure stripping and encounters with other
protostars. Thus, both processes are important.

4.4 Star-disc encounters and orbital decay

Star-disc encounters are very common in the calculation, More than
four dozen can be counted by looking at the animation. One exam-
ple was discussed in Section 4.1 and is illustrated in Fig. 7 (panels
6, 7 and 8). Star-disc encounters are frequently involved in form-
ing binary systems (32 cases) or higher-order multiple systems (at

least 14 cases) from protostars which form in separate, but nearby,
condensations in the highly-structured molecular cloud. The close
binary in Fig. 2 was formed this way. After producing bound sys-
tems from two unbound protostars, there is usually rapid decay of
the orbital separation and eccentricity as the binary transfers an-
gular momentum and energy to the dissipative gas, often produc-
ing a circumbinary disc. Bate, Bonnell & Bromm (2002b) argued
that orbital decay from interactions with circumbinary or circum-
multiple discs (in addition to dynamical interactions and accre-
tion) are crucial for producing close binary systems (separations
⇠< 10 au) which cannot form via direct fragmentation since the typ-
ical sizes of first hydrostatic cores are ⇡ 5 au in radius (Larson
1969).

Clarke & Pringle (1991a) studied star-disc capture rates in
young stellar groups and clusters and found that the rates were too
low to provide an important binary formation mechanism. How-
ever, their study examined virialised stellar groups with stellar den-
sities and velocity dispersions typical of nearby star-forming re-
gions. It does not apply to the earlier stage of the fragmentation of
highly-structured or turbulent molecular gas. Both numerical sim-
ulations (Bate et al. 2003) and recent observations (André et al.
2007; Foster et al. 2015; Rigliaco et al. 2016; Sacco et al. 2017)
find the typical velocity dispersions in dense molecular gas, from
which protostars form, are much lower than (typically ⇡ 1/3) the
velocity dispersions of young stars. Bate et al. (2003) attributed the
larger velocity dispersion of stars to gravitational interactions be-
tween stars after they had formed (e.g. dynamical interactions with
binaries and the break up of multiple systems). Prior to this, the low
velocity dispersion of the molecular gas means that protostars fre-
quently form in separate condensations that are either marginally
unbound or marginally bound to each other. It is then common
for these objects to undergo relatively slow star-disc encounters in
which the two objects become bound, or the orbits of already bound
objects become tighter, less eccentric, and the system changes its
orbital orientation. Discs that are misaligned with the orbit of such
a binary are a natural outcome of this process (e.g. Offner et al.
2016), and if the discs in the simulation were better resolved they
would likely be warped. Moeckel & Bally (2006) performed well
resolved hydrodynamical simulations of star-disc encounters, ex-
amining the torquing of the disc and its reorientation.
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Disc	evolutionary	processes	II
• Disc	fragmenta9on	

• 10	discs	fragment,	6	producing	mulAple	fragments	(6,5,3,3,2,2)	

• 25	protostars	produced	by	disc	fragmentaAon	(~1/7)		

• Star/disc	encounters	&	disc-assisted	capture	
• Very	common:		>48	cases	

• Naturally	produce	mulAple	systems	with	misaligned	discs	

• (e.g.	Bate	2012;	Offner	et	al.	2016)	

• Greatly	assist	in	orbital	decay

Example	of	mulAple	disc	fragmentaAon	(Bate	2018)

Example	of	star-disc	capture	(Bate	2018)

0.2	pc

Diversity and properties of protostellar discs 11

200 AU

t=194537 yr

Sinks 2, 21

1

103

10

100

C
ol

um
n 

D
en

si
ty

 [g
/c

m
2 ]

104
t=197200 yr t=197581 yr t=198152 yr

t=200244 yr t=201481 yr t=204430 yr t=207855 yr

Figure 6. Time sequence showing the fragmentation of the massive disc around sink particle 41. In panels 2–4 three potential fragments merge into a single
object before it collapses to a stellar core (sink number 76). Two more fragments at the top right of the 4th panel eventually collapse to stellar cores (sink
numbers 83, 89) and these pair up with 76 and 41, respectively to produce a quadruple system consisting of two pairs: (41,89),(76,83). The 5th sink (number
135, visible in the last two panels) is eventually ejected from the system. Sink particles are plotted as white filled circles that have radii 10 times larger than
the actual sink particle accretion radius.
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Figure 7. Time sequence showing the fragmentation of the massive disc around sink particle 122. In panels 1–3, two protostars (sink numbers 122, 123) form
separately but bound, undergoing a star-disc encounter to form a tight binary with a circumbinary disc. This disc fragments to produce a triple (panels 4 & 5;
sink number 145), and again to produce sink number 159 (panel 5). Sink number 150 forms separately and falls into the system, colliding with the disc around
sink 159 (panel 7) to produce a tight binary companion to the triple. The widest companion in panels 7 and 8 (sink number 180) formed in the disc just before
the calculation was stopped. Sink particles are plotted as white filled circles that have radii 10 times larger than the actual sink particle accretion radius.

sive disc surrounding protostar number 41. In the first panel, the
mass of the protostar is 0.07 M� while the disc mass is 0.17 M�.
The gravitationally unstable disc has strong spiral arms. In the sec-
ond panel, four fragments are forming, but in the third and fourth
panels three of these merge into a single object, while two further
fragments forms in the outer parts of the largest arm. This shows the

importance of not replacing gas fragments with sink particles until
just before a stellar core would be formed in reality (see Section
2). If these fragments had been replaced by sink particles earlier,
the fragmentation would have been artificially enhanced. The frag-
ment resulting from the triple merger does then undergo the second
collapse phase and is replaced by a sink particle (protostar number
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Figure 6. Time sequence showing the fragmentation of the massive disc around sink particle 41. In panels 2–4 three potential fragments merge into a single
object before it collapses to a stellar core (sink number 76). Two more fragments at the top right of the 4th panel eventually collapse to stellar cores (sink
numbers 83, 89) and these pair up with 76 and 41, respectively to produce a quadruple system consisting of two pairs: (41,89),(76,83). The 5th sink (number
135, visible in the last two panels) is eventually ejected from the system. Sink particles are plotted as white filled circles that have radii 10 times larger than
the actual sink particle accretion radius.
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Figure 7. Time sequence showing the fragmentation of the massive disc around sink particle 122. In panels 1–3, two protostars (sink numbers 122, 123) form
separately but bound, undergoing a star-disc encounter to form a tight binary with a circumbinary disc. This disc fragments to produce a triple (panels 4 & 5;
sink number 145), and again to produce sink number 159 (panel 5). Sink number 150 forms separately and falls into the system, colliding with the disc around
sink 159 (panel 7) to produce a tight binary companion to the triple. The widest companion in panels 7 and 8 (sink number 180) formed in the disc just before
the calculation was stopped. Sink particles are plotted as white filled circles that have radii 10 times larger than the actual sink particle accretion radius.

sive disc surrounding protostar number 41. In the first panel, the
mass of the protostar is 0.07 M� while the disc mass is 0.17 M�.
The gravitationally unstable disc has strong spiral arms. In the sec-
ond panel, four fragments are forming, but in the third and fourth
panels three of these merge into a single object, while two further
fragments forms in the outer parts of the largest arm. This shows the

importance of not replacing gas fragments with sink particles until
just before a stellar core would be formed in reality (see Section
2). If these fragments had been replaced by sink particles earlier,
the fragmentation would have been artificially enhanced. The frag-
ment resulting from the triple merger does then undergo the second
collapse phase and is replaced by a sink particle (protostar number
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Figure 16. We find the closest object to each star or brown dwarf when it
forms and plot their final versus initial separation (open circles). We also
plot the final semimajor axes versus the initial separations of all binaries at
the end of the calculation (small filled circles). Note that the closest object
when a star or brown dwarf forms often does not remain close. Also, many
of the close multiple systems at the end of the calculation are composed
of objects that formed at large distances from each other. These results
indicate the importance of dynamical interactions and orbital decay during
the calculation.

inside the open circles), but the separations of these objects may
have been reduced by up to 3 orders of magnitude during the evolu-
tion. In particular, despite the fact that no objects form closer than
≈10 au from each other, at the end of the calculation there exist 21
binary systems and one triple system with separations <10 au.

The mechanisms by which close binaries form have been dis-
cussed in detail by Bate et al. (2002b). Briefly, Bate et al. found
that, rather than forming directly via fragmentation, the close bi-
nary systems form from the orbital decay of wider systems through
a combination of dynamical interactions, accretion, and the interac-
tion of binaries and triples with circumbinary and circumtriple discs.
Dynamical interactions can harden existing wide binaries by re-
moving angular momentum and energy from their orbits. They also
produce exchange interactions in which a temporary unstable multi-
ple system decays by ejecting one of the components of the original
binary (usually the lowest-mass object). However, dynamical in-
teractions alone cannot produce the observed frequency of close
binary systems, either beginning with stellar clusters (Kroupa &
Burkert 2001) or during the dissolution of small-N clusters (Sterzik
& Durisen 1998). The key is to have dissipative dynamical inter-
actions, where the presence of gas allows dynamical encounters
to dissipate energy and transport angular momentum (Bate et al.
2002b). A good example is a star–disc encounter (Larson 1990;
Clarke & Pringle 1991a,b; Heller 1995; McDonald & Clarke 1995;
Hall et al. 1996). In addition to dynamical interactions, accretion
on to a binary from an envelope decreases the binary’s separation
unless the specific angular momentum of the accreted material is
significantly greater than that of the binary (Artymowicz 1983; Bate
1997, 2000; Bate & Bonnell 1997). It can also change the relative
separations of a triple system, destabilizing it and forcing dynami-
cal interactions (Smith, Bonnell & Bate 1997). Circumbinary discs

can remove large amounts of orbital angular momentum from an
embedded binary system via gravitational torques, thus tightening
its orbit (Artymowicz et al. 1991; Pringle 1991).

These mechanisms work in the calculation here to produce the
close systems. They also reduce the separations of wide ∼1000 au
systems to systems with intermediate separations ∼10–100 au.

3.6 Multiplicity as a function of primary mass

We turn now to the properties of the binary and higher-order mul-
tiple stars and brown dwarfs produced by the simulation. Observa-
tionally, it is clear that the fraction of stars or brown dwarfs that
are in multiple systems increases with stellar mass (massive stars:
Mason et al. 1998; Preibisch et al. 1999; Shatsky & Tokovinin
2002; Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007b; Mason
et al. 2009; intermediate-mass stars: Patience et al. 2002; solar-type
stars: Duquennoy & Mayor 1991; Raghavan et al. 2010; M-dwarfs:
Fischer & Marcy 1992; and VLM stars and brown dwarfs: Close
et al. 2003; Siegler et al. 2005; Basri & Reiners 2006). It also seems
that the multiplicity of young stars in low-density star-forming re-
gions is somewhat higher than that of field stars (Ghez, Neugebauer
& Matthews 1993; Leinert et al. 1993; Simon et al. 1995; Duchêne
et al. 2007). However, IC348 has a similar binary frequency to the
field (Duchêne, Bouvier & Simon 1999). In the Orion Nebula Clus-
ter, Köhler et al. (2006) find that the binary frequency of low-mass
stars is similar to that of field M dwarfs and lower than that of field
solar-type stars, but that stars with masses M > 2 M⊙ have a higher
binarity than stars with 0.1 < M < 2 M⊙ by a factor of 2.4 to 4.

To quantify the fraction of stars and brown dwarfs that are in
multiple systems we use the multiplicity fraction, mf , defined as a
function of stellar mass. We define this as

mf = B + T + Q

S + B + T + Q
, (2)

where S is the number of single stars within a given mass range
and, B, T and Q are the numbers of binary, triple and quadruple
systems, respectively, for which the primary has a mass in the
same mass range. Note that this differs from the companion star
fraction, csf , that is also often used and where the numerator has the
form B + 2T + 3Q. We choose the multiplicity fraction following
Hubber & Whitworth (2005) who point out that this measure is
more robust observationally in the sense that if a new member of
a multiple system is found (e.g. a binary is found to be a triple)
the quantity remains unchanged. We also note that it is more robust
for simulations too in the sense that if a high-order system decays
because it is unstable the numerator only changes if a quadruple
decays into two binaries (which is quite rare). Furthermore, if the
denominator is much larger than the numerator (e.g. for brown
dwarfs where the multiplicity fraction is low) the production of a
few single objects does not result in a large change to the value
of mf . This is useful because many of the systems in existence
at the end of the calculations presented here may undergo further
dynamical evolution. By using the multiplicity fraction our statistics
are less sensitive to this later evolution.

The method we use for identifying multiple systems is the same
as that used by Bate (2009a), and a full description of the algo-
rithm is given in the Method section of that paper. When analysing
the simulations, some subtleties arise. For example, many ‘bina-
ries’ are in fact members of triple or quadruple systems and some
‘triple’ systems are components of quadruple or higher-order sys-
tems. From this point on, unless otherwise stated, we define the
numbers of multiple systems as follows. The number of binaries
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I disks based on pure hydrodynamical simulations. However, our attempt to take into account the possible di↵erence
in luminosity between the two evolutionary classes still yields a statistically significant di↵erence between disk masses
of Class 0 and Class I protostars.
Figure 15 shows a comparison between VANDAM results and Class II surveys presented in Ansdell et al. (2017).

The observed decrease of mass between Class 0 and Class I protostars, and further to Class II, shows that a significant
fraction of dust is dispersed or incorporated into larger bodies. If the latter scenario is considered, the amount of dust-
only mass available for planet formation (248 M�

1) is enough to form solid cores of the giant planets. The further
decrease in mass to 96 M� in Class I shows that significant grain growth could occur at those early stages (Miotello
et al. 2014; Sheehan & Eisner 2017). Recent ALMA surveys of Class II disks yield masses of 5-15 M� for di↵erent
star-forming regions (e.g., Barenfeld et al. 2016; Pascucci et al. 2016; Ansdell et al. 2016). It shows that if the core
accretion is considered as a planet formation route, it may begin very early in Class 0, and the physical conditions at
those early stages should be considered in planet formation models.

Figure 15. Cumulative distributions of disk masses in units of Earth mass. Class II distributions for four regions adapted from
Ansdell et al. (2017). Di↵erent Class II star forming regions are presented: Taurus (purple, Andrews et al. 2013), Lupus (blue,
Ansdell et al. 2016), Chamaeleon I (red, Pascucci et al. 2016), � Orionis (yellow, Ansdell et al. 2017), and Upper Sco (green,
Barenfeld et al. 2016).

6. CONCLUSIONS

We observed all known (84) Class 0 and I protostellar systems in the Perseus molecular cloud with the VLA at
C-band (4.1 cm and 6.4 cm). The major conclusions of this work are as follows:

1. The detection rate is 61% for Class 0 and 53% for Class I protostars. Both flux densities and spectral indices do
not show a significant di↵erence between the two evolutionary stages indicating that strength and nature of the
emission is independent of evolution at least through the protostellar phase.

2. The spectral index from 4.1 cm to 6.4 cm for the detected protostars has a median value of ↵median = 0.51,
consistent with moderately optically thick thermal free - free emission. The C-band spectral index shows no
correlation with protostellar bolometric luminosity and temperature. Sources with resolved thermal jets have
typically lower spectral indices consistent with optically thin emission from the jet, in addition to being the
brightest free-free objects.

3. We detect all components in half of the close (< 500 au) binary systems present in a sample. Protostellar
companions within the same system can have very di↵erent flux densities and spectral indices. There are also
examples of systems where brighter Ka-band component appears fainter in C-band.

4. We greatly extended the group of the protostars characterized at centimeter wavelengths especially in the low-
luminosity end. However, the radio luminosity from the protostars only in Perseus is weakly correlated with

1 values converted to Earth masses and without multiplying by 100 to exclude gas mass

Tychoniec	et	al.	(2018)

Bate	(2018)	
Single	starBate	(2018)	

Stellar		
systems
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Figure 9. Dust mass distributions of discs around protostars in protostellar
systems from the solar metallicity calculation of Bate (2019) and for discs
of Class 0 and I objects taken from surveys of nearby star-forming regions.
We use disc masses from Perseus (Tychoniec et al. 2020) and Orion (Tobin
et al. 2020). We make use of the Kaplan-Meier estimate for left censored
data as implemented in the Python package lifelines (Davidson-Pilon et al.
2021). The shaded regions for the Orion discs and the simulation indicate
1f confidence intervals, and a confidence intervals of 3f for Perseus as per
Tychoniec et al. (2020).

identical, the dust opacity and dust migration in the discs is likely
to di�er. This shouldn’t have any significant e�ect on the gas mass
and radii distributions obtained in this paper, but since observations
usually use dust emission to measure the masses and sizes of discs
there may be an additional e�ect of metallicity on the apparent dust
masses and disc sizes due to the dependence of dust evolution on
metallicity that should be noted by observers.

4.3 Comparison with previous theoretical results

The trends we find in circumstellar disc mass and size are in general
agreement with those found by Bate (2018), and the statistical prop-
erties of discs for the solar metallicity calculation in particular are in
very close agreement with those obtained by Bate (2018). This isn’t
too surprising even though the calculations we consider include ther-
modynamical e�ects not included in the previous population study
of disc properties as the earlier approach is a good approximation at
the high densities of the molecular clouds considered in both studies.
Similarly, we also find that discs with no encounters are generally
more massive and larger than discs that have had interactions. The
relative alignments in bound pairs of protostars between discs, the
orbital plane, and sink particle spins also have similar dependen-
cies on separation, although unlike Bate (2018) we do not detect a
dependence on age of the systems.

The new aspect of our study is that we consider whether and how
the statistical properties of discs depend on metallicity. This is the
first time such a statistical analysis of disc properties at di�erent
metallicities has been carried out based on the results of radiation
hydrodynamical simulations.

However, studies of how the evolution of individual molecular
cloud cores and discs are a�ected by their metallicity have been
carried out before. For example, Machida (2008); Machida et al.
(2009); Tanaka & Omukai (2014); Bate (2014) all showed that frag-
mentation increases with lower metallicity. Recently, Vorobyov et al.

(2020) studied the early evolution of individual protostellar discs in
simulations for metallicities ranging / = 1 � 0.01 Z� . They focus
on the gravitational instability of discs and periodic accretion bursts
particularly in low metallicity discs. The accretion rates in the low
metallicity discs during the embedded disc phase (40 and 320 kyr for
the / = 0.01 Z� and / = 0.1 Z� simulations respectively) are higher
in the / = 0.01 Z� simulation. In general agreement with this work,
we note that the mean accretion rates of discs at the end of each of the
star cluster formation simulations increase as metallicity decreases
(Bate 2019, see Table 3). The discs in the cluster simulations are at
a similar age to those simulated by Vorobyov et al. (2020).

4.4 Comparison with Class 0/I objects

The calculations come with a caveat that the discs that are analysed
aren’t very old (the oldest is ⇠ 105yr). Even though objects don’t
have a well defined age sequence (Kurosawa et al. 2004; O�ner
et al. 2012), protostars of this age are generally thought be Class
0 objects. While a Class 0 protostar is defined by observational
signatures that indicate the presence of a substantial envelope (Andre
et al. 1993), there is now strong evidence that discs can and do
grow at this stage (e.g. Yen et al. 2015; Tobin et al. 2020). The
catalogue of discs around Class 0 objects is growing with the advent
of the Atacama Large Millimeter/submillimeter Array (ALMA). For
example, ALMA confirmed the earlier result (Tobin et al. 2012) of a
Class 0 object with a rotationally supported disc around L1527 IRS
with radius (Ohashi et al. 2014; Sakai et al. 2014; Aso et al. 2017).
Currently, the largest observational samples of Class 0 and Class I
discs are those from the VLA/ALMA Nascent Disk and Multiplicity
(VANDAM) survey of Perseus protostars (Tychoniec et al. 2018,
2020) and the VANDAM survey of Orion protostars (Tobin et al.
2020). The work of Tychoniec et al. (2020) aims to provide more
accurate disc mass determinations than the earlier work of Tychoniec
et al. (2018) by considering the e�ects of large dust grains on the
opacities. Therefore, we use the results of the more recent study when
making comparisons with the simulations.

4.4.1 Disc dust masses

In Fig. 9 we plot the cumulative distributions of the disc dust masses
from VANDAM surveys of Orion and Perseus Class 0/I protostars,
along with the equivalent distribution for instances of discs of pro-
tostellar systems from the solar metallicity calculation. We use the
Kaplan-Meier estimator, as implemented in the Python package life-
lines (Davidson-Pilon et al. 2021), with left censoring to account
for upper limits on the observed disc masses. We provide shaded
1f confidence intervals for discs in Orion and the simulations, and
3f for discs in Perseus (Tychoniec et al. 2020). Dust masses for the
simulated discs are determined by using the standard dust to gas
ratio of 1:100. The shaded area for the simulated discs is narrow
due to the large number of instances of discs that are identified. The
Kaplan-Meier estimator is used here as it becoming a standard tool
for observational studies of discs.

The form of the mass distribution of simulated discs is similar to
the observed distributions. The flattening of the mass distribution of
the simulated discs below ⇡ 50 M� is due to the limited resolution
of the calculation. Discs that are poorly resolved viscously evolve
quicker than they should and, thus, have lower masses than they
would at higher resolution (see Bate 2019). Above this mass, the
simulated discs are nicely bracketed between the mass distributions
of the Perseus and Orion Class 0 objects. The Perseus Class 0 disc
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Figure 10. Disc characteristic radii distributions from protostellar systems
from the solar metallicity calculation of Bate (2019) and for the discs of Class
0 and Class I objects in Orion taken from the VANDAM survey (Tobin et al.
2020). We use the Kaplan-Meier estimate for left censored data where the
width shaded region is the confidence interval at 1f (68%). Observed discs
with radii  10au and non-detections are treated as upper limits.

dust masses are typically about a factor of two higher than for the
simulated discs, and the Orion Class 0 masses are about a factor of
two lower. The observed Class I discs have lower masses than the
Class 0 discs by factors of 2–3, consistent with them typically being
more evolved. The mean disc dust mass for the Class 0 and Class I
in Orion are 25.9+7.7

�4.0 and 14.9+3.8
�2.2 M� respectively and the median

disc dust mass for Class 0 and Class I in Perseus are 158 and 52 M�
respectively. The median mass of system discs in the solar metallicity
calculation is 49 M� . Given that there is considerable uncertainty
in determining the masses of observed discs (e.g., Tychoniec et al.
2020), the simulated disc masses are in good agreement with the
observed Class 0 disc mass distributions.

4.4.2 Disc Radii

In Fig. 10 we plot the cumulative distributions of Class 0/I disc radii
from the VANDAM survey of Orion protostars (Tobin et al. 2020),
and the equivalent distribution for systems from the solar metallicity
calculation. We use the data of all discs from the 0.87mm ALMA
observations as at this wavelength the derived radius of a given disc
is assumed to be close to the gas radius of the disc. For the observed
discs, we treat discs with radii  10 au and non-detections as the
upper limits in the analysis.

Immediately it is clear that the radii of discs from the calculation
have a remarkably similar distribution to those observed discs for
radii Ac & 40 au. Again, the turnover for the simulated discs at smaller
radii is due to the limited numerical resolution of the simulations.

4.5 Comparison with Class II objects

Over the past few years, improvements in (sub-)millimetre resolution
have given us great ability to conduct large surveys of protoplanetary
discs in nearby star-forming regions. Whilst Class II objects are more
evolved than any of the protostars we consider in this paper, it is still
useful to compare the empirical trends found from observational
studies and those we present.

Figure 11. Dust mass distributions of discs of protostellar systems from
the solar metallicity calculation of Bate (2019) and of the discs of Class II
objects taken from surveys of di�erent star forming regions. We use surveys
of Lupus (Ansdell et al. 2016), the Orion Nebula Cluster (Eisner et al. 2018),
d Ophiuchus (Cieza et al. 2019), the Orion Molecular Cloud-2 (van Terwisga
et al. 2019), and _ Orionis (Ansdell et al. 2020). We make use of the Kaplan-
Meier estimate for left censored data as implemented in the Python package
lifelines (Davidson-Pilon et al. 2021). The shaded regions indicate a 1f
(⇡ 68%) confidence intervals. The observed disc masses of Class II objects
tend to be much lower than the simulated discs, as is to be expected if the
Class II objects are much more evolved.

4.5.1 Disc dust mass

Here we compare disc dust masses derived from surveys of various
star forming regions with the masses of the simulated discs from
the solar metallicity calculation of Bate (2019). Again we use the
standard dust to gas ratio of 1:100 to convert the gas masses of the
simulated discs into dust masses.

We compare the disc dust masses we obtained from our solar
metallicity calculation with those derived from observational surveys
of Class II objects. We use surveys of: the Lupus star forming region
(Ansdell et al. 2016), the Orion Nebula Cluster (ONC) (Eisner et al.
2018), the Orion Molecular Cloud-2 (OMC-2) (van Terwisga et al.
2019), d Ophiuchus (Cieza et al. 2019), and _ Orionis (Ansdell
et al. 2020). Each derived disc dust mass takes the dust temperature
to be )dust = 20 K. We note that for the OMC-2 observations we
haven’t included non-detections, hence the fraction of discs with
mass � "dust begins at 1.

In Fig. 11 we plot the cumulative distributions of disc dust masses
from the above surveys and the solar metallicity calculation. We
use the Kaplan-Meier estimator with left censoring to account for
the upper limits on the observed disc masses. An observation that
is deemed to be a non-detection is censored. We plot shaded 1f
(⇡ 68%) confidence intervals.

The mean dust masses for Lupus, ONC, OMC-2, d Ophiuchus,
and _ Orionis are 15± 3 M� , 8± 1 M� , 67± 9 M� , 19± 4 M� , and
12 ± 0.1 M� respectively. The mean dust mass of discs of systems
from the solar metallicity calculation is 165 M� . It is not surprising
that disc dust masses from the simulation are considerably higher
than those observed as they are much younger. The most massive
discs in the simulation are ⇠ 1 order of magnitude more massive
than the most massive discs in the Lupus, ONC, d Ophiuchus and
OMC-2 regions, and around 2 orders of magnitude more massive
than the most massive discs in _ Orionis.
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Figure 22. For the 32 bound protostellar pairs formed by star–disc encoun-
ters, we plot the cumulative distributions of the relative orientation angle
between the two circumstellar discs (disc–disc), the circumstellar discs and
the orbit (disc–orbit), the two sink particle spins (spin–spin), and the circum-
stellar disc and spin of the associated protostar (disc–spin). The spin–spin
angles are close to randomly distributed, while other relative angles show
stronger tendencies for alignment. Circumstellar discs and protostellar spins
almost always rotate in the same sense.

angle evolves from ages of ∼105 yr to the ages when planets are
thought to form (i.e. ∼106 yr). Bate et al. (2010) highlighted the im-
portance of reorientation of the inner disc with the star due to warp
propagation and also considered the effects of dynamical encoun-
ters. Fielding et al. (2015) considered star–disc realignment due to
gravitational quadruple moments. Lai (2014) has also studied the
effects of magnetic star–disc interaction torques on star–disc mis-
alignment. Neglecting these effects, Fielding et al. (2015) studied 14
protostars from their hydrodynamical and magnetohydrodynamical
calculations, sampled at multiple times, and found that approxi-
mately 50 per cent had misalignment angles in excess of 30◦. We
have an almost identical result, but with an order of magnitude more
protostars.

6 C OMPARISON W ITH O BSERVATIONS
A N D F U RT H E R D I S C U S S I O N

In this section, we compare the statistical properties of the discs
obtained in the previous section with the statistical properties of
observed discs around young stars. In doing so, it is important to
keep in mind the limitations of the calculation analysed in this
paper. We discuss two major limitations below; further limitations
are discussed in Section 6.3.

A major limitation is that the calculations do not follow the
evolution of the discs for very long – even the oldest discs have
ages <105 yr, and most have ages ∼104 yr. Protostars with such
ages are usually thought of as being Class 0 objects. However,
fundamentally, Class 0 objects are those that still have substantial
envelopes (Andre et al. 1993) – this will be more common for young
objects than older objects, but Class 0, I, and II objects do not
necessarily form a neat age sequence. Kurosawa et al. (2004) found
that even at an age of ≈105 yr, a star-forming region can have a
mixture of objects ranging from Class 0 to Class III (see also Offner
et al. 2012). Objects identified by Kurosawa et al. as having later
types had typically been involved in dynamical interactions that

expelled them from dense regions of molecular gas and/or stripped
their discs. We see such effects in the calculation studied here too,
with a substantial increase in the number of objects without resolved
discs with increasing age.

A second limitation is that there is no accounting for the different
evolution of dust and gas. This is important because observational
determinations of disc masses and radii are usually based on dust
continuum emission at (sub-)mm wavelengths. In Class II objects
where both the gas and dust are observed it is common for the
radius of the gas disc to be larger than that of the (sub-)mm dust
disc (e.g. Isella et al. 2007; Piétu, Dutrey & Guilloteau 2007; Panić
et al. 2009; Andrews et al. 2012; de Gregorio-Monsalvo et al. 2013;
Rosenfeld et al. 2013; Piétu et al. 2014; Pineda et al. 2014; Walsh
et al. 2014; Cleeves et al. 2016; Barenfeld et al. 2017). For ex-
ample, in the Class II object IM Lupus, the gas disc extends to
≈1000 au while the mm dust disc is truncated at ≈300 au (Cleeves
et al. 2016). This effect is expected due to dust growth (Goldre-
ich & Ward 1973; Weidenschilling 1980; Cuzzi, Dobrovolskis &
Champney 1993; Dullemond & Dominik 2004) and inward radial
migration of large grains (Whipple 1972; Weidenschilling 1977).
Evolutionary models of isolated dusty discs show that this has ap-
preciable effects on the outer parts of discs on time-scales of ∼104−5

yr (Birnstiel & Andrews 2014; Pinte & Laibe 2014; Andrews
et al. 2016).

Nevertheless, the fact that all of the systems discussed in this
paper are young minimizes the expected differences between the
distributions gas and dust. Although the masses, radii, and surface
density profiles discussed in Section 5 are formally those of the
gas, because the systems are young (typical ages less than a few
×104 yr) and are often still accreting gas from the molecular cloud,
the differences between the gas and dust distributions are likely
much less than for a typically Class II object. On the other hand,
Tsukamoto, Okuzumi & Kataoka (2017) find that even for Class 0/I
objects the disc masses that are derived from dust emission (when
scaled by the nominal gas-to-dust ratio of 100) may be factors of
3–5 lower than the actual gas mass. Bate & Lorén-Aguilar (2017)
showed that if grains with sizes >10 µm are present in the pre-
stellar core, the dust and gas distributions can differ even during
the initial collapse before the protostar forms. Despite these effects,
deriving gas masses from dust masses currently appears to be more
accurate than deriving the total gas mass from molecular emission
such as CO (e.g. Bruderer et al. 2012; Favre et al. 2013; Bergin et al.
2014; Kama et al. 2016; McClure et al. 2016; Miotello et al. 2017;
Yu et al. 2017).

With these limitations in mind, in the following sections we com-
pare the statistical properties of the discs obtained from the calcula-
tion with the statistical properties of observed discs. In Section 6.1
we begin with observations of Class II objects because, although
they will typically be much older than the discs analysed in this
paper, Class II systems have been much better studied than systems
with earlier types to date. In Section 6.2 we examine the current
status of the statistics of Class 0/I discs. In Section 6.3 we discuss
further limitations of the calculation analysed in this paper, and we
speculate on what we may be able to learn from future studies of
the statistical properties of discs.

6.1 Comparison with Class II disc statistics

Disc masses have been estimated from dust emission since the late
1980s (e.g. Beckwith et al. 1986, 1990). However, for a couple of
decades, the only large sample of resolved circumstellar discs was
that of the sillouhette discs and proplyds in the Orion nebula Cluster
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Figure 19. Distributions of the relative orientation angle between the two circumstellar discs in bound protostellar pairs. Pairs include both binaries and bound
pairs in hierarchical triple or quadruple systems. In the top left panel, we plot the relative orientation angle of each pair versus its semimajor axis, with binary
systems in black, pairs in triples in red, and pairs in quadruples in blue. In the remaining panels, we give the cumulative distributions of the orientation angles.
In the top-right panel, we give the cumulative distributions for all pairs and pairs in three different age ranges. We also give separate distributions for binary
systems, for pairs in triple or quadruple systems, and for pairs for which at least one of the components was created by disc fragmentation. In the bottom-left
panel, we plot the cumulative distributions for four ranges of semimajor axes for all pairs, and we also plot the separate distributions of binaries, and pairs that
are components of triples or quadruples. In the bottom-right panel, we plot the cumulative distributions for semimajor axes a < 100 au and a > 100 au for
all pairs, binaries, and pairs that are components of triples or quadruples. The circumstellar discs become more aligned with increasing age. The circumstellar
discs of pairs also tend to be more closely aligned in high-order multiple systems than in binaries.

which the circumstellar discs are usually misaligned. On the other
hand, a significant number of pairs in higher order multiple systems
originate from disc fragmentation, in which it is natural for the re-
sulting circumstellar discs to be aligned with the orbit. The sense
of this dependence of the relative orientation on whether the pair is
a binary or a component of a higher order multiple system is the
same for both close systems (separations <100 au) or wide systems
(separations >100 au), but it is stronger for wider systems (bottom
right panel of Fig. 19).

Next we consider the distributions of the relative orientation an-
gles of the circumstellar discs and the orbital plane of pairs. In
Fig. 20, we plot the same quantities as we plotted for the relative
orientations angles of the two discs in Fig. 19. Note that there are
two values for each pair since there are two circumstellar discs.
Compared to the disc–disc alignment, we find that the discs in close
systems are slightly better aligned with each other than with the
orbit, but that for wide systems there is a greater fraction of highly
misaligned discs than there are discs that are highly misaligned

with orbits. For example, only ≈7 per cent of discs are misaligned
by more than 90◦ relative to the orbit, while ≈15 per cent of discs are
misaligned with each other by more than 90◦. There is less depen-
dence of the disc–orbit relative orientation angles on either age (top
right panel of Fig. 20), or separation (bottom left panel of Fig. 20),
or whether the pair is a binary or a component of a higher order
multiple system (bottom right panel of Fig. 20) than for disc–disc
alignment. Together these relations indicate that it is probably the
way the binary formed (e.g. disc fragmentation, star–disc encounter,
etc.) and the subsequent accretion of gas that are most important for
the tendency for alignment that is seen in these young protostellar
systems, rather than realignment of the discs with the orbital plane
via gravitational torques. However, realignment would be expected
to have significant effects on longer time-scales.

In Fig. 21 we examine the relative orientation angles of the spins
of the sink particles of pairs. Recall that these can be thought of
as providing the angular momenta of the protostar and the inner
part of its disc. The same dependencies on age, separation, and
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Figure 20. Distributions of the relative orientation angle between each circumstellar disc and the orbital plane in bound protostellar pairs. Pairs include
both binaries and bound pairs in hierarchical triple or quadruple systems. In the top left panel, we plot the relative orientation angle of each pair versus
its semimajor axis, with binary systems in black, pairs in triples in red, and pairs in quadruples in blue. In the remaining panels, we give the cumulative
distributions of the orientation angles. In the top-right panel, we give the cumulative distributions for all pairs and pairs in three different age ranges. We also
give separate distributions for binary systems, for pairs in triple or quadruple systems, and for pairs for which at least one of the components was created by
disc fragmentation. In the bottom-left panel, we plot the cumulative distributions for four ranges of semimajor axes for all pairs, and we also plot the separate
distributions of binaries, and pairs that are components of triples or quadruples. In the bottom-right panel, we plot the cumulative distributions for semimajor
axes a < 100 au and a > 100 au for all pairs, binaries, and pairs that are components of triples or quadruples. The circumstellar discs become more aligned
with the orbital plane pair with increasing age. The circumstellar discs of pairs also tend to be more closely aligned with the orbital plane in high-order multiple
systems than in binaries. However, both of these trends are weaker than when comparing the relative orientations of the two discs in a pair.

the multiplicity of the system are seen for spin-spin alignment as
for disc–disc and disc–orbit alignment. However, overall, the spins
tend to be less well aligned with each other than the discs are with
each other, or than the discs are aligned with the orbit. For exam-
ple, ≈25 per cent of spins are misaligned by more than 90◦. The
spins will tend to trace the angular momentum of the material that
protostar first formed from better than either the discs or the or-
bital angular momentum do. If, for example, the protostars formed
in relative isolation from each other and then became bound dur-
ing a star–disc encounter, the spins would generally be expected
to be more misaligned with each other than the circumstellar discs
because the discs would suffer gravitational torques during the en-
counter whereas the spins can only be affected by accretion. Thus,
it is to be expected that the spins are less well aligned than the cir-
cumstellar discs. In Fig. 22 we check whether or not this is the case
by plotting the cumulative distributions of the disc–disc, disc–orbit,
spin–spin, and disc–spin orientation angles for 32 bound pairs that

are formed by star–disc encounters. The relative orientations of the
protostellar spins are not quite randomly distributed as there is an
excess of systems with relative angles <20◦ and a deficit above
150◦, but between these values the distribution is roughly uniform.
As expected the disc–disc and disc–orbit orientation angles show
a greater tendency for alignment. Finally, we note that the relative
orientation angles of the circumstellar discs and the spins of the
sink particles are almost all <90◦ (i.e. the discs and spins rotate in
the same sense) and 80 per cent have relative angles <45◦.

In Fig. 23 we consider the relative orientation angles of the cir-
cumstellar discs and the spins of the sink particles for all bound
protostellar pairs. It is no surprise that there is a strong preference
for alignment, since the spins nominally represent the angular mo-
mentum of the protostar itself and the inner part of the disc, and
the sink particles accrete from the discs. However, in contrast to
the relative orientation angles of the other components, there is es-
sentially no dependence on age, separation, or multiplicity. This
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Figure 21. Distributions of the relative orientation angle between the two sink particle spins in bound protostellar pairs. Pairs include both binaries and bound
pairs in hierarchical triple or quadruple systems. In the top left panel, we plot the relative orientation angle of each pair versus its semimajor axis, with binary
systems in black, pairs in triples in red, and pairs in quadruples in blue. In the remaining panels, we give the cumulative distributions of the orientation angles.
In the top-right panel, we give the cumulative distributions for all pairs and pairs in three different age ranges. We also give separate distributions for binary
systems, for pairs in triple or quadruple systems, and for pairs for which at least one of the components was created by disc fragmentation. In the bottom-left
panel, we plot the cumulative distributions for four ranges of semimajor axes for all pairs, and we also plot the separate distributions of binaries, and pairs that
are components of triples or quadruples. In the bottom-right panel, we plot the cumulative distributions for semimajor axes a < 100 au and a > 100 au for all
pairs, binaries, and pairs that are components of triples or quadruples. The sink particle spins are less well aligned with each other than the circumstellar discs.
The trend of greater alignment for smaller orbital separation is stronger for sink particle spins than for the relative orientations of circumstellar discs. However,
there is less dependence on age.

seems to indicate that although the protostars are accreting from
their discs this does not lead to appreciable realignment of the sink
particle spin with the disc, at least over time-scales of ∼104 yr.

For comparison with Fig. 23, in Fig. 24 we plot the cumula-
tive distributions of the relative orientation angles between resolved
discs and sink particle spins for all circumstellar discs (4822 in-
stances) and for circumstellar discs around isolated protostars (1226
instances). Again we have limited the analysis to circumstellar discs
that are represented by more than 30 SPH particles. The distribu-
tions are very similar to those of circumstellar discs and sink particle
spins in bound pairs. However, looking at all protostars or isolated
protostars we can see some evolution with age. In both cases, the
discs and the spins are more closely aligned at younger ages and
they become (slightly) less well aligned at older ages.

The results for the relative orientation angles between circum-
stellar discs and sink particle spins can be understood if the angular

momentum of most resolved discs is incessantly being changed.
The spins never ‘catch up’ by accreting from the disc because the
larger scale disc is continually being reorientated. In fact, statis-
tically speaking, the discs and spins tend to be better aligned at
young ages (presumably because the protostar and its young disc
have originated from a relatively small, coherent volume of gas) and
become less well aligned with increasing age. Indeed, if one exam-
ines specific cases, accretion, dynamical encounters, ram-pressure
stripping, etc., all act to cause the relative orientation angle to change
with time. Misalignment of the large-scale discs with respect to the
inner part of the disc and the protostellar spin naturally has implica-
tions for the misalignment between planetary orbits and the rotation
axes of their host stars. Bate et al. (2010) and Fielding et al. (2015)
have both considered the effects of accretion from turbulent clouds
on the relative orientation of discs and stellar spins. The difficulty
with these studies is in trying to predict how the relative orientation
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Circumbinary	discs?

• Circumbinary	discs	KITP	mee9ng	in	spring	2022		
• What	are	the	properAes	of	circumbinary	discs	from	simulaAons?	

• Elsender,	Bate,	Lakeland,	Jensen	&	Lubow	(2023)	
• Examined	CB	discs	from	Bate	(2019)	star	cluster	calculaAon	

• No	circumbinary	discs	for	binary	semi-major	axes	>	100	au	

• Young	CB	discs	common	for	closer	systems	

• Binaries:	increasing	fracAon	with	decreasing	separaAon	

• Triples/quads:	≈	1/2	of	component	binaries	have	CBD	

• Preference	for	discs	&	orbits	to	be	aligned	

• ≈	2/3	mutual	inclinaAons	are	<	30°			

• But	about	5-10%	are	retrograde

0.2	pc

Frequency	of	circumbinary	discs	vs	binary	separaAon

Frequencies of CB discs 5

Figure 2. The fraction of binaries that host circumbinary discs plotted in
bins of binary separation. The fraction of discs in pure binaries if plotted in
black, and in red for hierarchical systems. The separation bins are divided as
following: 0.3-1, 1-3, 3-10, 10-30, 30-100, and 300-1000; all in au. There are
no discs in systems with separation larger than 300 au.

Figure 3. Instances of binary systems in bins of binary separation. We plot
the number of binaries in each type of system, binary (solid black), and
hierarchical triple (dashed red) and quadruple (dotted blue). The separations
are binned as following: 0.3-1, 1-3, 3-10, 10-30, 30-100, 100-300, 300-1000,
1000-3000; all in au. There are no binaries with separations larger than 3000
au.

3.2 Frequency of discs

Here we consider the fraction of binary systems that host a cir-
cumbinary disc. We consider pure binaries and binary pairs in hi-
erarchical systems separately. The separations of the binaries are
logarithmically binned every 0.5 dex, and then we count the num-
ber of discs about binaries in each bin. The resulting distributions
are plotted in Fig. 2. The points plotted in Fig. 2 are the mean
separation of the disc hosting binaries in each bin, and the associ-
ated error-bars are calculated using Wilson’s interval (Wilson 1927),
where the observed probability of a binary having a disc is given by
?̂ = (#discs + 1)/(#binaries + 2). The fractions are based upon the
instances of binary pairs. We count the number of instances of pairs
and the number of pairs with a CB disc across all snapshots and bin
them by binary separation. When considering the fraction of pure
binaries that host a CB disc we first note a bimodal distribution of
CB disc fraction with peaks at 0 ⇡ 0.7 au, and 0 ⇡ 30 au in binary
semi-major axis. The peak at smaller separations is higher than the
peak at larger separations, with 89 per cent of tight binaries hosting
a disc compared to around 55 per cent of intermediate separation
binaries. Broadly the fractions of binaries in hierarchical systems

that host a CB disc are similar except for tight binaries (0 . 3 au);
for 0 > 3 au there is no significant di�erence. In hierarchical sys-
tems tight binaries are less likely to host a CB disc than strict binary
pairs. Note, 0 in hierarchical systems is the separation between
the bound pair in the system.

In Fig. 3 we show the number of binary system instances in the
same separation bins that were used to calculated the CB disc frac-
tions. For separations of 0 < 3 au the number of binary systems are
similarly distributed regardless of order. In hierarchical systems the
number of binary pairs peaks in the 3 < 0 < 10 au separation bin,
and then tails o� as separation increases with very few pairs with
0 > 100 au. In pure binary systems the number of binaries is roughly
uniform in log-separation for 3 < 0 < 100 au, then the number of
binaries decreases when 0 > 100 au.

The range 3�100 au has the highest total number of binaries (Fig.
3). Circumbinary disc hosting binaries with separations 3 < 0 < 100
au tend to become more common as the separation increases up to
0 ⇡ 100 au (Fig. 2); the CB disc fraction drops to almost zero when
0 > 100 au in all systems. This suggests that binaries this wide are
very rarely able to form a rotationally supported disc. When taking
into account that the binary separation distribution peaks at ⇡ 30 au,
both in the calculation and observations (e.g., Raghavan et al. 2010),
CB discs should typically be found around 10 � 100 au binaries.

For pure binaries, systems with 10 < 0 < 30 au, and 30 < 0 < 100
au roughly host the same fraction of discs. The error-bars give a 2f
confidence interval on the probability of a binary hosting a disc given
the number of discs and binaries. We note the caveat that the sample
of discs is not strictly independent.

3.3 Disc statistics

In Fig. 4 we plot the CB disc dust mass against the ratio of the CB
disc mass to total system disc mass, with the characteristic radius
of the CB discs shown by the colour of the points. Note that all
plots in the remainder of the paper are generated from instances of
CB discs and/or bound pairs. We assume a dust-to-gas ratio of 0.01
to compute the dust masses. As mentioned in Section 2.3 we only
consider CB discs that contain at least 50 per cent of the total disc
mass. This may seem like a high percentage but considering ⇠ 87 per
cent of CB discs contain more than 95 per cent of the disc mass of the
system it captures the vast majority of CB discs. The ‘discs’ that are
discarded with this criterion tend to be of a mass lower than 0.03 M�
(100 M�) and have a radius of less than the separation of the binary
orbit. This suggests that young binary systems with CB discs tend to
have significant discs, and that the discs about the component stars
tend to be comparatively low mass. Discs with masses of less than
0.01 M� (⇡ 30 M�) are poorly resolved by the calculation, due to
too few (< 700) SPH particles modelling them.

When considering the separation of the binary system we find that
the radius (Ac) of the CB disc tends to increase with separation. We
show this in Fig. 5 (top panel) for pure binaries, with the mass of
the CB disc shown in the colour map. All binaries that host a CB
disc have a separation 0 < 110 au with discs generally smaller than
Ac . 200 au. We find the median value of CB disc radius in units
of binary semi-major axis, 0, is ⇠ 4.9 in pure binaries, and ⇠ 5.4
and ⇠ 6.1 in triple and quadruple systems, respectively (i.e. there is
no great di�erence). We note that we find no trend between CB disc
mass and CB disc radius.

In Fig. 5 (bottom panel) we find a similar trend for binaries in
higher-order systems, however the maximum radii of the CB discs
appear to be lower. None of the CB discs have a radius Ac > 300 au,
and there are also no disc-hosting binaries in hierarchical systems
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Figure 11. Cumulative distributions of the mutual inclination of circumbinary
discs with their binaries as formed in the solar metallicity calculation of
Bate (2019), and the mutual inclinations of observed discs from Table 1. The
reported mutual inclinations (\1, orange dashed), and both the reported ‘fake’
values (\2) we calculate due to the ambiguity in ⌦⇤. The mean values of the
mutual inclinations for the simulated, reported and ambiguous are 33.6�,
37.4�, and 70.5�, respectively.

from the simulated systems is h\simi = 33.6�. For the literature val-
ues it is h\obsi = 37.4� when used the reported observational values,
and when using two values for the ambiguity in the geometry of the
system it is h\ambi = 70.5�. The literature value of mean mutual
inclination angle is similar to the value we find in the simulation;
we find a preference for alignment between discs and orbits. We
perform a Kolmogorov–Smirnov test to test whether the underlying
distributions of mutual inclination between the observations and sim-
ulations di�er; we find no evidence at any reasonable significance
level to reject the null hypothesis (p-value of 0.561) that they do not
di�er. When using two values for each disc we find a distribution
of mutual inclinations that is closer to a uniform distribution with
a very slight preference for alignment. The value of h\obsi = 37.4�

for observed CB discs is close to the peak value of the distribution
of mutual inclination of outer objects around binaries that Borkovits
et al. (2016) find in a set of Kepler triples. Discs that are inclined with
their binary that undergo fragmentation could result in a misaligned
triple system, similarly for planets forming in misaligned discs. Since
the observed frequency of circumbinary planets is similar to the ob-
served frequency of planets around single stars, and circumbinary
planets with orbits that are inclined to the binary’s orbital plane are
more di�cult to detect, this may indicate that planets around binaries
are more common than those around single stars (Armstrong et al.
2014).

5 CONCLUSIONS

We have analysed the circumbinary discs formed in a radiation hy-
drodynamical simulation of star cluster formation and presented their
statistics. We have investigated the e�ect of high-order multiplicity
on the properties of the circumbinary discs, and how often we might
expect a circumbinary disc to form around a binary given its sepa-
ration. We have also examined how the geometries of the systems
compare to observed systems.

We summarise our findings here:

(i) Given a sample of binaries (inclusive of those in hierarchical

systems) with orbital semi-major axes less than 100 au, we would
expect around 35 per cent of the binaries to host a CB disc at young
ages (. 105 years).

(ii) Close binaries (0 . 3 au) without bound companions (i.e.
pure binaries) are more likely to host a CB disc than close binaries
in hierarchial systems. There is a multiplicity e�ect.

(iii) CB discs in hierarchical systems tend to be a bit less massive
than those in pure binaries, and the largest discs tend to be smaller
than the largest CB discs in pure binaries.

(iv) The size of the CB disc scales linearly with the binary semi-
major axis, 0. The median characteristic radius of a CB disc is ⇡
5 � 6 0.

(v) CB discs of binaries with 0 & 10 au tend to be well aligned
with the binary’s orbit. In addition to this, the binaries in these
well-aligned systems tend to have low eccentricity. For binaries with
small separations (0 . 3 au) that have CB discs, the discs tend to
be more randomly orientated. This may be partially due to the finite
resolution of the simulations (gas is not modelled within 0.5 au of
each protostars), and the extreme youth of the systems.

(vi) The mutual inclinations of observed binaries and their CB
discs are in good agreement with the mutual inclination angles found
in the calculation. The underlying distributions of mutual inclina-
tion of observed and simulated CB disc do not di�er according
to a Kolmogorov-Smirnov test (p-value = 0.561). Mutual incli-
nations from the simulation have a mean value of h\simi = 33.6�,
comparatively the mean value of reported disc-orbit mutual incli-
nations is h\obsi = 37.4�. When assuming a 180� ambiguity for
⌦⇤ for observed binaries and CB discs the mean value of \ is
h\obs,ambi = 70.5�.

We hope this paper motivates an increased e�ort in the detection
and cataloguing of circumbinary discs. We have presented evidence
from simulations that circumbinary discs may be more common than
what is currently being observed, especially at young ages.
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2. Initial conditions and polar disc population

2.1. Polar disc fraction and mean polar systems eccentricity

As soon as the condition for polar alignment is satisfied, an
accretion disc starts oscillating around the polar configuration.
The disc dissipates the oscillation on a fraction of the viscous
timescale (Lubow & Martin 2018; Zanazzi & Lai 2018). Thus,
it is reasonable to assume that all discs able to go polar in the
initial population will do so. Then, if we neglect the impact of
subsequent external interactions, the fraction of polarly aligned
discs we observe in a given evolved population is directly linked
to the initial conditions (eccentricity and misalignment distribu-
tions) in a forming population.

In this section, we build a toy model to estimate the expected
fraction of polar discs and their eccentricity distribution in an
evolved young stellar population (Class II). Given the observed
and theoretically predicted preference for low mutual inclina-
tions (e.g. Czekala et al. (2019); Elsender et al. (2023)), we de-
scribe the initial distribution of mutual inclination with a nor-
malised exponential distribution:

P�(�) =
1

N�
exp

 
� �
��

!
, (1)

where � is the mutual inclination,�� is a parameter that regulates
the shape of the distribution and N� normalises the distribution
over the support considered, i.e. from � = 0 to ⇡/2.

The initial distribution of eccentricity is described by a nor-
malised power law distribution:

Pe(e) =
1

Ne
e↵, (2)

where e is the orbital eccentricity, ↵ is a parameter regulating
the distribution shape and Ne normalises the distribution over
e = 0 to 1. This is in line with surveys of eccentricities (Duquen-
noy & Mayor 1991; Raghavan et al. 2010; Hwang et al. 2022)
and it allows for a thermal distribution (P(e) / e) that can be
produced by repeated N-body interactions (Jeans 1919; Ambart-
sumian 1937; Heggie 1975).

Thus, the two-dimensional probability density function for
the initial condition is given by:

P(e, �) = Pe(e)P�(�). (3)

For an orbit co-rotating with the central system, the critical
angle for polar alignment is2 (Farago & Laskar 2010; Zanazzi &
Lai 2018; Cuello & Giuppone 2019)

�crit(e,⌦) = arcsin

r
1 � e2

1 � 5e2 cos⌦2 + 4e2 , (4)

where e is the orbital eccentricity and ⌦ is the disc longitude of
the ascending node.

Supposing that all discs above �crit go polar and neglecting
subsequent external interactions, we can integrate over the initial
mutual inclination above �crit, to obtain the distribution of polar
discs as a function of system eccentricity Ppol(e). At this stage,
we consider ⌦ = ⇡/2 and we will fix Ppol(e) to take into account
a distribution of longitude of the ascending node in Sec. 2.2.
Thus,

Ppol(e) =
Z ⇡/2

�crit(e, ⇡2 )
P(e, �)d�. (5)

2 for a counterrotating orbit �crit(eb,⌦) = ⇡ � arcsin
r

1�e2
b

1�5e2
b cos⌦2+4e2

b

Fig. 1: Critical angle for polar alignment as a function of the
disc longitude of the ascending node for a fixed binary eccen-
tricity (e = 0.2, 0.5, 0.8). Given a mutual inclination (e.g. 50�)
and an eccentricity (e.g. e = 0.5), the dashed (dotted) line is the
⌦ interval in which the disc will go perpendicular (coplanar) to
the orbital plane.

Integrating Ppol over the eccentricity we obtain the expected
fraction of polar discs (Fp) in an evolved population, that is the
ratio between the number of polar discs and the total number of
discs in the population:

Fp =

Z 1

0
Ppol(e)de. (6)

Additionally, from Ppol we can compute the mean eccentric-
ity of stellar systems hosting polar discs, i.e.:

hei =
Z 1

0
ePpol(e)de. (7)

Integrals in Eqs. (6) and (7) are challenging to solve due to
the dependencies of �crit. In the next section we present two as-
sumptions to take into account a distribution of longitude of the
ascending nodes in the case of hierarchical systems and pure bi-
naries.

2.2. Taking into account the longitude of ascending node

Figure 1 shows how the critical angle �crit in Eq. (4) depends on
the longitude of the ascending node (⌦) for di↵erent orbital ec-
centricities. Let us take the subpopulation of circumbinary discs
with a given mutual misalignment �sp orbiting pure binaries with
a given orbital eccentricity esp. We have a ⌦crit so that the criti-
cal angle for polar alignment �crit(esp,⌦crit) = �sp. All discs with
⌦ < ⌦crit (dotted line in Figure 1) will not polar align. All discs
with a ⌦ > ⌦crit (dashed line) will polar align.

If we suppose a uniformly distributed⌦, the fraction of discs
that will polar align is the ratio between the length of the dashed
curve and the width of the⌦ interval (i.e. ⇡/2).Thus, the fraction
f of discs that will polarly align is:

f (esp, �sp) = 1 � 2
⇡
⌦crit(esp, �sp). (8)

In the case of a binary population, we have to take into ac-
count the factor f (e, �). To compute the distribution of polar
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Fig. 3: ↵ (left) and �� (right) as a function of hei and Fp for binary (top) and triple (bottom) populations. White regions are Fp � hei
pairs that cannot be generated by any ↵��� pair. Purple curves are the parameter space region in which ↵ = 2, 1, 0 for solid, dotted
and dashed, respectively. Green curves are the parameter space region in which �� = 1. Black star is the solution for randomly
distributed mutual inclination and eccentricity. White box point with error bars is the Fobs

p and heiobs observation values derived in
section 2.4. Red circle points are Fp�hei pairs measured in the four Bate (2019) molecular cloud collapse simulations with di↵erent
metallicities.

population, under the assumption of randomly distributed initial
orbital eccentricities.

3.3. Non-flat initial conditions

We now allow ↵ and �� to explore the whole parameter space
to fully exploit the information contained in the measurement of
hei and Fp. The observed mean eccentricity and polar fraction
select a region of possible values of ↵ and �� highlighted by the
error bars in Fig. 3. For binaries, we obtain ↵  0.6 and 0.26 
��  1.8. As for the triples, ↵  0.46 and 0.23  ��  1.87.

Again, the small statistics suggest the presence of a correla-
tion between the angular momenta of the discs and stellar sys-
tems. As for the eccentricity, even if it is still marginally compat-
ible with a random distribution, present data suggest a decreasing
function (↵ < 0). Indeed, with a flat or slightly increasing eccen-
tricity distribution, we would expect an higher mean eccentricity
or an higher polar fraction.

4. Discussion

4.1. Constraining initial conditions in multiple stellar systems

Our analysis suggests that, to be compatible with present data
about polar discs, initial distributions both for mutual inclina-
tions and eccentricities have to be non-uniform. While we ex-
pect the angular momenta of forming discs and multiple systems
to be correlated, the distribution of eccentricities we find does
not completely match with observational results from surveys of
evolved multiple stellar systems.

The observed evolved eccentricity distribution ranges from
a uniform distribution (↵ = 0) for orbits with semi-major axis
of the order of 100 AU (Raghavan et al. 2010), up to an (in-
creasing) thermal distribution (↵ = 1) for 500 AU and becomes
even steeper for larger systems (Duquennoy & Mayor 1991;
Tokovinin 2020; Hwang et al. 2022). Conversely, we find an ↵
between �1 and 0.6, pointing towards a slightly decreasing dis-
tribution, only marginally compatible with a uniform one.
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metallicities.
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• Sub-solar	metallici9es	

• Molecular	gas	generally	ho5er	(reduced	line-cooling	and	dust	cooling)	

• Jeans	mass	larger:	

• CharacterisAc	stellar	mass	larger?	

• Sub-solar	metallici9es	

• Reduced	opacity	

• Collapsing	gas	opAcally	thin	and	able	to	cool	quickly	at	higher	densiAes	

• Jeans	mass	smaller:	

• CharacterisAc	stellar	mass	smaller?	

• Early	calcula9ons	varied	only	opaci9es	

• Myers	et	al.	(2011);	Bate	(2014)	-	no	strong	dependence	of	IMF	on	opacity

Do	stellar	properties	vary	with	metallicity?
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Does	star	formation	vary	with	metallicity?

Z=0.01	Z⨀ Z=0.1	Z⨀ Z=Z⨀ Z=3	Z⨀

Bate	(2019)
Gas	Temperature

Gas	Column	Density



Does	the	IMF	vary	with	metallicity?

• Not	for	present-day	star	forma9on	

• Why	not?	

• Ho5er	gas	(higher	Jeans	mass)	on	large	
scales	

• Counteracted	by	lower	opaciAes	(stronger	
cooling)	at	high	densiAes	on	small	scales	

• Happen	to	cancel	each	other	out! Bate	(2019)

CumulaAve	protostellar	mass	funcAon



Metallicity	dependence	of	close	binaries

• Three	papers	in	2018	found	close	binary	frac9ons	for	solar-type	stars	
are	an9-correlated	with	metallicity	

• Badenes	et	al.	(2018);	El-Badry	&	Rix	(2018);	Moe,	Kra5er	&	Badenes	(2019)	

• An9-correla9on	is	also	found	in	the	simula9ons	of	Bate	(2014,	2019)	

• Moe	et	al.	(2019)	and	El-Badry	&	Rix	(2018)	both	proposed	that	this	was	due	to	
increased	disc	fragmentaAon	at	low	metallicity	

• In	the	simula9ons,	two	main	causes	of	more	close	binaries	at	low	
metallicity:	

• More	rapid	cooling	gives	shorter	first	hydrostaAc	core	lifeAmes;	less	likely	to	merge	

• Lower	opaciAes	lead	to	more	small-scale	fragmentaAon	in	general	

• Core,	filament	&	disc	fragmentaAon
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Object Numbers No. of No. in Mmax Mmin M1 M2 q a P e Relative Spin Spin1 Spin2
Objects System or Orbit -Orbit -Orbit

Angle Angle Angle
[M�] [M�] [M�] [M�] [AU] [yr] [deg] [deg] [deg]

55, 62 2 3 1.241 0.856 1.241 0.856 0.690 0.69 0.40 0.172 25 138 123
171, 170 2 3 0.431 0.351 0.431 0.351 0.815 0.93 1.01 0.505 3 45 47
(171, 170), 197 3 3 0.431 0.351 0.782 0.375 0.480 8.22 21.91 0.387 29 – –
(141, 204), (212, 215) 4 4 0.614 0.092 0.960 0.197 0.205 93.77 843.87 0.244 – – –
(( 21, 19), 25), 15 4 4 4.847 2.173 10.11 2.457 0.243 153.85 538.12 0.362 – – –

Table 4. For each of the four calculations, we provide online tables of the properties of the multiple systems at the end of each calculation. The structure of
each system is described using a binary hierarchy. For each ‘binary’ we give the masses of the most massive star Mmax in the system, the least massive star
Mmin in the system, the masses of the primary M1 and secondary M2, the mass ratio q = M2/M1, the semi-major axis a, the period P , the eccentricity e.
For binaries, we also give the relative spin angle, and the angles between orbit and each of the primary’s and secondary’s spins. For triples, we give the relative
angle between the inner and outer orbital planes. For binaries, Mmax = M1 and Mmin = M2. However, for higher-order systems M1 gives the combined
mass of the most massive sub-system (which may be a star, binary, or a triple) and M2 gives the combined mass of the least massive sub-system (which also
may be a star, a binary, or a triple). Multiple systems of the same order are listed in order of increasing semi-major axis. As examples, we provide selected
lines from the table from the solar metallicity calculation.

Such an anti-correlation had been claimed before (Grether &
Lineweaver 2007; Raghavan et al. 2010), but the significance had
always been limited by small numbers of stars and potential obser-
vational biases (e.g. Stryker et al. 1985), while other surveys found
no significant difference (e.g. Abt & Willmarth 1987; Latham et al.
2002). Badenes et al. (2018) considered radial velocity variable
stars from the APOGEE survey (both main sequence and evolved
stars) and found that metal-poor (Z < 0.3 Z�) stars have a mul-
tiplicity fraction a factor of 2–3 higher than metal-rich (Z > Z�)
stars. Moe et al. (2018) examined spectroscopic binary fractions
using five different datasets (spectroscopic binaries, radial veloc-
ity variables, and eclipsing binaries), finding that there was a con-
sistent anti-correlation between the frequencies of close binaries
(periods< 10

4 days; separations < 10 AU) across the datasets. El-
Badry & Rix (2018) analysed the wide binary fraction using Gaia
DR2 data and found that the wide binary fraction is independent
of metallicity at separations ⇠> 250 AU, but rapidly becomes anti-
correlated at smaller separations (particularly < 100 AU).

As seen in Section 3.3.3, we see evidence for such an anti-
correlation from the numerical simulations. In this section, we first
compare our results to those of the above observational papers. We
then examine the origin of this anti-correlation.

4.1.1 The close binary fraction and mass ratio distributions

In Section 3.3.3, we found that the distribution of orbital separa-
tions from the highest metallicity calculation was statistically dif-
ferent from those with lower metallicities, but that the variations
between the distributions at lower metallicities were consistent with
those arising simply due to the small numbers of systems. However,
these separation distributions included binary, triple, and quadruple
systems, and systems of all primary masses. This is not what the
above observational papers considered. Badenes et al. (2018) and
Moe et al. (2018) considered only the fractions of spectroscopic bi-
naries (i.e., close binaries), while El-Badry & Rix (2018) only con-
sidered separations ⇠> 50 AU. Moreover, Moe et al. (2018) and El-
Badry & Rix (2018) limited their studies to systems with solar-type
primaries (M1 ⇡ 0.6�1.5 M� and M1 ⇡ 0.45�1.5 M�, respec-
tively). In Section 3.3.3, by including all systems in the analysis,
variations in a limited fraction of the parameter space (i.e., close
systems) may be hidden by statistical variations. This is particu-
larly important here because the number of systems produced by

Figure 15. The frequencies of close companions (semi-major axes a <
10 AU) for low-mass stars with masses M⇤ = 0.1 � 1.5 M� that are
produced by the four calculations with different metallicities (blue open
squares and errorbars). We compare the results with the equivalent fre-
quencies from the numerical simulations of Bate (2014) (red triangles
and dashed errorbars), and with the observed values for stellar masses
M⇤ = 0.6 � 1.5 M� from Moe et al. (2018) (black filled squares and
errorbars). The error bars for the numerical simulations give 95 percent con-
fidence intervals. The values of the metallicity have been slightly offset for
the Bate (2014) results for clarity. In all cases, there is an anti-correlation
between the frequency of close companions and metallicity, and the numer-
ical values are in reasonable agreement with the observed values.

the numerical calculations is up to two orders of magnitude smaller
than those in the above observational studies.

To better compare the simulations with the observations, we
try to replicate as closely as possible the sample of Moe et al.
(2018). The problem is that we have relatively few systems with
primary masses M1 = 0.6 � 1.5 M� (see Table 2). Most systems
are M-dwarf systems (as expected for a standard IMF). To improve
the statistical significant, we therefore expand our sample to con-
sider M1 = 0.1� 1.5 M�. We note that, observationally, M-dwarf
binaries tend to be closer than more massive binaries with typical
separations of ⇡ 10 AU (Janson et al. 2012), and there have been
few studies of whether the binary fraction of M-dwarfs depends on
metallicity. Riaz, Gizis & Samaddar (2008) and Lodieu, Zapatero
Osorio & Martı́n (2009) find that the binary fraction at separations
⇠> 5 AU appears to be lower for metal-poor M-dwarfs systems,
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Bate	(2019)

Close	binary	frequency		
versus	metallicity



Do	stellar	properties	vary	with	redshift?
• Primordial	star	forma9on	

• e.g.	Bromm	et	al.	1999;	Abel	et	al.	2000	

• Thought	to	produce	massive	stars	due	to	absence	of	metals	and	inefficient	cooling	

• Present-day	star	formaAon:	cooling	dominated	by	dust	

• What	about	star	forma9on	at	intermediate	redshigs	&	metallici9es?	

• Good	reason	to	assume	some	change:	cosmic	microwave	background	radiaAon	(CMBR)	scales	as	TCMBR(z)	=	(1+z)	TCMBR(z=0)	

• At	z=5,		TCMBR=16.4	K,	much	ho5er	than	present-day	molecular	clouds	

• Bate	(2023):		Study	star	forma9on	at	z=5	

• Assume	only	CMBR	changes	(remainder	of	interstellar	radiaAon	field	(ISRF)	unchanged)	

• Could	be	stronger	(e.g.	in	starburst	environment	or	near	AGN)	

• Perform	calculaAons	with	metallicites:	Z=1,	0.1,	0.01	Z⨀

Bate	(2023)	

ISRF	/	CMBR



Star	cluster	formation	at	z=5	and	metallicity	(Z=0.01-1	Z⨀)
Z=0.01	Z⨀ Z=0.1	Z⨀ Z=Z⨀

Bate	(2023)

Gas	Column	Density

Gas	Temperature



RHD	simulations	of	star	cluster	formation	at	z=5
• IMFs	at	z=5	do	depend	on	metallicity	

• Low-metallicity	(Z	≲	0.1	Z⨀)	similar	to	Chabrier	(2005)	

• Solar-metallicity	(Z	≈	Z⨀)	is	bo5om-light	

• Deficit	of	low-mass	stars	and	brown	dwarfs	

• CharacterisAc	mass	∼0.5	M⨀,	as	opposed	to	0.2	M⨀	for	present-day	

• Mass-to-light	raAo	~10	Ames	smaller	(M/L)Chabrier	for	Z	≈	Z⨀		at	z=5	(sAll	assuming	Salpeter	slope	at	high-mass)

IMF:	Z=0.01	Z⨀ IMF:	Z=0.1	Z⨀ IMF:	Z	=	Z⨀

CumulaAve	protostellar	mass	funcAon



Stellar	multiplicity	at	z=5
• Weak	dependence	of	mul9plicity	on	metallicity	at	z=5		(Bate	2023)	

• MulAplicity	decreases	with	increasing	metallicity	

• Z=0.01	Z⨀	similar	to	GalacAc	IMF	

• Z=1	Z⨀	significantly	lower	(≈1/2	to	2/3)	

• Mass	ra9os	closer	to	unity	for	higher	metallicity		

• Separa9on	distribu9ons	similar

CumulaAve	binary	mass	raAo	distribuAons

Stellar	mulAplicity	vs	primary	mass



Conclusions
• Forma9on	of	circumbinary	discs	requires	accre9on	of	gas	with	high	specific	angular	momentum	

• Depends	on	specific	angular	momentum	profile	of	molecular	cloud	cores	

• Close	binaries	(<10	au	separa9ons)	cannot	form	directly	

• Formed	by	hardening	of	wider	binaries,	through	dynamical	interaAons,	gas	accreAon,	and	interacAon	with	
circumbinary	discs	

• AnA-correlaAon	of	frequency	with	metallicity,	due	to	enhanced	small-scale	fragmentaAon	and	more	rapid	cooling	
of	first	hydrostaAc	cores	at	low	metallicity	

• Young	discs	in	radia9on	hydrodynamical	simula9ons	of	star	cluster	forma9on	

• ProperAes	in	good	agreement	with	observaAons	(masses,	radii,	orientaAons)	

• Sculpted	by	accreAon,	dynamical	interaAons	(magneAc	fields	do	not	seem	necessary)	

• Circumbinary	discs	

• (Young)	discs	around	binaries	with	separaAons	<100	au	common,	>100	very	rare	

• Tend	to	be	aligned	with	binary’s	orbital	plan	(~80%	within	45o)


