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The First Stars:
a well posed problem

• Initial conditions courtesy of The Big Bang

Thanks, WMAP.



The First Stars:
a well posed problem

• Gas Chemistry: Big Bang Nucleosynthesis

• H, He, and a little D and Li (metal-free)

• D and Li relatively unimportant

• Radiative cooling

• T > 104 K: atomic H, He

• T < 104 K: H2



The First Stars

• Formation controlled by H2 physics   
(Bromm et al. 2002; Abel et al. 2002)

• H2 only low-temperature coolant

• lowest rot. trans. ~512 K → Tmin ~ 200 K

• states in LTE at n ~ 104 cm-3

• NLTE: Λ ∝ n2 (efficient)

• LTE: Λ ∝ n (inefficient)



The First Stars

n ! 108Y1011 cm"3, rapid reactions release a significant amount
of heat. After some experiments, we found that the chemistry part
becomes numerically unstable with etol # 0:1 and concluded that
setting etol # 0:01 allows stable time integration at n > 107 cm"3.

4. SPHERICAL COLLAPSE TEST

In this section we test our numerical techniques using a spher-
ical collapse problem.We follow the evolution of primordial gas
in a dark matter halo by setting up a gas sphere embedded in an
NFW (Navarro et al. 1997) potential

! r$ % # !s

r=rs$ % 1& r=rs$ %2
h i ; $44%

where rs and !s are scale radius and density, respectively. The
initial gas density is set to be an isothermal " profile

!g r$ % # !g;0

1& r=rs$ %2
h i3"=2 : $45%

We are interested in the gas evolution after the gas cloud be-
comes self-gravitating, and so details of the initial density profile
do not matter. For simplicity, we set " # 1. The halo mass is set

to be 5 ; 105 M', andwe assume the baryon fraction to be 0.05.We
distribute 4million particles according to equation (45) and evolve
the system.

Figure 3 shows the distribution of gas in a temperature-density
phase plane when the central density is 5 ; 1015 cm"3. In the
figure, characteristic features are marked as regions AYG. The
bottom panel in Figure 3 shows the corresponding molecular
fraction distribution. All of the features are explained as closely
related to the thermal evolution. See the caption for a brief ex-
planation. The overall evolution of the central gas cloud after it
undergoes a runaway collapse is consistent with the spherically
symmetric calculation of ON98.We have checked the radial pro-
files of density, temperature, velocity, andmolecular fraction. These
quantities are quite similar to the late-time evolution of the ON98
calculation until the central gas density reaches!1016 cm"3 (up to
the fourth output in Fig. 1 of ON98).

Previous three-dimensional simulations of primordial gas cloud
formation were hampered by the complexity of calculating line
opacities and the reduction of the resulting cooling rate. Themax-
imum resolution, in terms of gas density, achieved in these sim-
ulations was thus!1010 cm"3, where the assumption of optically
thin cooling breaks down. With the novel technique described in
x 3.3, our simulations can follow the evolution of a primordial gas
cloud to nH ! 1016 cm"3, nearly 6 orders of magnitude greater
than previous three-dimensional calculations reliably probed. To
study the detailed evolution of a protostellar ‘‘seed’’ beyond nH !
1016 cm"3, we would need to implement a fewmore physical pro-
cesses, as explained in x 3.5.

An important quantity we measure is the optically thick line
cooling rate, which serves as a critical check of our numerical
implementation. Figure 4 shows the normalized H2 line cooling
rate against local density. We use an output at the time when the
central density is nc # 1014 cm"3. In the figure, we compare our
simulation results with those from the full radiative transfer
calculations of ON98 (open diamonds). Clearly our method
works very well. The steepening of the slope at n > 1012 cm"3,
owing to the velocity change where infalling gas settles gradu-
ally onto the center, is well reproduced. We emphasize that the
level of agreement shown in Figure 4 can be achieved only if all

Fig. 3.—Top: Gas distribution in the temperature-density phase space in a
spherical collapse problem. The indicated characteristic features are explained as
follows: (A) gas temperature reaches k1000 K by virialization, and hydrogen
molecules are formed by two-body processes; (B) molecular hydrogen cooling
brings the gas temperature down to 200 K; (C) the H2 cooling rate saturates and
becomes close to the density-independent, LTE value; (D) three-body reactions
kick in and the gas becomes fully molecular; (E) the line cooling rate decreases as
the density increases because of the cloud’s opacity; (F) collision-induced emis-
sion becomes a dominant cooling process; and (G) H2 dissociation begins at
T ! 2000 K. Bottom: Molecular fraction fH2

of the gas. The increase in the
fraction at A, D, a plateau at C ! D, and the temporal decrease owing to dis-
sociation at G are clearly seen in this plot.

Fig. 4.—Cooling efficiency defined by f # !thick/!thin. The open squares are
the results from the one-dimensional calculation of ON98.We plot the efficiency as
a function of local density at the time when the central density is n # 1014 cm"3.
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The First Stars

n ! 108Y1011 cm"3, rapid reactions release a significant amount
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becomes numerically unstable with etol # 0:1 and concluded that
setting etol # 0:01 allows stable time integration at n > 107 cm"3.
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to be 5 ; 105 M', andwe assume the baryon fraction to be 0.05.We
distribute 4million particles according to equation (45) and evolve
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phase plane when the central density is 5 ; 1015 cm"3. In the
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symmetric calculation of ON98.We have checked the radial pro-
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quantities are quite similar to the late-time evolution of the ON98
calculation until the central gas density reaches!1016 cm"3 (up to
the fourth output in Fig. 1 of ON98).

Previous three-dimensional simulations of primordial gas cloud
formation were hampered by the complexity of calculating line
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imum resolution, in terms of gas density, achieved in these sim-
ulations was thus!1010 cm"3, where the assumption of optically
thin cooling breaks down. With the novel technique described in
x 3.3, our simulations can follow the evolution of a primordial gas
cloud to nH ! 1016 cm"3, nearly 6 orders of magnitude greater
than previous three-dimensional calculations reliably probed. To
study the detailed evolution of a protostellar ‘‘seed’’ beyond nH !
1016 cm"3, we would need to implement a fewmore physical pro-
cesses, as explained in x 3.5.
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cooling rate, which serves as a critical check of our numerical
implementation. Figure 4 shows the normalized H2 line cooling
rate against local density. We use an output at the time when the
central density is nc # 1014 cm"3. In the figure, we compare our
simulation results with those from the full radiative transfer
calculations of ON98 (open diamonds). Clearly our method
works very well. The steepening of the slope at n > 1012 cm"3,
owing to the velocity change where infalling gas settles gradu-
ally onto the center, is well reproduced. We emphasize that the
level of agreement shown in Figure 4 can be achieved only if all
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The First Stars

n ! 108Y1011 cm"3, rapid reactions release a significant amount
of heat. After some experiments, we found that the chemistry part
becomes numerically unstable with etol # 0:1 and concluded that
setting etol # 0:01 allows stable time integration at n > 107 cm"3.
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In this section we test our numerical techniques using a spher-
ical collapse problem.We follow the evolution of primordial gas
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NFW (Navarro et al. 1997) potential

! r$ % # !s

r=rs$ % 1& r=rs$ %2
h i ; $44%

where rs and !s are scale radius and density, respectively. The
initial gas density is set to be an isothermal " profile

!g r$ % # !g;0

1& r=rs$ %2
h i3"=2 : $45%

We are interested in the gas evolution after the gas cloud be-
comes self-gravitating, and so details of the initial density profile
do not matter. For simplicity, we set " # 1. The halo mass is set

to be 5 ; 105 M', andwe assume the baryon fraction to be 0.05.We
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quantities are quite similar to the late-time evolution of the ON98
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imum resolution, in terms of gas density, achieved in these sim-
ulations was thus!1010 cm"3, where the assumption of optically
thin cooling breaks down. With the novel technique described in
x 3.3, our simulations can follow the evolution of a primordial gas
cloud to nH ! 1016 cm"3, nearly 6 orders of magnitude greater
than previous three-dimensional calculations reliably probed. To
study the detailed evolution of a protostellar ‘‘seed’’ beyond nH !
1016 cm"3, we would need to implement a fewmore physical pro-
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implementation. Figure 4 shows the normalized H2 line cooling
rate against local density. We use an output at the time when the
central density is nc # 1014 cm"3. In the figure, we compare our
simulation results with those from the full radiative transfer
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ally onto the center, is well reproduced. We emphasize that the
level of agreement shown in Figure 4 can be achieved only if all

Fig. 3.—Top: Gas distribution in the temperature-density phase space in a
spherical collapse problem. The indicated characteristic features are explained as
follows: (A) gas temperature reaches k1000 K by virialization, and hydrogen
molecules are formed by two-body processes; (B) molecular hydrogen cooling
brings the gas temperature down to 200 K; (C) the H2 cooling rate saturates and
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of the gas. The increase in the
fraction at A, D, a plateau at C ! D, and the temporal decrease owing to dis-
sociation at G are clearly seen in this plot.

Fig. 4.—Cooling efficiency defined by f # !thick/!thin. The open squares are
the results from the one-dimensional calculation of ON98.We plot the efficiency as
a function of local density at the time when the central density is n # 1014 cm"3.
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n ! 108Y1011 cm"3, rapid reactions release a significant amount
of heat. After some experiments, we found that the chemistry part
becomes numerically unstable with etol # 0:1 and concluded that
setting etol # 0:01 allows stable time integration at n > 107 cm"3.

4. SPHERICAL COLLAPSE TEST

In this section we test our numerical techniques using a spher-
ical collapse problem.We follow the evolution of primordial gas
in a dark matter halo by setting up a gas sphere embedded in an
NFW (Navarro et al. 1997) potential
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h i ; $44%

where rs and !s are scale radius and density, respectively. The
initial gas density is set to be an isothermal " profile
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h i3"=2 : $45%

We are interested in the gas evolution after the gas cloud be-
comes self-gravitating, and so details of the initial density profile
do not matter. For simplicity, we set " # 1. The halo mass is set

to be 5 ; 105 M', andwe assume the baryon fraction to be 0.05.We
distribute 4million particles according to equation (45) and evolve
the system.

Figure 3 shows the distribution of gas in a temperature-density
phase plane when the central density is 5 ; 1015 cm"3. In the
figure, characteristic features are marked as regions AYG. The
bottom panel in Figure 3 shows the corresponding molecular
fraction distribution. All of the features are explained as closely
related to the thermal evolution. See the caption for a brief ex-
planation. The overall evolution of the central gas cloud after it
undergoes a runaway collapse is consistent with the spherically
symmetric calculation of ON98.We have checked the radial pro-
files of density, temperature, velocity, andmolecular fraction. These
quantities are quite similar to the late-time evolution of the ON98
calculation until the central gas density reaches!1016 cm"3 (up to
the fourth output in Fig. 1 of ON98).

Previous three-dimensional simulations of primordial gas cloud
formation were hampered by the complexity of calculating line
opacities and the reduction of the resulting cooling rate. Themax-
imum resolution, in terms of gas density, achieved in these sim-
ulations was thus!1010 cm"3, where the assumption of optically
thin cooling breaks down. With the novel technique described in
x 3.3, our simulations can follow the evolution of a primordial gas
cloud to nH ! 1016 cm"3, nearly 6 orders of magnitude greater
than previous three-dimensional calculations reliably probed. To
study the detailed evolution of a protostellar ‘‘seed’’ beyond nH !
1016 cm"3, we would need to implement a fewmore physical pro-
cesses, as explained in x 3.5.

An important quantity we measure is the optically thick line
cooling rate, which serves as a critical check of our numerical
implementation. Figure 4 shows the normalized H2 line cooling
rate against local density. We use an output at the time when the
central density is nc # 1014 cm"3. In the figure, we compare our
simulation results with those from the full radiative transfer
calculations of ON98 (open diamonds). Clearly our method
works very well. The steepening of the slope at n > 1012 cm"3,
owing to the velocity change where infalling gas settles gradu-
ally onto the center, is well reproduced. We emphasize that the
level of agreement shown in Figure 4 can be achieved only if all

Fig. 3.—Top: Gas distribution in the temperature-density phase space in a
spherical collapse problem. The indicated characteristic features are explained as
follows: (A) gas temperature reaches k1000 K by virialization, and hydrogen
molecules are formed by two-body processes; (B) molecular hydrogen cooling
brings the gas temperature down to 200 K; (C) the H2 cooling rate saturates and
becomes close to the density-independent, LTE value; (D) three-body reactions
kick in and the gas becomes fully molecular; (E) the line cooling rate decreases as
the density increases because of the cloud’s opacity; (F) collision-induced emis-
sion becomes a dominant cooling process; and (G) H2 dissociation begins at
T ! 2000 K. Bottom: Molecular fraction fH2

of the gas. The increase in the
fraction at A, D, a plateau at C ! D, and the temporal decrease owing to dis-
sociation at G are clearly seen in this plot.

Fig. 4.—Cooling efficiency defined by f # !thick/!thin. The open squares are
the results from the one-dimensional calculation of ON98.We plot the efficiency as
a function of local density at the time when the central density is n # 1014 cm"3.
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Key Questions:

• How does the addition of metals alter the 
star-formation process?

• What chemical abundance is required to 
form the first low-mass stars?

• How rapid was the transition from Pop III to 
Pop II?

• What was the IMF of the first generation of 
Pop II stars?  Is the IMF metallicity 
dependent?



The First Metals

• Cooling

• fine-structure

• molecules

• dust (also helps form 
H2)



n ! 108Y1011 cm"3, rapid reactions release a significant amount
of heat. After some experiments, we found that the chemistry part
becomes numerically unstable with etol # 0:1 and concluded that
setting etol # 0:01 allows stable time integration at n > 107 cm"3.

4. SPHERICAL COLLAPSE TEST

In this section we test our numerical techniques using a spher-
ical collapse problem.We follow the evolution of primordial gas
in a dark matter halo by setting up a gas sphere embedded in an
NFW (Navarro et al. 1997) potential

! r$ % # !s

r=rs$ % 1& r=rs$ %2
h i ; $44%

where rs and !s are scale radius and density, respectively. The
initial gas density is set to be an isothermal " profile

!g r$ % # !g;0

1& r=rs$ %2
h i3"=2 : $45%

We are interested in the gas evolution after the gas cloud be-
comes self-gravitating, and so details of the initial density profile
do not matter. For simplicity, we set " # 1. The halo mass is set

to be 5 ; 105 M', andwe assume the baryon fraction to be 0.05.We
distribute 4million particles according to equation (45) and evolve
the system.

Figure 3 shows the distribution of gas in a temperature-density
phase plane when the central density is 5 ; 1015 cm"3. In the
figure, characteristic features are marked as regions AYG. The
bottom panel in Figure 3 shows the corresponding molecular
fraction distribution. All of the features are explained as closely
related to the thermal evolution. See the caption for a brief ex-
planation. The overall evolution of the central gas cloud after it
undergoes a runaway collapse is consistent with the spherically
symmetric calculation of ON98.We have checked the radial pro-
files of density, temperature, velocity, andmolecular fraction. These
quantities are quite similar to the late-time evolution of the ON98
calculation until the central gas density reaches!1016 cm"3 (up to
the fourth output in Fig. 1 of ON98).

Previous three-dimensional simulations of primordial gas cloud
formation were hampered by the complexity of calculating line
opacities and the reduction of the resulting cooling rate. Themax-
imum resolution, in terms of gas density, achieved in these sim-
ulations was thus!1010 cm"3, where the assumption of optically
thin cooling breaks down. With the novel technique described in
x 3.3, our simulations can follow the evolution of a primordial gas
cloud to nH ! 1016 cm"3, nearly 6 orders of magnitude greater
than previous three-dimensional calculations reliably probed. To
study the detailed evolution of a protostellar ‘‘seed’’ beyond nH !
1016 cm"3, we would need to implement a fewmore physical pro-
cesses, as explained in x 3.5.

An important quantity we measure is the optically thick line
cooling rate, which serves as a critical check of our numerical
implementation. Figure 4 shows the normalized H2 line cooling
rate against local density. We use an output at the time when the
central density is nc # 1014 cm"3. In the figure, we compare our
simulation results with those from the full radiative transfer
calculations of ON98 (open diamonds). Clearly our method
works very well. The steepening of the slope at n > 1012 cm"3,
owing to the velocity change where infalling gas settles gradu-
ally onto the center, is well reproduced. We emphasize that the
level of agreement shown in Figure 4 can be achieved only if all

Fig. 3.—Top: Gas distribution in the temperature-density phase space in a
spherical collapse problem. The indicated characteristic features are explained as
follows: (A) gas temperature reaches k1000 K by virialization, and hydrogen
molecules are formed by two-body processes; (B) molecular hydrogen cooling
brings the gas temperature down to 200 K; (C) the H2 cooling rate saturates and
becomes close to the density-independent, LTE value; (D) three-body reactions
kick in and the gas becomes fully molecular; (E) the line cooling rate decreases as
the density increases because of the cloud’s opacity; (F) collision-induced emis-
sion becomes a dominant cooling process; and (G) H2 dissociation begins at
T ! 2000 K. Bottom: Molecular fraction fH2

of the gas. The increase in the
fraction at A, D, a plateau at C ! D, and the temporal decrease owing to dis-
sociation at G are clearly seen in this plot.

Fig. 4.—Cooling efficiency defined by f # !thick/!thin. The open squares are
the results from the one-dimensional calculation of ON98.We plot the efficiency as
a function of local density at the time when the central density is n # 1014 cm"3.
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 ~10-4 Z☉(Bromm & Loeb 2003,
Santoro & Shull 2006)



n ! 108Y1011 cm"3, rapid reactions release a significant amount
of heat. After some experiments, we found that the chemistry part
becomes numerically unstable with etol # 0:1 and concluded that
setting etol # 0:01 allows stable time integration at n > 107 cm"3.

4. SPHERICAL COLLAPSE TEST

In this section we test our numerical techniques using a spher-
ical collapse problem.We follow the evolution of primordial gas
in a dark matter halo by setting up a gas sphere embedded in an
NFW (Navarro et al. 1997) potential
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where rs and !s are scale radius and density, respectively. The
initial gas density is set to be an isothermal " profile
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h i3"=2 : $45%

We are interested in the gas evolution after the gas cloud be-
comes self-gravitating, and so details of the initial density profile
do not matter. For simplicity, we set " # 1. The halo mass is set

to be 5 ; 105 M', andwe assume the baryon fraction to be 0.05.We
distribute 4million particles according to equation (45) and evolve
the system.

Figure 3 shows the distribution of gas in a temperature-density
phase plane when the central density is 5 ; 1015 cm"3. In the
figure, characteristic features are marked as regions AYG. The
bottom panel in Figure 3 shows the corresponding molecular
fraction distribution. All of the features are explained as closely
related to the thermal evolution. See the caption for a brief ex-
planation. The overall evolution of the central gas cloud after it
undergoes a runaway collapse is consistent with the spherically
symmetric calculation of ON98.We have checked the radial pro-
files of density, temperature, velocity, andmolecular fraction. These
quantities are quite similar to the late-time evolution of the ON98
calculation until the central gas density reaches!1016 cm"3 (up to
the fourth output in Fig. 1 of ON98).

Previous three-dimensional simulations of primordial gas cloud
formation were hampered by the complexity of calculating line
opacities and the reduction of the resulting cooling rate. Themax-
imum resolution, in terms of gas density, achieved in these sim-
ulations was thus!1010 cm"3, where the assumption of optically
thin cooling breaks down. With the novel technique described in
x 3.3, our simulations can follow the evolution of a primordial gas
cloud to nH ! 1016 cm"3, nearly 6 orders of magnitude greater
than previous three-dimensional calculations reliably probed. To
study the detailed evolution of a protostellar ‘‘seed’’ beyond nH !
1016 cm"3, we would need to implement a fewmore physical pro-
cesses, as explained in x 3.5.

An important quantity we measure is the optically thick line
cooling rate, which serves as a critical check of our numerical
implementation. Figure 4 shows the normalized H2 line cooling
rate against local density. We use an output at the time when the
central density is nc # 1014 cm"3. In the figure, we compare our
simulation results with those from the full radiative transfer
calculations of ON98 (open diamonds). Clearly our method
works very well. The steepening of the slope at n > 1012 cm"3,
owing to the velocity change where infalling gas settles gradu-
ally onto the center, is well reproduced. We emphasize that the
level of agreement shown in Figure 4 can be achieved only if all

Fig. 3.—Top: Gas distribution in the temperature-density phase space in a
spherical collapse problem. The indicated characteristic features are explained as
follows: (A) gas temperature reaches k1000 K by virialization, and hydrogen
molecules are formed by two-body processes; (B) molecular hydrogen cooling
brings the gas temperature down to 200 K; (C) the H2 cooling rate saturates and
becomes close to the density-independent, LTE value; (D) three-body reactions
kick in and the gas becomes fully molecular; (E) the line cooling rate decreases as
the density increases because of the cloud’s opacity; (F) collision-induced emis-
sion becomes a dominant cooling process; and (G) H2 dissociation begins at
T ! 2000 K. Bottom: Molecular fraction fH2

of the gas. The increase in the
fraction at A, D, a plateau at C ! D, and the temporal decrease owing to dis-
sociation at G are clearly seen in this plot.

Fig. 4.—Cooling efficiency defined by f # !thick/!thin. The open squares are
the results from the one-dimensional calculation of ON98.We plot the efficiency as
a function of local density at the time when the central density is n # 1014 cm"3.
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Simulations with Enzo

• Pre-enriched first star simulations

• identical cosmological initial conditions (300h-1 kpc box)

• Z = 0, 10-6, 10-5, 10-4, 10-3.5, 10-3 Z☉

• solar abundance patterns

• non-eq H/He chemistry + tabulated metal cooling from 
Cloudy (all metals through Zn) (BDS, Sigurdsson, & Abel 2008)

(Bryan & Norman 1997,
O’Shea et al. 2004)



Simulations with Enzo

• refinement: 

• baryon/DM overdensity: 4/8

• jeans length: 16 cells

• time-step < tcool

• stop after 24 levels of refinement (1010 dynamic range)

• zcol ~ 15

(Bryan & Norman 1997,
O’Shea et al. 2004)
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Z = 10-4 Z☉



Fragmentation continues as long as T↓ as n↑.
(Larson 2005)



Fragmentation continues as long as T↓ as n↑.
(Larson 2005)



nmax ~ 102 cm-3



nmax ~ 102 cm-3



Fragmentation continues as long as T↓ as n↑.
(Larson 2005)



nmax ~ 105 cm-3



nmax ~ 105 cm-3



Fragmentation continues as long as T↓ as n↑.
(Larson 2005)

What if 
no CMB?



Z = 10-3 Z☉ without CMB

Z = 10-3 Z☉ 
without CMB!
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Define mass-scale as Jeans mass at first 
temperature minimum. (Larson 2005)



This is a mass-scale...

...not a stellar mass.



Three Modes of
Star Formation

• Z < Zcr: primordial (Mchar =  few x 103 M☉) - 
cooling cannot prevent loitering phase, 
collapse proceeds like metal-free case.

• Zcr ≤ Z < ZCMB: metallicity-regulated (Mchar =  
few M☉) - cools past loitering phase, does 
not reach TCMB.

• Z ≥ ZCMB: CMB-regulated (Mchar =  few x 102 
M☉) - cools rapidly to TCMB where frag. 
stops.



lower zhigher z

No metallicity-regulated 
mode at high z.

Metallicity-reg. mode kills 
CMB-reg. mode at lower z.



Caveats
• Mchar ≠ Mstar: stellar mass depends on 

accretion and feedback

• rotation: less rotation → less fragmentation

• SN ejecta will not have solar pattern

• metal mixing important

• dust not included

• radiation field unknown

• the real ICs? - need Pop III supernovae



Summary
• fragmentation suppressed by CMB

• 2 threshold metallicities: Zcr and ZCMB

• 3 modes of star formation: primordial, 
metallicity-regulated, and CMB regulated

• star formation modes time dependent - top 
heavy IMF in distant past

• when was star formation ‘normal?’

• GMCs: T ~ 10 K

• TCMB = 10 K at z ~ 2.6 (2.6 Gyr after BB)
(easy answer)



Metal Cooling: The Method
• Before the simulation:

• assume ionization equilibrium

• pre-compute cooling rates over n,T, Z, etc.

• subtract H/He cooling: only metals left

• During the simulation:

• follow H/He chemistry: H, H+, H-, H2, H2+, He, 
He+, He++, e-

• calculate H/He cooling directly (H2!)

• interpolate metal cooling from data-grid


