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Abstract. Numerical simulations of the formation of pop III stars suggest that they were much more massive than the pop
II and pop I stars observed today. This is due to the collapse dynamics of metal-free gas, which is regulated by the radiative
cooling properties of molecular hydrogen. We study how the collapse of gas-clouds is altered by the addition of metals to the
star-forming environment. We perform a series of numerical simulations of pre-enriched star-formation at various metallicities
using the adaptive mesh reÞnement, hydrodynamic + N-body code, Enzo. For metallicities below the critical metallicity,Zcr,
collapse proceeds nearly identical to the metal-free case, and only massive, singular objects form. For metallicities well above
Zcr, efÞcient cooling rapidly lowers the gas temperature to the temperature of the cosmic microwavebackground (CMB),
which is signiÞcantly higher in the distant past. The gas is physically unable to radiatively cool below the CMB temperature,
and thus, becomes very thermally stable. For moderately high metallicities,Z " 10# 3.5 Z$ , this occurs early in the evolution
of the gas-cloud, when the central density is still relatively low. The resulting cloud-cores show little or no fragmentation,
and have mass-scales of a few hundredM$ . On the other hand, if the metallicity is only slightly aboveZcr, the cloud slowly
cools without ever reaching the CMB temperature. In this case, the minimum cloud temperature is achieved at much higher
densities than in the high-metallicity case, resulting in mass-scales of just a fewM$ .
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INTRODUCTION

The Þrst stars in the universe formed in a unique envi-
ronment that was free of heavy elements. The lack of ef-
Þcient radiative cooling in primordial gas meant that the
collapse of theÞrst star-forming cloud-cores proceeded
very slowly and without fragmenting into multiple ob-
jects. This resulted in theÞrst stars being very massive
(M % 100M$ ), isolated objects [1, 2, 3, 4]. When these
stars died, in violent supernovae, they produced the very
Þrst heavy elements and dispersed them into the sur-
rounding gas. The addition of these metals changed for-
ever the way stars formed by allowing the gas to cool
much more efÞciently as it collapsed. It is thought that
when the chemical abundance in the next generation star-
forming environments reached a critical level, the pro-
cess of star-formation began producing stars that resem-
ble those observed in the local universe, with character-
istic masses of%1 M$ , instead of the behemoths of the
early universe [5, 6, 7].

SIMULATIONS

We perform a series of six simulations in a manner sim-
ilar to Bromm et al. [5] and Smith and Sigurdsson [8],
with constant metallicities,Z = 0 (Z0), 10# 6 Z$ (Z-6),
10# 5 Z$ (Z-5), 10# 4 Z$ (Z-4), 10# 3.5 Z$ (Z-3.5), and
10# 3 Z$ (Z-3), using the Eulerian adaptive mesh reÞne-

ment hydrodynamics/N-body code, Enzo [9, 10]. The
simulations are performed in a 300 h# 1 kpc comoving
box in a!CDM universe with the following cosmologi-
cal parameters:"M = 0.3,"! = 0.7,"B = 0.04, and Hub-
ble constant, h = 0.7, in units of 100 km s# 1 Mpc# 1. Re-
Þned grids are created for baryon and dark-matter over-
densities of 4 and 8, respectively, to ensure that the local
Jeans length is resolved by at least 16 cells, and whenever
the cooling time drops below the integration time-step of
the hydrodynamic solver. Each simulation runs from z =
99 until the point where at least one dense, prestellar core
forms in the center of a 5& 105 M$ dark-matter halo, lo-
cated in the middle of the simulation box. For our simula-
tions, this occurs at z% 15, with higher metallicity sim-
ulations collapsing slightly earlier. The simulations are
stopped when a maximum reÞnement of 24 levels below
the top-grid has been reached. We use the work of Smith
et al. [11] to include the cooling from gas-phase met-
als only. Recent studies have suggested that dust cooling
at high densities can trigger fragmentation for metallici-
ties as low as 10# 6 Z$ [12, 13, 14]. However, given the
uncertainties surrounding the nature of theÞrst dust, we
choose to conÞne our study to metals in the gas-phase.
By calculating the metallicity required to equate the cool-
ing time to the dynamical time atn = 103 cm# 3 andT =
200 K, we estimate the critical metallicity asZcr %10# 4.2

Z$ .



FIGURE 1. Density projections of the central 1500 AU of the last output of the simulations with metallicities,Z = 0 (metal-free),
10# 6 (-6), 10# 5 (-5), and 10# 4 (-4), 10# 3.5 (-3.5), and 10# 3 Z$ (-3).

RESULTS

Figure 1 shows projections of density for theÞnal state
of each simulation. As expected, runs Z0, Z-6, and Z-
5 show no conclusive signs of fragmentation. Inside the
central%1000 AU of run Z-4, aÞlamentary structure
with multiple density maxima is visible, indicating that
multiple objects are likely to form. Surprisingly, runs Z-
3.5 and Z-3 show little or no evidence of fragmentation.
At Þrst glance, this outcome is somewhat puzzling. Intu-
itively, one would expect all of the simulations above the
critical metallicity to exhibit fragmentation. However,
fragmentation, can only continue as long as the temper-
ature continues to decrease as the density of the central
core increases [15].

Figure 2 illustrates the evolution of the temperature
and density of the central core for each simulation. In
runs Z0, Z-6, and Z-5, the cooling rate is too low to
prevent the temperature from rising at the loitering phase
in metal-free collapse, which occurs atn % 103 cm# 3.
The Jeans mass at their respective density minima are
7,861M$ , 5,597M$ , and 5,402M$ . Runs Z-3.5 and Z-
3 are able to cool rapidly to the temperature of the CMB.

The cooling proceeds so efÞciently that the core has not
had sufÞcient time to reach high densities before hitting
the temperature-ßoor of the CMB. For runs Z-3.5 and Z-
3, the Jeans masses at the point where the temperature
evolution becomesßat from the CMB are 184M $ and
360 M$ , respectively. In run Z-4, the cooling is just
strong enough to bypass the loitering phase without any
increase in temperature. On the other hand, the cooling
is not efÞcient enough to lower the core temperature to
that of the CMB. The core continues to slowly cool to
about 60 K atn % 108 cm# 3, where the Jeans mass is
only 3 M$ . Run Z-5 undergoes a second cooling phase,
from n % 106 cm# 3 to 108 cm# 3. This does not result in
renewed fragmentation, because the earlier heating phase
has homogenized the core to the point where no density
perturbations exist that can grow into fragments, as was
predicted by Larson [15] and also observed in the models
of Omukai et al. [12].
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FIGURE 2. Number density vs. temperature forÞnal output
of each simulation:Z = 0 (black), 10# 6 Z$ (red), 10# 5 Z$
(yellow), 10# 4 Z$ (green), 10# 3.5 Z$ (blue), and 10# 3 Z$
(violet). The dashed lines indicate lines of constant Jeans mass.
The dotted line illustrates the CMB temperatureßoor at 45 K
(z %15.5).

DISCUSSION

Our results imply that not two, but three star-formation
modes were present in the early universe: primor-
dial (high-mass), metallicity-regulated (low-mass),
and CMB-regulated (moderate-mass). In Figure 3, we
present an estimate of the mass-scale as a function of
metallicity. For Z < Zcr, the mass-scale is approxi-
mately constant, as fragmentation comes to an end at
the beginning of the loitering phase. We deÞneZCMB as
the metallicity at which the gas can cool to the CMB
temperature. BetweenZcr andZCMB, the mass-scale will
decrease slightly, as a small increase in metallicity will
cool the gas to marginally lower temperatures. AsZ
rises aboveZCMB, the point at which the gas temperature
reaches that of the CMB will occur at lower and lower
densities, resulting in an increase in mass-scale with
metallicity. At higher redshifts,ZCMB will decrease,
eventually eliminating the metallicity-regulated mode
of star-formation. As the universe evolves to the cur-
rent epoch,ZCMB will increase, and the CMB-regulated
mode will slowly transition into the metallicity-regulated
mode. Observed prestellar cloud-core temperatures of
%8.5 K imply that the CMB-regulated star-formation
mode only vanishes completely atz %2.
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FIGURE 3. The diamonds show the Jeans mass at the end
of the fragmentation phase for each of the simulations. The
vertical, dashed blue line indicates the critical metallicity,Zcr =
10# 4.2 Z$ . The cyan rectangle indicates the approximate value
of ZCMB, somewhere between 10# 4 Z$ and 10# 3.5 Z$ . The
red, dashed line shows the expected trend of mass-scale with
metallicity.

REFERENCES

1. T. Abel, G. L. Bryan, and M. L. Norman,Science295,
93Ð98 (2002).

2. V. Bromm, P. S. Coppi, and R. B. Larson,ApJ564, 23Ð51
(2002).

3. N. Yoshida, K. Omukai, L. Hernquist, and T. Abel,ApJ
652, 6Ð25 (2006),astro-ph/0606106.

4. B. W. OÕShea, and M. L. Norman,ApJ654, 66Ð92 (2007),
astro-ph/0607013.

5. V. Bromm, A. Ferrara, P. S. Coppi, and R. B. Larson,
MNRAS328, 969Ð976 (2001),astro-ph/0104271.

6. V. Bromm, and A. Loeb,Nature425, 812Ð814 (2003).
7. F. Santoro, and J. M. Shull,ApJ 643, 26Ð37 (2006),

astro-ph/0509101.
8. B. D. Smith, and S. Sigurdsson,ApJ 661, L5ÐL8 (2007),

arXiv:0704.0477.
9. G. Bryan, and M. L. Norman, ÒA Hybrid AMR

Application for Cosmology and Astrophysics,Ó in
Workshop on Structured Adaptive Mech ReÞnement Grid
Methods, edited by N. Chrisochoides, IMA Volumes in
Mathematics No. 117, Springer-Verlag, 1997.

10. B. W. OÕShea, B. G., J. Bordner, M. L. Norman, T. Abel,
R. Harknes, and A. Kritsuk, ÒProceedings of the Chicago
Workshop on Adaptive Mesh ReÞnement,Ó inAdaptive
Mesh ReÞnement - Theory and Applications, edited by
T. Plewa, T. Linde, and V. G. Weirs, 2004, vol. 41 of
Lecture Notes in Computational Science and Engineering.

11. B. D. Smith, S. Sigurdsson, and T. Abel,ArXiv e-prints
706(2007),0706.0754.

12. K. Omukai, T. Tsuribe, R. Schneider, and A. Ferrara,ApJ
626, 627Ð643 (2005),astro-ph/0503010.

13. R. Schneider, K. Omukai, A. K. Inoue, and A. Ferrara,
MNRAS369, 1437Ð1444 (2006),astro-ph/0603766.

14. P. C. Clark, S. C. O. Glover, and R. S. Klessen,ArXiv
e-prints706(2007),0706.0613.

15. R. B. Larson,MNRAS359, 211Ð222 (2005),
astro-ph/0412357.


