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A Brief History of Star Formation

1930 - 1950
Realisation that stars are still
forming in the Universe today 

1950 - 2012
Trying to understand which physical processes

are most important in star formation 

1968 - 
1-D numerical 

simulations

1978 - 
3-D numerical 

simulations

1992 - 
Formation of
stellar groups

1980’s -
Multi-physics
simulations

Bate (2012),
Krumholz et al (2012) - 

Simulations able to
reproduce observed

the observed 
properties of
stellar systems

2012 - 
Developing a predictive 
theory of star formation



Stellar Properties

• Initial mass function

• Observed to be relatively independent of initial conditions, 
at least in our Galaxy (Bastian, Covey & Meyer 2010)

• Star formation rate and efficiency

• Observed to be 3-6% of gas mass per free-fall time      
(Evans et al. 2009)

• Multiplicity

• Observed to be an increasing function of primary mass

• Separations, mass ratios, eccentricities

• High order systems (triples, quadruples)

• Protoplanetary discs

• Masses, sizes, density distributions
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Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the ∆mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B − V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B − V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M⊙, the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M⊙, the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of σlog P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a′′ = log ρ ′′ + 0.13 from DM91, where a is the
angular semimajor axis and ρ is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and σlog P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and

Raghavan et al. (2010)



The origin of the initial mass function

• Molecular cloud structure - IMF results from core     
mass function

• (e.g. Elmegreen 1993; Padoan et al. 1997)

• IMF may depend on Jeans mass and turbulent Mach number

• (e.g. Padaon & Norlund 2004; Hennebelle & Chabrier 2008; 
Hopkins 2012)

• Competitive accretion - IMF results from 
“winners” and “losers” competing for mass from a 
gas reservoir

• (e.g. Larson 1978, 1992; Zinnecker 1982)

• IMF may depend on Jeans mass  (e.g. Bonnell et al. 1997, 
2001; Klessen et al. 1998; Bate, Bonnell & Bromm 2003;  
Bate & Bonnell 2005; Jappsen et al. 2005; Bonnell et al. 2006)

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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What determines stellar properties?

• Gravitational fragmentation of structured molecular gas                       
to form stellar groups

• Exactly how the structure arises is probably not so important

• Dissipative dynamical interactions between accreting protostars

• Gives an IMF-like mass distribution (competitive accretion), but depends on global 
Jeans mass 

• Leads to observed multiplicity fractions and properties of multiple systems

• Radiative feedback (interactions) from accreting protostars

• Enables the production 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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Bate 2009a:   500 M⨀ cloud with decaying turbulence, 35 million SPH particles
                   Follows binaries to 1 AU, discs to ~10 AU
                   Forms 1253 stars and brown dwarfs - best statistics to date from a single calculation



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	(2009):	First	hydrodynamical	calcula.on	to										
produce	more	than	1000	stars	and	brown	dwarfs

• Mul.plicity	consistent	with	field	

• Separa.ons	closer	for	lower-mass	binaries	

• Mean	inclina.on	of	orbital	planes	of	triple	systems	

• 65	±	6o	compared	to	observed	67	±	6o	(Sterzik	&	Tokovinin	2002)	

• But	twice	as	many	brown	dwarfs	as	stars	

• >6	.mes	the	observed	BD/star	ra.o

Median	stellar	
separa.on:	26	AU

M-dwarfs

Median	very-low-mass	
separa.on:	10	AUMass	func.on Mul.plicity
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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

constellationWhat determines stellar properties?
• Gravitational fragmentation of structured molecular gas to form stellar 

groups

• Exactly how the structure arises may not be so important (Bonnell et al. 1997-2001;   
Klessen et al. 1998-2001; Bate 2009c)

• Dissipative dynamical interactions between accreting protostars

• Gives an IMF-like mass distribution (competitive accretion)

• Leads to observed multiplicity fractions & properties of multiple systems (Bate 2009a, 2012)

• But

• IMF depends on global Jeans mass  (Bate & Bonnell 2005; Jappsen et al. 2005, Bonnell et al. 
2006)



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

constellationProtostellar	radia.ve	feedback	and	the	IMF

• Thermal	hea.ng	by	protostars	reduces	fragmenta.on	
• Krumholz	(2006),	Bate	(2009b),	Offner	et	al.	(2009)	

• Brings	star	to	brown	dwarf	ra.o	in	line	with	observa.ons	

• Bate	(2009b,	2012)	

• Weakens	dependence	of	IMF	on	global	Jeans	mass	(density	&	temperature)	

• Bate	(2009b) Bate	(2009b)
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CONSTELLATION will employ 17 young researchers during its 4-year programme (December 2006 to
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8 Early Stage Researcher (PhD) positions and up to 5 Experienced Researcher (postdoc) positions

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



Disc	masses	vs	Class	II	observa.ons
• Typical	ages	of	protostars	from	simula.on	~104	yrs	(oldest	9x104	yrs)	

• Younger	than	typical	Class	II	young	stars	

• Expect	higher	disc	masses	at	young	ages	

• Discs	only	resolved	down	to	0.01-0.03	M☉  (dust mass 30-100 M⊕) 

• Disc	mass	distribu.on	compared	to	
• 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	Associa.on	(Barenfeld	et	al.	2016)	

• Protostellar	disc	masses	

• 30-300	.mes	more	massive	than	Class	II

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.
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Disc	radii	vs	Class	II	observa.ons
• Distribu.on	of	radii	

• Radius	containing	63.2%	of	total	mass	

• Observa.ons	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	interac.ons	important	for	small	discs	

• Largest	discs	tend	to	be	around	mul.ple	systems	

• Other	correla.ons	

• Discs	sizes	smaller	for	lower-mass	protostars	

• Weak	disc	mass	to	radius	rela.on	Md∝M*0.2-0.4	

• Disc	mass	to	stellar	mass	ra.o	Md∝M*0.85 for	M*<0.5	M☉

28 M. R. Bate

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�

c� 0000 RAS, MNRAS 000, 000–000
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Disc	radii	vs	Class	0	observa.ons
• Fewer	observa.ons	than	for	Class	II	

• Observed	disc	masses	

• Range	from	0.01-1.7	M☉	(dust	masses	20-6000	M⊕)	

• Nicely	cover	simulated	mass	range	

• Observed	disc	radii	

• In	good	agreement	with	simulated	discs	

• Implica.on:	discs	decrease	in	mass	from	Class	0	to	Class	II	

• But	do	not	change	size	from	Class	0	to	Class	II	

• Not	expected	for	viscous	evolu.on	(angular	momentum	loss	from	ounlows?)	

• Much	to	be	learnt	from	larger	surveys	of	Class	0	discs

Diversity and properties of protostellar discs 31

Figure 28. Cumulative distributions of the characteristic radii for the discs
from the calculation analysed in this paper (solid line), and for twenty ob-
served discs of Class 0 objects from the literature. The agreement is reason-
able, given the uncertainties in determining Class 0 disc radii and the fact
that the observations are not of a well defined sample of objects.

(2016) publish masses ranging from 0.09-0.36 M� (dust masses
300-1000 M�) for the six Class 0 objects they studied. Tobin esti-
mates a disc mass of 0.007 M� (dust mass 20 M�) for L1527 IRS.
These nicely span the range of disc masses that are found for the
protostars in our hydrodynamical calculation (see Fig. 25). Thus,
Class 0 disc masses are potentially ⇠ 30 times more massive than
the typical Class II disc masses as suggested by Fig. 25.

Yen et al. (2017) examined the specific angular momentum
profiles in 8 Class 0 objects and found signs of disc growth with
disc radius increasing with protostellar mass as Rd / M0.8±0.14

⇤
or age as Rd / t1.09±0.37 in the Class 0 stage. Extending the sam-
ple to include 10 Class I objects, they obtained shallower slopes of
Rd / M0.24±0.12

⇤ and Rd / t0.18±0.09. They speculated that this
may indicate rapid growth of disc size during the Class 0 phase,
and then slower growth in the Class I phase. The characteristic
disc radii from the hydrodynamical simulation clearly increase with
stellar mass up to M⇤ ⇡ 0.5 M� (middle panels of Fig. 18). A fit
to all systems with total protostellar mass M⇤ ⇡ 0.5 M� gives
rc / M0.24±0.01

⇤ with a dispersion of ⇡ 0.4 dex. Thus, the scaling
is weaker than found by Yen et al. for Class 0 objects alone, but in
good agreement with the combined sample of Class 0 and I objects.

We caution, however, that although we have seen from the nu-
merical calculation that the sizes of protostellar discs do typically
grow with age and are larger for more massive objects (Section
5.3.1), it is interesting to note that the cumulative distributions of
observed Class II disc radii and Class 0 disc radii in Figs. 26 and
28 do not appear very different from one another (depending on
how incompleteness is accounted for). The implication is that disc
radii may not differ substantially between the Class 0 and Class II
phases, but their masses decrease by factors of 30 to 300.

6.3 Limitations of the calculation and future directions

The simulation of Bate (2012) from which the disc properties dis-
cussed in this paper were extracted is far from perfect. On the pos-
itive side, it was the first hydrodynamical calculation of star cluster
formation to produce more than 100 stars and brown dwarfs with
a distribution of stellar masses consistent with the observed stel-

lar initial mass function (IMF). It also produced realistic fractions
of multiple systems and the properties of those multiple systems
are in reasonable agreement with those of observed multiple sys-
tems. However, both radiative and kinetic feedback (e.g. jets and
outflows) from inside sink particles were neglected. The missing
radiative feedback may have a small effect on the level of fragmen-
tation, although because of the use of very small sink particles and
the fact that only low-mass stars are produced, Bate 2012 demon-
strated empirically that this effect is likely to be small. Missing
outflows are likely to result in protostellar and disc masses that are
higher than they should be (e.g. Hansen et al. 2012; Krumholz et al.
2012; Federrath et al. 2014; Federrath 2015), but the magnitude of
this effect is likely to be small (⇠ 10 � 20%) compared to the
other uncertainties (i.e. disc extraction, differences in gas and dust
dynamics, etc).

From the point of view of studying disc properties, apart from
the obvious limitation of size of the sample, the main three limi-
tations are: numerical resolution, the absence of differentiation be-
tween gas and dust, and the absence of magnetic fields. The first
two of these were discussed in detail at the beginning of Section 6.
When it comes to magnetic fields, other than driving outflows, their
main effects are to add additional pressure support and transport
angular momentum. Magnetic pressure support can slow down the
star formation rate by factors of 2–3 compared to hydrodynamical
calculations (Price & Bate 2008, 2009; Wang et al. 2010; Padoan &
Nordlund 2011; Federrath & Klessen 2012; Myers et al. 2014; Fed-
errath 2015), but its affect on disc properties is unclear. Magnetic
angular momentum transport, however, could have a large effect.

Analytic and numerical calculations under the assumption of
ideal MHD have shown that magnetic braking can stop the for-
mation of large protostellar discs completely in simple geometries
where the axis of rotation of a core is aligned with a global field that
is anchored at large distances from the centre of the core (Allen
et al. 2003; Galli et al. 2006; Price & Bate 2007; Mellon & Li
2008; Hennebelle & Fromang 2008; Duffin & Pudritz 2009; Dapp
& Basu 2010; Machida et al. 2011; Li et al. 2011; Dapp et al. 2012).
However, various effects can reduce the effectiveness of magnetic
braking. If the magnetic field is misaligned with the rotation axis,
this can reduce the braking (Hennebelle & Ciardi 2009; Joos et al.
2012; Li et al. 2014). In turbulent clouds, the field and rotation
axis may be naturally misaligned, turbulent reconnection may re-
duce the field strengths, and the material at large distances is not
static so the magnetic field lines can also move. These effects all
tend to reduce the effectiveness of magnetic braking (Seifried et al.
2012, 2013; Joos et al. 2013; Li et al. 2014; Santos-Lima et al.
2012, 2013), although the discs remain smaller than those formed
without magnetic fields. Finally, the non-ideal MHD effects of am-
bipolar diffusion and Ohmic resistivity allow for diffusion of the
magnetic field relative to the matter, and the Hall effect can cause
material to either spin up or spin down depending on the relative
orientation of the magnetic field and the rotation axis (e.g. Wardle
& Ng 1999; Wardle 2007). When large discs are prevented from
forming by magnetic braking in ideal MHD calculations, the ef-
fects of introducing ambipolar diffusion alone are insufficient to
allow the formation of large discs (Duffin & Pudritz 2009; Mellon
& Li 2009; Li et al. 2011; Dapp et al. 2012; Tomida et al. 2015;
Tsukamoto et al. 2015b; Wurster et al. 2016). Similarly, introduc-
ing Ohmic diffusion only produces small discs unless an anoma-
lously high resistivity is used (Shu et al. 2006; Krasnopolsky et al.
2010; Dapp & Basu 2010; Machida et al. 2011; Tomida et al. 2013;
Wurster et al. 2016). The Hall effect seems capable of producing
large discs, but whether a large disc forms or not depends on the
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A Predictive Theory of Star Formation

• Bate (2012) marks a turning point

• We can finally produce realistic stellar populations

• The challenge now is to develop a predictive theory of star formation

• Initial conditions

• Cloud structure and kinematics

• Metallicity

• Magnetic fields

• Environment

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

• Location (e.g. outer galaxy, galactic centre)



Does	the	IMF	vary?	-	Metallicity

• Sub-solar	metallici.es	
• Molecular	gas	generally	ho3er	(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
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Radia.ve	transfer	with	separate	gas,	dust,	radia.on	temperatures	(Bate	&	Keto	2015)

Column	density Tgas

Tdust Trad



Radia.ve	transfer	and	a	model	for	the	diffuse	ISM	(Bate	&	Keto	2015)

HI C+

Neutral	C CO



Column	Density	with	Different	Metallici.es



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	

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

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



IMF	dependence	on	density	revisited
• Bate	(2009b)	

• Thermal	feedback	weakened	
dependence	of	IMF	on	mean	
cloud	density	

• Jones	&	Bate	(2018)	

• Revisit	with	larger	calcula.ons	
(be3er	sta.s.cs)	

• Find	characteris.c	stellar	mass	
scales	as	Mc∝⍴-1/5	

• Mass	func.on	slightly	broader	at	
lower	densi.es	(excess	of	solar-
type	stars)

Dependence of stellar properties on density 3
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721100  yrs 721100  yrs

Figure 1. The gas column density (left column) and temperature (right column) in the each of the calculations at time t = 1.2 t↵. The
top, middle and bottom rows show clouds with initial radii of 0.188 pc, 0.404 pc and 0.870 pc respectively. The dissipation of energy
via shocks allows local regions of the globally-supported cloud to undergo gravitational collapse, producing dense, star-forming cores.
Increasing the mean density of the cloud has the e↵ect of producing a more centrally concentrated distribution of cores in the clusters.
This also raises the e↵ective opacity of the gas in the central region, leading to strong heating from the thermal feedback produced by
accreting protostars. Each panel is 0.4 pc (82333 AU) across, centred on the main star-forming core in the calculation, with the time
in years is displayed in the top-right corner. The colour scale shows the logarithmic temperature between 9 K and 100 K. White dots
indicate the locations of stars and brown dwarfs.

MNRAS 000, 1–14 (2017)

Dependence of stellar properties on density 5

Figure 2. The distribution of stellar and brown dwarf masses in
the each of the calculations at time t = 1.2 t↵. The dark shaded
areas represent objects that have stopped accreting (defined as
accreting at a rate if less than 10�7 M� yr�1, and the light shaded
areas show those still accreting. We also plot the parameterisation
by Chabrier (2005) in magenta for comparison. There is a clear
dependence of the shape of the IMFs on the mean cloud density.
Increasing the mean density of the cloud appears to increase the
relative number of low-mass stars produced, and decrease the
number of intermediate-mass stars. Decreasing the cloud mean
density has the inverse e↵ect.

As the temperature of a region heated by an embed-
ded source decreases with distance from the source, regions
where star-formation is more heavily concentrated will be
heated to higher temperatures. The higher gas density in
these regions also increases the optical depth, trapping ra-
diation emitted by the accreting protostars and heating the

Figure 3. The cumulative distribution of stellar and brown dwarf
masses in the each of the calculations at time t = 1.2 t↵. Results
from the 0.188 pc calculation are shown by the dotted line, the
0.404 pc results by the solid line, and the 0.870 pc results by the
dashed line. We also plot the Chabrier (2005) parameterisation of
the IMF in magenta and the results of Bate (2012) in orange for
comparison. The vertical dashed shows the stellar/brown dwarf
boundary (0.078 M�). Here the di↵erences between the mass dis-
tributions produced by the calculations are clear. The results of
the 0.404 pc calculation are in good agreement with both the
Chabrier (2005) and Bate (2012) mass functions, however there
is a strong excess of low-mass objects formed in the 0.188 pc cal-
culation, and an excess of intermediate-mass stars in the 0.870 pc
calculation.

star-forming core. The high star formation rate and short
distances between protostars in the 0.188 pc calculation re-
sult in a large heated region approximately 0.2 pc in di-
ameter with a temperature of ⇠ 50 K. The 0.404 pc and
0.870 pc calculations also contain heated regions. However,
at these lower densities, the cores become more isolated and
the heating e↵ect is reduced, producing lower temperatures
of ⇠ 25 K in the star-forming cores.

3.2 The initial mass function

Fig. 2 shows the di↵erential mass functions at the end of
each of the three calculations. We compare each with the
parameterisations of the observed IMF by Chabrier (2005).

It is clear that increasing the initial density of the cloud
results in the production of more low-mass stars and fewer
intermediate-mass stars, whereas the converse is true for de-
creasing density. This results in a shift in the median mass,
which is 0.098 M� for the 0.188 pc calculation, 0.182 M�
for the 0.404 pc calculation, and 0.238 M� for the 0.870 pc
calculation. If a relationship of the form Mc / ⇢�n is as-
sumed, then these shifts imply exponents of 0.27, 0.12 and
0.19 respectively. The mean exponent is 0.19.

The mass function also becomes noticeably ‘broader’ as
the initial density of the cloud decreases. This is reflected in
an increase in the standard deviations of the distributions,

MNRAS 000, 1–14 (2017)
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IMF	dependence	on	interstellar	radia.on
• Interstellar	radia.on	field	(ISRF)	externally	heats	molecular	clouds	

• X10	increase	over	the	standard	ISRF	

• Metallici.es	of	Z	=	0.01,	0.1, Z⊙ and	1	

• Such	effects	may	occur	in	star-burst	environments,	or	near	galac.c	centres	

• Characteris.c	stellar	mass	increases	by	a	factor	of	2	for	solar	metallicity	

• No	effect	for	Z	=	0.01	Z⊙

Blue,	solid	lines:	standard	ISRF.				Red,	dashed	lines:	x10	ISRF



Magne.sed	clusters

• Wurster,	Bate	&	Price,	in	prep	

• Non-ideal	MHD,	including	ambipolar	diffusion,	
Hall	effect,	and	Ohmic	resis.vity	

• Includes	radia.ve	transfer	and	diffuse	ISM	model
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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	develop	predic.ve	theory	of	star	forma.on	

• 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


