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Hierarchical Structure Formation

Credit: S. Gottlöber (AIP) 

• cold dark matter

• smallest regions                 
   collapse first

• “bottom-up” 
   formation



Star Formation in the Early Universe

Credit: NASA, ESA, S. Beckwith (STScI) 
and the HUDF Team 

• Pop III stars

• Pop II stars

?

- Metal enrichment
- UV photons contribute 
to reionization
- injection of entropy 
into IGM 

http://www.nasa.gov/
http://www.nasa.gov/
http://spacetelescope.org/
http://spacetelescope.org/
http://www.stsci.edu/
http://www.stsci.edu/


The Questions

• What is the influence of low levels of 
metallicity on cooling and collapse of the gas?

• What about fragmentation? How small can 
the objects be that form - IMF?

• What is the role of the UV background?
• What are the time scales?
• How much cool gas?
• What is a appropriate description of the initial 

conditions and the environment?



A Critical Metallicity?

• A minimal level of enrichment is required 
before metals or dust can contribute 
significantly to the cooling:

C, O fine structure 
cooling

dust
cooling 

Zcr ~ 10-3.5 Zsun Zcr ~ 10-5 Zsun



Different Studies

This relation is only valid for haloes with Tvir , 104 K. We plan to

test this analytical prediction with future simulations.

3.2.3 Comparison with the Z¼ 0 case

Since Bromm et al. (1999, 2001) have investigated the case of zero-

metallicity gas with initial conditions that are otherwise very

similar to those adopted here, it is instructive to compare our

Z ¼ 1023 Z( simulation with the pure H/He case. In the previous

papers, the formation of H2 was allowed for, whereas here we have

considered the limiting case of maximum negative feedback which

is supposed to destroy all H2.

The first difference occurs during the virialization of the DM. In

marked contrast to the simulations presented in this paper, the DM

fluctuations do imprint their signature on to the gaseous component

if H2 is the main coolant. These DM-induced condensations act as

the seeds for the subsequent fragmentation of the gas. The basic

reason for this difference is the boost in the formation of H2 arising

from the density and temperature enhancement in the DM

subcondensations. Such a chemistry-related feedback is absent in

the Z ¼ 1023 Z( case.

The second, crucial, difference derives from the fact that cooling

remains efficient at densities nH * 104 cm23, provided the gas has

been enriched to Z $ Zcrit. As can be seen in Fig. 2 (lower-left

panel), the gas evolves isothermally up to the threshold density of

nth ¼ 106 cm23. H2 cooling, on the other hand, saturates at

nH * ncrit . 103–104 cm23, where ncrit marks the transition from

NLTE to LTE level populations. By comparing the distribution of

MJ versus nH in Fig. 2 (lower right panel) with the equivalent fig. 3

(panel (c) in Bromm et al. (1999), it can be seen that there is no

characteristic mass scale in the Z ¼ 1023 Z( case. Such a

characteristic scale would correspond to a pile-up of SPH particles

in the diagram owing to long evolutionary time-scales. In the pure

H/He case, on the other hand, there is a preferred mass scale of

M , 103 M(.

The overall range of clump masses, 102 , MCl , 104 M(, is

similar in the pure H/He and Z ¼ 1023 Z( simulations, although

the relative number of low-mass clumps is significantly higher for

the pre-enriched case. These low-mass clumps have masses close

to the resolution limit of the simulation (Bate & Burkert 1997),

Mres . MB
2Nneigh

NSPH

! "

. 100M(; ð10Þ

where Nneigh . 32 denotes the number of SPH particles within a

smoothing kernel. Obviously, clumps cannot have masses smaller

thanMres. The most massive clumps form with initial masses close

to the Jeans mass, MJ , 750M(, evaluated at the density

nH . 104 cm23, where the bulk of the freely falling gas reaches the

CMB temperature floor, Tmin . 86K (see Fig. 2).

Later on, clumps gain in mass through accretion from

surrounding gas, and through occasional mergers with other

clumps. An investigation of the possible subfragmentation of a

clump lies beyond the resolution limit of our simulation. It is worth

emphasizing that the spectrum of clumps is different from the

stellar spectrum (i.e. the IMF), and it is not possible to directly

derive the latter from the former. However, the qualitative trend

that the relative number of low-mass clumps increases with

metallicity is suggestive of the possible regulation of the IMF by

the gas metal enrichment. To constrain the clump mass spectrum,

Figure 3. Run A: morphology at z ¼ 28. Top row: the remaining gas in the diffuse phase. Bottom row: distribution of clumps. Dot sizes are proportional to the

mass of the clumps. Left panels: face-on view. Right panels: edge-on view. The size of the box is 30 pc. It can be seen that the gas has undergone vigorous

fragmentation.

Fragmentation of pre-enriched primordial objects 973

q 2001 RAS, MNRAS 328, 969–976

Figure 4. Run B: morphology and thermodynamic properties of the gas at z ¼ 28. The convention of Fig. 2 is adopted for the rows and columns.

Figure 5. Run B: morphology at z ¼ 22:7. The convention of Fig. 3 is adopted for the rows and columns.

974 V. Bromm et al.

q 2001 RAS, MNRAS 328, 969–976

Bromm et al. (2001):

• SPH simulations of collapsing 
dark matter mini-halos

• no H2 or other molecules
• no dust
• only C and O atomic cooling

10-4 Zsun <  Zcr < 10-3 Zsun

10-3 Zsun

10-4 Zsun



Different Studies

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): one zone model

H2, HD and other molecules, 
metal cooling, 
dust cooling 

10-6 Zsun <  Zcr < 10-4 Zsun



Different Studies

Omukai (2000) for a thorough discussion of this issue. The initial
ionization degree and H2 concentration are assumed to be the
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despite contributing as much to the cooling as H2 at %105 cm"3
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H2, HD and other molecules, 
metal cooling, 
dust cooling 

10-6 Zsun <  Zcr < 10-4 Zsun



Numerical Method

• smoothed particle hydrodynamics 
   (Gadget1 & Gadget2 - Springel et al. 01, 05)

• sink particles (Bate et al. 95)

• chemistry and cooling

• particle splitting (Kitsionas & Whitworth 02)

• different initial conditions
 



grain surface reactions

ionization due to cosmic rays

hydrogen chemistry
(photochemical & collisional)

carbon, oxygen and 
silicon chemistry

Chemical Model

(Jappsen et al. 06)



• gas-grain energy transfer

• H collisional ionization

• H+ recombination

• H2 rovibrational lines

• H2 collisional dissociation

• Ly-alpha and Compton cooling

• Fine structure cooling from C, O, Si

Cooling and Heating

• photoelectric effect

• H2 photodissociation

• UV pumping of H2

• H2 formation on dust grains



Initial Conditions I

• gas fully ionized 

• initial temperature: 10000 K

• volume: (0.5) kpc3  - (4.0) kpc3

• contained gas mass: 17% of DM Mass

• number of gas particles: 105 - 4 x 106 

• resolution limit: 2 MSUN – 400 MSUN

DM

HII REGION

FIRST OBJECT

GAS

(Jappsen et al. 07)



Parameter Study

• halo size: 5 x 104 Msun - 107 Msun 

• redshift: 15, 20, 25, 30 

• metallicity: zero, 10-4 Zsun -  Zsun

• UV background: J21 = 0, 10-2, 10-1 

• dust: yes or no
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Cuts through Gas Number Density in the Centre of 

the Dark Matter Halo

No Fragmentation at a Metallicity of Z=10-3 Zsun
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The Influence of Metallicity on the 
Fragmentation of Protogalactic Gas
A.-K. Jappsen1,2, S. C. O. Glover2,4, R.S. Klessen3,2, M.-M. Mac Low4,3 

!CITA, Toronto, Canada 2Astrophysikalisches Institut Potsdam, Germany 3Zentrum für Astronomie der Universität Heidelberg, Germany  4American Museum of Natural History, New York

In cold dark matter cosmological models, the first stars 

to form are believed to do so within small 

protogalaxies. We wish to understand how the 

evolution of these early protogalaxies changes once 

the gas forming them has been enriched with small 

quantities of heavy elements, which are produced and 

dispersed into the intergalactic medium by the first 

supernovae. Our initial conditions represent 

protogalaxies forming within a fossil HII region, a 

previously ionized region that has not yet had time to 

cool and recombine. We study the influence of low 

levels of metal enrichment on the cooling and collapse 

of ionized gas in small protogalactic halos using three-

dimensional, smoothed particle hydrodynamics 

simulations that incorporate the effects of the 

appropriate chemical and thermal processes.

Model and Initial Conditions:

! parallel code GADGET-1 & GADGET-2 (Springel et al. 2001, 2005)

! sink particles (Bate et al. 95)

! follow chemistry and cooling (Glover & Jappsen 2007)

! resolution limit of 15 Msun due to particle splitting in the centre 
(Kitsionas & Whitworth 2002)

! dark matter halo with NFW-density profile (Navarro et al. 1997)

! halo size: 106 Msun, redshift: 25

! gas fully ionized, Tinitial=10000 K

! metallicity Z: 0, 10-4, 10-3, 10-2, 10-1,1.0 Zsun

! UV background: J21 = 0, 10-2, 10-1

E-mail: jappsen@cita.utoronto.ca

grain surface reactions

ionization due to cosmic rays

hydrogen chemistry
(photochemical & collisional)

carbon, oxygen and 
silicon chemistry

Chemical Model:

Temperature versus Density

Results and Implications

!For density < 104 cm-3, the evolution of density and temperature are not 

changed by metallicity for Z < 0.1 Zsun  because H2 is the dominant coolant, 
rather than metal fine structure lines. A UV background can delay or suppress 
cooling and collapse of the gas.

! A critical metallicity for the transition from a primordial to a modern IMF was 
proposed by Bromm et al. (2001). They used simulations that neglected 

molecular cooling, and started with cold (Tinitial= 200 K), partly ionized (xe = 
10-4) gas in a flat, top-hat dark matter potential lacking a central condensation, 
though with local density perturbations.  With our arguably more realistic initial 
conditions, we find no metallicity threshold.  No fragmentation occurs in the 
density regime studied even at Z = 10-3 Zsun.         

! Molecular cooling is dominant over many orders of magnitude in density, 
until dust cooling becomes important (Omukai et al. 2005). Further studies 
need to examine more realistic initial conditions drawn from large-scale 
cosmological simulations, and reach to higher densities including the effects of 
dust cooling, which may promote fragmentation at later stages of collapse.  

! We apply our time-dependent chemical network with molecular hydrogen 
cooling to Bromm et al. (2001)-type initial conditions. Fragmentation occurs for 
Z = 0 as well as for Z = 10-3 Zsun, since H2 cooling destroys the threshold for 
fragmentation (see mass function of the fragments). 

RSK and AKJ acknowledge support from the Emmy Noether Program of the Deutsche 
Forschungsgemeinschaft (grant KL1385/1). M-MML and SCOG were supported by NASA grants 
NAG5-10103 and NAG5-13028, and by NSF grants AST99-85392 and AST03-07793. The 
simulations were performed on the PC cluster “sanssouci” at the AIP and the cluster “McKenzie” 
at CITA.
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Cuts through Gas Number Density in the Centre of 

the Dark Matter Halo

No Fragmentation at a Metallicity of Z=10-3 Zsun
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In cold dark matter cosmological models, the first stars 

to form are believed to do so within small 

protogalaxies. We wish to understand how the 

evolution of these early protogalaxies changes once 

the gas forming them has been enriched with small 
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supernovae. Our initial conditions represent 
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cool and recombine. We study the influence of low 

levels of metal enrichment on the cooling and collapse 

of ionized gas in small protogalactic halos using three-

dimensional, smoothed particle hydrodynamics 

simulations that incorporate the effects of the 

appropriate chemical and thermal processes.
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Initial Conditions II
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• gas partially ionized:  xe = 10-4 

• initial temperature: 200 K

• DM halo mass: 2 x 106 MSUN

 
• top-hat approximation, r = 150 pc

• number of gas particles: 105 - 106 

• resolution limit: 12 MSUN – 100 MSUN

 
• metallicities: 0 < Z < 0.1 ZSUN
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Results and Outlook

• H2 dominant & most effective coolant, 
destroys threshold for fragmentation

• For n < 104 cm-3: evolution of n and T not 
changed by metallicity below 10% solar 

• We find no metallicity threshold for the two 
different initial conditions

• Fragmentation due to dust cooling at higher 
densities?                                         
(Omukai et al. 05, Clark et al. 07)

• What are most appropriate initial conditions?


