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E l t i t ll l tiE l t i t ll l tiEarly stages in stellar evolutionEarly stages in stellar evolution
• L15 – General Overview / Pre‐collapse phase I• L15  General Overview / Pre‐collapse phase I

• L16 – Pre‐collapse phase II
L17 C ll h I• L17 – Collapse phase I

• L18 – Collapse phase II
• L19 – Circumstellar disks I

• L20 – Pre‐main‐sequence evolution

• L21 – Circumstellar disks II – debris disks





Numerical model of collapseNumerical model of collapseNumerical model of collapseNumerical model of collapse

• Simulation by Bate Bonnell & Bromm (2002)Simulation by Bate, Bonnell, & Bromm (2002)

• Newer 3D simulation (at the end) by Bate 
(2007)(2007)



• 0.4 pc across

• 50 Msol

• Turbulent supportTurbulent support, 
supersonic

• No magnetic support• No magnetic support

• Prescribed cooling

• 11 CPU years



• Shockwaves



• Energy loss→ gravity takes overEnergy loss → gravity takes over



• Stars and brown dwarf formStars and brown dwarf form



• Dynamical interactions→ some ejectionsDynamical interactions → some ejections



• End of simulation: some objects ejected fromEnd of simulation: some objects ejected from 
star forming region



• Detail (5100 AU across):Detail (5100 AU across):
Formation of binary



• Filaments form lower mass objects (brownFilaments form lower mass objects (brown 
dwarfs)

• Remaining gas accretes• Remaining gas accretes



• Objects dynamically interactObjects dynamically interact

• Object with edge‐on disk gets ejected



• Unstable quintuple systemUnstable quintuple system 
breaks apart and scatters



• Star formation proceeds in the accretion diskStar formation proceeds in the accretion disk



• Objects formed in disks dynamically unstableObjects formed in disks dynamically unstable, 
become ejected



• Newly formed objects get their own accretionNewly formed objects get their own accretion 
disks, truncated in encounters



• Brown dwarf with disk gets ejectedBrown dwarf with disk gets ejected



• Detail of main star‐forming region at end ofDetail of main star forming region at end of 
simulation



Detecting star formationDetecting star formationDetecting star formationDetecting star formation

• Predictions from theory:Predictions from theory:
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Detecting star formationDetecting star formation

length  (b) and mass (a) ⇒
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Radiation to look forRadiation to look forRadiation to look forRadiation to look for

• Continuum radiationContinuum radiation
– From protostellar photospheres

Free free gas emission– Free‐free gas emission

– Thermal radiation from radiatively heated dust 
grainsgrains

• Line radiation
C ld → l t t l l t iti– Cold gas → low‐state molecular transitions



Continuum radiationContinuum radiationContinuum radiationContinuum radiation

• Large optical depths & T < 1000 K 
→ long a elengths→ long wavelengths

• To infer total mass one needs gas/dust• To infer total mass, one needs gas/dust 
relation. Generally assumed:

mgas/mdust = 100





Adapted from van Zadelhoff 2002, PhD thesis



Spectral Energy Distributions (SEDs)Spectral Energy Distributions (SEDs) Observations

+
SED fitting Theoretical models

+

Adams, Lada & Shu 1987ApJ 312, 788



Spatial Profile
fitting

B228

Observations

Azimuthal
Intensity

Distribution

Shirley et al. 2000 ApJS 131, 249



Theoretical models
(Sh 1977 A J 214 488)(Shu 1977, ApJ 214, 488)



Interferometry:Interferometry:
high resolutionhigh resolutionhigh resolutionhigh resolution
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Motte et al. 1998,  AA 336, 150

Clump Mass Spectrum & IMF
1 clump → 1 star

no further Fragmentation ? 



Continuum problemsContinuum problemsContinuum problemsContinuum problems

• Geometry ‐ spheres vs disks

• Calorimetric vs `true´ Luminosities

• Dust Optical Depths (Properties)p p ( p )

• Temperatures (Dust and Gas)



Line emissionLine emissionLine emissionLine emission

Physical Conditions of Excitation

Cold ( T ~ a few x 10 K ~ meV )Cold    ( Tk ~ a few x 10 K  ~  meV )

Large AV  (no / little external radiation) and dense (n > 103 cm ‐3):
collisional excitations dominate level populations ( if  τ << 1 )

(low‐lying)    Rotational Transitions in Molecules
‐mostly neutrals but Cosmic Rays → molecular ions and e‐



Line emissionLine emissionLine emissionLine emission

a) Optically thin lines
(optical depth small compared to unity)

b) Optically thick lines
(optical depth large compared to unity)(op ca dep a ge co pa ed o u y)



Line emissionLine emissionLine emissionLine emission
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Spatially
resolved

Spatially
unresolved –
ti l ti

Effects from Effects from 
time evolution

resolutionresolution
(a) Optically thin lines
(b) Optically thick lines

(a)

spatially
unresolved

(a)

isothermal (b)isothermal
10 K

(b)

Foster & Chevalier 1993, ApJ 416, 303



Effects from optical depthEffects from optical depthp pp p

Asymmetrical Profiles

(a) Optically thin lines
(b) Optically thick lines

y f

(b) Optically thick lines

Carbon monoxide
cloud
centerCarbon monoxide

CO =12C16O (b)
and 

I t ( )

center

offset

Isotopes  (a)

(a)

Leung & Brown 1977, ApJ 214, L73

needs to be verified



Theoretical profilesTheoretical profiles
cooler:
less 

intensity

warmer:
more 

intensityAsymmetrical Profiles

(b) Optically thick lines

intensityy f

for
negative temperature

gradientgradient

Zhou et al. 1993, ApJ 404, 232Shu Infall



p = ‐1 5p =  1.5

p = ‐2 α = ‐0.5

α = 0α  0

Rinf = cs tinf

adapted from Hartstein & Liseau 1998, AA 332, 703



Model + observed profilesModel + observed profiles

Carbon Sulfide

Model + observed profilesModel + observed profiles

Carbon Sulfide
12C32S

(main isotope)

J=2 ‐ 1
J=3 ‐ 2
J 5 4J=5 ‐ 4

Hartstein & Liseau 1998, AA 332, 703



Optical depth effectsOptical depth effectsOptical depth effectsOptical depth effects

12C/13C ~ 60
16O/18O~ 550

Example:

thermalised

Carbon Monoxide
13CO

C b S lfidCarbon Sulfide
CS

Hartstein & Liseau 1998, AA 332, 703



Other diagnostics...Other diagnostics...
Current Paradigm ‐ ? Outflows!

Adapted from van Zadelhoff 2002, PhD thesis



B335B335335335

See Gålfalk’s PhD thesisSee Gålfalk’s PhD thesisSee Gålfalk s PhD thesis See Gålfalk s PhD thesis 
defence on June 4!defence on June 4!ff

Gålfalk & Olofsson 2007, A&A 475, 281Gålfalk & Olofsson 2007, A&A 475, 281



ConclusionsConclusionsConclusionsConclusions

• A variety of observational techniques are exploited

• A number of collapse candidates have been found

• All are strong outflow sourcesa e s o g ou f o sou ces

• Multiplicity is common 



Open questionsOpen questionsOpen questionsOpen questions

• How many collapse processes do occur in nature ?
More than one ? Which ? 

• What is the `certain´ collapse tracer ?

• What spectral & spatial resolution is needed ?

• Are stars/BDs/planets formed differently ? How ?

• How are outflows generated ? Acceleration region?• How are outflows generated ? Acceleration region?

• Outflows solve ang. momentum problem ? How ?


