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C) accretion stops by some  
mechanism, e.g., by stellar  
feedback 

A) dense core forms and  
dynamically collapses 

B) protostar forms at the center 
and grows by accretion 

D) pre-MS star contracts  
quasi-statically toward MS star 

steps toward star formation 

established in ’80s 

also valid for first star formation  

2) “Primordial stellar evolution:  
the protostar phase” 
 Stahler, Palla & Salpeter (1986) 

3) “Primordial stellar evolution:  
the pre-main-sequence phase” 
  Stahler, Palla & Salpeter (1986) 

PSS/SPS papers (1983-86) 

1 ) “Primordial star formation:  
the role of molecular hydrogen”  
 Palla, Salpeter & Stahler (1983)  



Prestellar collapse of the first stars: 
current picture 

•dense core (~1000Msun) 
   forms at ~104cm-3 

 
•central ~1Msun becomes 
  fully H2 at 1011cm-3   

 

•small ~10-2Msun hydrostatic 
  protostar forms at ~1021cm-3 

Yoshida, KO, Hernquist  2008 
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Prestellar collapse is controlled by H2 cooling 

Important physical scales: 



H2 formation in primordial gas 

 H- channel : e catalyzed     (Peebles & Dicke 1968; Hirasawa+1969)   

       H + e  H- + g   
  H- + H  H2 + e 

H2
+ channel : H+ catalyzed   (Saslaw & Zipoy 1967) 

       H + H+  H2
+ + g    

  H2
+ + H  H2 + H+ 

 3-body reactions ( Palla, Salpeter & Stahler 1983)   

       H + H + H  H2 + H   
   H + H + H2  H2 + H2 . 

 

 

At low densities (<108cm-3) 

At higher densities (>108cm-3) 

dominant in low densities 

subdominant 
(can be important in strong radiation fields) 



Effect of 3-body reaction 

Effect of 3-body reaction 
is dramatic at >~108cm-3 

 
all the hydrogen is converted to 
the molecular form. 

 
subsequent temperature 
evolution is largely altered.  

 
Jeans mass falls below 0.1 Msun.  
As a result,  a small protostar will be 
formed. 

Palla, Salpeter & Stahlear (1983) 
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In low densities,  
H2 fraction reaches at most 10-3  
by H-- channel. 

T 

Jeans  
mass 



Thermal evolution of primordial gas:  
current  picture 

H2 

H- channel 

e 
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10-2Msun 

104Msun 106Msun 
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3-body reaction 

collisional 
dissociation 

adiabatic contraction 

H2 formation  
& cooling 

LTE 

H2 line optically thick 
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In reality,   
once H2 CIE cooling becomes important,  
H2 dissociation is delayed for other 2-3 orders of magnitude in density,  
which results in further 1-2 orders of magnitude  
reduction in formed protostellar mass.  

H2 CIE was already discussed 
Palla, Salpeter & Stahler (1983) 



Hydrodynamical evolution 

core-envelope structure 

develops 

•envelope contains large mass 

but does not contribute so 

much to the optical depth 

•effective mass of the cloud 

decreases during the collapse 

 

It makes the cloud to cool more 

efficiently than the homogeneous 

contraction. 

1D radiation hydro calculation 
KO & Nishi (1998)  

core 



“We know the answer.  

Here in Florence in 14th century!” 

 Francesco: “When and where did the Dark Age end?” 

Villa Agape 



Protostellar evolution 
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accretion rate much higher in Pop III case 

Pop III (1000K) ~10-3Msun/yr 

Pop I (10K) ~10-6Msun/yr,  
 

protostar  
 ~0.01Msun 

accreting envelope 
    ~1000Msun 

mass accertion rate 

SSP (’86) 



Protostellar evolution by SPS(’86) 

protostellar radius: 
much larger (several 10 Rsun)  
than present-day counterpart. 

HR diagram:  
The protostar evolves almost  
vertically with Teff~5000K 

accretion rate chosen: dM*/dt=4.4 x 10-3Msun/yr 

10Rsun 

100Rsun 

calculation  
stopped  
at 10.5Msun 



To know the maximum mass  
of first stars, Francesco and I  
re-started the project in 2000. 

KO & Palla (2001) SPS(1986) 

How is the evolution at >10.5Msun? 

??? 

unexpected  
behavior… 

Yes, it was correct.  

contraction ? 

But things were not so simple…. 



Cases with different accretion rates 

protostellar  
radius 

3b. “inflation” 

All protostars go through the adiabatic and the KH contraction phases.  

Subsequent phase depends on the accr. rate. 

With low accretion rate (<dM/dtcrit=4 10-3Msun/yr):  
   the star reaches ZAMS and accretion continues 

With higher accretion rate (>dM/dtcrit) :  
  the star starts inflating when L (=L*+Lacc ) becomes close to LEdd.   

   (the end of accretion? ) 

KO & Palla (2003) dM*/dt=8.8, 4.4, 2.2, 1.1 x 10-3 Msun/yr 

SPS(86) case 

KH time 
 tKH=GM*

2/R*L*   
 
accretion time 
 tacc=M*/(dM*/dt) 

Lacc ∝M*/R* 

・ 



With a realistic accretion history 

• The protostar reaches ZAMS 
at ~100Msun.  

• Accretion continues  
w/o stellar inflation. 

• Since (MS lifetime~2x106yr) > 
(core free-fall time~3x105yr), 
most of the core material can 
accrete within stellar lifetime. 

Abel+(2002) accretion rate 

Very massive star ( ~ a few 100Msun) is formed  

in spherical accretion case 

stellar mass(Msun)  

accretion  
rate 
 (Msun/yr) 

KO & Palla 2003 



HII region 

Hosokawa, KO, Yoshida, Yorke 2011, 2012 

In non-spherical accretion: 
mass of first stars is set by  
the UV feedback 
photoevaporation of disk 
(McKee & Tan 08, Hosokawa+11/12,  
Stacy+12, Hirano +14, Susa + 2014) 
 

Accretion stops at ~40Msun   

20M
8 30M

8 
40M

8 

Feedback-limited mass of first stars 

contour: density,  color: temperature 

See David Hollenbach and Takashi Hosokawa’s talks 



What if a very high accretion rate is maintained ? 

stellar mass ( M
8

 ) 

•protostar starts inflating 
when L~LEdd  
with high accr. rate 
(> 0.01 Msun/yr). 
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Hosokawa, Yorke, KO (2012) 

What happens after protostar inflates? 

Supermassive star will be formed.  
 seed BHs for high-z SMBHs ? 

•stellar inflation stops  
at ~10AU and star becomes  
super-giant without reaching  
main-sequence. 

10AU 

1AU 



General relativistic collapse 

H burning  
(CN cycle) 

17 

↑：H exhaustion 

Accretion evolution with  Umeda, Hosokawa,  
KO & Yoshida 2016 

1.2x105 

3.5x105 

8.0x105Msun 

final mass 

The star collapses at final mass of 105-106 Msun  
depending on the mass accretion rate. 



Omukai 2001 

If FUV radiation is more intense 
than the critical value Jcrit,  
the cloud cools solely by atomic 
cooling.  
 
•high temperature (at ~8000K) 
during the collapse  
high accretion rate in 
protostellar phase 
dM*/dt ~ 0.06Msun/yr (T/104K)3/2  
 
•no rapid  cooling phase   
  monolithic collapse 

 

How such a high accretion rate is realized? 

H2 molecular 
cooling 

J<Jcrit 

H atomic cooling 

J>Jcrit 

Possible pathway for super-massive stars: 
Atomic-cooling collapse 

See Dominik Schleicher’s talk 

Bromm & Loeb (2003) 



 
How much FUV is needed for atomic-cooling collapse?  

•H2
+ channel (and so its non-LTE level population) is important  

for radiation field with very soft spectrum Trad  < 7000K. 
 
•This justifies the previous estimate for Jcrit for ordinary young 
galaxies, which have harder spectrum (Trad~20000K) .  

Black-body radiation temperature 

Sugimura, Coppola,  
KO, Galli & Palla 2016 

Jcrit  vs Trad relation and H2
+ channel 

See Kazu Sugimura’s poster (#104) 

radiation  
intensity 

H2 cooling 



SUMMARY 

 
 

The prestellar collapse of the first stars is rather well established: 
 The gas becomes fully molecular by 3-body reactions at ~1011cm-3 

and a small protostar is formed at the center at ~1021cm-3.  

 

Multi-D simulations for the protostellar evolution are still underway: 
 Protostar grows by a rapid accretion at ~10-3Msun/yr.  

 Protostellar radiative feedback sets the final stellar mass.  

 Mass distributions is probably biased to massive objects  
at a few 10- a few 100Msun 

 

In some unusual circumstances, e.g. in strong FUV fields., 
supermassive stars might form by atomic cooling. 
 

Francesco has contributed greatly  
in establishing all this picture 



Grazie di cuore Francesco! 

First Stars IV, 2012, Kyoto 


