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Stellar Properties
• Distribution of stellar masses

• Observed to be relatively invariant, at least in our Galaxy                        
(Kroupa 2001; Chabrier 2003)

• Star formation rate and efficiency

• Observed to be 3-6% of gas mass per free-fall time 
(Evans et al. 2009)

• Fraction of binary and multiple stars

• Observed to be an increasing function of primary mass

• Separations, mass ratios, eccentricities

• High order systems (triples, quadruples)

• Protoplanetary discs

• Masses, sizes, density distributions



Bate 2009a:   500 M  cloud with decaying turbulence, 35 million SPH particles
                   Follows binaries to 1 AU, discs to ~10 AU
                   Forms 1254 stars and brown dwarfs - best statistics to date from a single calculation
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Radial Distributions of Properties

• The calculation produces a very dense cluster

• Half-mass radius is just 10,000 AU (0.05 pc)

• No significant mass segregation in the cluster or halo

• Contrary to the usual picture of competitive accretion, perhaps 
due to the recent mergers of sub-clusters

• Binary fractions decrease & velocity dispersion increases

• But only outside 3 half-mass radii

• Kohler et al. 2006 investigated ONC binaries at 1-2 half-mass radii
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Quantity / Distance range < 1000 AU 1000− 3000 AU 3000− 104 AU 1− 3× 104 AU 3− 10× 104 AU > 1× 105 AU

Median mass [M!] 0.18 0.024 0.035 0.056 0.054 0.045
Upper quartile mass [M!] 0.30 0.091 0.098 0.15 0.18 0.095
Maximum mass [M!] 5.3 2.9 3.7 2.5 2.1 2.0
Velocity dispersion [km/s] 6.1 4.0 4.2 4.3 8.2 13.8
Number objects 8 56 569 408 172 41
Number binaries 2 8 68 55 13 0
Binary fraction 0.33 0.167 0.136 0.156 0.082 0.0

Table 2. Radial properties of the stellar cluster at the end of the main calculation. The cluster is very compact, with a half-mass radius of 10,900 AU. The radii
containing 80% and 90% of the mass are 29,800 and 54,200 AU, respectively. There is no evidence for radial mass segregation in terms of the median mass,
the upper quartile mass, and the maximum mass, except in the inner 1000 AU. In terms of the binary fraction and the stellar velocity dispersion, again there
very centre of the cluster has a higher velocity dispersion and a higher binary frequency than the bulk of the cluster. However, unlike the mass function, the
velocity dispersion and binary fraction also differ in the outer regions of the cluster (the outer 20% of the mass, beyond 3 half-mass radii). The outer regions
have a higher velocity dispersion and a lower binary fraction than the bulk of the cluster.

Figure 10. The velocities of each star and brown dwarf relative to the
centre-of-mass velocity of the stellar system at the end of the main cal-
culation. For binaries, the centre-of-mass velocity of the binary is given,
and the two stars are connected by dotted lines and plotted as squares rather
than circles. Objects still accreting at the end of the calculation are denoted
by horizontal arrows. The root mean square velocity dispersion for the as-
sociation (counting each binary once) is 5.6 km/s (3-D) or 3.2 km/s (1-D).
As in BBB2003, BB2005, and B2005, there is no significant dependence of
the velocity dispersion on mass (see the main text). However, binaries are
found to have a lower velocity dispersion of 3.8 km/s (3-D). The vertical
dashed line marks the star/brown dwarf boundary.

rounded by a low density halo of objects (lower right panel of Fig-
ure 1). The stellar cluster has a half-mass radius of only 10,900 AU
(0.053 pc), ignoring the gas. The radii containing 80% and 90% of
the mass are 29,800 AU (0.14 pc) and 54,200 AU (0.26 pc), respec-
tively.

In Figure 10, we plot the velocity of every star or brown dwarf
relative to the centre of mass of the stellar system at the end of the
main calculation. For binaries, we plot the two components with the
centre of mass velocity of the binary using filled squares connected
by a dotted line. The overall root mean square (rms) velocity dis-
persion (counting each binary only once) is 5.6 km/s (3-D) or 3.2
km/s (1-D). BBB2003, BB2005, and B2005, found no significant
dependence of the velocity dispersion on mass. Here, with a much
larger sample of objects we find that stars tend to have a slightly
higher dispersion than VLM objects. The rms velocity dispersion

Figure 11. The cumulative fractions of stars as a function of distance from
the most massive star at the end of the main calculation. The solid line
gives the result for all stars, while the dotted, short-dashed, long-dashed,
and dot-dashed give the cumulative distributions for the stellar mass ranges
M < 0.1, 0.1 ! M < 0.3, 0.3 ! M < 1.0, and M " 1.0 M!,
respectively. There is no significant mass segregation observed.

of VLM systems is 5.4 km/s (3-D) while for the stars (masses > 0.1
M!) the rms velocity dispersion is 6.9 km/s (3-D). Binaries have a
velocity dispersion of only 3.8 km/s, significantly lower than single
objects.

Since this is the first hydrodynamical calculation to form
a massive stellar cluster while simultaneously resolving brown
dwarfs and binaries it is of interest to examine how the stellar prop-
erties vary with radius. We define the cluster centre to be the lo-
cation of the most massive star (5.3 M!). In Table 2, we present
statistics on how the stellar masses, velocity dispersion, and binary
fraction vary with radius from the cluster centre. Note that for this
table, we have defined the binary fraction as the number of binaries
divided by the number of systems (single objects and binaries). We
do not make any attempt to identify triple or higher order systems.

We find that within the radius containing 80% of the mass
(excluding the gas), there is little evidence of a radial variation in
the stellar mass function (see Figure 11), the velocity dispersion,
or the binary fraction. The exception may be the very centre of the
cluster (within 1000 AU of the most massive star) where the median
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Figure 11. The cumulative fractions of stars as a function of distance from
the most massive star at the end of the main calculation. The solid line
gives the result for all stars, while the dotted, short-dashed, long-dashed,
and dot-dashed give the cumulative distributions for the stellar mass ranges
M < 0.1, 0.1 ! M < 0.3, 0.3 ! M < 1.0, and M " 1.0 M!,
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on mass. Here, with a much larger sample of objects we find that
stars tend to have a slightly higher dispersion than VLM objects.
The rms velocity dispersion of VLM systems is 5.4 km s−1 (3-D)
while for the stars (masses ! 0.1 M!) the rms velocity dispersion
is 6.9 km s−1 (3-D). Binaries have a velocity dispersion of only 3.8
km s−1 (3-D), significantly lower than single objects.

Since this is the first hydrodynamical calculation to form
a massive stellar cluster while simultaneously resolving brown
dwarfs and binaries it is of interest to examine how the stellar prop-
erties vary with radius. We define the cluster centre to be the lo-
cation of the most massive star (5.3 M!). In Table 2, we present
statistics on how the stellar masses, velocity dispersion, and binary
fraction vary with radius from the cluster centre. Note that for this
table, we have defined the binary fraction as the number of binaries
divided by the number of systems (single objects and binaries). We
do not make any attempt to identify triple or higher order systems.
Each binary is counted once and its centre-of-mass velocity is used
when calculating the stellar velocity dispersions.

We find that within the radius containing 80% of the mass

Figure 12. For each star and brown dwarf, we plot the magnitude of its
velocity relative to the centre-of-mass velocity of the stellar system versus
its distance from the most massive star in the cluster at the end of the main
calculation. For binaries, the centre-of-mass velocity of the binary is given
and the binary is plotted as a square rather than a circle. The velocity disper-
sion clearly on depends radius, with the outer regions having a significantly
larger velocity dispersion. These outer objects have been ejected (see also
Table 2).

(excluding the gas), there is little evidence of a radial variation in
the stellar mass function (see Figure 11), the velocity dispersion,
or the binary fraction. The exception may be the very centre of the
cluster (within 1000 AU of the most massive star) where the median
stellar mass, the upper quartile mass, the velocity dispersion, and
the binary fraction are all higher than in the bulk of the cluster.
However, there are only 8 objects in this region so the statistical
uncertainties are great.

In the periphery of the cluster containing 20% of the stellar
mass (perhaps better described as the halo) we do find statistically
significant differences. The mass function is still indistinguishable
from the mass function found in the bulk of the cluster (the median
mass, the upper quartile mass, and the maximum mass are all sim-
ilar to those values found in the bulk of the cluster). However, the
velocity dispersion increases monotonically as the distance from
the cluster centre increases (see Table 2 and Figure 12). This is be-
cause only objects that have been ejected quickly can have made
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Velocity Dispersion

• No strong dependence of stellar velocities on stellar mass

• VLM objects have a smaller velocity dispersion than stars (80%)  (c.f. Joergens)

• Binaries have ~60% of the velocity dispersion of single stars
Stellar and multiple star properties from simulations 9

Figure 9. For each single object that has stopped accreting by the end of the
main calculation, we plot the time of the ejection of the object from a mul-
tiple system versus the time at which its accretion is terminated. As in the
smaller calculations of BBB2003, BB2005, and B2005, these times are cor-
related, showing that the termination of accretion on to an object is usually
associated with dynamical ejection of the object. Open circles give those
objects where multiple ‘ejections’ are detected by the ejection detection
algorithm and, hence, the ejection time is ambiguous (see the main text).
Binaries have been excluded in the plot because it is difficult to determine
when a binary has been ejected.

tion rates is about 0.4 dex, also similar to the previous simulations.
Rather, the primary determinant of the final mass of a star or brown
dwarf is the period over which it accretes. Figure 8 very clearly
shows the linear relation (with some dispersion) between the pe-
riod of time over which an object accretes and it’s final mass.

Finally, in Figure 9, for each object that has stopped accreting
by the end of the main calculation (excluding the components of
binaries), we plot the time at which the object undergoes an ejec-
tion versus the time that its accretion is terminated. There is a very
strong correlation between the two showing that accretion is usu-
ally terminated by a dynamical encounter with other objects, and
confirming the results of BB2005 and B2005. We define the time
of ejection of an object as the last time the magnitude of its accel-
eration drops below 2000 km s−1 Myr−1 (or the end of the cal-
culation). The acceleration criterion is based on the fact that once
an object is ejected from a stellar multiple system, sub-cluster, or
cluster through a dynamical encounter, its acceleration will drop to
a low value. The specific value of the acceleration was chosen by
comparing animations and graphs of acceleration versus time for
individual objects. We exclude binaries because they have large ac-
celerations throughout the calculation which frequently results in
false detections of ejections. Also, in Figure 9, we use two differ-
ent symbols (filled circles and open circles). For the former we are
confident of the ejection time. However, for those objects denoted
by the open circles, we find that at least two ‘ejections’ more than
2000 years apart have occurred. These are usually objects that have
had a close dynamical encounter with a multiple system that has
put them into long-period orbits rather than ejecting them. In these
cases, we chose the ‘ejection’ time closest to the accretion termina-
tion time but we use an open symbol to denote our uncertainty in
whether or not we have identified the best time for the dynamical
encounter.

In terms of raw results, we find that, excluding binaries, for

Figure 10. The magnitudes of the velocities of each star and brown dwarf
relative to the centre-of-mass velocity of the stellar system at the end of the
main calculation. For binaries, the centre-of-mass velocity of the binary is
given, and the two stars are connected by dotted lines and plotted as squares
rather than circles. Objects still accreting at the end of the calculation are
denoted by horizontal arrows. The root mean square velocity dispersion for
the association (counting each binary once) is 5.6 km s−1 (3-D) or 3.2
km s−1 (1-D). There is a weak dependence of the velocity dispersion on
mass with VLM objects having a slighly lower velocity dispersion than stars
(see the main text). Binaries are found to have a lower velocity dispersion
than single objects of only 3.8 km s−1 (3-D). The vertical dashed line marks
the star/brown dwarf boundary.

635 objects out of 899 (71%) the accretion termination time and
the ejection time are within 2000 years of each other. If we also ex-
clude those objects for which we are uncertain in our identifications
of the ejection times as described above, we find 483 objects out of
592 (82%) are consistent with ejection terminating their accretion.
These are probably lower limits in the sense that it is difficult to
determine in an automated way the time at which an ejection oc-
curs and an erroneous value is much more likely to differ from the
accretion termination time by more than 2000 years than coincide
with it. In any case, it is clear that for the majority of objects their
accretion is terminated by dynamical encounters with other stellar
systems.

3.2 Stellar cluster properties

At the end of the main calculation, the bulk of the stars and brown
dwarfs are contained within a single compact stellar cluster sur-
rounded by a low density halo of objects (lower right panel of Fig-
ure 1). The stellar cluster has a half-mass radius of only 10,900 AU
(0.053 pc), ignoring the gas. The radii containing 80% and 90% of
the mass are 29,800 AU (0.14 pc) and 54,200 AU (0.26 pc), respec-
tively.

In Figure 10, we plot the magnitude of the velocity of every
star or brown dwarf relative to the centre of mass of the stellar sys-
tem at the end of the main calculation. For binaries, we plot the
two components with the centre of mass velocity of the binary us-
ing filled squares connected by a dotted line. The overall root mean
square (rms) velocity dispersion (counting each binary only once)
is 5.6 km s−1 (3-D) or 3.2 km s−1 (1-D). BBB2003, BB2005, and
B2005, found no significant dependence of the velocity dispersion
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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
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IMF: Competitive Accretion and Ejection
• Stars and brown dwarfs

• Form with opacity limited masses, accrete to larger masses

• Final masses depend on how long they accrete

• Accretion typically terminated by ejection 

• Bate & Bonnell (2005)

Competitive
Accretion

Jeans
Mass

Ejection
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Figure 9. For each single object that has stopped accreting by the end of the
main calculation, we plot the time of the ejection of the object from a mul-
tiple system versus the time at which its accretion is terminated. As in the
smaller calculations of BBB2003, BB2005, and B2005, these times are cor-
related, showing that the termination of accretion on to an object is usually
associated with dynamical ejection of the object. Open circles give those
objects where multiple ‘ejections’ are detected by the ejection detection
algorithm and, hence, the ejection time is ambiguous (see the main text).
Binaries have been excluded in the plot because it is difficult to determine
when a binary has been ejected.
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riod of time over which an object accretes and it’s final mass.
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given, and the two stars are connected by dotted lines and plotted as squares
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denoted by horizontal arrows. The root mean square velocity dispersion for
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mass with VLM objects having a slighly lower velocity dispersion than stars
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635 objects out of 899 (71%) the accretion termination time and
the ejection time are within 2000 years of each other. If we also ex-
clude those objects for which we are uncertain in our identifications
of the ejection times as described above, we find 483 objects out of
592 (82%) are consistent with ejection terminating their accretion.
These are probably lower limits in the sense that it is difficult to
determine in an automated way the time at which an ejection oc-
curs and an erroneous value is much more likely to differ from the
accretion termination time by more than 2000 years than coincide
with it. In any case, it is clear that for the majority of objects their
accretion is terminated by dynamical encounters with other stellar
systems.

3.2 Stellar cluster properties

At the end of the main calculation, the bulk of the stars and brown
dwarfs are contained within a single compact stellar cluster sur-
rounded by a low density halo of objects (lower right panel of Fig-
ure 1). The stellar cluster has a half-mass radius of only 10,900 AU
(0.053 pc), ignoring the gas. The radii containing 80% and 90% of
the mass are 29,800 AU (0.14 pc) and 54,200 AU (0.26 pc), respec-
tively.

In Figure 10, we plot the magnitude of the velocity of every
star or brown dwarf relative to the centre of mass of the stellar sys-
tem at the end of the main calculation. For binaries, we plot the
two components with the centre of mass velocity of the binary us-
ing filled squares connected by a dotted line. The overall root mean
square (rms) velocity dispersion (counting each binary only once)
is 5.6 km s−1 (3-D) or 3.2 km s−1 (1-D). BBB2003, BB2005, and
B2005, found no significant dependence of the velocity dispersion

c© 0000 RAS, MNRAS 000, 000–000

The dependence of star formation on cloud structure 13

Figure 12. The formation of an ejected binary brown dwarf from the fragmentation of a massive circumstellar disc. A massive (≈ 0.6 M! of gas) disc around
a close binary system (composed of 0.42 M! and a 0.32 M! stars) fragments to form a low-mass star and four brown dwarfs (t = 1.300 − 1.307 tff ). The
two objects forming at the right-hand side of the disc in the t = 1.306 tff panel end up as a brown dwarf binary with a semi-major axis of 26 AU that is
ejected from the multiple system (right-hand side of the t = 1.315 tff panel). Each panel is 700 AU across. Time is given in units of the initial free-fall time
of 1.90× 105 years. The panels show the logarithm of column density, N , through the cloud, with the scale covering 0.0 < log N < 4.0 with N measured
in g cm−2.

Disc Radius Encircled Objects Comments
AU

500 ((21,25),(24,28)),33 Circumquintuple disc (Figure 3, t = 1.40tff , central multiple system)
170 (7,14),12 Circumtriple disc (Figure 3, t = 1.40tff , upper multiple system)
160 23 Circumstellar disc around 0.20 M! star (Figure 2, t = 1.40tff , disc at lower left of main core)
150 (8,10) Circumbinary disc, (Figure 3, t = 1.40tff , disc at bottom)
100 (1,4),(34,39) Very disturbed circumquadruple disc (Figure 2, t = 1.40tff , lower system in the main core)
90 22 Circumstellar disc around 0.22 M! star (Figure 2, t = 1.40tff , disc at lower right of main core)
80 (16,19),27 Very disturbed circumtriple disc (Figure 2, t = 1.40tff , upper system in the main core)

Table 4. The discs that exist around objects when the calculation is stopped. Discs with radii ∼< 10 AU are not resolved. Unlike Calculation 1, in Calculation
4 no objects are ejected with resolved discs. This table should be compared with Tables 4 of BBB2003, BB2005, and B2005 for the equivalent results from
Calculations 1–3, respectively.

a similar very-low-mass binary frequency to the smaller calcula-
tions, with the better statistics it was possible to sub-divide the pop-
ulation. This showed that the binary frequency decreases strongly
and monotonically with decreasing primary mass and that for very-
low-mass stars and high-mass brown dwarfs (those typically tar-
geted by observational surveys) the binary frequency was in better
agreement with observations. Even better agreement with observa-
tions was obtained when Bate (2009a) repeated the calculation with
smaller sink particle accretion radii (0.5 AU rather than 5 AU) and
without gravitational softening. Thus, the apparent disagreement
with observations is due to both small number statistics (which

make it necessary to calculate the binary frequency over a wide
range of primary masses) and the fact that the calculation does not
resolve circumstellar discs at radii ! 10 AU and softens gravita-
tional interactions between stars/brown dwarfs at separations less
than 4 AU. It is not a fundamental failing of hydrodynamical star
formation simulations.

For star-brown dwarf binary systems, the frequencies are also
very low. Calculation 1 one produced one binary system consist-
ing of a star (0.13 M!) and a brown dwarf (0.04 M!). The system
had a separation of 7 AU and was part of an unstable septuple sys-
tem. Both objects were still accreting. Calculations 2 and 3 did not
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Figure 12. The formation of an ejected binary brown dwarf from the fragmentation of a massive circumstellar disc. A massive (≈ 0.6 M! of gas) disc around
a close binary system (composed of 0.42 M! and a 0.32 M! stars) fragments to form a low-mass star and four brown dwarfs (t = 1.300 − 1.307 tff ). The
two objects forming at the right-hand side of the disc in the t = 1.306 tff panel end up as a brown dwarf binary with a semi-major axis of 26 AU that is
ejected from the multiple system (right-hand side of the t = 1.315 tff panel). Each panel is 700 AU across. Time is given in units of the initial free-fall time
of 1.90× 105 years. The panels show the logarithm of column density, N , through the cloud, with the scale covering 0.0 < log N < 4.0 with N measured
in g cm−2.

Disc Radius Encircled Objects Comments
AU

500 ((21,25),(24,28)),33 Circumquintuple disc (Figure 3, t = 1.40tff , central multiple system)
170 (7,14),12 Circumtriple disc (Figure 3, t = 1.40tff , upper multiple system)
160 23 Circumstellar disc around 0.20 M! star (Figure 2, t = 1.40tff , disc at lower left of main core)
150 (8,10) Circumbinary disc, (Figure 3, t = 1.40tff , disc at bottom)
100 (1,4),(34,39) Very disturbed circumquadruple disc (Figure 2, t = 1.40tff , lower system in the main core)
90 22 Circumstellar disc around 0.22 M! star (Figure 2, t = 1.40tff , disc at lower right of main core)
80 (16,19),27 Very disturbed circumtriple disc (Figure 2, t = 1.40tff , upper system in the main core)

Table 4. The discs that exist around objects when the calculation is stopped. Discs with radii ∼< 10 AU are not resolved. Unlike Calculation 1, in Calculation
4 no objects are ejected with resolved discs. This table should be compared with Tables 4 of BBB2003, BB2005, and B2005 for the equivalent results from
Calculations 1–3, respectively.

a similar very-low-mass binary frequency to the smaller calcula-
tions, with the better statistics it was possible to sub-divide the pop-
ulation. This showed that the binary frequency decreases strongly
and monotonically with decreasing primary mass and that for very-
low-mass stars and high-mass brown dwarfs (those typically tar-
geted by observational surveys) the binary frequency was in better
agreement with observations. Even better agreement with observa-
tions was obtained when Bate (2009a) repeated the calculation with
smaller sink particle accretion radii (0.5 AU rather than 5 AU) and
without gravitational softening. Thus, the apparent disagreement
with observations is due to both small number statistics (which

make it necessary to calculate the binary frequency over a wide
range of primary masses) and the fact that the calculation does not
resolve circumstellar discs at radii ! 10 AU and softens gravita-
tional interactions between stars/brown dwarfs at separations less
than 4 AU. It is not a fundamental failing of hydrodynamical star
formation simulations.

For star-brown dwarf binary systems, the frequencies are also
very low. Calculation 1 one produced one binary system consist-
ing of a star (0.13 M!) and a brown dwarf (0.04 M!). The system
had a separation of 7 AU and was part of an unstable septuple sys-
tem. Both objects were still accreting. Calculations 2 and 3 did not
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Multiplicity as a Function of Primary Mass

• Multiplicity fraction = (B+T+Q) / (S+B+T+Q)

• Observations: Close et al. 2003; Basri & Reiners 2006; Fisher & Marcy 1992;  
Duquennoy & Mayor 1991; Preibisch et al. 1999; Mason et al. 1998
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Dependence of Multiplicity on Sink Particle Radius

• Decreasing the sink particle accretion radius slightly increases the VLM binary frequency

       Accretion radius: 5 AU                                    Accretion Radius:  0.5 AUStellar and multiple star properties from simulations 15

Figure 16. Multiplicity fraction as a function of primary mass for the main calculation at t = 1.038tff (left) and the re-run calculation at the same time (right).
The blue filled squares surrounded by shaded regions give the results from the calculations. The open black squares with error bars and/or upper/lower limits
give the observed multiplicity fractions from the surveys of Close et al. (2003), Basri & Reiners (2006), Fisher & Marcy (1992), Duquennoy & Mayor (1991),
Preibisch et al. (1999) and Mason et al. (1998), from left to right. The multiplicities for primaries with masses in the range 0.03 − 0.8 M! are higher in the
re-run calculation in which the sink particles have smaller accretion radii and no gravitational softening.

3.4.1 The dependence of multiplicity on sink particle
approximations

As with the IMF, the question arises of how dependent these results
are on the use of sink particles. In particular, in the main calcula-
tion, binaries cannot have separations smaller than 1 AU (due to
the gravitational softening) and the sink particle accretion radius
removes all gas within 5 AU of the sink particle, presumably af-
fecting close dynamical interactions between protostellar objects.
This is likely to have a severe effect on the properties of short pe-
riod binaries. As mentioned above and will be seen in more detail
in Section 3.3, this particularly affects VLM binaries whose median
separation in the main calculation (and observationally) is less than
10 AU.

In Figure 16, we compare the multiplicity fractions produced
by the main calculation (left) and the re-run calculation (right) at
the end time of the re-run calculation (tff = 1.038). The first point
to note is that the fractions given by the main calculation at 1.038
tff and at 1.50 tff are the same within the statistical uncertainties.
Therefore, we conclude that the fractions do not evolve signifi-
cantly with time (though their mass ratios and separations might
– see Sections 3.5 and 3.6). There are few stars with masses greater
than 0.8 M! at the earlier time because they have not yet had time
to accrete to high masses. Thus, the multiplicity fractions of solar-
type and intermediate mass stars are poorly defined. However, for
low-mass stars, the fractions are 0.51±0.07 and 0.32±0.03 respec-
tively, which lie within 2σ of each other. For VLM systems the frac-
tions are 0.10±0.04 and 0.092±0.016, respectively. For low-mass
brown dwarfs, the fractions are 0.054± 0.030 and 0.021± 0.007,
respectively.

We now compare the fractions give by the main calculation
and the re-run calculation which has smaller sink particle accre-
tion radii (left and right panels of Figure 16). The multiplicity frac-
tions are greater in the re-run calculation for VLM objects and low-
mass stars, but not for the low-mass brown dwarfs. An increase in
the multiplicity fractions for small sink particles is what we might
expect since binaries can become tighter (due to the absence of
gravitational softening) and dissipative processes can play a role
on smaller scales (due to the smaller accretion radii of only 0.5
AU). Low-mass stars in the re-run calculation have a multiplicity

of 0.60± 0.08, which differs by≈ 0.6σ from the main calculation
at the same time. VLM binaries have a multiplicity of 0.19± 0.05.
This is 1σ higher than the main calculation at the same time. Fi-
nally, low-mass brown dwarfs have a multiplicity of 0.026± 0.018
which differs by 0.6σ from the main calculation at the same time.

Clearly, even with such large numbers of objects, statistical
uncertainties still make comparison of the results difficult. How-
ever, the indication is that decreasing the sizes of the sink parti-
cles increases the multiplicity fractions, at least for the mass range
0.03−0.80 M!. In particular, decreasing the sizes of the sink parti-
cles maintains the good agreement with observations for solar-type
stars and low-mass stars, and improves the agreement for VLM ob-
jects. The multiplicity of 19± 5% for the mass range 0.03− 0.10
M! is in excellent agreement with the typically observed value of
≈ 15% Close et al. (2003) and the upper limit of 20 − 25% esti-
mated by Basri & Reiners (2006).

In summary, it seems that purely hydrodynamical simulations
of star formation using sink particles can reproduce the observed
multiplicities of solar-type stars, low-mass stars, and VLM ob-
jects. The results appear to depend slightly on the sink particle as-
sumptions, with smaller sink particles generally leading to slightly
higher multiplicities and better agreement with observations.

3.4.2 Star-VLM binaries

We turn now to the issue of VLM/brown dwarf companions to stars.
As in the previous section, we do not consider brown dwarf com-
panions as such, rather we consider VLM companions (< 0.1 M!)
to stars (! 0.1 M!). The main calculation produced 26 stellar-
VLM binaries out of 290 stellar systems, a frequency of 9.0±1.6%.
For the vast majority of these stellar-VLM binaries, the star is a
low-mass star: 14 of the primaries have masses between 0.1− 0.2
M!, 7 have primary masses in the range 0.2 − 0.5 M!, and 3
have primary masses between 0.5 and 0.8 M!. However, within
the statistical uncertainties, the frequency of VLM companions is
not found to depend on primary mass. Even around solar-type and
intermediate mass stars we find VLM companions, but the statis-
tics are very poor with only two out of the 35 systems with primary
masses greater than 0.8 M! being star/VLM binaries (6± 4%).

Although there is no statistically significant dependence of the
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Star/VLM Object Separation Distributions 

Stars: binary, triple, quad separations          VLM objects: binaries, triples, quads

     Median separation: 26 AU                       Median separation: 10 AU

Solid line: Duquennoy & Mayor 1991 Solid line:  VLM archive:  www.vlmbinaries.org
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Star/VLM Object Separation Distributions 

• Distributions depend on 
sink particle size

• Reducing sink particle size 
from 5 to 0.5 AU

• Produces log-normal stellar 
separation distribution

• Increases binary fraction for  
VLM objects

• Also separations of VLM 
objects decrease with time

18 M.R. Bate

Figure 18. The same as Figure 17 but the separation (semi-major axis) distributions are given at t = 1.038tff for the main calculation (top) and the re-run
calculation which uses sink particles with small accretion radii (0.5 AU) and without gravitational softening (bottom). As expected, reducing the length-scales
of the sink particle accretion radii and gravitational softening produces a higher fraction of small-separation multiple systems. In addition, the ‘pile up’ of
stellar system separations in the 1− 10 AU bin (top left) disappears when smaller separations are allowed (bottom left), recovering a bell-shaped distribution
more similar to the observed Duquennoy & Mayor (1991) distribution for solar-type primaries.

consider binaries, but we include binaries that are components of
triple and quadruple systems. A triple system composed of a bi-
nary with a wider companion contributes the mass ratio from the
binary, as does a quadruple composed of a triple with a wider com-
panion. A quadruple composed of two binaries orbiting each other
contributes two mass ratios - one from each of the binaries.

Observationally, the mass ratio distribution of binaries also is
found to depend on primary mass. Duquennoy & Mayor (1991)
found that the mass ratio distribution of solar-type binaries peaked
at M2/M1 ≈ 0.2. Halbwachs et al. (2003) found a bi-modal distri-
bution for spectroscopic binaries with primary masses in the mass

range 0.6 − 1.9 M! and periods ∼< 10 years with a broad peak in
the range M2/M1 = 0.2− 0.7 and a peak for equal-mass systems
(so-called twins; Tokovinin 2000b). They also noted that the fre-
quency of twins was higher for periods < 100 days, though this is
not relevant for the calculations presented here since they do not
probe such short periods. Mazeh et al. (2003) found a flat mass
ratio distribution for spectroscopic binaries with primaries in the
mass range 0.6 − 0.85 M!. Fischer & Marcy (1992) also found a
flat mass ratio distribution in the range M2/M1 = 0.4−1.0 for M-
dwarf binaries with all periods. Finally, VLM binaries are found to

c© 0000 RAS, MNRAS 000, 000–000
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Star/VLM Object Binary Mass Ratio Distributions 

Stars: M>0.5 M              Stars: 0.1<M<0.5 M          VLM objects: M<0.1 M

59% have q>0.6                          51% have q>0.6                             71% have q>0.6

18 M.R. Bate

Figure 19. The mass ratio distributions of binary systems with stellar primaries in the mass ranges M1 > 0.5 M! (left) and M1 = 0.1 − 0.5 M! (centre)
and VLM primaries (right; M1 < 0.1 M!) produced by the main calculation. The solid black lines give the observed mass ratio distributions of Duquennoy
& Mayor (1991) for G dwarfs (left), Fischer & Marcy (1992) for M1 = 0.3− 0.57 M! (centre, solid line) and M1 = 0.2− 0.57 M! (centre, dashed line),
and of the known very-low-mass binary systems maintained by N. Siegler at http://vlmbinaries.org/ (right). The observed mass ratio distributions have been
scaled so that the areas under the distributions (M2/M1 = 0.4 − 1.0 only for the centre panel) match those from the simulation results. The VLM binaries
produced by the simulation are biased towards equal masses when compared with M dwarf binaries (primary masses in the range M1 = 0.1− 0.5 M!). 71%
of the VLM binaries have M2/M1 > 0.6 while for the M dwarf binaries the fraction is only 51%.

binary, as does a quadruple composed of a triple with a wider com-
panion. A quadruple composed of two binaries orbiting each other
contributes two mass ratios - one from each of the binaries.

Observationally, the mass ratio distribution of binaries also is
found to depend on primary mass. Duquennoy & Mayor (1991)
found that the mass ratio distribution of solar-type binaries peaked
at M2/M1 ≈ 0.2. Halbwachs et al. (2003) found a bi-modal distri-
bution for spectroscopic binaries with primary masses in the mass
range 0.6 − 1.9 M! and periods ∼< 10 years with a broad peak
in the range M2/M1 = 0.2 − 0.7 and a peak for equal-mass sys-
tems (so-called twins; Tokovinin 2000). They also noted that the
frequency of twins was higher for periods < 100 days, though this
is not relevant for the calculations presented here since they do not
probe such short periods. Mazeh et al. (2003) found a flat mass
ratio distribution for spectroscopic binaries with primaries in the
mass range 0.6 − 0.85 M!. Fischer & Marcy (1992) also found a
flat mass ratio distribution in the range M2/M1 = 0.4−1.0 for M-
dwarf binaries with all periods. Finally, VLM binaries are found to
have a strong preference for equal-mass systems (Close et al. 2003;
Siegler et al. 2005; Reid et al. 2006).

In Figure 19 we present the mass ratio distributions of the
stars with masses > 0.5 M! (left panel), M-dwarfs with masses
0.1 < M < 0.5 M! (centre panel), and VLM objects (right panel).
We compare the M-dwarf mass ratio distribution to that of Fischer
& Marcy (1992), and the higher mass stars to the mass ratio distri-
bution of solar-type stars obtained by Duquennoy & Mayor (1991).
The VLM mass ratio distribution is compared with the listing of
VLM multiples maintained by N. Siegler at http://vlmbinaries.org/.

We find that in the main calculation the ratio of near-equal
mass systems to systems with dissimilar masses decreases going
from VLM objects to M dwarfs in a similar way to the observed
mass ratio distributions, but that the trend is not as strong as in
the observed systems. Specifically, 71% of the VLM binaries have
M2/M1 > 0.6 while for primary masses 0.1 − 0.5 M! the frac-
tion is only 51%. The stellar mass ratio distribution is consistent
with Fischer & Marcy’s distribution. The VLM binaries, although
biased towards equal-mass systems, are not as strongly biased as
is observed. However, currently there is no volume-limited sample

for VLM systems and systems with more equal-mass components
are easier to detect so the degree to which the observed mass ratio
distribution might be affected by selection effects is not yet clear.

What is clear, however, is that the mass ratios of binaries with
primary masses greater than 0.5 M! do not agree with Duquennoy
& Mayor’s mass ration distribution. Of the 34 binaries, only 10
have mass ratios less than M2/M1 = 0.5.

In Figure 20 we display the stellar (primary masses > 0.1
M!) and VLM mass ratio distributions from the re-run calcu-
lation (lower panels) and the main calculation at the same time
(t = 1.038tff ; upper panels). The stellar mass ratio distributions
are not significantly different from each other or from Figure 19.
However, the VLM binary mass ratio distributions at early times
(for both the main and re-run calculations) are flatter than that ob-
tained at the end of the main calculation. Again, this implies that the
properties of the VLM binaries evolve. Both the apparent evolution
of VLM binary separations and mass ratios are consistent with the
evolution discussed by Bate et al. (2002b). Dynamical exchange
interactions between binaries and single objects tends to produce
more equal-mass components as does accretion of gas from cir-
cumbinary discs or the accretion of infalling gas with high specific
angular momentum. Thus, the apparent evolution of both the VLM
binary separations and mass ratios may be due to evolution during
their formation.

3.6.1 Mass ratio versus separation

In Figure 21, we plot mass ratios against separation for the bina-
ries, triples, and quadruples at the end of the main calculation. Note
that for this figure we include systems that are sub-components of
higher-order systems. Thus, the closest two objects in a triple also
appear in the plot as a binary. Similarly, for quadruples consisting
of two binary sub-components, each of the binaries appears in the
plot and for each of the quadruples that involves a triple system, the
triple appears in the plot.

There is clearly a relation between mass ratio and separa-
tion for the binaries with closer systems having a preference for
equal masses. The median mass ratios for binary separations in the
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VLM Binary Eccentricity Distribution

• Trent Dupuy: presented first eccentricity distribution for VLM binaries

• Tend to have low eccentricities

               Observations                                        Calculation (accretion radii 0.5 AU)

Eccentricity Eccentricity
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VLM Companions to Stars

• Frequency of ~10%

• Independent of primary mass (from 0.1 M   up to solar masses)

• BUT, typical separation increases with primary mass

• 0.1-0.2 M :  3/14 systems have separations < 30 AU

• 0.2-0.5 M :  3 at < 10 AU,    1 at 50 AU,    3 at > 1000 AU

• 0.5-0.8 M :  3 with separations 27-65 AU

• Solar type primaries:  2 cases, both with separations >1000 AU

• Impossible to examine increased frequency of binary VLM companions to 
stars with current statistics

• Stamatellos & Whitworth 2009 type simulations
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Discs: Closest Encounter Distance
• Dense star cluster produces many close encounters, truncating discs

• All stars > 1 M  have had encounters closer than 2 AU

• Doesn’t mean don’t have discs - if not ejected, discs often re-form through accretion

• Brown dwarfs: encounter distances from < 1 AU to > 100 AU

• Those without close encounters may have large discs12 M.R. Bate

cosity also depends on density). Because of these numerical effects
it is difficult to determine robustly the statistical properties of discs
(e.g. their size and mass distributions).

By contrast, it is relatively simple to determine the closest dy-
namical encounter every star or brown dwarf has had during the
calculation. In Figure 13, we plot the distance of the closest en-
counter that every star and brown dwarf has had by the end of the
main calculation. As in the earlier papers, there is a wide range of
closest encounter distances, but stars have generally had closer en-
counters than brown dwarfs. However, this is somewhat misleading
for several reasons. First, as will be seen in the next section, mul-
tiplicity is a strong function of primary mass. In Figure 13 it clear
that (close) binaries are responsible for many of the ‘closest en-
counters’. Second, objects that are still accreting at the end of the
calculation are still evolving and, since the mass of an object de-
pends on its ‘age’ more massive accreting objects are more likely
to have had close encounters. In particular, most objects with brown
dwarf masses that are still accreting have formed shortly before the
calculation was stopped. They have not had much time for dynam-
ical encounters to occur and may not end up as brown dwarfs. Fi-
nally, BBB2003, BB2005, and B2005 found that many stars that
had close encounters still had resolved discs at the end of their cal-
culations because those discs formed from accretion subsequent to
their closest dynamical encounter.

Despite these difficulties, if an object suffers a dynamical en-
counter that terminates its accretion this encounter will truncate any
disc that is larger than approximately 1/2 of the periastron distance
during the encounter (Hall, Clarke & Pringle 1996). Therefore, ex-
cluding binaries and objects that are still accreting, determining the
distribution of 1/2 of the closest encounter distance should give us
an indication of the disc size distribution around single objects that
have reached their final masses. Note that formally we have still
included the wide components of triple and quadruple systems,
but these constitute only 48 objects out of the 884 ‘single’ non-
accreting objects so should not adversely affect any conclusions.

In Figure 14, we plot the cumulative distributions of disc trun-
cation radii (taken to be 1/2 of the closest encounter distance) for
these objects. The solid line gives the cumulative distribution for
all 884 objects, while in the other distributions we break the sam-
ple into mass bins of M < 0.1, 0.1 ! M < 0.3, 0.3 ! M < 1.0,
and M " 1.0 M!. More massive stars tend to have had closer en-
counters and, thus, have smaller disc truncation radii. The median
truncation radius is two orders of magnitude larger for the VLM
objects than for the solar-type stars. In particular, we note that 10%
of VLM stars have truncation radii greater than 40 AU, while 1/3
have truncation radii greater than 10 AU.

We emphasise that Figure 14 should be used with caution.
First, the simulation presented here produces a very dense stellar
cluster. Disc truncation may be less important for setting disc sizes
in a lower-density star-forming region. Second, Figure 14 does not
give a disc size distribution. At best, it is a distribution of lower lim-
its to disc sizes because of the fact that stars can suffer a close dy-
namical encounter, but then accrete more material from the molec-
ular cloud and form a new disc. This happens frequently in the
simulation, especially for the higher mass stars. The distribution is
likely to be most useful for VLM objects because they tend to have
their accretion terminated soon after they form by dynamical en-
counters and generally will not subsequently accrete significantly
from the molecular cloud.

Armitage, Clarke & Palla (2003) considered the lifetimes of
circumstellar discs surrounding young stars. They obtained a good
fit to the observed distributions of lifetimes with a 1σ dispersion

Figure 14. Due to dynamical interactions, stars and brown dwarfs poten-
tially have their discs truncated to approximately 1/2 of the periastron sep-
aration during the encounter (see also Figure 13). At the end of the main
calculation, we plot the cumulative fraction objects as a function of the po-
tential truncation radius. We exclude binaries and any objects that are still
accreting at the end of the calculation. The solid line gives the result for
all stars and brown dwarfs, while the dotted, short-dashed, long-dashed,
and dot-dashed lines give the cumulative distributions for the mass ranges
M < 0.1, 0.1 ! M < 0.3, 0.3 ! M < 1.0, and M " 1.0 M!,
respectively. More massive stars tend to have had closer encounters.

of 0.5 dex in initial disc masses, with the exception of the ≈ 30%
of young weak-lined T-Tauri stars (WTTS) that appeared to have
lost their discs even with an age of 1 Myr. There are two points of
interest here. First, we note that the dispersion of the time-averaged
accretion rates for an object of a given final mass (Section 3.1.2
and Figure 7) is 0.4 dex in the main calculation (and similar values
were obtained by BBB2005 and B2005). This might naturally be
expected to lead to the dispersion in disc masses that Armitage et
al. required to explain the disc lifetime distributions. Second, we
find that many objects have had very close dynamical encounters.
For some objects, their closest encounters will be the one that ejects
them from stellar group they are formed in. Once they are ejected it
is unlikely they will accrete a new disc. Such objects might help to
explain the observation that some WTTS appear to have lost their
discs at a very young age (see also Armitage & Clarke 1997).

3.4 Multiplicity as a function of primary mass

We turn now to the properties of the binary and higher-order multi-
ple stars and brown dwarfs produced by the simulations. The prop-
erties of multiple stellar systems have been investigated in the past
through ensembles of small N−body (e.g., McDonald & Clarke
1993, 1995; Sterzik & Durisen 1998, 2003; Hubber & Whitworth
2005) or hydrodynamical (e.g., Delgado-Donate et al. 2004; Good-
win et al. 2004b,c) simulations, with some of the observed trends
in properties being reproduced depending on the input parameters.
However, this is the first time a large number of multiple stars
and brown dwarfs has been produced from a single hydrodynami-
cal simulation of star formation. Although the calculation produces
more brown dwarfs than is realistic, it is still of great importance
to compare the multiple systems with observations. It may be, for
example, that precisely modelling the IMF requires radiative trans-
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Hydrodynamical Star Formation

• Can now perform simulations that form large numbers of objects

• Statistical uncertainties are the same as from observations

• Comparison with observations shows what we get right and wrong

• Many properties and trends are in good agreement with observations

• General form of the IMF

• Multiplicity with primary mass

• Trends for separation and mass ratio distributions

• Orbital planes of triple systems

• Two glaring inconsistencies:

• Too many brown dwarfs

• To few wide, unequal mass solar-type binaries

• Need to move on with additional physics
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Star Cluster Formation with Radiative Feedback

• 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

• 3,500,000 SPH particles

• Sink particles

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

• Radiative transfer

• Implicit, grey flux-limited diffusion

• Separate radiation and matter temperatures, but assumes gas = dust temperature

• See poster by Andrea Urban (S266)

• 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
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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 11 2    13    (1.40tff)

Stars Brown Dwarfs Total

Barotropic Equation of State 19 60   79   (1.40tff)

Radiative Transfer 14 3   17   (1.40tff)
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Radiative Feedback and the IMF

• Radiative feedback brings the star to brown dwarf ratio in line with 
observations

• Observations suggest a ratio of 5 ± 2

• Chabrier 2003; Greissl et al. 2007; Luhman 2007; Andersen et al. 2008

• Simulations:  25:5 ~ 5

• Bate 2009b

• Furthermore, dependence of the IMF                                                  on 
cloud density is removed

• K-S test on the two IMFs with radiative                                                           feedback 
shows them to be indistinguishable

10 M.R. Bate

Figure 7. Histograms giving the differential initial mass functions of the 13, 15, and 17 stars and brown dwarfs that had been produced by the end of the
BBB2003 RT0.5, BBB2003 RT5, and BB2005 RT0.5 calculations, respectively. The single hashed region gives objects that have stopped accreting while the
double hashed region gives those objects that are still accreting. Parameterisations of the observed IMF by Salpeter (1955), Kroupa (2001) and Chabrier (2003)
are given by the magenta line, red broken power law, and black curve, respectively.

Figure 8. The cumulative IMFs produced by all 5 calculations discussed
in this paper. The previously published IMFs from BBB2003 and BB2005
using a barotropic equation of state are given by the thin solid line and thin
dashed line, respectively. The radiation hydrodynamical calculations pre-
sented here are BBB2003 RT0.5 (thick solid line), BB2005 RT0.5 (thick
dashed line) and the large accretion radius BBB2003 RT5 calculation (thin
dot-dashed line). The vertical long-dashed line denotes the boundary be-
tween brown dwarfs and stars. It is clear that the radiation hydrodynamical
calculations produce IMFs with a larger characteristic mass and far fewer
brown dwarfs and low-mass stars than the original barotropic calculations.
Furthermore, whereas BBB2003 and BB2005 showed a clear dependence
of the characteristic stellar mass on the initial Jeans mass of the molecular
clouds (BB2005 began with a denser cloud with a Jeans mass 3 times lower
that produced a median stellar mass 3.04 times lower than BBB2003), when
radiative feedback is included there is no significant dependence of the IMF
on cloud density and the initial Jeans mass. A Kolmogorov-Smirnov (K-S)
test on the BBB2003 RT0.5 and BB2005 RT0.5 distributions gives a 99.97%
probability that the two IMFs were drawn from the same underlying distri-
bution (i.e. they are statistically indistinguishable). By comparison, the two
IMFs from the original barotropic calculations had only a 1.9% probability
of being drawn from the same underlying distribution.

caused by the differing gravitational potentials due to the different
evolutions of the main dense core.

3.1.3 The initial mass functions

The effect of radiative feedback in terminating the production of
new objects within the dense cores after one dynamical timescale
and inhibiting the fragmentation of discs and filaments near ex-
isting protostars has a tremendous effect on the number of ob-
jects formed and the final distribution of stellar masses. Table 1
summaries the numbers of stars and brown dwarfs formed, their
combined mass, and their mean and median masses. The origi-
nal barotropic BBB2003 calculation produced 50 stars and brown
dwarfs in 1.40 tff . However, BBB2003 RT0.5 only produced 13 ob-
jects in the same time and even BBB2003 RT5 with less accretion
luminosity from the protostars produced only 15 objects. Thus, the
inclusion of radiative feedback has cut the number of objects pro-
duced by a factor of ≈ 4. In addition, whereas the original calcula-
tion produced a similar number of stars and brown dwarfs the ratio
of brown dwarfs to stars is 1:3 for BBB2003 RT5. For BBB2003
RT0.5, the ratio is less than 1:5 and both objects with brown dwarf
masses are still accreting when the calculation is stopped.

The much lower fraction of brown dwarfs is due to both the
inhibiting of the fragmentation of discs and nearby filaments (be-
cause such objects are frequently ejected through dynamical inter-
actions, terminating their accretion before they have been able to
accrete much mass) and the suppression of new objects formed
in the dense cores after a dynamical time. In the latter case, it
can be seen in Figure 5 that there is a higher fraction of brown
dwarfs amongst objects formed later in the barotropic calculation
than those formed earlier (top panel). Objects that form later must
compete with the higher-mass protostars for the available gas. Usu-
ally they lose, either being dynamically ejected from the dense core
or at least having their velocities increased relative to the gas so that
their accretion rates drop (Bondi-Hoyle accretion is proportional to
1/v3). Ejections producing brown dwarfs and low-mass stars still
occur, but they are much less common with the inclusion of radia-
tive feedback than they were in the barotropic calculation.

Although the number of objects is decreased by the inclusion
of radiative feedback, the amount of gas that has been converted
into stars at t = 1.40 tff is actually about 15% greater compared to
the barotropic calculation (see Table 1).

The overall result of all of these effects is that the characteris-
tic mass of the IMF moves to higher masses with the inclusion of
radiative feedback and fewer brown dwarfs and low-mass stars are
produced. Comparing BBB2003 RT0.5 with BBB2003, the mean
and median masses have increased by a factor of 4.4 to ≈ 0.5 M!
and ≈ 0.3 M!, respectively (Table 1).
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Large-scale Simulations with Radiative Feedback

• Currently re-running Bate (2009a) with radiative feedback

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

• Resolves opacity limit for fragmentation

• Follows: 

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

• Results so far

• Just reached 1.06 initial cloud free-fall times

• Formed 89 stars and brown dwarfs

• Including 1 binary brown dwarf system:  15 AU separation, 0.04 eccentricity

• Original calculation at the same time: ~300 stars and brown dwarfs
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Large-scale Simulations with Radiative Feedback

• Comparison of the IMFs obtained without and with radiative feedback

• As expected, many fewer brown dwarfs

• Stars to brown dwarfs without radiative feedback:  74:154 ~ 1/2 vs with feedback 42:22 ~ 2

• Remains to be seen how other stellar properties compare



• The Future:

• Self-gravitating radiation magnetohydrodynamical simulations

• Statistics as good or better than observational surveys

• This work was conducted as part of the EURYI scheme award.  See www.esf.org/euryi 

• It was also partially funded by a 2003 Philip Leverhulme Prize

• The calculations were performed on the UK Astrophysical Fluids Facility (UKAFF) and the University of Exeter Supercomputer


