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The First Pop II Stars: 
knowns and unknowns

Omukai (2000) for a thorough discussion of this issue. The initial
ionization degree and H2 concentration are assumed to be the
values for uniform matter in the postrecombination universe:
y (e) ¼ 10"4, y (H2) ¼ 10"6. Initially, carbon is fully ionized
and helium and oxygen are neutral.

3. RESULTS

In this section, we first present the thermal and chemical evo-
lution for different initial values of the gas metallicity (x 3.1);
then, a reduced chemical model for low-metallicity clouds is
presented (x 3.2). Using the derived effective equation of state, we
discuss the fragmentation properties of prestellar clouds and es-
timate the typical mass scales of fragmentation in the Appendix.

3.1. Thermal and Chemical Evolution

3.1.1. Results for the Fiducial Cases

The temperature evolution for prestellar clouds for different
metallicities is shown in Figure 1. The cases with metallicities
½Z/H$ ¼ "1 (i.e., Z ¼ 0 metal-free case), "5, "3, and "1
(½Z/H$ ¼ "6, "4, "2, and 0) are indicated by solid (dashed)
lines. As an external radiation field, only the present-day (2.73K)
CMB is included, although its effect can be neglected except for
in the lowermost temperature regime in the ½Z/H$ ¼ 0 case. We
refer to this set of models as the fiducial cases hereafter. The
dotted lines indicate those of a constant Jeans mass. The dashed
line labeled ‘‘!J ¼ 1’’ shows the locationwhere the central part of
a cloud becomes optically thick to continuum radiation (eq. [20];
see discussion below). Before this condition ismet, i.e., to the left
of the line, clouds are still optically thin to the continuum.

The evolution of clouds with metallicity ½Z/H$ ¼ "(4 3) at
nH % 104"8 cm"3 is mostly affected by the improvements of the
model, namely, by the inclusion of HD cooling and the modifi-
cation of the collapse timescale. Conversely, both at lower and
higher metallicity values, the thermal evolution is hardly altered.

In Figure 2 we illustrate separately the contribution by each
processes to cooling/heating rates in the fiducial cases. For the
same cases, we also show the evolution of H2 and HD fractions
in Figures 3 and 4, respectively. In terms of major coolants, the
thermal evolution can be classified into the following three
metallicity ranges: (1) quasi-primordial clouds (½Z/H$P"6),
(2) metal-deficient clouds ("5P ½Z/H$P"3), and (3) metal-
enriched clouds ("2P ½Z/H$). For each of these ranges, we now
describe the evolution presented in Figures 1–4.
1. Quasi-primordial clouds (½Z/H$P"6).—The presence of

metals at metallicity levels as low as [Z/H$P"6 does not sig-
nificantly alter the thermal evolution in any density range. The
evolution of both temperature and chemical species follows closely
those of the metal-free case. Molecular hydrogen is always an
important cooling agent. HD hardly affects the overall evolution
despite contributing as much to the cooling as H2 at %105 cm"3

(see also Bromm et al. 2002).
To clarify the reasons for this trend, we first describe the

HD formation process. The abundance of HD is determined by
the equilibrium between the formation reaction (reaction D4 in
Table 1) and its inverse dissociation reaction (D6),

D4; D6: Dþ þ H2 $ Hþ þ HD: ð12Þ

The deuterium ionization degree is set by the equilibrium be-
tween reactions D1 and D2,

D1; D2: Dþ Hþ $ Dþ þ H: ð13Þ

The HD to H2 ratio is then

n(HD)

n(H2)
¼ kD4n(D

þ)

kD6n(H
þ)

¼ kD4kD1n(D)

kD6kD2n(H)
¼ 2 exp

421 K

T

! "
n(D)

n(H)
;

ð14Þ

Fig. 1.—Temperature evolution of prestellar clouds with different metallicities. Those with metallicities ½Z/H$ ¼ "1(Z ¼ 0),"5,"3, and"1 ("6,"4,"2, and 0)
are shown by solid (dashed) lines. Only the present-day CMB is considered as an external radiation field. The lines for constant Jeans mass are indicated by thin dotted
lines. The positions at which the central part of the clouds becomes optically thick to continuum self-absorption is indicated by the thin solid line (eq. [20]). The
intersection of the thin solid line with each evolutionary trajectory corresponds to the epoch when the cloud becomes optically thick to the continuum. To the right of this
line, the clouds are optically thick and there is little radiative cooling. [See the electronic edition of the Journal for a color version of this figure.]

OMUKAI ET AL.630 Vol. 626

Omukai et. al (2005)

dust
10-5.5 Z☉

gas-phase
metals

10-3.5 Z☉

2 critical metallicities - are they 
both relevant?


10-5.5 Z☉: physical minimum


10-3.5 Z☉: most MP stars in MW


How/when do we reach these 
metallicities?


enrichment mechanisms


physical conditions of SF


What is necessary for 
fragmentation?


metals


turbulence
Where do the most metal-poor stars 
come from?
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Pop2Prime: metal-enriched 
stars in a cosmological context

Enzo: open-source AMR


Cosmology: 0.5 Mpc/h box 
107 M☉ halo at z = 10.


Resolution:


1 M☉ dark matter particles.


AMR: spatial resolution ~ 1 AU.


Physics and models:


Star particles: 40 M☉ Pop III star 
tms = 3.86 Myr, core-collapse SN (1 β).


Adaptive ray-tracing rad. hydro.


Non-eq. H/D/He chemistry, dust, 
metal cooling with Grackle.


Run until collapse with Z > 10-6 Z☉.



Grackle: chemistry and 
cooling as a resource

Non-eq. H/D/He/dust chemistry, 
heavy element cooling, UV radiation 
backgrounds, self-shielding,…


Library with stable APIs for C, C++, 
Fortran, Python: used in >14 codes.


Optimized and OpenMP parallel.


Community developed.


Access to established models, 
updated rates.


Disseminate your research, be 
credited for it.

grackle.readthedocs.io Smith et al. (2017)



ytree: yt for tree data

merger-tree data from multiple formats


Amiga Halo Finder


Consistent-trees/Rockstar


LHaloTree


Create merger trees for Gadget FoF/SUBFIND


incremental tree building, on-demand field 
loading, derived fields, symbolic units


re-save trees in optimized format

ytree.readthedocs.io (Smith and Lang, 2018) Cote et al. (2018)

>>> import ytree
>>> a = ytree.load("tree_0_0_0.dat")
>>> print (a[0]["prog", "mass"])
YTArray([  6.57410072e+14,   6.57410072e+14, ...
           7.72949640e+13,   5.99280576e+13]) Msun

http://ytree.readthedocs.io


External Enrichment

Smith et al. (2015)



External 
Enrichment

Prompt star formation 
after enrichment: ~25 Myr


Star formation from a single Pop III 
progenitor: Z ~ 2x10-5 Z☉
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Collapse and 
Fragmentation

Smith et al. (2015)



Fragmentation and 
Physical Conditions (10-5 Z☉)

Smith et al. (2015)



External Enrichment: 
slightly bigger picture

Smith et al. (2015)

mini-halo separation ~1σ below 
average


single progenitor, wide range of 
halo metallicities



Smith et al., in prep

Pop2Prime Part 2
Collapse when Z > 10-4 Z☉


10 more Pop III stars (3 doubles)


2 metal-enriched gas collapses


z = 12.1, Z = 7x10-5 Z☉, 3* SNe  

z = 11.8, Z = 8x10-4 Z☉, 2 SNe
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Fragmentation and 
Physical Conditions (10-3 Z☉)



External MetalsInternal Metals

Prompt Enrichment 
Delayed Collapse

collapse with Z = 8x10-4 Z☉ at z = 11.8


2 blast-waves:


SN distances: 740 pc, 757 pc


cross-over times: 79 Myr, 105 Myr
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Metal Enrichment by Pop III



approximate metal
bubble size

Enrichment of Starless 
Mini-halos



Blast-wave Crossings 
Z > 10-6 Z☉

Z > 10-4 Z☉



Summary
Check these out/get involved:


grackle.readthedocs.io


    ytree.readthedocs.io


Prompt metal-enriched star formation after a single Pop III 
SN is possible, but it might be rare.


Low mass fragmentation needs dust even at gas-phase Zcr.


Singly enriched halos may form stars with a range of 
metallicities. Not all single-progenitor stars are low-Z.


Halos impacted by multiple blast-waves have a range of 
metallicities. Not all low-Z stars have a single progenitor.


