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• The end of the dark ages 
• The first stars 

–What? When? Where? 

• Observational prospects: 
– Isolated population III stars 
–Population III galaxies/star clusters 
–Pop III pair-instability supernovae 
–Long-lived pop III stars in the MW halo 
–Pop III dark stars 

 

 

Outline 



The end of the dark ages 

First galaxies 
z  10-15 

tUniv  300-500 Myr  

Current observational limit: 
HST and 8-10 m telescopes  
on the ground can detect  
light sources up to z  10 

First stars 
z  20-30 

tUniv  100-200 Myr  
Dark ages 



Epoch of reionzation (z>6) 



James Webb Space Telescope 
‘The first light machine’ 
To be launched by  
NASA / ESA / CSA in 2018 
 
6.5 m mirror 
Observations @ 0.6-29 m 

Future prospects: JWST 



JWST NIRCam 
wavelength range 

z = 1 

z = 6 

z = 10 

Optical 

Zackrisson et al. (2001) model 

Why infrared? 



Future prospects: E-ELT 

39 m European Extremely Large Telescope (E-ELT) 
estimated to be completed in early 2020s  



Unsolved puzzles of the high-redshift 
Universe 

• The reionization of the Universe 

• The formation of supermassive black holes 

• The cosmic infrared background 

Is the first generation of stars (population III) involved? 



 Population I: Metal-rich stars  

 Example: Stars in the Milky Way disk 

  

 Population II: Metal-poor stars  

 Example: Stars in the stellar halo of the Milky Way  

 

 Population III: (Almost) Metal-free stars 
The very first generation of stars  
Example: Stars forming in minihalos at z≈20 

Population I, II and III 



Dark matter halos 

Schematic illustration 
What they look like in  
actual N-body simulations 



The formation of a halo 

The Aquarius simulation (Springel et al. 2008) 



Minihalos 

First stars 
(in minihalos) 

First galaxy 

Structure formation at high z 



 

Dark matter halo 

with gas inside 

The gas cools by 

radiating photons  

and contracts 

 

Star formation 

Primordial metallicity  Lack of efficient coolants  

Star formation proceeds differently than at low redshift 

Star formation in dark matter halos 



Population III stars 

• Generically predicted to be 
very massive, hot and short-
lived.  

• Mass range 101-102 Msolar 
(but predictions still shaky)  

• The first ones are expected 
in minihalos – prior to the 
formation of the  
first galaxies  

• Feedback  Only a few 
stars per minihalo 

 



Simulation of pop III star formation 
 

Greif et al. (2012) 



Simulation of pop III star formation 
 

Greif et al. (2012) 



The masses of pop III stars 

Hosokawa et al. (2012) 

Rapidly evolving field! 
3 years ago: Pop III stars with M=100-500 Msolar 
Now: Pop III stars with M  a few times 10 Msolar 



The stellar initial mass function 

Local IMF 

Pop III  
IMF? 



Observational prospects: 
 Isolated pop III stars 

JWST detection limit 

Rydberg et al. (2012)  Not likely to be detected by JWST! 



How to form a Pop III galaxy 

E.g. Stiavelli & Trenti (2010) 



How to form a Pop III galaxy 
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How to form a Pop III galaxy 

E.g. Stiavelli & Trenti (2010) 



Observational prospects: Pop III galaxies 

• Rare objects – maybe  
1 out of 100 galaxies at 
z≈10 will be of this 
type 

• But potentially bright 
and numerous enough 
to be detected in 
lensed fields 
(Zackrisson et al. 2012) 

Pop III galaxy at z≈12  
in simulations by  
Safranek-Shrader et al. (2012) 



The death of pop III stars 

Ejected metals 



Pop III pair-instability supernovae 

• Very massive, low-
metallicity stars can 
explode as very luminous 
pair-instability 
supernovae 

• PISN mass requirements 
for non-rotating Pop IIIs: 
≈ 140-240 Msolar 

• For rotating Pop IIIs, the 
lower limit may be as 
low as ≈ 65 Msolar 



Detection prospects: 
Pop III pair-instability supernovae 

• PISN are so bright 
that they can be 
detected by JWST 
up to z≈30, but the 
rate per survey 
field is likely to be 
very low 

• However, you still 
need very massive 
pop IIIs to get PISN  

Whalen et al. (2012, in prep.) 

JWST spectroscopic limit 

JWST photometric limit 

z=30 



Long-lived pop III stars in the Milky 
Way Halo 

• Low-mass pop III stars 
may form e.g. if some 
protostars are ejected 
from the centres of 
minihalos  

• Pop III stars with M0.9 
Msolar would survive to 
the current time 

• All searches for such 
stars in the Milky Way 
have so far been 
unsuccessful Greif et al. (2012) 



Chemical signatures of the first 
supernovae 

• Very-low metallicity 
stars should show the 
nucleosynthesis 
signatures of the first 
supernovae 

• So far: No PISN 
signatures 

• Chemical signatures 
suggest primordial 
IMF similar to that in 
the local Universe  



Normal star ≈ hydrogen bomb 



WIMP annihilation 
- How to make dark matter glow - 

Dark matter 

Dark matter 

Annihilation 

Photon 

Electron, positron 

Neutrino 



Dark stars 

WIMP annihilation in  
centre of CDM halo 

Gas cools and  
falls into the centre 

Star fueled by WIMP 
annihilation rather 
than hydrogen fusion 



Dark star properties 

Problem: Still no consensus on likely masses or lifetimes 
of dark stars 

• Conventional Pop III stars  

– Teff   50 000-100 000 K 

– M  101-102 Msolar 

– Lifetime   106-107 yr  

• Pop III dark stars 

– Teff ≈ 4000-50000 K   Cooler! 

– M  102-107 Msolar   More massive??? 

– Lifetime   106-1010 yr   More long-lived??? 

 

 

 



Sizes I 

The Sun 

Vanilla population III star 



Sizes II 

The Sun 

Supermassive dark star 



The Hertzsprung-Russell diagram of 
dark stars 

Log L 

Log Teff 

The main sequence  
of pop III stars 

Contraction towards 
MS halted  mass  
increase due to accretion 



Observational prospects: Pop III dark stars 

Bright 

Faint 

         Log10  (micron) 

Zackrisson et al. (2010) 

Lensing  
boost! 

Dark stars with M102-103 Msolar  

• M102-4 Msolar: 
Detectable 
behind cluster 
lenses with JWST 

• M104-7 Msolar: 
Detectable with 
JWST without 
lensing  

• M106-7 Msolar: 
Already strongly 
constrained by 
HST data  

Dark stars @ z≈10 



Identification of dark matter  Nobel prize 
If we can find even just a single dark star, it means  
that dark matter is in the form of self-annihilating WIMPs 


