The chemistry and
thermodynamics of
Pop Ill star formation



Where do the first stars form

Form in dark matter
minihalos with mass

Mhalo = 5 %X10° Mg

Redshift z= 16 - 20
Tvir ~ 1000 K
Gas density is around

| cm3

Stacy, Greif and Bromm (2010)



Current state-of-the-art!?
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The Hz chemistry

* The ion-neutral reactions dominate in primordial gas

H + e — H- + photon
H- +H > Hy + e
H*+ H — H," + photon

Hy*+ H — Hy + HY

* As we pointed out in lecture 2, these reactions depend on the
ionisation state of the gas.

e Electrons and protons act as catalysts in these reactions.



Why do they form in these
minihalos?

Collapse occurs in minihalos with teool < tH
Below 7000 K, H3 is the only useful coolant

Collapse only occurs in minihalos that can form enough H> to
permit them to cool

Amount of H; produced is a strong function of temperature.

Once Tvir reaches ~1000 K, enough H> can form to satisfy the
above cooling time requirement.



What sets the H»> fraction?

Rate of ion-neutral reactions depend on the ionisation fraction
in the gas.

lonisation fraction is reduced by recombination.
H> formation is a race against the recombination!

Limits the amount of H; that a halo can form by this process
to around nm2 ~ 103 n

Sets a limit to the cooling available in the halos as they
collapse.



So what happens next!?

Yoshida et al. (2006)
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What'’s happening at each of these

?
Stages . Yoshida et al. (2006)
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What'’s happening at each of these
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What'’s happening at each of these

stages!

Yoshida et al. (2006)
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H> formation rate drops to
around zero -- ionisation of
gas is too low.
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What'’s happening at each of these

H?2 is ineffective below
around 200 K!

stages!

10000

) = 2 rotational state sits at

512K

cooling rate drops as
o-T/512K

Limits minimum T to around

few 100 K

Yoshida et al. (2006)

molecular fraction




What'’s happening at each of these
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What'’s happening at each of these

stages!
Yoshida et al. (2006)
10000 g
— - - F G
= 1000k D :
H2 reaches its critical " :
density, and levels go into -
| TE [
Cooling goes as n, rather n fem”]
than n?

Compressional heating from gravitational collapse

de kT [32G1"* .
S b /2 Ay +T
dt  pumy | 3T P vty

Gas has to heat up as it collapses



What'’s happening at each of these

stages?
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H, becomes optically thick!

Yoshida et al. (2006)
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The 3-body formation regime

* [wo path ways:

H+H+H—H+H
H+H+H —> H; + H»

e Consider the first. Using the rate from Glover (2008):

dTLH2
dt

— kgund kg = 7.7 x 10731770464 o6 g

bey. ~
dt * kspng



H> becomes

H2 cooling becomes
optically thick.

Reason: nHz is very high!

optically thick!

10000

Yoshida et al. (2006)
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H, becomes optically thick!

Collision induced
emission (CIE)
cooling takes over

Yoshida et al. (2006)
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H, becomes optically thick!

Yoshida et al. (2006)
10000 §

CIE cooling becomes
optically thick

Gas cools via
collisional dissociation
(recover 4.4eV per
molecule)

molecular fraction




Different path to Pop IlI?

HD cooling:
* Formed and destroyed via the reactions,

H, + DT - HD+HT (exothermic)
HD +H" - H, + D™ (endothermic)

e Below 462K, reaction | is favoured over reaction 2.

e Results in chemical fractionation

> — (zp = 2.6 x 107°)



Different path to Pop IlI?

HD cooling:

* HD can cool the gas down to the CMB temperature,

| 000K

| 00K




Different path to Pop IlI?

How to excite the HD cooling channel?

Recall that the H2 fraction depends on the ionisation fraction
in the minihalo.

Halos with higher ionisation fractions can form more H2, and
cool to slightly lower temperatures.

Can then produce the HD fractionation, and the HD cooling.

Can be triggered by nearby star formation or via collisional
ionisation is slightly more massive halos.



What happens next!

Yoshida, Omukai, Hernquist (2008)




What happens at high densities!?

First stor forms (te) ter + 27 yeors tes + 62 yeors
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* Disc builds up which fragments to form a small N system

e Central protostar mass ~ 0.5 Me

* Fragmentation timescale ~ 100 yr



Complimentary study

Always good to use a
different code!
2000 AU | tge+ 1000 yr

Greif et al. 201 | used AREPO

Had higher resolution throughout
collapse.

Better able to resolve the ——— fern”]

turbulence in the infalling gas. B T

Greif et al. (2011) + Smith et al.
(2011)

Same basic picture, but much more
messy.



Why does the gas fragment!?
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Why does the gas fragment!?

104 :_ I I 1T T 1T I I LI I_:L_ I I LI I I LI II_I
Y - 1. ]
5 I "'\ —:;"gg ~ 2000 <
I A T : 5
2 100 |- N A ] 3
k%) - \ \ I \ - o
2 :i ",}‘ 1 \ _ E—
2 :i K\ \‘\‘—__ —{ 1500 g
o | N 1 v |
8 B N + i y Lot - 5
“ ‘\ i \‘\ ,’ /Ns_
a 10% £ \1 \'\' /
H'igh Hz fraction O~5 I I LI I 1T T T 10 I I LI I I LI

-‘
\
\“‘;?

(can cool effectively) [ % ] -
: _ '/, A \}‘ :E X --------- tsp +44.3 yr
i 0.45 _—\ft‘ \'& __: A === typ+704yr
> e 1 ¢ O
=3 - \‘«,3-:— \ —- t.+91.3 yr IE 10
o4r T \\ ,\/,/ :
| | Qu, :3 ,/
- £ A
035 ] Lol ] I A O N N | | Lol ] [ I I I «
10 10

radius [AU]

Clark et al. (201 Ib)

radius [AU]



Why does the gas fragment!?
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Why does the gas fragment!?
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Problems with convergence!

e Should we form a large, gravitationally unstable disc?

p(Hy)/p

p(Hy)/p

1000 AU

p(Hy)/p

Turk et al. (2012)



Problems with convergence

* Need to be careful of how the chemistry/cooling is solved!
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Clearly H; line-cooling is
Important

Tilman Hartwig’s Masters Thesis:

* Working to improve H2 line

COOImg using TREECOL. 1500: Standard Sobolev te-chn'iqu.e
. X
* Finds that we have been S 1000 | K
significantly underestimating the 2
: : = | -~ Improved TREECOL
amount of cooling that occurs in % 500 technique
the ‘optically thick’ regime. 2 |
J |
e TREECOL allows us to better 10*  10° 10®° 10" 10" 10™

estimate the effective optical Dengity" [om]

depth of the line.



What about CIE cooling?

e Shingo Hirano has shown the how you treat the CIE cooling
can affect the cooling and dynamics.
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Fitting
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log n,, [em™3] log n,, [cm™3]

Hirano et al. (2013)



