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ABSTRACT

Stars in the asymptotic giant branch (AGB) are in the penultimate stage of their lives as low-
mass dwarfs. During this stage, they produce in their cool, bloated envelopes vast quantities of dust
composed from metals forged deep in their interiors from nuclear reactions. They expel these dust
grains in shells blown out from the star by strong winds powered by radiation pressure. In order to
better understand the role of asymptotic giants as sources of metal and dust enrichment in the early,
metal-poor universe, we create a portable chemical and thermal network considering physics on all
the major primordial species including H; H+; H−; H2; H+

2 ; He; He+; He++; D; D+; HD; e− as well
as the most important metal coolants C, Si, O and their singly ionized state C+, Si+, O+. We involve
in our code all of the important heating and cooling processes including atomic lines, molecular lines,
continuum radiation and absorption, metal fine structure lines, and collisional heating and cooling
including that between dust grains and gas particles. We test our reaction network by numerically
solving chemical and thermal rate equations in a one-zone freefall model. Our results show that the
presence of dust and metals in a cloud creates at lower densities a significant excess of molecular
hydrogen, an important coolant, compared with dust and metal-free clouds.

1. INTRODUCTION

Recent studies (Schneider et al. 2003; Schneider 2006)
on the evolution of stellar populations from the first stars
to that found today focus on the role of enrichment of
the ISM dust and metals that are produced as stars age.

Besides their role in generating the observed metallic-
ity of later generations of stars, such as those observed
in the Galaxy, they also play a key part in star forma-
tion models as efficient coolants either by themselves or
by their ability to produce molecular hydrogen that can
induce fragmentation thereby setting the characteristic
initial mass function (IMF) of those later stellar pop-
ulations. However, the identity of the source of these
coolants in the early universe where this transition first
takes place is an area of ongoing study.

Comprehensive treatments of star formation under pri-
moridal conditions began nearly thirty years ago result-
ing in works such as that of Palla, Salpeter, & Stahler
(1983) and Palla (1983). In these scenarios the develop-
ment of a fully molecular core at densities of 1012 from
three-body reactions did not contribute much to cooling
as at that point cooling from H2 line emission has already
become inefficient owing to opacity.

More recent work following standard (ΛCDM) cos-
mologies (Bromm et al. 1999, 2001, 2002; Yoshida et al.
2006, 2007) reconfirmed the suspicions of the earlier in-
vestigators that such stars formed from metal-free gas,
the members of Population III, should be far more mas-
sive than commonly seen in Galactic conditions-on the
order of at least 102M�. On the other hand, work based
on hydrodynamic models including that of Uehara & In-
utsuka (2000) and Nakamura & Umemura (2001) sug-
gested that the existence of dwarfs of order 1M� or less
among the giants was quite possible in the early universe
owing to the specifics of the geometry of the collapsing
cloud or the presence of somewhat overlooked coolants
like HD.

The predicted diversity in possible masses of Popula-
tion III stars in turn imply corresponding diversity in
modes of transport of metals and dust into the interstel-
lar medium (ISM). The traditional hypergiant Pop. III
star following works such as Palla et al. (1983) explodes
in a pair-instability supernova (PISN) that leaves behind
no remnant and returns a large fraction of its products
to the ISM. In particular, dust and element formation
models using a PISN as the source like that by Schnei-
der et al. (2004) extending from traditional core-collapse
supernovae (SNeII) models predict a generated dust mass
of the order 101M� from a condensation rate from the
gas phase between 0.3 to 0.7 of total metals released.

The dust-producing ability of SNeII and by inference
PISNe is observationally confirmed, as large quantities
have been detected in the ejecta of the recent SN 1987A
(Matsuura & colleagues 2011). However, the same arti-
cle (Matsuura & colleagues 2011) reports a proportion-
ally large quantity of dust, some 8M� that may have
been released by the SN progenitor, would be swept up
and destroyed when the SN shockwave passes through
(Draine & Salpeter 1979), or ejected altogether due to
the high velocities induced by the SN wind (Low & Mc-
Cray 1989).

Dust produced by evolved low-mass stars (asymptotic
giants or AGBs) is piddling compared to the multi-M�’s
worth from a SN or PISN. Some work on AGB dust syn-
thesis reports (Ferrarotti & Gail 2006) a lifetime contri-
bution of no more than 0.1M� from metal-poor progeni-
tors. The rates from these models are similarly matched
by observations, such as that by Schoeier et al. (2004) on
R Dor and L2 Pup.

Compared to SNe, AGBs’ contribution to metals and
dust in the ISM is easy to overlook. A very recent
and substantial investigation by Safranek-Shrader et al.
(2010) on fragmentation in young galaxies using a com-
plete chemical network with metals and dust ignore the
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role of AGBs entirely. This is may seem well justified,
given the relative production rates between the two types
of sources. Safranek-Shrader et al. (2010) notes however,
that the actual amount of dust from SNe involved in the
enrichment of young galaxies is not too well known, due
to reasons given above (Draine & Salpeter 1979; Low &
McCray 1989) . Ferrarotti & Gail (2006) and Schnei-
der et al. (2004) show that the type of dust and metals
released from progenitors are closely dependent on pro-
genitor mass and/or metallicity. For example, Ferrarotti
& Gail (2006) has Pop. III AGBs producing only C dust
while SNe can produce a much greater variety regard-
less of the initial metallicity of the progenitor. Matsuura
& colleagues (2009) finds in the nearby example of the
Magellanic Clouds that the observed dust quantities do
not match known stellar sources in SNe or AGBs.

Observations of quasars of 5 < z < 6.4 as referenced in
the text of a work by Valiante et al. (2009) show a dust
mass of some 108M� observed in such quasars; Valiante
et al. (2009) created a chemical evolution model with
dust that included destruction mechanisms from SNe
shocks and found that despite aforementioned unknowns
with regards to dust sources, for a range of characteristic
masses of the IMF of their synthetic population, AGBs
were a significant contributor to the total quantity of dust
produced, especially when given the time to become so
evolved.

From the literature it can be seen that the role of AGBs
in the chemical and thermal evolution of the ISM, in par-
ticular that found in the early universe, is not entirely
clear. Evidence such as from the study by Valiante et al.
(2009) give credence to the theory that AGBs may be
important sources of dust even in the high-redshift uni-
verse. This project works towards elucidating the role
of AGBs in the evolution of dust and molecules through
a toy model to be clarified in the later sections of this
report.

For this report, I will focus on a key part, that of the
chemical and thermal reaction network, of the simulation
we hope to ultimately develop. In §2 I will describe the
implementation of the reaction network including met-
als and dust as well as the single-zone model through
which it is tested in preparation for future import into
a hydrodynamic simulation. In §3 I reproduce the the
results of the one-zone model using the reaction network
developed in §2. In §4 I will discuss the results as they
compare with others’ works and finally in §5 I will set
the course for future work.

2. MODEL

2.1. Cloud model

We attempt to reproduce to some degree of accuracy
the results of Omukai (2000). To do so we model in a sin-
gle zone the freefall dynamics of a spherically symmetric
cloud as so described in that paper.

2.2. Chemical reactions

2.2.1. Calculation

We solve parallel differential equations numerically
using matrix inversion for the abundance of each chemi-
cal species X where abundance is defined as the ratio

yX =
nX
np

(1)

of the number density nX of that species to the number
density np of hydrogen nuclei in all hydrogen species.
These equations take the general form

dyX
dt

=
∑
i

( ki,X
∏
j

yi,j) (2)

where ki,X is the reaction rate coefficient for species X
on chemical pathway i; yi,j is the abundance of each
reactant j used in pathway i

2.2.2. Reaction network

We use the reaction network described in Table 1 from
Safranek-Shrader et al. (2010) with modifications in con-
tent and implementation. A major difference is that we
include for this study H2 and HD formation on dust grain
surfaces. Our reaction network falls far short in detail of
the one used by Omukai (2000) as we do not consider
molecules other than H2 and HD. Additionally, we ne-
glect Fe species as they are not an expected product of
early universe AGBs (Ferrarotti & Gail 2006). I show
the chemical reaction rates used in our chemical network
in Tables 1 & 2 of this paper.

2.3. Thermal processes

In addition to chemical abundances, we simultaneously
calculate its thermal evolution. Thermal evolution of the
cloud is governed by (i) virialization from gravitational
contraction (i.e. adiabatic compression); (ii) atomic and
molecular processes; (iii) ender- and exergony of chemical
reactions; (iv) continuum absorption and radiation. As
we had done for chemical abundances in calculating the
cloud’s chemical evolution, we obtain the cloud’s thermal
evolution by solving the rate equation for internal energy
ε,

dε

dt
= Γ(ε) + Λ(ε) (3)

where Γ is the sum of all heating processes and Λ is that
of all cooling processes.

2.3.1. Adiabatic heating

A cloud undergoing gravitational contraction converts
its gravitational potential energy into kinetic energy.
This process is called virialization. Following the
derivation by Omukai (2000), the central density ρ of
our cloud undergoing freefall collapse as a function of
time t is a solution to the differential equation

dρ

dt
=

ρ

tFF
(4)

where

tFF = (
3π

32Gρ
).5 (5)

is the freefall time. The central pressure of our cloud
with temperature T and mean particle mass m̄ is

p =
ρkT

m̄
(6)

where k is the Boltzmann constant. The contribution to
the heating rate is thus
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Table 1
Chemical reactions in network

Number Reaction Rate coefficient Reference

k5 H + e →H− 0.5(1.0− erf(2.0ln( T
6000

)))(10−17.845+.762log(T )+0.1523(log(T ))2−.03274(log(T ))3

−10−16.420+.1998(log(T ))2+0.005447(log(T ))4−.000040415(log(T ))6 )

+10−16.420+.1998(log(T ))2+0.005447(log(T ))4−.000040415(log(T ))6 1
k6 H− + H→H2 + e 0.5(1.0− erf(2.0ln( T

300
)))(1.5× 10−9 − 4.0× 10−9T−.17) + 4.0× 10−9T−.17 1

k7 H+ + H→H+
2 10−19.38−1.523log(T )+1.118(log(T ))2−.1269(log(T ))3 1

k8 H+
2 + H→H2 + H+ 6.4× 10−10 1

k9 H− + H+ → 2H 5.7× 10−6T−.5 + 6.3× 10−8 − 9.2× 10−11T .5 + 4.4× 10−13T 1
k10 H+

2 + e → 2H 0.5(1.0− erf(2.0ln( T
617

)))(1.0× 10−8 − 1.32× 10−6T−.76) + 1.32× 10−6T−.76 1

k11 H2 + H+ →H+
2 + H exp(−21237.15

T
)(−3.3232183× 10−7 + 3.3735382× 10−7ln(T )

−1.4491368× 10−7(ln(T ))2 + 3.4172805× 10−8(ln(T ))3

−4.7813720× 10−9(ln(T ))4 + 3.9731542× 10−10(ln(T ))5

−1.8171411× 10−11(ln(T ))6 + 3.5311932× 10−13(ln(T ))7) 1
k12 H2 + e → 2H + e 3.73× 10−9T .1121exp(−99320.0

T
) 1

k13 H2 + H→ 3H 6.67× 10−12T .5exp( 63590.0
T

+ 1.0) 1

k14 2H2 →H2 + 2H 5.996× 10−30T 4.1881( 1
1.0+6.761×10−6T

)5.688exp(−54657.3
T

) 1

k15 H + e →H+ + 2e exp(−32.71396786 + 13.5365560ln(T [eV ])− 5.7392875(ln(T [eV ]))2

+1.56315498(ln(T [eV ]))3 − .287705600(ln(T [eV ]))4

+.0348255977(ln(T [eV ]))5 − 2.63197617× 10−3(ln(T [eV ]))6

+1.11954395× 10−4(ln(T [eV ]))7 − 2.03814985× 10−6(ln(T [eV ]))8) 1
k16 H+ + e →H + γ 2.753× 10−14( 315614.0

T
)1.5(1.0 + ( 115188.0

T
).47)−2.242 1

k17 H− + e →H + 2e exp(−18.01849334 + 2.36085220ln(T [eV ])− .282744300(ln(T [eV ]))2

+.0162331664(ln(T [eV ]))3 − .0336501203(ln(T [eV ]))4

+.0117832978(ln(T [eV ]))5 − 1.65619470× 10−3(ln(T [eV ]))6

+1.06827520× 10−4(ln(T [eV ]))7 − 2.63128581× 10−6(ln(T [eV ]))8) 1
k18 H− + H→ 2H +e exp(−20.372609 + 1.13944933ln(T [eV ])− .14210135(ln(T [eV ]))2

+8.4644554× 10−3(ln(T [eV ]))3 − 1.4327641× 10−3(ln(T [eV ]))4

+2.0122503× 10−4(ln(T [eV ]))5 + 8.6639632× 10−5(ln(T [eV ]))6

−2.5850097× 10−5(ln(T [eV ]))7 + 2.4555012× 10−6(ln(T [eV ]))8)
−8.0683825× 10−8(ln(T [eV ])9))(1.0− 0.5(1.0− (erf(2.0ln( T

1160.44412
)))))

+2.5634× 10−9T [eV ]1.78186 × 0.5(1.0− (erf(2.0ln( T
1160.44412

)))) 1

k19 H + D+ →H+ + D 2.06exp(−33.0
T

)× 10−10T .396 + 2.03× 10−9T−.332 1

k20 H+ + D→H + D+ 0.5(1.0− erf(2.0ln( T
2×105

)))((2.0exp(−37.1
T

)× 10=10T .402

−3.31× 10−17T 1.48)− 3.44× 10−10T .35) + 3.44× 10−10T .35 1
k21 H2 + D→HD + H 1.69

2.0
(1.0− erf(2.0ln( T

200
)))× 10−10 + (1.0− 0.5(1.0− erf(2.0ln( T

200
))))

×1.69× 10−10exp(−4680.0
T

+ 198800.0
(T+100.0)2

) 1

k22 H + HD→H2 + D 5.25
2.0

(1.0− erf(2.0ln( T
200

)))× 10−11 + (1.0− 0.5(1.0− erf(2.0ln( T
200

))))

×5.25× 10−11exp(−4430.0
T

+ 173900.0
(T+100.0)2

) 1

k23 He+ + H→He + H+ 1.25× 10−15( T
300

).25 1

k24 He + H+ →He+ + H 0.5(1.0− erf(2.0ln( T
10000

)))(1.26× 10−9T−.75exp(−127500.0
T

)

−4.0× 10−37T 4.74) + 4.0× 10−37T 4.74 1

k25 He + H2 →He + 2H 10.0−27.029+3.801log(T )− 29487
T 1

k26 He+ + H2 →He + H+ + H 3.7× 10−14exp( 35.0
T

) 1

k27 He+ + H− →He + H 2.32× 10−7( T
300

)−.52exp(− T
22400

) 1

k28 3H→H2 + H 1.32×10−32

2.0
((1.0− erf(2.0ln( T

300
)))( T

300.0
)−.38

+(1.0− 0.5(1.0− erf(2.0ln( T
300

)))) 300.0
T

) 1

k29 2H + He→He + H2 6.9× 10−32T−.4 1

k30 2H + H2 → 2H2
1.32×10−32

16.0
((1.0− erf(2.0ln( T

300
)))( T

300.0
)−.38

+(1.0− 0.5(1.0− erf(2.0ln( T
300

)))) 300.0
T

) 1

k31 He+ + H2 →He + H+
2 7.2× 10−15 1

k33 O+ + H→H+ + O 4.99× 10−11T .405 + 7.54× 10−10T−.458 1
k34 O + H+ →H + O+ (1.08× 10−11T .517 + 4.00× 10−10T .00669)exp(−227.0

T
) 1

k35 C + H+ →H + C+ 3.9× 10−16T .213 1
k36 C+ + H→H+ + C 6.08× 10−14( T

10000
)1.96exp(− 170000

T
) 1

1. Safranek-Shrader et al. (2010)
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Table 2
Chemical reactions in network(continued)

Number Reaction Rate coefficient Reference

k37 Si + H+ →H + Si+ 0.5(1.0− erf(2.0ln( T
10000

)))(5.88× 10−13T .848 − 1.45× 10−13T )

+1.45× 10−13T 1
k38 H+ + H− →H+

2 + e 0.5(1.0− erf(2.0ln( T
8000

)))(6.9× 10−9T−.35 − 9.6× 10−7T−.90)

+9.6× 10−7T−.90 1
k44 He + e →He+ + 2e exp(−44.09864886 + 23.91596563ln(T [eV ])− 10.7532302(ln(T [eV ]))2

+3.05803875(ln(T [eV ]))3 − .56851189(ln(T [eV ]))4

+.0679539123(ln(T [eV ]))5 − 5.0090561× 10−3(ln(T [eV ]))6

+2.06723616× 10−4(ln(T [eV ]))7 − 3.64916141× 10−6(ln(T [eV ]))8) 1

k45 He+ + e →He + γ 10−11

T
(11.19− 1.676log(T )− .2852(log(T ))2 + .04433(log(T ))3) 1

k46 C + e →C+ + 2e 6.85× 10−8(.193 + 11.26
T [eV ]

)( 11.26
T [eV ]

).25exp(− 11.26
T [eV ]

) 1

k47 O + e →O+ + 2e 3.59× 10−8(.073 + 13.6
T [eV ]

)( 13.6
T [eV ]

).34exp(− 13.6
T [eV ]

) 1

k48 Si + e → Si+ + 2e 1.88× 10−7(1.0 + ( 8.2
T [eV ]

).5)( 8.2
T [eV ]

).25exp(− 8.2
T [eV ]

)(.376 + 8.2
T [eV ]

)−1 1

k49 C+ + e →C + γ 4.67× 10−12( T
300

)−.6(0.5(1.0− erf(2.0ln( T
7950

))))(0.5(1.0− erf(2.0ln( T
21140

))))

+1.23× 10−17( T
300

)2.49exp( 21845.6
1000.0+T

)

×(1.0− (0.5(1.0− erf(2.0ln( T
7950

)))))(0.5(1.0− erf(2.0ln( T
21140

))))

+9.62× 10−8( T
300

)−1.37(1.0− (0.5(1.0− erf(2.0ln( T
7950

)))))

×((1.0− 0.5(1.0− erf(2.0ln( T
21140

)))))exp(− 115786.2
T

) 1

k50 O+ + e →O + γ 0.5(1.0− erf(2.0ln( T
400

))) ∗ 1.30× 10−10T−.64 + (1.0− 0.5(1.0− erf(2.0ln( T
400

))))

×(1.41× 10−10T−.66 + 7.4× 10−4T−1.5exp(− 175000
T

))

×(1.0 + .062exp(− 145000
T

))) 1

k51 Si+ + e → Si + γ 7.5× 10−12( T
300

)−.55(0.5(1.0− erf(2.0ln( T
2000

))))(0.5(1.0− erf(2.0ln( T
10000

))))

+4.86× 10−12( T
300

)−.32

×(1.0− (0.5(1.0− erf(2.0ln( T
2000

)))))(0.5(1.0− erf(2.0ln( T
10000

))))

+9.08× 10−14( T
300

)−.818(1.0− (0.5(1.0− erf(2.0ln( T
2000

)))))

×((1.0− 0.5(1.0− erf(2.0ln( T
10000

))))) 1

k52 He2+ + e →He+ + γ 3.36× 10−10T−.5( T
1000

)−.2 1
1.0+(10−6T ).7

+(1.9× 10−3T−1.5exp(− 473421.0
T

))(1.0 + .3exp(− 94680.0
T

)) 1

k53 He+ + D→He→D+ 0.5(1.0− erf(2.0ln( T
2×105

)))((2.0exp(−37.1
T

)× 10=10T .402

−3.31× 10−17T 1.48)− 3.44× 10−10T .35) + 3.44× 10−10T .35 1
k54 He + D+ →He+ + D 2.06exp(−33.0

T
)× 10−10T .396 + 2.03× 10−9T−.332 1

k55 C + He+ →C+ + He 8.58× 10−17T .757(0.5(1.0− erf(2.0ln( T
200

))))(0.5(1.0− erf(2.0ln( T
2000

))))

+3.25× 10−17T .968

×(1.0− (0.5(1.0− erf(2.0ln( T
200

)))))(0.5(1.0− erf(2.0ln( T
2000

))))

+2.77× 10−19T 1.597(1.0− (0.5(1.0− erf(2.0ln( T
200

)))))

×((1.0− 0.5(1.0− erf(2.0ln( T
2000

))))) 1

k56 C+ + Si→C→ Si+ 2.1× 10−9 1
k57 Si + He+ → Si+ + He 3.3× 10−9 1
k58 2H + dust→H2 3.025× 10−17( T

100.0
).5 × ((1.0 + exp(750.0 ∗ (75.0−1 − T−1

d )))

×(1.0 + 0.04 ∗ (T + Td).5 + .002T + 8.0× 10−6T 2))−1 2
k59 H + D + dust→HD 3.025× 10−17( T

100.0
).5 × ((1.0 + exp(750.0 ∗ (75.0−1 − T−1

d )))

×(1.0 + 0.04 ∗ (T + Td).5 + .002T + 8.0× 10−6T 2))−1 2
k60 D + e →D+ + 2e exp(−32.71396786 + 13.5365560ln(T [eV ])− 5.7392875(ln(T [eV ]))2

+1.56315498(ln(T [eV ]))3 − .287705600(ln(T [eV ]))4

+.0348255977(ln(T [eV ]))5 − 2.63197617× 10−3(ln(T [eV ]))6

+1.11954395× 10−4(ln(T [eV ]))7 − 2.03814985× 10−6(ln(T [eV ]))8) 1
k61 D+ + e →D + γ 2.753× 10−14( 315614.0

T
)1.5(1.0 + ( 115188.0

T
).47)−2.242 1

k62 He+ + e →He2+ + 2e 5.68× 10−12T .5exp(− 631515
T

) 1
1.0+(10−5T ).5

1

k63 O + He+ →O+ + He 4.991× 10−15exp(− T
1121000

)( T
10000

).3794 + 2.780× 10−15exp( T
815800

)( T
10000

)−.2163 1

1. Safranek-Shrader et al. (2010) 2. Cazaux & Spaans (2004)
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Γcomp = −p d
dt

(
1

ρ
) (7)

2.3.2. Atomic and molecular processes

Atomic and molecular cooling, including that of met-
als and their ions, takes place when an atom or molecule
becomes excited due to collisions between one another.
These excited states spontaneously decay and radiate
photons in lines. These photons may escape the cloud
and carry away its energy, thus cooling the cloud.

Radiative processes used in this category include
Bremsstrahlung scattering, refering to the radiation of
a photon by an electron as it is deflected by an ion
core; H2 rovibrational transitions; metal fine-structure
transitions. Our model uses the derivation from Glover
& Jappsen (2007) for metal fine-structure lines and the
probability that de-excitation photons escape the cloud
is given by

βij = (
1− exp(−τij)

tauij
)exp(−τcont) (8)

for transitions from level i to j with τij being the line
optical depth defined in Omukai (2000) and τcont is the
continuum optical depth, derived in a subsequent section
in this report. HD cooling uses the derivation by Lipovka
et al. (2005) and other atomic and molecular lines are
taken from Glover & Jappsen (2007).

2.3.3. Chemical processes

Here, chemical processes refers to H2 formation and
destruction. The collisional dissociation of H2 absorbs
4.48 eV per molecule destroyed, cooling the gas, and
three-body formation pathways, including from dust sur-
face recombination, release 4.48 eV per molecule formed,
heating the gas. H2 formation from the H− pathway re-
leases 3.53 eV. Overall heating and cooling rate contribu-
tion due to these chemical processes is thus proportional
to these chemical reactions’ rates. The chemical rates
themselves are density-dependent and interested readers
should see Safranek-Shrader et al. (2010) and references
therein for derivation.

2.3.4. Continuum processes

Continuum processes refer to thermal absorption
or radiation. For our cloud, dust acts as a thermal
reservoir as it efficiently radiates away energy absorbed
from the CMB as well as collisions with gas. As long as
the gas is transparent i.e. at low density, dust energy
balance consists of cooling of grains via thermal radiation

Λdcont = 4σSBκdβcontT
4
d (9)

and heating of grains via collisional transfer with gas and
absorption of CMB photons from a blackbody of TCMB

Λtr = 4σSBκdβcontT
4
CMB +

2ndk(T − Td)

tcoll
(10)

where κd is the Planck mean opacity of the dust and κg
is the Planck mean opacity of the metal-free gas. βcont
is the probability the radiation will escape the cloud.
For our model, we assumed spherical composite grains

with radius 0.1 µm and mass 1.256×10−14 g (Cazaux &
Spaans 2004). We obtained κd at any grain temperature
Td by interpolation of experimental results with respect
to temperature from Semenov et al. (2003). We find κg
for specific T and ρ through bilinear interpolation of the
Planck mean opacity grid from Lenzuni et al. (1991).
The escape probability is

βcont = min(1, τ−2
cont) (11)

where for a Jeans length λJ

τcont = (κd + κg)ρλJ (12)

and the frequency of collisions between gas and dust is

νcoll = npσd(
8πkT

mH
).5 (13)

and
tcoll = ν−1

coll (14)

is the average time between collisions As the cloud
evolves we update the dust temperature for each timestep
by solving the grain energy balance arising from equating
the dust thermal loss and heating for Td as a function of
gas temperature T using Brent’s root-finding algorithm.

3. RESULTS

The temperature evolution of our cloud core as a func-
tion of hydrogen nuclei density is shown for runs of
our one-zone simulation described in §2 in Figure 1.
The evolution of hydrogen species abundances is shown
in Figure 2. We show runs of our code for Z/Z� =
1, 0.1, 0.01, 10−3, 10−4, 10−5, 10−6, 0 with common dust-
to-gas ratio of 0.0053 as done by Omukai (2000). The
Galactic dust-to-gas ratio is similar, being 0.01 (Cazaux
& Spaans 2004). Our runs cover a density range of 20
orders of magnitude.

4. DISCUSSION

4.1. Thermal profile

We successfully replicated results in literature (Omukai
2000; Omukai et al. 2010; Schneider et al. 2003; Schneider
2006; Yoshida et al. 2006, 2007) for a narrow range of pa-
rameters. In Figure 1, the effect of increasing metallicity
from primordial to solar value is quite clear. Increasing
metallicity increases monotonically the amount of cool-
ing, such that the evolutionary tracks form an orderly
stack on one another with lower metallity, warmer clouds
on top and higher metallicity, cooler clouds towards the
bottom. This effect is visible for clouds of 10−5 Z/Z�
and becomes obvious for clouds of 10−4 or higher Z/Z�.

The dust temperature tracks are conformal for all
metallicities. The increase monotonically until the den-
sity reaches some 1% of the gas-dust coupling, during
which the gas being heated to a local maximum by grain-
catalyzed H2 formation leads to a parallel local maximum
on dust temperature. Upon the gas-dust coupling, the
model no longer follows reasonable interpretations of the
literature (i.e. discounting the presence of water, carbon
monoxide and other important coolants, or the coupling
to the CMB at low density).
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Figure 1. Thermal evolution of the clouds with different metallicity as a function of hydrogen nuclei number density. All clouds have
initial temperature of 100 K and density 2.2×10−24 g. J21 has been set to a negligibly low value and the CMB temperature is set to that
of present day. The solid curves show the gas trajectories and the dotted curves that of dust.

Figure 2. Abundance of molecular hydrogen. The evolution of molecular hydrogen abundance is shown as solid curves for clouds of
different metallicity.
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4.2. H2 formation

The evolution of the H2 abundance reproduces that ex-
pected from literature for all metallicities up to the point
the clouds become fully molecular. Because there are
some important H2 dissociation mechanisms not being
used, the cloud remains fully molecular upon achieving
that state. Since these destruction mechanisms are im-
portant only at high densities when the UV background
is absent or sufficiently shielded from the cloud, the most
active part of the abundance evolution may be seen to
have some validity.

As in the case of the thermal evolution the effect of in-
creasing metallicity is to monotonically advance the onset
of molecule formation; the effect of the metals and dust
as in Figure 1 first appears at 10−5 Z/Z�. The excess
of molecules formed leftwards of the knee at np ≈1010 is
entirely owed to the activity of dust. For the case of so-
lar metallicity, the cloud becomes fully molecular at the
number density of 104.

4.3. Notes on development

When I began work on this project, we could not get
the original chemistry routine to run to high densities
even without the trouble of accounting for metals and
dust; we then tried to follow as verbatim as possible the
instructions laid out by Yoshida, Omukai, Hernquist, &
Abel (2006) as they managed to reach 1015 cm−3. How-
ever, we failed to replicate their result due to some un-
communicated differences in our codes.

The cause of these difficulties lay in the numerical in-
tegration of the rate equations. Because the timestep is
finite, at higher densities some quantities were calculated
to undershoot to negative values which are not physical.
This is corrected by catching the program whenever inte-
gration is done and progressively shortening the timestep
of the subroutine where the error is caught.

Then there was the related problem of speed. This
was given an ingenious solution by Chalence Safranek-
Shrader over the past winter holiday by limiting the num-
ber of species to solve abundances for. This involved
assuming equilibrium for the non-participating species
sharing a type of elemental nuclei. This method was
possible because nuclear reactions were not within the
scope of this project.

5. FUTURE WORK

To advance this project to the future, we must first
complete extermination of bugs plaguing the thermal
network. Only then will we be able to take advantage of
chemistry in our hydrodynamic model. Several things
have already been prepared in the hydrodynamic part of
this project despite the delay due to ongoing pestilence
in the chemical network. These include the primary
transport mechanism we are to employ for the AGB
outflow, that is, externally driven supersonic turbulence
as had been used by authors such as Kritsuk, Norman,

Padoan, & Wagner (2007) and Padoan, Nordlund,
Kritsuk, Norman, & Li (2007) in cosmological studies of
large-scale structure formation. We have been able to
implement the noise generator from the prescription of
Bartosch (2001) and F. et al. (1988) and test code by
Jeremy Ritter in a 3D hydrodynamics simulation with
polytropic equation of state.
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