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Protostellar/protoplanetary	discs

• Naturally	produced	around	forming	stars	

• Angular	momentum	conserva9on	and	energy	dissipa9on	

• Nebular	hypothesis	(Swedenborg,	Kant,	Laplace,	18th	century)	

• Inferred	from	excess	infrared	emission	in	SEDs	of	young	stars	

• e.g.	reviews	of	Beckwith	&	Sargent	1993,	1996	

• Direct	observa9ons	very	rare	un9l	Hubble	Space	Telescope	

• 0.1”	resolu9on:	scaUered	light	and	silhoueUe	images	

• e.g.	Orion:	O’Dell	et	al.	1993;	McCaughrean	&	O’Dell	1996	

• VLT/SPHERE	and	GPI	are	now	providing	well	resolved	scaUered	light	images	of	discs	

• Millimetre	observa9ons	can	measure	masses,	kinema9cs,	sizes	

• e.g.	Beckwith	et	al.	1990;	Dutrey	et	al.	1994,	1996,	1998;	Saito	et	al.	1995	

• ALMA	is	now	providing	large	samples	of	well	resolved	discs

HST/McCaughrean

SPHERE/Avenhaus	et	al.	2018



DSHARP	ALMA	Large	Program;	Andrews	et	al.	2018	

ALMA	images	of	discs	in	nearby	star	forming	regions
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100	AU



VANDAM	Survey;	Tobin	et	al.	2018	

ALMA	images	of	Class	0	mul9ple	systems

20	AU

100	AU

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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• Hydrodynamical	simula9ons	

• Tscharnuter	1975;	Boss	1987;	Chapman	et	al.	1992;	Bonnell	1994;	Bate,	Bonnell	&	Price	1995	

• Focussed	more	on	binary	and	mul9ple	forma9on																																																			
than	disc	proper9es	

• Disc	fragmenta9on:	Bonnell	1994;	Bonnell	&	Bate	1994a,b;																																																																																														
Hennebelle	et	al.	1995;	KraUer	et	al.	2006,	2010	

• Gravita9onally	unstable	discs:	Laughlin	&	Bodenheimer	(1994)	

• Single,	binary,	mul9ple	star	forma9on	

• Disc	proper9es	depend	en9rely	on	ini9al	condi9ons:	

• Ini9al	density	structure,	rota9on,	etc	

Models	of	disc	forma9on

Bonnell	(1994)

Bate,	Bonnell	&	Price	(1995)



Models	of	disc	forma9on
• Discs	can	form	early,	even	before	the	star	

• Rota9ng	first	hydrosta9c	core	disc-like	

• Bate	1998,	2011;	Saigo	&	Tomisaka	2006;																																																																																																			
Machida	et	al.	2010	

• We	can	follow	the	long-term	dynamical																																															
evolu9on	of	discs	in	mul9ple	systems	

• e.g.	Bate	2000;	Price	et	al.	2018	

• Star	cluster-scale	calcula9ons	

• Most	employ	sink	par9cles	with	sizes																					
~100	AU,	so	don’t	resolve	discs	

• Excep9ons	(sinks	<10	AU):	Bate	et	al.	2003-2005;	
Offner	et	al.	2008,	2009;	Bate	2009-2019

Bate	(1998)

Bate	(2000) Price	et	al.	(2018)



Bate	2012:			500	M⨀	cloud	with	decaying	turbulence:				35,000,000	SPH	par9cles	
		Includes	rada9ve	feedback	and	a	realis9c	equa9on	of	state	

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



Welcome to CONSTELLATION

From CONSTELLATION

Part of M16, the Eagle Nebula, in
the infrared

CONSTELLATION is a European Commission FP6 Marie Curie Research Training Network involving a
large number of European astronomy institutions who will be training young scientists through research
into the origin of stellar masses. More detail on the network and its aims can be found here.

PhD and Postdoctoral Positions Available

CONSTELLATION will employ 17 young researchers during its 4-year programme (December 2006 to
November 2010). Currently, we are reviewing applications received prior to May 31st 2007 to fill:

8 Early Stage Researcher (PhD) positions and up to 5 Experienced Researcher (postdoc) positions

constellationBate	(2012):	First	large-scale	calcula9on	consistent		
with	wide	range	of	observed	stellar	proper9es

• Mass	func9on	consistent	with	Chabrier	(2005)	

• Stars	to	brown	dwarf	ra9o:																																																																							
N(1.0-0.08)/N(0.03-0.08)		=		117/31		=		3.8	

• Mul9plicity	consistent	with	field	

• Binary	mass	ra9os	consistent	with	field

G&K	primaries

M-dwarfs

Very-low-mass

Mass	func9on Mul9plicity

Mass	ra9os



Popula9on	synthesis	of	discs	(Bate	2018)
• Bate	(2012)	radia9on	hydrodynamical	cluster	forma9on	calcula9on	

• Produced	183	stars	and	brown	dwarfs,	realis9c	mass	func9on	and	mul9ple	systems	

• Sink	par9cle	radii	0.5	AU:		small	enough	to	resolve	most	discs	

• Limita9ons	

• SPH	calcula9ons	resolu9on	depends	on	mass	-	low-mass	discs	poorly	resolved	

• Discs	only	modelled	up	to	105	yrs,	most	~104	yrs	(i.e.	Class	0/I	rather	than	Class	II)



Disc	evolu9onary	processes	I

• Accre9on	

• Disc	reorienta9on:	220o	

• 10	cases	of	substan9al	
reorienta9on	

• Erosion/stripping	

• Ram-pressure	stripping:	7	discs	

• Dynamical	encounters:	26	discs	

• Combina9on:	18	discs	

• Several	cases	of	stripped	discs	
reforming	by	later	accre9on

12 M. R. Bate
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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

c� 0000 RAS, MNRAS 000, 000–000
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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.

c� 0000 RAS, MNRAS 000, 000–000

• Detailed	studies:	Moeckel	&	Throop	2009;	Wijnen	et	al.	2016,	2017a,b



Disc	evolu9onary	processes	II

• Disc	fragmenta9on	

• 10	discs	fragment	

• 6	produce	mul9ple	fragments	
(6,5,3,3,2,2)	

• 25	protostars	produced	by	
disc	fragmenta9on	(~1/7)
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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

c� 0000 RAS, MNRAS 000, 000–000



Disc	evolu9onary	processes	III
• Star-disc	encounters	and	disc-assisted	capture	

• Very	common:	>48	cases

Diversity and properties of protostellar discs 11
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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

c� 0000 RAS, MNRAS 000, 000–000

• Naturally	produce	mul9ple	
systems	with	misaligned	
discs	(e.g.	Bate	2012,	Offner	
et	al.	2016)	

• Other	studies	of	star-disc	encounters	and	capture	

• Clarke	&	Pringle	(1991)	concluded	rates	too	low	for	significant	binary	forma9on	

• But	assumed	virialised	groups/clusters	

• Gas	velocity	dispersions	(protostars)	~1/3	of	older	stellar	popula9ons	(Bate	et	al.	
2003;	Andre	et	al.	2007;	Foster	et	al.	2015;	Rigliaco	et	al.	2016;	Sacco	et	al.	2017)	

• Detailed	star-disc	simula9ons:	Hall	et	al.	(1996);	Moeckel	&	Bally	(2006)



Orbital	decay Misaligned	inner/outer	discs

Variable	disc	plane

Star-disc	encounter	&	circum-mul9ple	disc

Bate	(2012,	2018)

400	AU



Types	of	disc
• Discs	of	single	protostars	

• May	be	gravita9onally	unstable	
(spiral	structures)	

• 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)

10 M. R. Bate
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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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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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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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Proper9es	of	circumstellar	discs:	age
• Single	protostars	that	have	never	had	an	encounter	
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Figure 14. The cumulative distributions of disc mass (left), radius (centre), and the disc to stellar mass ratio (right) for circumstellar discs (i.e. discs around
each individual protostar; top row), discs of isolated protostars (middle row), and discs of single protostars that have never had another protostar within 2000
au (bottom row). The solid lines give the distributions for protostars of all ages. The dashed, long-dashed, and dot-dashed lines give the distributions for
protostars in three age ranges: 0� 3000 yrs, 3000� 10000 yrs, and > 10000 yrs, respectively. As the single protostars age, the median disc mass and radius
increases, but the disc to star mass ratio distribution remains approximately constant. As the isolated protostars age, the median disc mass and radius of those
with resolved discs increases, but a growing fraction of isolated stars also have no resolved disc due to dynamical encounters and the ejection of protostars
from multiple systems. Considering all circumstellar discs, the fractions of protostars without resolved discs is even higher than for the isolated protostars, due
to the interactions with companions.

mass (i.e. sink particle mass) versus age for all isolated protostars.
Generally, the lines are relatively flat, indicating that the ratio of the
disc mass to the stellar mass is relatively constant. For protostellar
ages less than ⇡ 10

4 yrs, the ratios range from ⇡ 0.1 � 2, indi-
cating that self-gravity will be important for the evolution of many
discs (as seen in Sections 3.4 and 4.1). Many disc/star mass ratios
still exceed 0.1 beyond ages of 104 yrs, but some low-mass discs
(with disc/star mass ratios < 0.1) also appear. Again, if protostars
are ejected from multiple systems and these usually have low disc
masses.

In Fig. 14, we give the cumulative distributions of circumstel-
lar disc masses, radii, and star to disc mass ratios. The top row of
panels gives the distributions for all discs containing only one pro-
tostar, i.e. circumstellar discs (including those that are components
of multiple systems). The second row of panels gives the equiva-
lent distributions but for isolated protostars only. The bottom row

of panels gives the distributions for protostars that have never had
an encounter within 2000 au. In each case, we also give the distri-
butions obtained by limiting the samples to protostellar age ranges
of < 3000 yrs, 3000� 10000 yrs, and > 10000 yrs.

From these cumulative distributions we draw similar conclu-
sions as we did from Figs. 11 to 13. First, the masses of resolved
discs tend to increase with age, for circumstellar discs in gen-
eral, for those surrounding isolated protostars, and for those that
have never had encounters. From this point on we will often re-
fer to resolved discs, which we define as those that have masses
Md ⇡ 0.01 M� (i.e. they are modelled by more than 700 SPH
particles). It is clear that, for protostars that have not had encoun-
ters, the typical (median) mass of their discs increases with age.
But when a significant fraction of the protostars no longer have re-
solved discs (i.e. considering isolated protostars or all circumstellar
discs) we cannot be sure whether median disc mass of the popula-
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Figure 15. The cumulative distributions of disc mass (left), radius (centre), and the disc to stellar mass ratio (right) for circumstellar discs of single protostars
that have never had another object within 2000 au. The solid lines give the distributions for all protostellar masses. The dashed, long-dashed, and dot-dashed
lines give the distributions for single protostars in three mass ranges: < 0.1 M�, 0.1� 0.3 M�, and > 0.3 M�, respectively. Single protostars with greater
masses have substantially more massive discs, such that the disc to star mass ratio distribution is essentially independent of protostellar mass. More massive
protostars also tend to have slightly larger discs, but the effect is weak.

tion increases or not. For example, in the top left panel of Fig. 14
for ages > 10000 yrs, the cumulative line passes through 0.78 at
Md ⇡ 0.01 M� and rises to unity, so the median value for pro-
tostars that have resolved discs is when the cumulative fraction is
equal to (0.78 + 1.0)/2 = 0.89 and the associated disc mass is
Md ⇡ 0.08 M�. However, at this age, the vast majority of sys-
tems (78%) do not have resolved discs, so we cannot determine the
median disc mass for all protostars in this age range. Second, the
disc radii tend to increase with age for discs around isolated pro-
tostars (with the clearest trend being seen for protostars that have
not had encounters), but this is not apparent for all circumstellar
discs. Circumstellar discs in multiple systems have their outer radii
limited by gravitational interactions with companions (Artymowicz
& Lubow 1994). Third, the distribution of resolved disc to proto-
star mass ratios tends not to evolve significantly with age. This is
true regardless of whether we examine all circumstellar discs, those
around isolated protostars, or those that have never had encounters.
It is very clear for the protostars that have never had encounters.
But even for the more diverse populations, the disc to protostar
mass ratios almost all lie in the range Md/M⇤ = 0.1� 2.

Fig. 14 also gives us information that the earlier figures cannot
show – information on the fractions of protostars without resolved
discs. Isolated protostars with the youngest ages (< 3000 yrs) es-
sentially all have resolved discs, with radii typically ranging from
rc ⇡ 10� 70 au and masses ranging from Md ⇡ 0.01� 0.1 M�.
But for both older isolated protostars and protostars in multiple
systems, a significant number do not have resolved circumstellar
discs. Comparing the distributions for the isolated protostars and
those that have never had encounters, it is clear that encounters with
other protostars are primarily responsible for producing protostars
without resolved discs (as opposed to ram-pressure stripping, or
numerical viscous evolution).

Similarly, comparing the top panels of Fig. 14 with the middle
row of panels, it is also clear that protostars in multiple systems are
much less likely to have resolved circumstellar discs than isolated
protostars. A trend of lower disc fractions for multiple systems
is also apparent observationally (Jensen, Mathieu & Fuller 1994,
1996; Osterloh & Beckwith 1995; Andrews & Williams 2005;Har-
ris et al. 2012). Harris et al. (2012) find that the incident rate of
detectable disc emission for stars in multiple systems is half that
of single stars in Taurus. These trends are, no doubt, largely due to
dynamical interactions between the protostars truncating the discs
(Artymowicz & Lubow 1994) and the differential accretion rates of

protostars in multiple systems (Bate & Bonnell 1997; Bate 2000).
However, in the hydrodynamical calculation, numerical viscous
evolution also plays a role (see Appendix B). Viscously evolving
circumstellar discs in multiple systems are likely to be replenished
less quickly than those in isolated systems because of the presence
of the companion, and the disc around the secondary is expected to
evolve faster (Armitage, Clarke & Tout 1999). Since the numerical
viscosity increases with decreasing disc mass in SPH calculations,
low-mass discs will evolve much quicker than is realistic and will
drain away.

For the isolated protostars, the fraction without resolved discs
increases to ⇡ 10% for ages 3000�10000 yrs and ⇡ 60% for ages
> 10000 yrs. Note that this does not necessarily mean that most
isolated protostars lose their resolved discs during the calculation
because later in the calculation many protostars become isolated
when they are ejected from multiple systems. Many of these either
wouldn’t have had resolved circumstellar discs before they were
lost, or else their discs may have been lost during the break up of
the multiple system. However, regardless of the origin, it does mean
that many old protostars (ages > 10000 yrs) do not have resolved
circumstellar discs.

Finally, for this section, in Fig. 15, we also investigate the de-
pendence of disc properties on protostellar mass for protostars that
have never had encounters closer than 2000 au. From the distri-
butions of disc to protostellar mass ratios, it is clear that although
there is a distribution of these mass ratios, the distribution does not
depend on the protostellar mass and the typical disc mass scales
linearly with the mass of the protostar. In each protostellar mass
range, the disc masses range over ⇡ 1.5 dex. By contrast, the disc
characteristic radii have a smaller range (⇡ 20� 150 au) and there
is less dependence on protostellar mass (the median disc radius for
M⇤ < 0.1 M� is ⇡ 40 au, while for M⇤ > 0.3 M� is ⇡ 60 au.

5.2 Radial surface density profiles of the discs of isolated
protostars

If the radial surface density distribution of a disc can be described
as ⌃(r) / r�� , then the disc mass contained within radius r scales
as Md(r) / r2�� (� < 2). Therefore, performing a least squares
linear regression on log(Md) vs log(r) can be used to obtain the
best fitting value of � for a disc. In the analysis that follows, we per-
form linear regressions on the values of the disc radii that contain
various percentages of the total disc mass. The maximum radius
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Proper9es	of	discs	of	systems:	star	mass
• Disc	masses	increase	linearly	with	stellar	mass	to	~0.5	M☉	

• Disc	radii	increase	weakly	with	stellar	mass	

• Disc/star	mass	ra9os	similar	for	<0.5	M☉	

• Decrease	roughly	linearly	for	stellar	masses	>0.5	M☉
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Figure 18. The total disc masses (left), characteristic disc radii (centre), and the ratio of total disc mass to total stellar mass (right) of the protostellar systems
versus their total stellar mass. In the upper panels, each dot represents an instance of disc(s) of a particular system, which may be a single protostar or a
bound multiple protostellar system. A single system may be represented by many dots that give the state of the system at different times. The colours denote
the order of the system: single (black), binary (red), triple (blue), or quadruple (green). A particular system may be represented by many instances (taken at
different times). In the lower panels, we give the cumulative distributions for all protostellar systems, and for systems in three stellar mass ranges: < 0.1 M�,
0.1� 0.3 M�, and > 0.3 M�. Disc masses tend to be greater for more massive protostellar systems. Discs around very low mass (< 0.1 M�) are noticeably
smaller than those around more massive systems. For more massive systems, the typical disc size does not depend strongly on the total stellar mass, but the
largest discs tend to be found around some of the most massive systems, and these tend to be multiple systems. The typical ratios of disc to stellar mass tend
to be highest for systems with intermediate masses (0.1� 0.3 M�) and they tend to decline strongly with increasing mass for > 0.3 M�.

mass to the total protostellar mass (i.e. sink particle mass) versus
the total stellar mass for different instances of the protostellar sys-
tems, and we provide the corresponding cumulative distributions.
The typical ratios of disc to stellar mass tend to be highest for sys-
tems with intermediate masses (0.1� 0.3 M�). For lower masses,
many protostars do not have resolved discs. For systems of higher
mass, as we noted above, the total disc mass becomes independent
of the total protostellar mass, so the disc to star mass ratios tend
to decline roughly inversely proportional to the total protostellar
mass.

5.3.2 Disc orientations in binary systems

Bate (2012) examined the relative orientations of the orbits of triple
systems, and also the orientations of sink particle spins relative to
each other and to the orbital plane in binary systems at the end of
the calculation. Sink particle spins can be thought of as modelling
the combined angular momentum of the stars themselves and the
inner part of their circumstellar discs (i.e. radii smaller than the
accretion radii 6 0.5 au). Bate (2012) found that the spins and
orbit in binary systems tend to be aligned with each other if the
semi-major axis is a ⇠< 30 au, as is also true observationally (Hale
1994).

In this section, we analyse how the relative orientations of
discs, spins, and orbits depend on separation and age. We restrict
our analysis to bound pairs of protostars in which circumstellar

discs have been identified around both of the protostars. By pairs,
we mean that they may be binaries, or they may be mutual clos-
est neighbours in multiple systems (e.g. the closest pair in a triple
system with a wider companion, or a pair in a quadruple system of
which there may be one or two). Each circumstellar disc must have
a mass of Md > 4.3 ⇥ 10

�4 M� (i.e. at least 30 SPH particles).
This may seem like a low value, but all we need to determine is the
angular momentum vector of the disc and 30 particles are sufficient.
The trends that we find do not change if we either decrease the limit
to 10 SPH particles, or increase the limit to 100 SPH particles, but
in the latter case we are left with fewer instances of discs in close
pairs because the circumstellar discs in these systems are dynam-
ically constrained to be small (and, thus, typically low mass). In
the analysis that follows, we have 653 instances of pairs with two
circumstellar discs in 71 distinct systems. Of these, 390 instances
are binaries in 55 different systems, and 263 are instances of 34
different pairs in higher order systems. Note that a particular pair
of protostars may be a component of a high-order system for one
period of time, and a binary at a different time (e.g. the outer com-
ponent of triple system may be dynamically unbound).

We begin by considering the distributions of the relative ori-
entation angle between the two circumstellar discs. We find no sig-
nificant dependence on the total mass of the protostellar system,
but we do find that the relative angle depends on the separation of
the pair and on the age of the system. In Fig. 19, we plot the rela-
tive orientation angle for instances of protostellar pairs versus their
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Comparison	with	observa9ons:	Disc	masses

• Typical	ages	of	protostars	from	simula9on	~104	yrs	(oldest	9x104	yrs)	

• Younger	than	typical	Class	II	young	stars	

• Expect	higher	disc	masses	at	young	ages	

• Protostellar	disc	masses	

• 30-300	9mes	more	massive	than	Class	II	discs	

• Taurus/Ophiuchus	(Andrews	&	Williams	2007	

• Taurus	(Andrews	et	al	2013;	Ansdell	et	al	2016)	

• Lupus	(Ansdell	et	al	2016)	

• σ Orionis	(Ansdell	et	al	2017)	

• Upper	Sco	OB	Associa9on	(Barenfeld	et	al.	2016)	

• Good	agreement	with	Class	0/I	disc	masses	

• Perseus	using	VLA	(Tychoniec	et	al.	2018)

21

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



Comparison	with	observa9ons:	Disc	radii
• Distribu9on	of	radii	

• Radius	containing	63.2%	of	total	mass	

• Observa9ons	need	to	resolve	discs	

• Issues	with	how	to	treat	completeness	

• Disc	radii	typically	~10-200	AU	

• Simulated	disc	radii	in	good	agreement	with	Class	II	

• Dynamical	interac9ons	important	for	small	discs	

• Largest	discs	tend	to	be	around	mul9ple	systems	

• Other	correla9ons	

• Discs	sizes	smaller	for	lower-mass	protostars	

• Weak	disc	mass	to	radius	rela9on	Md∝Rd0.2-0.4	

• Disc	mass	to	stellar	mass:	Md∝M*0.85 for	M*<0.5	M☉
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Figure 26. Cumulative distributions of the characteristic radii for the discs
from the calculation analysed in this paper (solid line: all systems; dot-
long-dashed line: protostars that have not had encounters closer than 2000
au), and for discs observed in the Orion Nebula Cluster (Vicente & Alves
2005), Lupus (Tazzari et al. 2017), a sample of discs in Taurus, Ophiuchus,
and other regions (Tripathi et al. 2017), and Ophiuchus (Andrews et al.
2009, 2010). In the top panel, we give the raw observed distributions from
the above papers. In the bottom panel, we apply some corrections. For the
Orion Nebula, we scale the radii by a factor of 63.2% to take account of the
fact that the observed radii are from extinction (sihouettes) rather than from
dust emission profiles. For Lupus and Taurus, we attempt to take account of
the fact that not all of the radii are able to be determined for the sample. Our
best estimate is that the observed disc have similar sizes to those produced
in the numerical simulation; the discs in Orion may be up to a factor of two
larger. Excluding protostars that have had encounters or have companions
closer than 2000 au results in a steeper distribution.

Making these adjustments to the observational data for the
ONC, Lupus, and Taurus/Ophiuchus datasets, we plot the cumula-
tive distributions of the characteristic disc radii of modified obser-
vational data and the simulated discs in the bottom panel of Fig. 26.
Now the characteristic radii of the discs from the simulated proto-
stellar systems seem to be in good agreement with the disc sizes
in the ONC and Taurus/Ophiuchus, but about a factor of two larger
than the disc radii in the Lupus. We note that accounting for the

incompleteness of the Lupus survey, the median disc size in Lupus
may be similar to that recently found by Barenfeld et al. (2017) in
Upper Scorpius. We also note that the results from the hydrody-
namical simulation and the Lupus and Upper Scorpius results are
consistent with Piétu et al. (2014)’s assertion that up to 25% of the
discs in Taurus may be very compact. The simulated distribution
from protostars that have not had encounters closer than 2000 au
remains too steep, implying that including multiple systems and
at least some dynamical encounters is necessary to reproduce the
observed disc size distribution, particularly the population of very
small discs.

Given the uncertainties in the observations, particularly in
terms of upper limits and sample completeness, agreement at the
level of a factor of two is reasonable. Indeed, there are several rea-
sons why the agreement may not have been expected to be this
good. First, we know from the previous sections that the disc radii
in the simulations tend to increase with age. Second, if real discs
evolve viscously, they will also grow in size. Third, the calculations
do not include magnetic fields. Naively, magnetic fields would be
expected to result in smaller discs due to magnetic braking. We will
return to this point in Section 6.3.

Finally, we note from Fig. 26 that the observed distributions of
disc radii for the Orion Nebula Cluster and for Taurus/Ophiuchus
are very similar, despite the stellar densities being very different.
How can this be the case if dynamical interactions are important in
setting disc properties? This is possible if protostars form in small
groups independent of the stellar density on larger-scales. Then dy-
namical interactions between protostars will occur within the small
groups as they are forming, potentially truncating discs, before the
groups disperse. Even in Taurus, many of the young stars are ob-
served to be in groups of around a dozen protostars (Gomez et al.
1993) which may have been more compact in the past.

6.1.3 Disc properties versus stellar mass

There is general agreement from studies of nearby star-forming re-
gions that disc mass increases with stellar mass (see the discussion
in Andrews et al. 2013), and this relation seems to extend into the
sub-stellar (Klein et al. 2003; Scholz et al. 2006; Schaefer et al.
2009; Mohanty et al. 2013; Daemgen et al. 2016; van der Plas
et al. 2016; Testi et al. 2016) and planetary-mass (Bayo et al. 2017)
regimes. The exact dependence, however, is model dependent, for
example, whether or not disc temperature is scaled with stellar lu-
minosity, and the assumptions made about the disc size; see, for ex-
ample, Pascucci et al. (2016); Hendler et al. (2017). Andrews et al.
(2013) found that the millimetre flux scales as Fmm / M1.5�2.0

⇤
for Class II discs in the Taurus region and they argue that, ac-
counting for dust temperature scaling, this supports a roughly lin-
ear scaling of disc mass with stellar mass (i.e. Md / M⇤) with
a dispersion of ⇡ 0.7 dex. Ansdell et al. (2016) found a slope
of Md / M1.8±0.4

⇤ with dispersion of 0.9 ± 0.2 for Lupus, and
Md / M1.7±0.2

⇤ with dispersion of 0.7 ± 0.1 for Taurus, but a
steeper slope of Md / M2.4±0.4

⇤ with dispersion of 0.7 ± 0.1 for
Upper Scorpius. Barenfeld et al. (2016) obtained Md / M1.7±0.4

⇤
in Upper Scorpius. Pascucci et al. (2016) derive Md / M1.6±0.3

⇤ in
Chamaeleon I and assert that this is similar to the relations in Tau-
rus and Lupus, with the relation in Upper Scorpius being steeper.

The disc masses from the hydrodynamical simulation clearly
scale with stellar mass (left and right panels of Fig. 18). The scaling
appears to be roughly linear up to M⇤ ⇡ 0.5 M�, with no obvious
trend above this mass. A formal fit to all systems with total proto-
stellar masses M⇤ < 0.5 M� and disc masses Md > 0.001 M�
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Dependence	on	ini9al	condi9ons?
• Performing	star	forma9on	simula9ons	with	different	ini9al	condi9ons	

• Metallicity	(Bate	2019)	

• Disc	movies	available	at	hUp://www.astro.ex.ac.uk/people/mbate/	

• Disc	proper9es	not	yet	analysed	

• Cloud	mean	density	

• Different	interstellar	radia9on	field	

• Redshiu



10	9mes	denser	than	Bate	(2012)	
nH	=	6x105	cm-3

10	9mes	less	dense	than	Bate	(2012)	
nH	=	6x103	cm-3

385	vs	112	protostars

Different	cloud	densi9es



Dependence	on	cloud	&	stellar	density

• Single	protostars	that	have	never	had	encounters	

• Disc	masses	approx	2	9mes	greater	for	low-density	ini9al	condi9ons	compared	to	high	
density	

• Median	disc	radii	similar,	but	only	half	the	number	of	large	(>100	AU)	discs	at	low-density	

• Disc-to-star	mass	ra9os	50%	greater	for	low-density	ini9al	condi9ons



Dependence	on	cloud	&	stellar	density

• Protostellar	systems	(single	&	mul9ple	systems)	

• Disc	masses	at	ages	<3000	yrs	approx	2	9mes	greater	for	low-density	ini9al	condi9ons	
compared	to	high	density,	but	similar	when	older	

• Median	disc	radii	similar,	but	only	half	the	number	of	large	(>100	AU)	discs	at	low-density	

• Disc-to-star	mass	ra9os	~2	9mes	higher	for	low-density	ini9al	condi9ons



Conclusions
• Hydrodynamical	calcula9ons	predict	a	wide	diversity	of	protostellar	discs	

• Misaligned	discs	in	wide	mul9ple	systems	should	be	the	norm	

• Wide	variety	of	evolu9onary	processes	

• Dynamical	encounters	between	protostars	

• Star-disc	encounters	(frequently	involved	in	binary	and	mul9ple	system	forma9on)	

• Ram-pressure	erosion/stripping	of	discs	

• Disc	fragmenta9on	(minority)	

• Protostellar	discs	proper9es	

• Astounding	agreement	of	masses	and	radii	with	observed	Class	0/I	objects	

• Future	calcula9ons	

• Need	to	probe	stellar	proper9es	over	a	much	broader	range	of	ini9al	condi9ons	

• Disc	proper9es	seem	robust	to	changing	the	cloud	density	by	2	orders	of	magnitude	

• Low-mass	stellar	mass	distribu9on	has	VERY	weak	dependence	on	metallicity	(Z>=0.01	Z⊙)


