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The stellar IMF

• for Z=0, M >> M⊙ 

• otherwise, IMF = Chabrier & Kroupa

• Zcrit
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Pop III
• Pop III IMF is top heavy (Abel, 

Bromm, Clark, Greif, O’Shea, 
Norman, Yoshida, etc.)

per Jeans length. Runs with 4, 16, and 64
zones per Jeans length are indistinguishable
in all mass-weighted radial profiles of phys-
ical quantities. No change in the angular mo-
mentum profiles could be found, suggesting
negligible numerical viscosity effects on an-
gular momentum transport. A further refine-
ment criterion that ensured the local cooling
time scale to be longer than the local Courant
time also gave identical results. This latter
test checked that any thermally unstable re-
gion was identified. The simulation follows
the nonequilibrium chemistry of the dominant
nine species (H, H!, H–, e–, He, He!, He2!,
H2, and H2

!) in primordial gas. Furthermore,
the radiative losses from atomic and molecular
line cooling, Compton cooling, and heating of
free electrons by the cosmic background radia-
tion are appropriately treated in the optically
thin limit (17, 18). To extend our previous
studies to higher densities, we made three es-
sential modifications to the code. First, we im-
plemented the three-body molecular hydrogen
formation process k3b (H ! H ! H3H2 ! H)
in the chemical rate equations. For temperatures
below 300 K, we fit to the data of Orel (19) to
get k3b " 1.3 # 10$32(T/300 K)$0.38 cm6 s$1.

Above 300 K, we then matched k3b continuous-
ly to a power law (4), k3b " 1.3 # 10$32(T/300
K)$1 cm6 s$1. Second, we introduced a vari-
able adiabatic index for the gas (20). The dis-
sipative component (baryons) may collapse to
much higher densities than the collisionless
component (DM). Third, we smoothed the DM
particles with a Gaussian of width 0.05 pc for
grids with cells smaller than this length. This
smoothing is done to avoid artificial heating of
the baryons (cooling for the DM) once the gas
density becomes much larger than the local DM
density because of the discrete sampling of the
DM potential by particles. At this scale, the
enclosed gas mass substantially exceeds the
enclosed DM mass and hence dominates the
potential.

The standard message passing library
(MPI) was used to implement domain decom-
position on the individual levels of the grid
hierarchy as a parallelization strategy. The
code was run in parallel on 16 processors of
the SGI Origin2000 supercomputer at the
National Center for Supercomputing Appli-
cations at the University of Illinois at Urbana-
Champaign.

We stop the simulation at a time when the

molecular cooling lines reach an optical depth
of 10 at line center because our numerical meth-
od cannot treat the difficult problem of time-
dependent radiative line transfer in multiple
dimensions. At this time, the code uses %5500
grids on 27 refinement levels with 1.8 # 107 &
2603 computational grid cells. An average grid
therefore contains '153 cells.
Characteristic mass scales. Our simu-

lations (Figs. 1 and 2) identify at least four
characteristic mass scales. From the outside
going in, one observes infall and accretion
onto the pregalactic halo with a total mass of
7 # 105 MJ, consistent with previous studies
[see (5, 6, 8, 21, 22) for discussion and
references].

At a mass scale of about 4000 MJ (r ' 10
pc), rapid cooling and infall is observed. This
is accompanied by the first of three valleys in
the radial velocity distribution (Fig. 2E). The
temperature drops and the molecular hydro-
gen fraction increases. It is here, at number
densities of '10 cm$3, that the high-redshift
analog of a molecular cloud is formed. Al-
though the molecular mass fraction is not
even 0.1%, it is sufficient to cool the gas
rapidly down to '200 K. The gas cannot cool

Fig. 1. Overview of the
evolution and collapse
forming a primordial
star in theUniverse. The
top row shows projec-
tions of the gas density
of one-thousandth of
the simulation volume
approximately centered
at the pregalactic object
within which the star is
formed. The four pro-
jections from left to
right are taken at red-
shifts 100, 24, 20.4, and
18.2, respectively. The
pregalactic objects form
from very small density
fluctuations and contin-
uously merge to form
larger objects. The mid-
dle and bottom rows
show thin slices through
the gas density and
temperature at the final
simulation output. The
leftmost panels are on
the scale of the simula-
tion volume, '6 kpc
(proper) (45). The pan-
els to the right zoom in
toward the forming star
and have side lengths of
600 pc, 6 pc, and 0.06
pc (12,000 astronomi-
cal units). The color
maps (going from black
to blue, green, red, and yellow) are logarithmic, and the associated values were
adjusted considerably to visualize the '17 orders of magnitude in density
covered by these simulations. In the left panels, the larger scale structures of
filaments and sheets are seen. At their intersections, a pregalactic object of
'106 MJ is formed. The temperature slice (second panel, bottom row) shows
how the gas shock heats as it falls into the pregalactic object. After passing the

accretion shock, the material forms hydrogen molecules and starts to cool. The
cooling material accumulates at the center of the object and forms the high-
redshift molecular cloud analog (third panel from the right), which is dense and
cold (T' 200 K). Deep within the molecular cloud, a core of '100 MJ, a few
hundred K warmer, is formed (right panel) within which a 1 MJ protostar is
formed (yellow region in the right panel of the middle row).
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Abel, T. et al. 2002

M ≫ 1Mʘ

ric features. Eventually, the gas in one of the spiral
arms became locally unstable and started to
collapse, forming a second protostar at a distance
of roughly 20 AU from the primary. The mass of
the central protostar at this point was only 0.5M⊙.

The surface density remained roughly con-
stant as the disk grew, with the temperature behav-
ing in a similar fashion, and thus the ability of the
disk to transport angular momentum remained
the same as the disk grew. This can be seen by
considering the Toomre Q parameter (Fig. 2),
which provides a measure of the gravitational
instability of the disk. For high Q, the disk is
stable, whereas for values around 1, the disk is
formally unstable to fragmentation. As the disk
grew, the value of Q remained around 1 in the
outer regions, and so the dynamics of the disk
were dominated by gravitational instabilities.

Figure 3, which shows the accretion rate
through the disk and envelope as a function of the
radius from the central protostar, helps to explain
why the disk became so unstable. The accretion
rate through the diskwas considerably lower than
the rate at which material was added to the disk.
If one assumes a simple a-disk model (12), then
the disk accreted with an effective a between 0.1
and 1, which is typical for gravitational torques in
strongly self-gravitating disks (13). Although this
is an efficientmechanism for transporting angular
momentum, it was nevertheless unable to process
the material in the disk quickly enough before
more was added from the infalling envelope. As
a result, the disk grew in mass, became gravi-
tationally unstable, and ultimately fragmented.

For a region of the disk to form a new star, it
must be able to rid itself of the heat generated as it

Fig. 1. Density evolu-
tion in a 120-AU region
around the first proto-
star, showing the buildup
of the protostellar disk
and its eventual fragmen-
tation.We also see “wakes”
in the low-density regions,
produced by the previous
passage of the spiral arms.

Fig. 2. Radial profiles of the disk's physical properties, centered on the first protostellar core to form. The
quantities aremass-weighted and taken froma slice through themidplane of the disk. In the lower righthandplot,
we show the radial distribution of the disk's Toomre parameter,Q= csk/ pGS, where cs is the sound speed and
k is the epicyclic frequency. Beause our disk is Keplerian, we adopted the standard simplification and replaced
k with the orbital frequency. The molecular fraction is defined as the number density of hydrogen molecules
(nH2), divided by the number density of hydrogen nuclei (n), such that fully molecular gas has a value of 0.5.
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Present day IMF

• Present day IMF favours 
masses < 1Mʘ (Kroupa, 
Chabrier, etc.)

Figure 4: Next page...

Kroupa, P. (2002)

Tuesday, October 9, 2012



ric features. Eventually, the gas in one of the spiral
arms became locally unstable and started to
collapse, forming a second protostar at a distance
of roughly 20 AU from the primary. The mass of
the central protostar at this point was only 0.5M⊙.

The surface density remained roughly con-
stant as the disk grew, with the temperature behav-
ing in a similar fashion, and thus the ability of the
disk to transport angular momentum remained
the same as the disk grew. This can be seen by
considering the Toomre Q parameter (Fig. 2),
which provides a measure of the gravitational
instability of the disk. For high Q, the disk is
stable, whereas for values around 1, the disk is
formally unstable to fragmentation. As the disk
grew, the value of Q remained around 1 in the
outer regions, and so the dynamics of the disk
were dominated by gravitational instabilities.

Figure 3, which shows the accretion rate
through the disk and envelope as a function of the
radius from the central protostar, helps to explain
why the disk became so unstable. The accretion
rate through the diskwas considerably lower than
the rate at which material was added to the disk.
If one assumes a simple a-disk model (12), then
the disk accreted with an effective a between 0.1
and 1, which is typical for gravitational torques in
strongly self-gravitating disks (13). Although this
is an efficientmechanism for transporting angular
momentum, it was nevertheless unable to process
the material in the disk quickly enough before
more was added from the infalling envelope. As
a result, the disk grew in mass, became gravi-
tationally unstable, and ultimately fragmented.

For a region of the disk to form a new star, it
must be able to rid itself of the heat generated as it

Fig. 1. Density evolu-
tion in a 120-AU region
around the first proto-
star, showing the buildup
of the protostellar disk
and its eventual fragmen-
tation.We also see “wakes”
in the low-density regions,
produced by the previous
passage of the spiral arms.

Fig. 2. Radial profiles of the disk's physical properties, centered on the first protostellar core to form. The
quantities aremass-weighted and taken froma slice through themidplane of the disk. In the lower righthandplot,
we show the radial distribution of the disk's Toomre parameter,Q= csk/ pGS, where cs is the sound speed and
k is the epicyclic frequency. Beause our disk is Keplerian, we adopted the standard simplification and replaced
k with the orbital frequency. The molecular fraction is defined as the number density of hydrogen molecules
(nH2), divided by the number density of hydrogen nuclei (n), such that fully molecular gas has a value of 0.5.
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ric features. Eventually, the gas in one of the spiral
arms became locally unstable and started to
collapse, forming a second protostar at a distance
of roughly 20 AU from the primary. The mass of
the central protostar at this point was only 0.5M⊙.

The surface density remained roughly con-
stant as the disk grew, with the temperature behav-
ing in a similar fashion, and thus the ability of the
disk to transport angular momentum remained
the same as the disk grew. This can be seen by
considering the Toomre Q parameter (Fig. 2),
which provides a measure of the gravitational
instability of the disk. For high Q, the disk is
stable, whereas for values around 1, the disk is
formally unstable to fragmentation. As the disk
grew, the value of Q remained around 1 in the
outer regions, and so the dynamics of the disk
were dominated by gravitational instabilities.

Figure 3, which shows the accretion rate
through the disk and envelope as a function of the
radius from the central protostar, helps to explain
why the disk became so unstable. The accretion
rate through the diskwas considerably lower than
the rate at which material was added to the disk.
If one assumes a simple a-disk model (12), then
the disk accreted with an effective a between 0.1
and 1, which is typical for gravitational torques in
strongly self-gravitating disks (13). Although this
is an efficientmechanism for transporting angular
momentum, it was nevertheless unable to process
the material in the disk quickly enough before
more was added from the infalling envelope. As
a result, the disk grew in mass, became gravi-
tationally unstable, and ultimately fragmented.

For a region of the disk to form a new star, it
must be able to rid itself of the heat generated as it

Fig. 1. Density evolu-
tion in a 120-AU region
around the first proto-
star, showing the buildup
of the protostellar disk
and its eventual fragmen-
tation.We also see “wakes”
in the low-density regions,
produced by the previous
passage of the spiral arms.

Fig. 2. Radial profiles of the disk's physical properties, centered on the first protostellar core to form. The
quantities aremass-weighted and taken froma slice through themidplane of the disk. In the lower righthandplot,
we show the radial distribution of the disk's Toomre parameter,Q= csk/ pGS, where cs is the sound speed and
k is the epicyclic frequency. Beause our disk is Keplerian, we adopted the standard simplification and replaced
k with the orbital frequency. The molecular fraction is defined as the number density of hydrogen molecules
(nH2), divided by the number density of hydrogen nuclei (n), such that fully molecular gas has a value of 0.5.
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ric features. Eventually, the gas in one of the spiral
arms became locally unstable and started to
collapse, forming a second protostar at a distance
of roughly 20 AU from the primary. The mass of
the central protostar at this point was only 0.5M⊙.

The surface density remained roughly con-
stant as the disk grew, with the temperature behav-
ing in a similar fashion, and thus the ability of the
disk to transport angular momentum remained
the same as the disk grew. This can be seen by
considering the Toomre Q parameter (Fig. 2),
which provides a measure of the gravitational
instability of the disk. For high Q, the disk is
stable, whereas for values around 1, the disk is
formally unstable to fragmentation. As the disk
grew, the value of Q remained around 1 in the
outer regions, and so the dynamics of the disk
were dominated by gravitational instabilities.

Figure 3, which shows the accretion rate
through the disk and envelope as a function of the
radius from the central protostar, helps to explain
why the disk became so unstable. The accretion
rate through the diskwas considerably lower than
the rate at which material was added to the disk.
If one assumes a simple a-disk model (12), then
the disk accreted with an effective a between 0.1
and 1, which is typical for gravitational torques in
strongly self-gravitating disks (13). Although this
is an efficientmechanism for transporting angular
momentum, it was nevertheless unable to process
the material in the disk quickly enough before
more was added from the infalling envelope. As
a result, the disk grew in mass, became gravi-
tationally unstable, and ultimately fragmented.

For a region of the disk to form a new star, it
must be able to rid itself of the heat generated as it

Fig. 1. Density evolu-
tion in a 120-AU region
around the first proto-
star, showing the buildup
of the protostellar disk
and its eventual fragmen-
tation.We also see “wakes”
in the low-density regions,
produced by the previous
passage of the spiral arms.

Fig. 2. Radial profiles of the disk's physical properties, centered on the first protostellar core to form. The
quantities aremass-weighted and taken froma slice through themidplane of the disk. In the lower righthandplot,
we show the radial distribution of the disk's Toomre parameter,Q= csk/ pGS, where cs is the sound speed and
k is the epicyclic frequency. Beause our disk is Keplerian, we adopted the standard simplification and replaced
k with the orbital frequency. The molecular fraction is defined as the number density of hydrogen molecules
(nH2), divided by the number density of hydrogen nuclei (n), such that fully molecular gas has a value of 0.5.
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ric features. Eventually, the gas in one of the spiral
arms became locally unstable and started to
collapse, forming a second protostar at a distance
of roughly 20 AU from the primary. The mass of
the central protostar at this point was only 0.5M⊙.

The surface density remained roughly con-
stant as the disk grew, with the temperature behav-
ing in a similar fashion, and thus the ability of the
disk to transport angular momentum remained
the same as the disk grew. This can be seen by
considering the Toomre Q parameter (Fig. 2),
which provides a measure of the gravitational
instability of the disk. For high Q, the disk is
stable, whereas for values around 1, the disk is
formally unstable to fragmentation. As the disk
grew, the value of Q remained around 1 in the
outer regions, and so the dynamics of the disk
were dominated by gravitational instabilities.

Figure 3, which shows the accretion rate
through the disk and envelope as a function of the
radius from the central protostar, helps to explain
why the disk became so unstable. The accretion
rate through the diskwas considerably lower than
the rate at which material was added to the disk.
If one assumes a simple a-disk model (12), then
the disk accreted with an effective a between 0.1
and 1, which is typical for gravitational torques in
strongly self-gravitating disks (13). Although this
is an efficientmechanism for transporting angular
momentum, it was nevertheless unable to process
the material in the disk quickly enough before
more was added from the infalling envelope. As
a result, the disk grew in mass, became gravi-
tationally unstable, and ultimately fragmented.

For a region of the disk to form a new star, it
must be able to rid itself of the heat generated as it

Fig. 1. Density evolu-
tion in a 120-AU region
around the first proto-
star, showing the buildup
of the protostellar disk
and its eventual fragmen-
tation.We also see “wakes”
in the low-density regions,
produced by the previous
passage of the spiral arms.

Fig. 2. Radial profiles of the disk's physical properties, centered on the first protostellar core to form. The
quantities aremass-weighted and taken froma slice through themidplane of the disk. In the lower righthandplot,
we show the radial distribution of the disk's Toomre parameter,Q= csk/ pGS, where cs is the sound speed and
k is the epicyclic frequency. Beause our disk is Keplerian, we adopted the standard simplification and replaced
k with the orbital frequency. The molecular fraction is defined as the number density of hydrogen molecules
(nH2), divided by the number density of hydrogen nuclei (n), such that fully molecular gas has a value of 0.5.
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Most important coolants 
for very low metallicity:

H2 and dust

Metals
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Pop III - Pop II/I

• What is the driving mechanism 
responsible for the change in the 
IMF shape?
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H2 is the 
main gas-

phase 
coolant
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Dust cooling

PdV Heating

Dopcke + 
(2012)

Tuesday, October 9, 2012



Dust cooling

PdV Heating

Dopcke + 
(2012)

Tuesday, October 9, 2012



Dust cooling
PdV Heating

Dopcke + 
(2012)
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Z = 10-4 Zʘ
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Z = 10-4 Zʘ
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Density and Temperature Maps

[Z/H] = -4Z = 10-4 Zʘ
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Z = 10-6 Zʘ

Z = 0 Z = 10-5 Zʘ

Z = 10-4 Zʘ
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SFE = 0.17% 0.33% 0.50%
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• Mode of star formation 
changes

• Favors lower mass objects 
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Conclusions

• Dust is an efficient coolant 

• At Z ~ 10-4 Zsolar, dust plays an 
important role in causing fragmentation

• And on the evolution of the stellar IMF
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Dust cooling
Z = 0

[Z/H] = -6
[Z/H] = -5
[Z/H] = -4

Gas

Dust
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Dust cooling
Z = 0

[Z/H] = -6
[Z/H] = -5
[Z/H] = -4

Gas

Dust Since gas and dust are 
coupled, the cooling becomes 

less effective and the gas 
temperature can rise again. 
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where Ṁ is the mass accretion rate by a protostar with mass
M∗, and stellar radius R∗. We calculate R∗ following Stahler
et al. (1986) using

R∗ = 66.8
(

M∗
M"

)0.27 ( Ṁ
10−2M"yr−1

)0.41

R". (5)

The accretion luminosity varies from few times 103 L" to
around 50 × 103 L", depending on metallicity. For Z ≤ 10−5

Z", the accretion luminosity is always over 104 L". The Z
= 10−4 Z" case has the lowest estimated accretion luminos-
ity, around four times lower than the other cases. The val-
ues found for the accretion luminosity are similar to the ones
found by Smith et al. (2011) for Z = 0, where they argue that
accretion luminosity could delay the fragmentation, but not
prevent it.

We can now compare this expected luminosity, and its con-
sequent heating, to the heating processes in Figure 2. We
make the assumption that gas and dust are absorbing the ra-
diation in the optically thin regime. This overestimates the
effects, and we obtain an upper limit for the accretion lumi-
nosity heating,

Γacc = κP

( Lacc

4πr2

)
erg s−1g−1 (6)

where ρg is the gas density, κP is the Planck mean opacity,
and r is the distance from the source. We also assume that
heating occurs at ρ ≈ 10−9g cm−3. With this assumption we
can calculate the mean gas temperature, and use the Planck
mean opacity for the gas from Mayer & Duschl (2005), for
their fiducial Pop. III chemical composition. The Planck mean
opacity for the dust is calculated in the same way as in Dopcke
et al. (2011). Finally, the combined Planck mean opacity is
the sum of gas and dust contributions, κP ≡ κgas + κdust.

By considering the maximum accretion luminosity for
each case, we get that Γacc = 4.9, 0.9, 1.7, and 0.7 ×
103(20AU/r)2erg s−1g−1, for Z = 10−4, 10−5, 10−6, and 0 Z".

As these values are comparable to the other thermal pro-
cesses at high densities (see Figure 2), it would seem that
accretion luminosity heating from the young protostars may
have some effect on the way in the which the gas behaves.
However without doing the radiative transfer explicitly, it is
difficult to estimate how big this effect will be.

Although the amount of heating seems high, the dust cool-
ing is a strong function of temperature in this regime, and so
it could be that dust temperatures remain quite similar. One
must also remember that the above estimates do not take into
account the extinction and reprocessing of the radiation field
that will occur in the optically thick region that surrounds the
protostar. However even a factor of 2 change in the dust tem-
perature will remove the dip in the ρ − T phase diagrams that
we show in Figure 1, and thus remove the ability of the dust
to set a new length-scale for fragmentation.

Sufficiently far enough away from the strongest sources, the
effect will obviously drop to the point at which the physics in
our current calculations are applicable. However if we look to
Figure 5, we see that most of the fragmentation that we report
is confined to a few tens of AU around the central protostar,
and as such, the effects of the accretion luminosity are likely
to change the picture that we present in this paper to some
extent. We hope to explore this effect in a future study.

Another aspect of our model that could be improved upon
are the dust opacities. The thermal evolution can be calculated
more accurately if we use dust opacities that better represent

the values expected for very low metallicity environments.
The dust opacity in our simulations correspond to values cal-
culated for the Milky Way and then scaled with metallicity.
This means that the opacity values for the Z = 10−4Z" case are
10−4 times the dust opacity in the Milky Way. This approxi-
mation is probably not fully correct, and the use of a more ac-
curate model (e.g. Todini & Ferrara, 2001; Bianchi & Schnei-
der, 2007; Schneider et al., 2012; Nozawa et al., 2003, 2006)
can change the value of the cooling in the region where frag-
mentation occurs. This change affects the local Jeans mass,
and consequently the star formation behavior.

Furthermore, the available models give the dust composi-
tion for different scenarios in the early Universe, e.g. different
supernovae progenitor masses (Schneider et al., 2012), and
the use of such models would add another variable to the prob-
lem - the stellar population for the supernovae progenitors.
One reasonable approach is to test different scenarios and see
how they would affect the properties of the cluster of stars
that forms. In this sense, the dust composition is a problem in
itself that should be addressed. Since cooling affects the frag-
mentation behavior and mass accretion, a more realistic dust
model improves the accuracy with which we can model star
formation at low metallicities. We intend to address this issue
in a future paper.

Another important mechanism that can change the thermal
evolution is the heating due to accretion. We have shown that
the heating of the gas due to accretion luminosity is compa-
rable to the main thermal processes studied here. Therefore
we expect substantial changes in the results by including the
effects of heating due to accretion luminosity, and it would
be worthwhile to investigate whether the effects for Pop. III
star formation observed in the metal-free case by Smith et al.
(2011) are still present in very low metallicity environments.
For low metallicities (Z ! 10−2 Z"), Omukai et al. (2010)
found the heating effect to be insignificant. By including its
effects, the expected trend is an increase in gas temperature
close to the region where sink particles form, possibly chang-
ing the fragmentation behavior, and delaying the collapse (e.g.
Smith et al., 2011).

In addition to that, another important mechanisms that can
change the results are inelastic encounters. Star formation in
our simulation occurs at very high densities, where inelastic
encounters between the new born protostars could occur. In
similar conditions to the ones tested here, Smith et al. (2011,
2012) show that the estimated stellar radius could be as large
as ∼ 1 AU, a value comparable to the distances between the
sink particles shown in Figure 5. By not accounting for merg-
ing of such objects, we could be overestimating the final num-
ber of fragments, although we expect new protostars to con-
tinue to form. For a detailed investigation of this process see
Greif et al. (2012).

Finally, the inclusion of magnetic fields in the calculations,
could alter the fragmentation picture as it is presented in this
study. They can be amplified during gravitational collapse
(Schleicher et al., 2010), generating values strong enough to
delay the collapse (Schleicher et al., 2009; Sur et al., 2010;
Federrath et al., 2011a,b; Turk et al., 2012). Analytic ampli-
fication values are calculated by Schober et al. (2012). From
modeling present-day star formation, we know that the pres-
ence of magnetic fields can decrease the level of fragmenta-
tion, but cannot prevent it, for the expected saturation levels
of a few percent (Peters et al., 2011; Hennebelle et al., 2011).

5. CONCLUSIONS
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Fig. 9.—: Dependence of the enclosed gas and sink mass on
the distance from the center of mass, for the four simulations.
The values were calculated at a point when 4.7 M! of gas had
been accreted.

Another property of the star-forming cloud that we ob-
served to vary in our calculations is the spatial mass distri-
bution. The dependence of the enclosed gas and sink mass
on the distance from the center of mass is shown in Figure
9. The Z = 0 case has almost all of the sink particle mass
concentrated within r < 8AU. The gas density for this case is
also higher in this region, when compared to the other metal-
licities, showing that the gas and sink particle mass densities
follow each other. The mass in sink particles exceeds the gas
mass for small radii, being the most important component in
the gravitational potential. For r > 150 AU, the gas becomes
the most massive component, for all Z. Girichidis et al. (2012)
also reported this behavior, but in their case the sink particles
already started to dominate the potential below r ≈ 103 AU.

This higher concentration of gas and sinks at the center oc-
curs because for the Z = 0 case, the gas had higher tempera-
tures in the central region. For high temperatures, the criterion
for gravitational instability requires higher densities, which
are achieved only very close to the center. As a consequence,
the sink particle formation criteria are met just for short dis-
tances from the center.

Consequently, the dominance of sink particles mass in the
gravitational potential over the gas mass, for radii smaller than
150 AU, shows the importance of treating gas and stars to-
gether in this sort of problem. It also suggests that N-body
effects, such as ejections and close encounters, should play an
important role in the formation of these dense star clusters,
even in the very earliest stages of their evolution (see Smith et
al., 2011; Greif et al., 2012).

4. CAVEATS

Our aim with these calculations is to study the importance
of dust cooling for fragmentation in high-redshift halos. To
better understand star formation in this environment, addi-
tional physical processes should be considered as well.

Particularly, the low number of sink particles (≈ 20) and the

Fig. 10.—: Time evolution of the mass, mass accretion rate,
and accretion luminosity for the four metallicities, for all sink
particles combined.

small SFE (0.5%) do not permit to constrain the stellar IMF
adequately. By running the calculations until the SFE goes
towards higher values, uncertainties involving the fragments
that formed during the simulations can be diminished. How-
ever, this does not appear to be computationally feasible with
our current approach.

The mass accreted by the sink particles varies with the dif-
ferent metallicities, and affects the final sink particle mass
function. It also influences the expected accretion luminosity.
We did not take this process into account during our calcu-
lations, but we can estimate its importance relative to other
thermal processes.

In Figure 10 we present the accretion properties for the
newborn stellar systems. The top panel shows how the to-
tal mass in sinks evolve with time, for different metallicities.
The accretion rate varies from 0.02 to 0.17 M! yr−1, and it is
on average lower for the Z = 10−4 Z! case.

In the bottom panel of Figure 10, we show the accretion
luminosity calculated by adding up all sink particle contribu-
tions, with the standard equation,

Lacc =
GM∗Ṁ

R∗
, (4)
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• Sink particle

• continue beyond the 
formation of the first very 
high density, protostellar core

• Replace high density region 
by a non-gaseous, simple 
particle

• Contains all the mass in the 
region and accretes any 
infalling mass (Bate 1995)

• Formed once the SPH 
particles are bound, 
collapsing, and within an 
accretion radius, hacc = 1.0 AU

• The threshold number density 
for creation is 5.0 x 1013 cm-3
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How can the metallicity 
affect the gas 
temperature?
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Accretion Rates

Z = 10-4 Z⊙

Episodic formation
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Level of Instability

For Z = 10−4Z⊙: 
Due to the efficient 
dust cooling, it got 

more unstable
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3D Simulation
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3D Simulation
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Sink Mass Function

MBE = 0.005MSol
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Sink Mass Function

MBE = 0.005MSol

MBE = 0.015MSol
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Future work

• Change dust properties

• Add accretion luminosity feedback
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Clark et al. 2008
• Used a tabulated EOS

• P(n) and u(n)

• Avoid solving the full 
thermal energy 
equation

• 500 Msol and 0.17 pc

• 25 million SPH particles

• Rotation and turbulence
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Different Dust Opacity Models

Semenov Bell & Lin
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Different Dust Opacity Models

[Z/H] = -5
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