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Typical molecular cloud
Jeans mass 1 M , Opacity limit 3 MJ, P(k)∝k-4

Denser cloud
Jeans mass 1/3 M

http://www.astro.ex.ac.uk/people/mbate

Lower metallicity cloud
Opacity limit 9 MJ

Large-scale `turbulence’
P(k)∝k-6



Real  Star Cluster Formation

• Recently finished a calculation 10 times more massive than                        
Bate, Bonnell & Bromm 2003, Bate & Bonnell 2005, Bate 2005

• 500 M  cloud, using 35,000,000 SPH particles

• Resolves opacity limit for fragmentation

• Follows: 

• Binaries to 1 AU and discs to ~10 AU radius

• All binaries (0.02 AU) and discs to ~1 AU radius

• Statistics much improved over earlier calculations

• 1254 objects at 1.50 tff

• Binaries: 146     Triples: 40  Quadruples: 25   Quintuples: 20





Binarity as a Function of Primary Mass

• Figure from Hubber & Whitworth (2005)

• Observations: Martin et al. 2000; Fisher & Marcy 1992;  Duquennoy & Mayor 1991; 
Shatsky & Tokovinin 2002

• New large cluster calculation: X

D. A. Hubber and A. P. Whitworth: Binary star formation from ring fragmentation 117

Fig. 3. The multiplicty frequency as a function of primary mass for a) N = 3, b) N = 4, c) N = 5, and d) N = 6, all with σlog M =

0.2, 0.4 and 0.6. The four plotted points with error bars are observational values taken from Martín et al. (2000), FM92, DM91 and Shatsky &
Tokovinin (2002). The hashed box represents the extrapolated multiplicty of PMS stars (Patience et al. 2002).

3.2. Stellar multiplicity

There are many different measures of multiplicity in use (e.g.
Reipurth & Zinnecker 1993; Goodwin et al. 2004b), but we will
limit our discussion to the multiplicity frequency, mf . If the
total number of singles is S , the total number of binaries is B,
the total number of triples is T , the total number of quadruples
is Q, etc., then

mf =
B + T + Q + ...

S + B + T + Q + ...
(7)

and gives the fraction of systems which is multiple. mf is more
stable than the other measures, in the sense that it does not need
to be revised if a multiple system is found to have additional
components, only if a single has to be reclassified as a multiple.

Furthermore mf can be defined as a function of primary
mass,

mf (M1 ) =
B(M1) + T (M1 ) + Q(M1 ) + ...

S (M1 ) + B(M1) + T (M1 ) + Q(M1 ) + ...
, (8)

where S (M1) is now the number of single stars of mass M1 ,
B(M1) is the number of binaries having a primary of mass M1 ,
and so on.

For Main Sequence stars, the observed values of mf (M1 )
are 0.10 ± 0.10 for primaries in the mass range (0.01 M! ≤
M1 ≤ 0.08 M!) (Martín et al. 2000), 0.42 ± 0.09 for pri-
maries in the mass range (0.08 M! ≤ M1 ≤ 0.47 M!) (FM92),
0.58 ± 0.10 for primaries in the mass range (0.84 M! ≤ M1 ≤
1.20 M!) (DM91) and 0.91 ± 0.12 for primaries in the mass

range (4.0 M! ≤ M1 ≤ 10.0 M!) (Shatsky & Tokovinin 2002).
These observational points are plotted with error bars in Fig. 3.

For pre-Main Sequence (PMS) stars the situation is less
clear, because observations of PMS binaries only cover a
limited range of separations. However, in those separation
ranges where PMS binaries can be observed, the multiplic-
ity frequency appears to be significantly higher than for Main
Sequence field stars in the same separation ranges. The compi-
lation of Patience et al. (2002) suggests that for PMS primaries
in the mass range 0.5 M! < M1 < 5 M! the multipilicity fre-
quency is in the range 0.83 < mf < 1.00. This is shown as a
hatched region in Fig. 3.

3.3. The binary period and separation distributions

DM91 have measured the binary properties of a complete sam-
ple of multiple systems in the solar neighbourhood having
Main Sequence G-dwarf primaries. They find the distribution
of periods to be approximately log-normal, i.e.

dN"
d log Pd

∝ exp

−
(
log Pd − log Pd

)2
2σ2

log P

 , (9)

where Pd is the period in days and “log” is to the base 10,
log Pd = 4.8, and σlog P = 2.3. The corresponding distribu-
tion of separations for multiple systems having Main Sequence
G-dwarf primaries is then also log-normal (e.g. Ghez et al.
1993) with log aAU = 1.44 and σlog a = 1.53; Fig. 4b illustrates
this distribution.
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Stellar Mass Distribution
• Competitive accretion/ejection gives

• Salpeter-type slope at high-mass end

• Low-mass turn over

• ~4 times as many brown dwarfs as a typical star-forming region
• Not due to sink particle approximation - results almost identical for different sink parameters



Where to now?

• Statistics now good enough to know that pure hydrodynamics + sink 
particles cannot reproduce observations in detail

• Need to include additional physics

• Magnetic fields

• Price & Monaghan 2005; Price & Rosswog 2006; Rosswog & Price 2007

• Star formation simulations: Price & Bate 2007; Price & Bate, submitted

• Radiative transfer

• Have developed a method for flux-limited diffusion within SPH (Whitehouse, Bate & 
Monaghan 2005; Whitehouse & Bate 2006)

• Currently performing star cluster simulations with radiative transfer



Binary Star Formation
• Whitehouse & Bate 2006

• 1 M  molecular cloud core with m=2 density perturbation (Boss & Bodenheimer 1979)



Radiative Feedback
• Radiative heating is expected to significantly alter fragmentation

• Whitehouse & Bate (2006)

• Temperature given by barotropic equation of state too low by up to factor 10 shortly before 
and after protostar formation Thermodynamics of molecular cloud cores using SPH 5

Figure 5. The evolution the maximum temperature and density during
calculations starting from three different sets of initial conditions. The three
calculations are the spherically symmetric (dotted green line) and m = 2
rotating (long-dashed red line) Boss & Bodenheimer (1979) collapses and the
spherically symmetric Boss & Myhill (1992) collapse (solid blue line). All
calculations were performed using 50 000 particles. Note that different initial
conditions can lead to very different temperature evolution. For comparison,
the short-dashed line gives the temperature–density relation of the barotropic
equation of state used by Bate (1998).

Figure 6. Snapshots of temperature versus density at various stages dur-
ing the 50 000 particle spherically symmetric Boss & Bodenheimer (1979)
calculation. A snapshot is plotted for every order of magnitude in maximum
density from 10−13 to 10−9 g cm−3 and finally at 10−3 g cm−3. As with the
Boss & Myhill (1992) initial conditions, the temperature differs by more
than an order of magnitude from that given by the barotropic equation of
state (dashed line) at late times.

density follows the barotropic equation of state (dashed line) in a
qualitative sense, but there are still differences in temperature of up
to ≈50 per cent between the radiative transfer and the barotropic
equation of state at various stages during the collapse.

Fig. 2 shows the evolution of both the gas temperature (dotted red)
and the radiation temperature (solid green) for the highest resolution
(500 000 particles) Boss & Myhill (1992) collapse. The radiation
temperature is equal to the gas temperature at most stages, except
in the vicinity of the transition between the optically thin and thick
regimes. This can be seen in the figure from densities of ∼10−15 to
10−12 g cm−3 when the cloud initially begins to heat. Here, the gas
temperature is up to a factor of 2 greater than that of the radiation.

Figure 7. The evolution of the maximum temperature and density during
the calculations that start from the initial conditions of Boss & Bodenheimer
(1979), including the m = 2 density perturbation and rotation, for two differ-
ent resolutions. The calculations were performed using 50 000 (dotted red
line) and 150 000 (solid green line) particles. The two resolutions give sim-
ilar results. For comparison, the dashed line gives the temperature–density
relation of the barotropic equation of state used by Bate (1998).

Figure 8. The evolution of the maximum gas (dotted red line) and
radiation (solid green line) temperatures at the maximum density during the
Boss & Bodenheimer (1979) calculation, including the initial m = 2 den-
sity perturbation and rotation. The calculation was performed using 150 000
particles. The gas and radiation temperatures are identical except during the
transition from optically thin to optically thick. For comparison, the dashed
line gives the temperature–density relation of the barotropic equation of state
used by Bate (1998).

Later in the calculation, gas that is optically thick has the same
temperature as the radiation and the two remained coupled as the gas
collapses to very high densities. However, there is always a region
where the gas transitions from optically thin to optically thick where
the temperatures differ.

Fig. 3 shows density (left-hand panel) and gas temperature (right-
hand panel) plotted against radius as the collapse passes various
values of the maximum density. The first core can be seen at a
radius of ∼1014 cm where the density and temperature gradients
change abruptly. Similarly, the transition to the stellar core can be
seen at a radius of ∼1011 cm. Boss & Myhill (1992) give the den-
sity and temperature profiles when the central temperature reaches
≈1000 K. We reproduce their profiles as the thick solid black lines
in Fig. 3. Our results are in good agreement with theirs, the main
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Figure 2. We show the evolution of the maximum gas (dotted red line) and
radiation (solid green line) temperatures at the maximum density during the
Boss & Myhill (1992) calculation. This was our highest resolution (500 000
particles) calculation. The gas and radiation temperatures are identical except
during the transition from optically thin to optically thick. For comparison,
the short-dashed line gives the temperature–density relation of the barotropic
equation of state used by Bate (1998).

order to follow the first core over many dynamical times using short
time-steps but simultaneously model the envelope with larger time-
steps. He also damped out oscillations of the first core to decrease
the amount of computational effort required. In our calculations, we
encountered no difficulties in modelling the cloud collapse through
the first core phase and on to the formation of the stellar core. We
believe there are three reasons for this. First, our code employs in-
dividual time-steps (Bate 1995; Bate et al. 1995) for each particle
(i.e. similar to, but even more efficient than, the way Boss evolved
his calculation with two spatially distinct time-steps). By the end of
our highest resolution calculation, some particles within the stellar
core were being evolved using time-steps of less than 1/40 of a sec-
ond (≈105 times smaller than those in the outer parts of the cloud).
Secondly, our calculations used the standard form of SPH viscosity
with none of the possible viscosity-reducing formulations. In each
calculation, the first core undergoes oscillations after its formation,

Figure 3. Radial profiles of density (left-hand panel) and gas temperature (right-hand panel) at various stages during the highest resolution (500 000 particles)
Boss & Myhill (1992) calculation. A profile is plotted for every order of magnitude in maximum density from 10−12 to 10−4 g cm−3 and finally at 2 ×
10−3 g cm−3. For comparison, the thick solid black lines give the profiles from Boss & Myhill (1992) when the temperature in their calculation was ≈1000 K.

Figure 4. Snapshots of temperature versus density at various stages during
the highest resolution (500 000 particles) Boss & Myhill (1992) collapse. A
snapshot is plotted for every order of magnitude in maximum density from
10−12 to 10−8 g cm−3 and finally at 2 × 10−3 g cm−3. Note that at late times
the temperature differs by more than an order of magnitude from that given
by the barotropic equation of state (dashed line).

as observed in earlier work, but the viscosity likely damped these
oscillations in a similar way to Boss’ artifice. Finally, in the 20 yr
between Boss’ and our calculations, computers have become very
much quicker.

3.1 Results using Boss and Myhill initial conditions

Fig. 1 shows the evolution of maximum temperature and density dur-
ing the Boss & Myhill (1992) collapse calculations. We performed
the collapse with four different resolutions. With 5000 particles
(green line), the cloud heats at an earlier stage than in the higher
resolution simulations, presumably due to insufficient resolution.
The 50 000 particle collapse (blue) is much cooler for a given max-
imum density, while the two highest resolution simulations appear
to be converging towards a single curve. We conclude that 50 000–
150 000 particles (i.e. approximately the same number as required to
resolve the Jeans mass) are sufficient to model the thermal behaviour
reasonably accurately. The evolution of maximum temperature and
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Radiative Feedback
• Radiative heating is expected to significantly alter fragmentation

• Whitehouse & Bate (2006)

• Temperature given by barotropic equation of state too low by up to factor 10 shortly before 
and after protostar formation

• Krumholz (2006); Krumholz, Klein & McKee (2007)

• Radiative feedback from forming massive star can inhibit fragmentation of surrounding cloud

Thermodynamics of molecular cloud cores using SPH 5

Figure 5. The evolution the maximum temperature and density during
calculations starting from three different sets of initial conditions. The three
calculations are the spherically symmetric (dotted green line) and m = 2
rotating (long-dashed red line) Boss & Bodenheimer (1979) collapses and the
spherically symmetric Boss & Myhill (1992) collapse (solid blue line). All
calculations were performed using 50 000 particles. Note that different initial
conditions can lead to very different temperature evolution. For comparison,
the short-dashed line gives the temperature–density relation of the barotropic
equation of state used by Bate (1998).

Figure 6. Snapshots of temperature versus density at various stages dur-
ing the 50 000 particle spherically symmetric Boss & Bodenheimer (1979)
calculation. A snapshot is plotted for every order of magnitude in maximum
density from 10−13 to 10−9 g cm−3 and finally at 10−3 g cm−3. As with the
Boss & Myhill (1992) initial conditions, the temperature differs by more
than an order of magnitude from that given by the barotropic equation of
state (dashed line) at late times.

density follows the barotropic equation of state (dashed line) in a
qualitative sense, but there are still differences in temperature of up
to ≈50 per cent between the radiative transfer and the barotropic
equation of state at various stages during the collapse.

Fig. 2 shows the evolution of both the gas temperature (dotted red)
and the radiation temperature (solid green) for the highest resolution
(500 000 particles) Boss & Myhill (1992) collapse. The radiation
temperature is equal to the gas temperature at most stages, except
in the vicinity of the transition between the optically thin and thick
regimes. This can be seen in the figure from densities of ∼10−15 to
10−12 g cm−3 when the cloud initially begins to heat. Here, the gas
temperature is up to a factor of 2 greater than that of the radiation.

Figure 7. The evolution of the maximum temperature and density during
the calculations that start from the initial conditions of Boss & Bodenheimer
(1979), including the m = 2 density perturbation and rotation, for two differ-
ent resolutions. The calculations were performed using 50 000 (dotted red
line) and 150 000 (solid green line) particles. The two resolutions give sim-
ilar results. For comparison, the dashed line gives the temperature–density
relation of the barotropic equation of state used by Bate (1998).

Figure 8. The evolution of the maximum gas (dotted red line) and
radiation (solid green line) temperatures at the maximum density during the
Boss & Bodenheimer (1979) calculation, including the initial m = 2 den-
sity perturbation and rotation. The calculation was performed using 150 000
particles. The gas and radiation temperatures are identical except during the
transition from optically thin to optically thick. For comparison, the dashed
line gives the temperature–density relation of the barotropic equation of state
used by Bate (1998).

Later in the calculation, gas that is optically thick has the same
temperature as the radiation and the two remained coupled as the gas
collapses to very high densities. However, there is always a region
where the gas transitions from optically thin to optically thick where
the temperatures differ.

Fig. 3 shows density (left-hand panel) and gas temperature (right-
hand panel) plotted against radius as the collapse passes various
values of the maximum density. The first core can be seen at a
radius of ∼1014 cm where the density and temperature gradients
change abruptly. Similarly, the transition to the stellar core can be
seen at a radius of ∼1011 cm. Boss & Myhill (1992) give the den-
sity and temperature profiles when the central temperature reaches
≈1000 K. We reproduce their profiles as the thick solid black lines
in Fig. 3. Our results are in good agreement with theirs, the main
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Figure 2. We show the evolution of the maximum gas (dotted red line) and
radiation (solid green line) temperatures at the maximum density during the
Boss & Myhill (1992) calculation. This was our highest resolution (500 000
particles) calculation. The gas and radiation temperatures are identical except
during the transition from optically thin to optically thick. For comparison,
the short-dashed line gives the temperature–density relation of the barotropic
equation of state used by Bate (1998).

order to follow the first core over many dynamical times using short
time-steps but simultaneously model the envelope with larger time-
steps. He also damped out oscillations of the first core to decrease
the amount of computational effort required. In our calculations, we
encountered no difficulties in modelling the cloud collapse through
the first core phase and on to the formation of the stellar core. We
believe there are three reasons for this. First, our code employs in-
dividual time-steps (Bate 1995; Bate et al. 1995) for each particle
(i.e. similar to, but even more efficient than, the way Boss evolved
his calculation with two spatially distinct time-steps). By the end of
our highest resolution calculation, some particles within the stellar
core were being evolved using time-steps of less than 1/40 of a sec-
ond (≈105 times smaller than those in the outer parts of the cloud).
Secondly, our calculations used the standard form of SPH viscosity
with none of the possible viscosity-reducing formulations. In each
calculation, the first core undergoes oscillations after its formation,

Figure 3. Radial profiles of density (left-hand panel) and gas temperature (right-hand panel) at various stages during the highest resolution (500 000 particles)
Boss & Myhill (1992) calculation. A profile is plotted for every order of magnitude in maximum density from 10−12 to 10−4 g cm−3 and finally at 2 ×
10−3 g cm−3. For comparison, the thick solid black lines give the profiles from Boss & Myhill (1992) when the temperature in their calculation was ≈1000 K.

Figure 4. Snapshots of temperature versus density at various stages during
the highest resolution (500 000 particles) Boss & Myhill (1992) collapse. A
snapshot is plotted for every order of magnitude in maximum density from
10−12 to 10−8 g cm−3 and finally at 2 × 10−3 g cm−3. Note that at late times
the temperature differs by more than an order of magnitude from that given
by the barotropic equation of state (dashed line).

as observed in earlier work, but the viscosity likely damped these
oscillations in a similar way to Boss’ artifice. Finally, in the 20 yr
between Boss’ and our calculations, computers have become very
much quicker.

3.1 Results using Boss and Myhill initial conditions

Fig. 1 shows the evolution of maximum temperature and density dur-
ing the Boss & Myhill (1992) collapse calculations. We performed
the collapse with four different resolutions. With 5000 particles
(green line), the cloud heats at an earlier stage than in the higher
resolution simulations, presumably due to insufficient resolution.
The 50 000 particle collapse (blue) is much cooler for a given max-
imum density, while the two highest resolution simulations appear
to be converging towards a single curve. We conclude that 50 000–
150 000 particles (i.e. approximately the same number as required to
resolve the Jeans mass) are sufficient to model the thermal behaviour
reasonably accurately. The evolution of maximum temperature and
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Star Cluster Formation

• Repeat Bate, Bonnell & Bromm 2003,   Bate & Bonnell 2005

• 50 M  molecular clouds, Decaying `turbulence’ P(k)∝k-4

• Diameters 0.4 pc and 0.2 pc, Mean thermal Jeans masses 1 M   and 1/3 M

• Barotropic equation of state,  3,500,000 SPH particles

• Sink particles

• Original calculations:   Sink Radii 5 AU,  gravity softened within 4 AU

• Radiative transfer calculations:   Sink Radii 0.5 AU,  no gravitational softening

• Radiative transfer

• No feedback from protostars

• Intrinsic protostellar luminosity unimportant

• Accretion luminosity underestimated (energy liberated from 0.5 AU to stellar surface)

• Gives a lower limit on the effects of radiative feedback



BBB2003: Typical molecular cloud
Jeans mass 1 M , Opacity limit 3 MJ, P(k)∝k-4 BBB2003, but with Radiative Transfer

http://www.astro.ex.ac.uk/people/mbate



BBB2003: Typical cloud: Jeans mass 1 M , P(k)∝k-4

with Radiative Transfer

Mass weight temperature (Log 9-100 K)Log Column Density



BB2005: Denser molecular cloud
Jeans mass 1/3 M , Opacity limit 3 MJ, P(k)∝k-4 BB2005, but with Radiative Transfer

http://www.astro.ex.ac.uk/people/mbate



BB2005: Dense cloud: Jeans mass 1/3 M , P(k)∝k-4

with Radiative Transfer

Mass weight temperature (Log 9-100 K)Log Column Density



Impact of Radiative Feedback

• Bate, Bonnell & Bromm (2003)

• “Typical” density 50 M  molecular cloud (~104 cm-3)

• Bate & Bonnell (2005)

• Denser 50 M  cloud (~105 cm-3)

Stars Brown Dwarfs Total

Barotropic Equation of State 23 27   50    (1.40tff)

Radiative Transfer 7 0    7    (1.30tff)

Stars Brown Dwarfs Total

Barotropic Equation of State 19 60   79   (1.40tff)

Radiative Transfer 14 3   17   (1.37tff)



Conclusions

• Radiative feedback has a huge effect even for low-mass star formation

• Radiative feedback heats discs and nearby filaments, stops them from fragmenting

• Number of objects reduced by factor ~5

• Fewer dynamical ejections

• Without RT:   more brown dwarfs than stars

• With RT:        ~ 7:1 stars:brown dwarfs

• Temperature field is highly time-dependent

• `Flickering’ of temperature depending on protostellar accretion rate

• Dynamical interactions between discs increase mass accretion rate, accretion luminosity

• Next:  add extra luminosity from accretion on <0.5 AU scales


