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Introduction & Motivation

Protostars and star clusters are the 
clearest products of star formation.

Important for understanding:
•  star formation process and its products
•  field star population and long-lived 

open & globular clusters in galaxies
•  Initial conditions for planet formation

Many recent advances thanks to 
numerous wide-field, multi-wavelength 
and time-domain surveys.



Organisation of this review

Organisation based on key properties of young stars and clusters:

I. Formation, structure and dynamics of star clusters
II. Accretion and eruptive outbursts
III. The initial mass function
IV. Stellar multiplicity
V. Stellar ages
VI.  Fundamental stellar properties

In each section I’ll provide a summary of our current knowledge, some recent 
results, and a look ahead to how future facilities will benefit our understanding.



I. Formation, structure and
  dynamics of star clusters



Initial spatial distribution of protostars

Distribution of young stars is 
fractal and hierarchical.

Follows filamentary distribution of 
dense gas, both spatially (e.g., 
Larson 1995, Gutermuth+ 2008) 
and kinematically (Walsh+ 2004, 
Hacar+ 2016).

Gutermuth+ (2008)



Initial spatial distribution of protostars

Distribution of young stars is 
fractal and hierarchical.

Follows filamentary distribution of 
dense gas, both spatially (e.g., 
Larson 1995, Gutermuth+ 2008) 
and kinematically (Walsh+ 2004, 
Hacar+ 2016).

Clusters form where filaments 
overlap (e.g., Myers 2009, 
Schneider+ 2012).

May be “in-situ” (due to higher 
column densities) or “conveyor-
belt” (merging of filaments brings 
together already-formed stars, 
e.g., Longmore+ 2014).

Schneider+ (2012)



Evolution of young star forming structures

Class I YSOs have 
subvirial velocity 
dispersions (e.g., Peretto+ 
2006, Andre+ 2007, Kirk+ 
2007).

Leads to collapse, rapid 
mixing and erasing of 
substructure.

Class II sources consistent 
with virial equilibrium 
(Foster+ 2015, Rigliaco+ 
2016).

Spatially and kinematically 
offset from the dense gas 
(e.g., Gutermuth+ 2008, 
Foster+ 2015).

Foster+ (2015)

NGC 1333



Mass segregation

Mass segregation common, but not 
ubiquitous (e.g., Hillenbrand & 
Hartmann 1998, Stolte+ 2006, Parker+ 
2011, Wright+ 2014).

Primordial result of star formation 
models such as competitive accretion? 
(Bonnell & Davies 1998).

Can also rapidly occur dynamically 
(McMillan+ 2007, Allison+ 2009).

Recent evidence for mass segregation 
at the dense core and protostellar 
stages (Kryukova+ 2012, Elmegreen+ 
2014, Kirk+ 2016).

Note many observational biases that 
give false measure of mass segregation 
when none exists (Ascenso+ 2009).

Ascenso+ (2009)



Virial state of low-mass star clusters

Young, low-mass clusters consistent with 
virial equilibrium:
• NGC 1333, αvir = 1.4 ± 0.8 (Foster+ 2015)
•  IC 348, αvir = 1.6 ± 0.5 (Cottaar+ 2015)
•  ρ Oph, αvir = 0.6 ± 0.6 (Rigliaco+ 2016)

Held together by gas mass, so may expand 
following gas dispersal.

Residual gas expulsion believed to be 
responsible for disruption of most star 
clusters (Hills 1980, Lada & Lada 2003).

If gas dispersal is slow (no O or early B 
stars), cluster may survive by adiabatically 
adjusting to the changing potential.

Need to study expanding low-mass clusters 
to address this – but very hard to identify.

IC 348

ρ Oph



Virial state of high-mass star clusters

Young massive clusters also consistent with 
virial equilibrium:
• NGC 3603, αvir = 1.4 ± 0.4 (Rochau+ 2010) 
• Wd 1, αvir = 0.26+0.82

-0.26 (Cottaar+ 2012)
• Arches, αvir = 0.7 ± 0.6 (Clarkson+ 2012)
• R136, αvir = 0.7 ± 0.2 (Henault-Brunet+ 2012)

Gas-free, so may just be the clusters that 
survived gas expulsion - need to study 
dispersing clusters to address this.

OB associations are unbound groups of OB 
(and low-mass) stars (Ambartsumian 1949, 
Blaauw 1964, 1991).

Long been considered the expanded remnants 
of star clusters (e.g., Brown+ 1999, Lada & 
Lada 2003).

Scorpius-Centaurus OB assoc.

R136

NGC 3603



Kinematics of an expanding OB association
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Cygnus OB2 shows 
no evidence for a 
radial dispersion of 
stars (as predicted 
by residual gas 
expulsion).

Considerable 
kinematic 
substructure implies 
the region is not 
dynamically 
evolved.

See Wright+ 2014 
and Wright+ 2016. 



What is the role of residual gas expulsion?

Why does residual gas expulsion 
affect low-mass clusters but not high-
mass clusters?

Feedback more effective in high-mass 
clusters, so seems contradictory.

High star formation efficiency in high-
mass clusters (e.g., Lada+1984, 
Goodwin 1997, Boily & Kroupa 2003)?

Hierarchical cluster mergers can also 
concentrate stellar mass (e.g., 
Maschberger+ 2010) – growing 
evidence for this (e.g., Allison+ 2009, 
Gennaro+ 2011, Cottaar+ 2015).

IC 348

ρ Oph

R136

NGC 3603



Future directions and facilities

Gaia will provide parallaxes to refine 
cluster membership and proper motions 
for kinematic studies.

Multi-object spectroscopic surveys (e.g., 
GES, WEAVE, MOONS, 4MOST) will 
provide verification of youth and radial 
velocities for dispersing clusters and 
associations.

Future IR instruments will provide high 
resolution astrometry for proper motions 
in the infrared to study the kinematics of 
embedded clusters.



II. Accretion and eruptive outbursts



T-Tauri accretion rates

Measured mass accretion rates for 
T-Tauri stars typically 10-12 – 10-6 
M!/yr  (Gullbring+ 1998, Muzerolle+ 
2003, Barentsen+ 2011), decreasing 
as stars age (Muzerolle+ 2000, Da 
Rio+ 2014a).

Accretion rate scales with stellar 
mass as M2 (e.g., Muzerolle+ 2003, 
Mohanty+ 2005, Herczeg & 
Hillenbrand 2008) and with disk 
mass as Mdisk

0.7 (Manara+ 2016).
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Protostellar accretion rates

Protostellar luminosities not as high as 
predicted (the “luminosity problem”, 
e.g., Kenyon+ 1990, Dunham+ 2010).

Dunham+ (2010)



Protostellar accretion rates

Protostellar luminosities not as high as 
predicted (the “luminosity problem”, 
e.g., Kenyon+ 1990, Dunham+ 2010).

Problem solved if accretion is episodic 
(Kenyon+ 1990, Kenyon & Hartmann 
1995, Hartmann 1998).

Adapted from Hartmann (1998)



Accretion bursts observed in the form of eruptive young variables such as FUor 
and EXor objects.

Luminosities reach levels of 10s (EXors) to 100s (FUors) × L!.

Outbursts last from < 1 year (EXors) to decades or centuries (FUors).

Eruptive young variables: FUors and EXors 

Adapted from Herbig (1977)



Accretion bursts observed in the form of eruptive young variables such as FUor 
and EXor objects.

Luminosities reach levels of 10s (EXors) to 100s (FUors) × L!.

Outbursts last from < 1 year (EXors) to decades or centuries (FUors).

Eruptive young variables: FUors and EXors 

Adapted from Hartmann & Kenyon (1996)

Accretion occurs in bursts 
because disk accretion limited 
by viscosity. Many different 
possible triggering mechanisms 
(e.g., Vorobyov & Basu 2005).



New population of eruptive variables discovered

Contreras Pena+ (2016a,b) identified 
>100 new eruptive YSOs using VVV 
multi-epoch near-IR photometry, 
increasing the known sample by factor 
>5. Outburst durations of 1-4 years.

Contreras Pena+ (2016a)



Repetitive outbursts in an FU Ori object

First discovery of FU Ori object (V346 
Normae) ending its outburst and re-
brightening (Kraus+ 2016).

Kraus+ (2016)



Chemical changes during outbursts

Impact of outbursts on 
chemistry in circumstellar 
material (e.g., Kim+ 2012, 
Vorobyov+ 2013).

Chemical imprints endure 
well after outburst has 
ended.

Vorobyov+ (2013)



Future directions and facilities

Gaia, Pan-STARRS and LSST will 
increase the number of known episodic 
outbursts and provide extended light 
curves for objects already known.

ALMA will allow us to measure disk and 
envelope masses for these objects to 
determine how outbursts are related to 
the circumstellar environment.

ALMA and JWST will allow the chemical 
imprint of outbursts to be studied, 
constraining past outburst histories.



III. The initial mass function



A ‘universal’ initial mass function

Most observations suggest a near-universal 
IMF (e.g., Kroupa 2001, Bastian+ 2010):
• Peaks at ~0.1-0.5 M! 
• Steep fall-off at high masses, described by 

power-law with index of about -2.3 
• Fall-off at lower masses, poorly constrained

Deviations from universality can often be 
attributed to observational issues and biases 
(see e.g., Bastian+ 2010).

Bastian+ (2010)



The substellar IMF

Some evidence for a second peak in the 
IMF at brown dwarf masses of 
0.01-0.03 M!, e.g., in Upper Sco 
(Lodieu+ 2007, Slesnick+ 2008), σ Ori 
(Pena Ramirez+ 2012) or the ONC 
(Muench+ 2002, Drass+ 2016). 

Could be primordial or due to ejections 
from circumstellar disks or binaries.

Considerable uncertainties due to 
poorly constrained M-L relation and 
uncertain cluster membership.

Figure courtesy of Bouvier & Moraux



Possible variations from a universal IMF

Taurus has excess of 0.6-0.8 M! 
stars (IMF peaks at higher masses), 
e.g., Briceno+ 2002, Luhman+ 2009 
– real effect or due to 
incompleteness?

Luhman+ (2009)
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Galactic young massive clusters – 
IMF either Salpeter-like or slightly 
flatter (but crowding and mass 
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Taurus has excess of 0.6-0.8 M! 
stars (IMF peaks at higher masses), 
e.g., Briceno+ 2002, Luhman+ 2009 
– real effect or due to 
incompleteness?

Galactic young massive clusters – 
IMF either Salpeter-like or slightly 
flatter (but crowding and mass 
segregation complicates this work). 

Giant elliptical galaxies have 
steeper IMFs that rise down to at 
least 0.1 M!  - become more 
bottom-heavy as velocity dispersion 
or [Mg/Fe] increases (van Dokkum & 
Conroy 2010, Conroy & van 
Dokkum 2012, Ferreras+ 2013) –
increasing star formation rate 
surface density or high pressure?



Future directions and facilities

Gaia will improve existing cluster 
samples using parallaxes and proper 
motions, and will allow the impact of 
dynamics to be assessed.

JWST and IR instruments on the ELTs 
will help constrain the sub-stellar IMF 
and may unveil a minimum stellar mass.

Adaptive optics instruments on the ELTs 
will provide deep confusion-limited 
samples for star clusters in local-group 
galaxies to explore the impact of 
environment.



IV. Stellar multiplicity



Multiplicity as a function of stellar mass

Multiplicity a strong function of stellar mass, increasing from ~20% for M-type stars 
(Allen 2007) to near 100% for O stars (Kiminki & Kobulnicky 2012, Chini+ 2012).

Large uncertainties on these measurements due to unconstrained completenesses.

Adapted from Duchene & Kraus (2013)



Multiplicity throughout pre-MS stellar evolution

Multiplicity fraction decreases 
during pre-MS evolution (e.g., 
Chen+ 2013, Tobin+ 2016).

Fraction of wide binaries also 
decreases (Connelley+ 2008, 
Reipurth+ 2014).

Disrupted by dynamical 
interactions? (e.g., Kroupa 
1995b, Parker & Meyer 2014).

Dense clusters have lower 
multiplicity fraction than low-
density associations (e.g., 
Scally+ 1999, Kohler+ 2006, 
Kraus+ 2011, King+ 2012).

Chen+ (2013)



Companion mass ratio distributions

Kraus+ (2011)

Companion mass ratio (q) 
distribution broadly flat for FGK 
stars (e.g., Kraus+ 2011, Reggiani 
& Meyer 2011).

Hints of a mass dependence:
• High and intermediate-mass 

binaries are skewed towards low 
q values (e.g., Kouwenhoven+ 
2005, Sana+ 2012).

•  Low and very low-mass binaries 
skewed towards high q values 
(Burgasser+ 2007, Lafreniere+ 
2008, Kraus+ 2011).



Extreme mass ratio systems

Extreme mass ratio (q < 0.1) 
systems are rare, e.g., the “brown-
dwarf desert” (Grether & 
Lineweaver 2006, Evans+ 2012, 
Janson+ 2012).

Have been attempts explore the 
gap (e.g., Kouwenhoven+ 2007, 
Janson+ 2012, Hinkley+ 2015).

Just due to a flat mass ratio 
distribution?

Grether & Lineweaver (2006)

The “brown dwarf desert”



Future directions and facilities

Gaia will be valuable for identifying 
binaries & measuring their parameters, 
particularly for extremely wide binaries.

Sub-mm and radio telescopes necessary 
to probe multiplicity of Class 0/I 
protostars, addressing whether they are 
primordial or shaped by dynamics.

Extreme adaptive optics and aperture 
masking interferometry can help probe 
the brown dwarf desert and reveal the 
physical processes responsible for it.



V. Stellar ages



Age dating methods for young stars and clusters

Many age-dating methods for young clusters:

•  Lithium depletion boundary (LDB): Age when 
stars of a given luminosity burn lithium. Model 
independent and physics well understood. 
Valid for stars M < 0.4 M! and t > 20 Myrs.
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Age dating methods for young stars and clusters

Many age-dating methods for young clusters:

•  Lithium depletion boundary (LDB): Age when 
stars of a given luminosity burn lithium. Model 
independent and physics well understood. 
Valid for stars M < 0.4 M! and t > 20 Myrs.

•  Lithium abundances: 0.4 – 1 M! stars deplete 
lithium at a mass-dependent rate. Dependent 
on model used, internal conditions & rotation 
rate. Resolution not great for ages < 20 Myr.

• Pre-MS isochrones: Highly model dependent 
(e.g., Hillenbrand+ 2008). Requires calibration 
between photometry and physical parameters.

• Post-MS evolution: Fewer objects, but less 
model dependent – though differences 
between rotating & non-rotating models lead 
to age changes of 10-30% (Wright+ 2015).
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Stellar age spreads

Age spreads important for the lifetime of 
molecular clouds and whether star 
formation is rapid or slow.

HR diagram luminosity spreads often 
interpreted as age spreads of ~10 Myr 
(e.g., Palla & Stahler 1999 for the ONC).

Other causes of luminosity spreads: 
binarity, early accretion histories, 
circumstellar material and variability (e.g., 
Hartmann 2001, Baraffe+ 2009).

If accounted for the age spread drops to 
< 2-3 Myr (e.g., Da Rio+ for the ONC).

Da Rio+ (2010)



Evidence against stellar age spreads

No correlation between HR 
diagram ages for individual 
stars and their rotation rates 
(Littlefair+ 2011), accretion 
rates (Dahm & Simon 2005) 
or disk fraction (Winston+ 
2009, Jeffries+ 2011).

Littlefair+ (2011)

”younger”

slow rotators

“older”
rapid rotators



The age discrepancy problem

Major discrepancy between pre-MS model ages of low-mass stars and post-MS 
model ages or LDB ages, with the latter older by up to a factor of ~2 (e.g., Naylor 
2009, Yee & Jensen 2010, Pecaut+ 2012, Bell+ 2013, Malo+ 2014).

Also seen in supposedly coeval young binary systems (e.g., Hartigan & Kenyon 
2003, Kraus & Hillenbrand 2009).

Bell+ (2013)



Resolving the age discrepancy problem

Resolved using semi-empirical 
isochrones to compensate for 
model inaccuracies (Bell+ 2012, 
2013, 2014, Herczeg & 
Hillenbrand 2015).

Young clusters now up to a 
factor 2 older, with better 
agreement with LDB ages (e.g., 
Jeffries+ 2013, Bell+ 2015).

Bell+ (2014)



Resolving the age discrepancy problem

Bell+ (2013)

Resolved using semi-empirical 
isochrones to compensate for 
model inaccuracies (Bell+ 2012, 
2013, 2014, Herczeg & 
Hillenbrand 2015).

Young clusters now up to a 
factor 2 older, with better 
agreement with LDB ages (e.g., 
Jeffries+ 2013, Bell+ 2015).

Pre-MS evolutionary timescales 
increase (Bell+ 2013), including 
Class I lifetime (~1 Myr) and 
survival time of protoplanetary 
disks (≈10-12 Myr).



Future directions and facilities

Gaia will remove distance, extinction and 
membership uncertainties from most 
samples, improving age estimates.

Spectroscopic surveys (e.g., GES) are 
providing large samples of stars with 
lithium abundances with which to 
calculate LDB ages.

Deuterium depletion is a possible age 
indicator in the 0-20 Myr range, but 
spectral signatures are weak. IR 
spectrographs on JWST or the ELTs 
could be used to measure the necessary 
molecular bands in brown dwarfs.



VI. Fundamental stellar
  properties



Dynamical masses and radii from eclipsing binaries

Major increase in number of pre-MS eclipsing 
binaries due to K2 allowing dynamical masses and 
radii to be measured (e.g., Alonso+ 2015, Kraus+ 
2015, Lodieu+ 2015).

No set of model isochrones reproduces all the 
properties of eclipsing binaries (Hillenbrand & White 
2004, Mathieu+ 2007, Stassun+ 2014, Kraus+ 
2015, Dupuy+ 2016).

Models predict radii that are too small by ~10% 
(e.g., Torres 2013, Kraus+ 2015).

Kraus+ (2015)



Radius inflation

Radius inflation of ~10% for low-mass 
pre-MS stars solves many problems:
• Resolves discrepancy between 

dynamical and model masses & radii. 
•  Increases pre-MS isochronal ages 

(e.g., Somers & Pinsonneault 2015b, 
Feiden 2016), resolving the age 
discrepancy problem.

• Delays lithium depletion (Somers & 
Pinsonneault 2014, Jackson & Jeffries 
2014), necessary to match both the 
CMD and the lithium depletion pattern 
(Messina+ 2016, Jeffries+ subm).

• Better agreement with results from 
geometric studies (e.g., Jackson+ 
2009, 2015).

Somers & Pinsonneault (2015)

10% radius inflation



Radius inflation due to magnetic activity

Origin of radius inflation probably due to 
magnetic activity (e.g., Mullan & 
MacDonald 2001, Torres+ 2006, Lopez-
Morales 2007, Morales+ 2008).
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Origin of radius inflation probably due to 
magnetic activity (e.g., Mullan & 
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Could be caused by:
• Starspots block outward flux
 (e.g., MacDonald & Mullan 2013, 
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Radius inflation due to magnetic activity

Origin of radius inflation probably due to 
magnetic activity (e.g., Mullan & 
MacDonald 2001, Torres+ 2006, Lopez-
Morales 2007, Morales+ 2008).

Could be caused by:
• Starspots block outward flux
 (e.g., MacDonald & Mullan 2013, 

Jackson & Jeffries 2014, Somers & 
Pinsonneault 2015b)

• Magnetic inhibition of convection, 
slowing contraction of stars along the 
Hayashi tracks (e.g., Mullan & 
MacDonald 2001, Feiden 2016)

Both effects decrease L and Teff, causing 
isochrone-derived masses to be 
underestimated by up to a factor of ~2 
for M < 1 M! stars (Stassun+ 2014), 
which has implications for the IMF.

Adapted from Feiden (2016)



Future directions and facilities

Gaia will provide precise distances to 
eclipsing binaries that are necessary for 
removing the degeneracies between 
luminosity, mass and distance.

New eclipsing binaries continually being 
discovered with K2 in many different 
environments.

Adaptive optics observations with 
current 10-m class telescopes and future 
ELTs allow astrometric studies of binary 
systems and their orbits.



Summary
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Residual gas expulsion may affect low-mass clusters, 
but doesn’t seem to affect high mass clusters.

Accretion highly episodic, range of outburst durations, 
magnitudes and frequencies (but poorly constrained)

Ages for young, low-mass stars and clusters have been 
under-estimated by a factor ~2.

Stellar radii under-estimated by ~10%, probably due to 
magnetic activity. 



Thank you for listening


