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What	determines	stellar	proper-es?

• Gravitational fragmentation of structured 
molecular gas to form stellar groups

• Exactly	how	the	structure	arises	is	probably	not	so	important	

(see	Bate	2009c;	Bertelli	Mo6a	et	al.	2016;	Liptai	et	al.	2016)	

• Dissipative dynamical interactions between 
accreting protostars

• Gives	an	IMF-like	mass	distribu-on	(compe--ve	accre-on),	

but	depends	on	global	Jeans	mass		

• Leads	to	observed	mul-plicity	frac-ons	and	proper-es	of	

mul-ple	systems	

• Radiative feedback (interactions) from accreting 
protostars

• Enables	the	produc-on	of	an	(almost)	invariant	IMF	

• All three together can reproduce observed stellar 
properties

SPH simulations that are capable of following the gravita-
tional collapse and star formation introduce a further com-
plication. These simulations find that most of the clumps
are generally unbound and therefore do not collapse to form
stars (Klessen et al., 2005; Clark and Bonnell, 2005). It
is only the most massive clumps that become gravitation-
ally unstable and form stars. Gravitational collapse requires
masses of order the unperturbed Jeans mass of the cloud
suggesting that the turbulence has played only a minor role
in triggering the star formation process (Clark and Bonnell,
2005). Even then, these cores often contain multiple ther-
mal Jeans masses and thus fragment to form several stars.
In terms of observable predictions, the Padoan and Nord-

lund turbulent compression model suggests, as does gravi-
tational fragmentation, that the minimum clump separations
scales with the mass of the core. Thus, lower-mass clumps
can be closely packed whereas higher-mass cores need to be
well separated. If these clumps translate directly into stars
as required for turbulent compression to generate the IMF,
then this appears to predict an initial configuration where
the more massive stars are in the least crowded locations.
Unless they can dynamically migrate to the cores of stel-
lar clusters fairly quickly, then their formation is difficult to
attribute to turbulent fragmentation.
Turbulence has also been invoked as a support for mas-

sive cores (McKee and Tan, 2003) and thus as a potential
source for massive stars in the centre of clusters. The main
idea is that the turbulence acts as a substitute for thermal
support and the massive clump evolves as if it was very
warm and thus has a much higher Jeans mass. The difficulty
with this is that turbulence drives structures into objects and
therefore any turbulently supported clump is liable to frag-
ment, forming a small stellar cluster instead of one star.
SPH simulations have shown that, in the absence of mag-
netic fields, a centrally condensed turbulent core fragments
readily into multiple objects (Dobbs et al., 2005). The frag-
mentation is somewhat suppressed if the gas is already opti-
cally thick and thus non-isothermal. Heating from accretion
onto a stellar surface can also potentially limit any frag-
mentation (Krumholz, 2006) but is likely to arise only after
the fragmentation has occurred. In fact, the difficulty really
lies in how such a massive turbulent core could form in the
first place. In a turbulent cloud, cores form and dissipate
on dynamical timescales suggesting that forming a long-
lived core is problematic (Ballesteros-Paredes et al., 1999;
Vazquez-Semadeni et al., 2005). As long as the region con-
tains supersonic turbulence, it should fragment on its dy-
namical timescale long before it can collapse as a single
entity. Even MHD turbulence does not suppress the gener-
ation of structures which will form the seeds for fragmenta-
tion (see chapter by Ballesteros-Paredes et al.).
The most probable role for turbulence is as a means for

generating structure in molecular clouds. This structure
then provides the finite amplitude seeds for gravitational
fragmentation to occur, while the stellar masses are set by
the local density and thermal properties of the shocked gas.
The formation of lower-mass stars and brown dwarfs di-

rectly from turbulent compression is still an open question
as it is unclear if turbulent compression can form gravita-
tionally bound cores at such low masses. Turbulent com-
pression is least likely to be responsible for the high-mass
slope of the IMF as numerical simulations suggest that the
high-end core-mass distribution is not universal and does
not follow a Salpeter-like slope (see Fig. 6).

5.3. Accretion

Fig. 7.— A schematic diagram of the physics of accretion in a
stellar cluster: The gravitational potential of the individual stars
form a larger scale potential that funnels gas down to the cluster
core. The stars located there are therefore able to accrete more gas
and become higher-mass stars. The gas reservoir can be replen-
ished by infall into the large-scale cluster potential.

Gas accretion is a major process that is likely to play
an important role in determining the spectrum of stellar
masses. To see this, one needs to consider three facts. First,
gravitational collapse is highly non-homologous (Larson,
1969) with only a fraction of a stellar mass reaching stel-
lar densities at the end of a free-fall time. The vast ma-
jority of the eventual star needs to be accreted over longer
timescales. Secondly, fragmentation is highly inefficient
with only a small fraction of the total mass being initially
incorporated into the self-gravitating fragments (Larson,
1978; Bate et al., 2003). Thirdly, and most importantly, mm
observations of molecular clouds show that even when sig-
nificant structure is present, this structure only comprises a
few percent of the mass available (Motte et al., 1998; John-
stone et al., 2000). The great majority of the cloud mass
is in a more distributed form at lower column densities,
as detected by extinction mapping (Johnstone et al., 2004).
Young stellar clusters are also seen to have 70 to 90 % of
their total mass in the form of gas (Lada and Lada, 2003).
Thus, a large gas reservoir exists such that if accretion of
this gas does occur, it is likely to be the dominant con-
tributer to the final stellar masses and the IMF.
Models using accretion as the basis for the IMF rely es-

sentially on the equation

M∗ = Ṁ∗tacc, (7)
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Cumula-ve	IMFs	(no	radia-ve	feedback)
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Compe--ve	accre-on	&	dynamical	interac-ons

• Larson	(1978)	

• “…the	final	mass	spectrum	is	determined	at	least	

in	part	by	accre-on	processes	and	the	

compe--on	between	different	accre-ng	objects.”	

• Zinnecker	(1982)	

• “…a	simple	analy-c	accre-on	model	for	the	

protostellar	mass	spectrum	…	in	which	

protostellar	cores	compete	for	the	accre-on	of	

the	gas…”	

• Compe--on	for	mass		as																							produces	a	

Salpeter-like	mass	func-on

Zinnecker: Prediction of Protosteilar Mass Spectrum 23 1 

interval (the usual notation for the mass spectrum), Correspondingly, c0 should be a 
narrow distribution in logarithmic mass space. 

We proceed by evaluating (4b). First, we have to find Mo as a function of M. This 
can be obtained by inverting equation 2 to get 

Second, we have to insert (5) into (4b). We get 

or 

{ ( M )  = (-) M ( 1  + a M f ) - ' .  
1 + f f M t  (7) 

Equation 7 is the mass spectrum resulting from the accretion process. For aMt  >> 1 
[i.e., M > Mo and t - t, = ( a M o ) - ' ] ,  c0 becomes a constant, independent of mass, and 
( 1  + a M t ) - '  = M-I.  Thus, 

( ( M )  = M-'  (M >> Mo). (8) 

This is the asympto!ic shape of the mass spectrum for large masses that develops 
during accretion (if M = Mz). Note that the slope of the mass spectrum does not 
depend on the distribution of the starting masses. The evolution of the mass spectrum is 
illustrated in FIGURE 2. 

Timescale for  the Accretion Process 

Up to now, w e  have not estimated the timescale for the accretion process. This 
timescale is given by t, = (uM0)-' ,  i.e., 

(*)l 
( io4,v0 p c - 3 ) ( i % j  

t , =  105 Yl 

Pcl 
(9) 

where w e  have normalized to the parameters of our system. (t = t, corresponds to the 
dashed line in FIGURE 1 .) One realizes that the accretion timescale is comparable to the 
initial free-fail timescale of the cloud. 

IogIM/M.) 

FIGURE 2. The evolution of the mass spectrum, { = 
dN/d log M. of gravitating point masses for an accretion rate 
M = aM' (a narrow symmetric distribution evolves into a 
broad asymmetric distribution). 
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about 3.8 and later decreases to about 2.4 as the collapse proceeds and the density distribu- 
tion becomes more non-uniform. This simulates a moderate drop in temperature during the 
collapse, yielding a thermal energy about 0.075 times the initial gravitational energy, which 
corresponds to an initial Jeans mass about one-sixteenth of the total mass. With this variant 
of the numerical scheme, a higher proportion of low-mass objects is formed, and a larger 
fraction of the cloud is accreted by the condensed objects; the latter difference may be 
attributable to a higher effective viscosity (see below). The cases illustrated in Fig. 6(a) and 
(b) differ only in the use of a different set of random numbers for the initial particle 
positions. Although the results differ considerably in detail, they share some basic features 

Figure 5. (a) The distribution of a system of 150 particles after 2.3 free-fall times; initial ratios of thermal 
and rotational energy to gravitational energy are 0.10 and 0.30. (b) The particle distribution after 3.5 
free-fall times. 
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constellationThe Apparent Invariance of the IMF
• Bate 2009b

• In the absence of stellar feedback, cloud fragments into objects separated by Jeans length

• Jeans length and Jeans mass smaller for denser clouds

• But, heating of the gas surrounding a newly-formed protostar inhibits nearby fragmentation                                                              

• Effectively increases the effective Jeans length and Jeans mass

• Effective Jeans length and Jeans mass increases by a larger fraction in denser clouds

• This greater fractional increase largely offsets the natural decrease in Jeans mass in denser clouds

• Bate (2009b) show that this effective Jeans mass depends very weakly on cloud density
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Bate 2012:   500 M⨀ cloud with decaying turbulence
 Includes radative feedback and a realistic equation of state

                 Produces 183 stars and brown dwarfs, following all binaries, plus discs to ~1 AU
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constellationBate	(2012):	First	large-scale	calcula-on	consistent		

with	wide	range	of	observed	stellar	proper-es

• Mass	func-on	consistent	with	Chabrier	(2005)	

• Stars	to	brown	dwarf	ra-o:																																																																							

N(1.0-0.08)/N(0.03-0.08)		=		117/31		=		3.8	

• Mul-plicity	consistent	with	field	

• Binary	mass	ra-os	consistent	with	field

G&K	primaries

M-dwarfs

Very-low-mass

Mass	func-on Mul-plicity

Mass	ra-os



Orbital	decay Misaligned	inner/outer	discs

Variable	disc	plane

Star-disc	encounter	&	circum-mul-ple	disc

Bate	(2018)

400	AU
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Diversity and properties of protostellar discs 27

Figure 25. Cumulative distributions of the disc dust mass for the discs of
protostellar systems from the calculation analysed in this paper (solid line),
and for discs of Class II objects observed in different star-forming regions.
The observational surveys are of Taurus/Ophiuchus (Andrews & Williams
2007), the reanalysis of Taurus data (Andrews et al. 2013) by (Ansdell et al.
2016), Lupus (Ansdell et al. 2016), � Orionis (Ansdell et al. 2017), and
the Upper Scorpius OB association (Barenfeld et al. 2016). As may be ex-
pected, the young discs from the hydrodynamical simulation have higher
masses than those that are typically observed in star-forming regions. The
simulated discs are approximately 1.5 orders of magnitude more massive
than those in Taurus and Lupus, 2 orders of magnitude more massive than
those in � Orionis, and 2.5 orders of magnitude more massive than those in
Upper Sco.

also find that Upper Scorpius may have a steeper Mdust �M⇤ re-
lation than the other regions. Tazzari et al. (2017) reanalysed the
more luminous discs in Lupus studied by Ansdell et al. (2016),
excluding unresolved discs, transition discs, and known binaries.
Whereas Ansdell et al. (2016) assumed a constant temperature of
20 K to derive the dust masses, Tazzari et al. (2017) used a varying
temperature model and obtained dust masses that were typically a
factor of two higher than Ansdell et al. (2016). This is consistent
with the masses for Taurus being higher in Andrews & Williams
(2007) than in Ansdell et al. (2016). Similarly, using synthetic ob-
servations of protostellar disc simulations, Dunham et al. (2014)
conclude that disc masses derived from observations at millimetre
wavelengths can lead to disc mass underestimates by up to fac-
tors of two or three. On the other hand, the dust masses derived by
Miotello et al. (2017) tend to be 1 � 2 times smaller than those of
Ansdell et al. (2016). Overall, there is currently uncertainty in dust
masses derived from observations at the level of factors of a few.

From the cumulative distributions in Fig. 25, the masses of our
resolved discs are ⇠ 30 times more massive than those of the Class
II discs in Taurus/Ophiuchus and Lupus. It is not surprising that the
masses are higher, since the objects from the simulation are pre-
sumably much younger than the observed discs. In the simulation,
the highest disc mass is Mdust ⇡ 3000 M�, or 0.01 M� (i.e. a
gas mass of ⇡ 1 M�). Empirically, the ‘completeness limit’ for re-
solved discs in the hydrodynamical calculation is ⇡ 30 M� (i.e. a
gas mass of ⇡ 10

�2 M�, or ⇡ 700 SPH particles). Coincidentally,
these limits are similar to those in the original survey of Beckwith
et al. (1990).

6.1.2 Disc radii

The distributions of disc radii are more difficult to study than disc
mass because high angular resolution is required. The radii of discs
of Class II objects have been studied in the Orion Nebula Cluster
(ONC; Vicente & Alves 2005), Ophiuchus (Andrews et al. 2009,
2010), Lupus (Tazzari et al. 2017), and the Upper Scorpius OB As-
sociation (Barenfeld et al. 2017). In addition, Tripathi et al. (2017)
study a collection of 50 discs that are mostly from Taurus and Ophi-
uchus, but with 9 that are in other regions or in isolation. The disc
radii range from ⇡ 40� 1000 au, ⇡ 20� 200 au, ⇡ 10� 400 au,
⇡ 20 � 200 au, and 6 � 50 au in the five samples, respectively.
All of these studies consider radii based on dust profiles, but in the
ONC they are derived from optical dust absorption (discs seen in
sillouhette against background nebulosity), whereas in all the other
surveys they are based on millimetre dust emission. Barenfeld et al.
(2017) measures both dust and gas radii for seven discs, finding
that the radii of the gas discs (30 � 170 au) are larger than those
measured using the dust in four of the seven cases. At face value,
Barenfeld et al. find that the dust disc radii in Upper Scorpius are
three times smaller than those found in the other regions (median
radii of 21 au).

In the upper panel of Fig. 26 we plot the cumulative distri-
butions of disc sizes of the observed samples, excluding that of
Barenfeld et al. (2017), and two distributions derived from the sim-
ulation. From the simulation, we plot the distribution obtained us-
ing all protostellar systems (solid line) and the distribution obtained
only from protostars that have not had encounters with other pro-
tostars closer than 2000 au. The latter is steeper as the largest discs
tend to be found in multiple systems (Section 5.3.1), and dynam-
ical encounters or companions are primarily responsible for pro-
ducing unresolved discs (Section 5.1). At face value, the four ob-
served distributions have median disc radii that range from 1 to 2
times the median radii of the discs of protostellar systems from the
calculation (excluding unresolved discs). The observed disc radii
are also in reasonable agreement with the distribution from proto-
stars that have not had encounters, although the latter distribution
is somewhat steeper. However, the question becomes how to deal
with non-detections and upper limits in the observational surveys.

Vicente & Alves (2005) provide an estimated correction for
the number of unresolved discs in the ONC which we have al-
ready used to plot the cumulative distribution in the upper panel
of Fig. 26. But an added complication for the ONC is that the disc
radii are determined from optical dust absorption which essentially
give the outer radii of the discs, whereas the other surveys and the
simulations measure characteristic disc radii that contain ⇡ 63%
of the disc mass. To account for this, we can reduce the disc radii
given by Vicente & Alves (2005) by a factor of 0.632. If the disc
surface density profile is ⌃(r) / r�1 (as is typical for the isolated
discs in Section 5.2), this would give characteristic radius that con-
tains a similar mass fraction to the other observational surveys and
the simulated discs.

In Lupus, Tazzari et al. (2017) give the number of systems that
they are unable to determine disc radii for, but there is no indica-
tion of completeness in the studies of Andrews et al. (2009, 2010)
and Tripathi et al. (2017). Piétu et al. (2014) performed a high an-
gular resolution study of faint discs in the Taurus star-forming re-
gion. They found that all of the faint discs were much smaller than
the bright discs that were previously imaged. They found that half
of their discs had characteristic radii smaller than 10 au, and con-
cluded that up to 25% of the entire disc population of Taurus may
consist of very compact dust discs.

c� 0000 RAS, MNRAS 000, 000–000
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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

Disc	mass	distribu-ons	(Tychoniec	et	al.	2018)

Bate	(2018)	

Single	star
Bate	(2018)	

Stellar	systems



A	Predic-ve	Theory	of	Star	Forma-on

• Now	that	we	can	produce	realis-c	stellar	popula-ons	

• Bate	(2012)	

• the	challenge	is	to	develop	a	predic-ve	theory	of	star	forma-on	

• Ini-al	condi-ons	

• Cloud	structure	and	kinema-cs	

• Metallicity	

• Magne-c	fields	

• Environment	

• Level	of	external	radia-on	(e.g.	high-z,	starbursts)	

• Loca-on	(e.g.	outer	galaxy,	galac-c	centre)



Does	the	IMF	vary	with	metallicity?

• Sub-solar	metallici-es	

• Molecular	gas	generally	ho6er	(reduced	line-cooling	and	dust	cooling)	

• Jeans	mass	larger	(																		)	

• Characteris-c	stellar	mass	larger?	

• Sub-solar	metallici-es	

• Reduced	opacity	

• Collapsing	gas	op-cally	thin	and	able	to	cool	quickly	at	higher	densi-es	

• Jeans	mass	smaller		(																														)	

• Characteris-c	stellar	mass	smaller?	

• Past	calcula-ons	varied	only	opaci-es	

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

/ T 3/2

/ 1/
p
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Radia-ve	transfer	with	separate	gas,	dust,	radia-on	temperatures	(Bate	&	Keto	2015)

Column	density Tgas

Tdust Trad



Gas	Temperature	with	Different	Metallici-es



Dependence	of	the	mass	func-on	on	metallicity

• Results	at	end	(tff=1.20):		

• Z=0.01	Z⊙  142	stars	and	BDs	

• Z=0.1	Z⊙ 			174	stars	and	BDs

• Z=Z⊙ 										255	stars	and	BDs

• Z=3	Z⊙							258	stars	and	BDs	

• Median	masses	range	from	0.163-0.195	M⊙	(Chabrier	2005	has	0.20	M⊙)	

• Low	metallicity	seems	to	produce	slightly	more	brown	dwarfs	

• Reduced	opaci-es:	greater	cooling	at	higher	densi-es	and	more	small-scale	fragmenta-on

Cumula-ve	IMFs



Dependence	of	mul-plicity	on	metallicity

• No	strong	dependence	of	overall	mul-plicity	

• Mul-plicity	strongly	increases	with	primary	mass	

• Indica-ons	that	

• Separa-ons	may	decrease	with	decreasing	metallicity	

• see	Moe	&	Kra6er	(2018)	for	observa-onal	evidence	

• No	significant	difference	in	binary	mass	ra-o	distribu-ons

Cumula-ve	separa-ons Cumula-ve	binary	mass	ra-os



Conclusions

• Characteris-c	stellar	mass	depends	

• More	on	small-scale	thermodynamics	(thermal	feedback)	and	dynamical	interac-ons	

• Than	large-scale	ini-al	density,	temperature,	turbulence,	and	magne-c	fields	

• Calcula-ons	including	thermal	feedback	can	reproduce	observed	stellar	proper-es									

(Bate	2012,	2014;	Krumholz	et	al.	2012)	

• Working	to	predict	the	varia-on	of	stellar	proper-es	

• Stellar	proper-es	are	resilient	to	changes	in	ini-al	condi-ons	and	environment	

• However,	small	changes	in	IMF	and	mul-ple	star	proper-es	star-ng	to	be	iden-fied	

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

• Weak	dependencies	on	cloud	density	and	level	of	interstellar	radia-on	field	

• S-ll	need	to	

• Probe	stellar	proper-es	over	a	much	broader	range	of	ini-al	condi-ons	

• Extend	to	massive	stars


