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constellationStellar Properties

• Initial mass function

• Observed to be relatively independent of initial conditions, at least in our Galaxy

• Star formation rate and efficiency

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

• Multiplicity

• Observed to be an increasing function of primary mass

• Separations, mass ratios, eccentricities

• High order systems (triples, quadruples)

• Protoplanetary discs

• Masses, sizes, density distributions
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The origins of the statistical properties of stars?

• Most of the calculations performed in the 1980’s and 1990’s 
follow the formation of single stars or simple multiple systems

• e.g. Boss & Bodenheimer 1979, Boss 198*

• Cannot determine the origin of statistical properties

• To investigate statistical properties, either

• Perform a large ensemble of small calculations

• Perform a large calculation that forms many stellar systems

• e.g. a calculation of star cluster formation
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constellationEnsembles of small calculations

• Hydrodynamical simulations

• Formation and dissolution of small-N groups

• Delgado-Donate et al. (2004a,b);  Goodwin, 
Whitworth & Ward-Thompson (2004a,b,c, 2006)

• Simulations including radiative transfer

• Fragmentation of large, massive discs to produce low-
mass companions

• Stamatellos & Whitworth (2009)

Variations in the substellar IMF 763

Figure 1. Snapshots of the column density structure of the cloud: on the left for the α3 calculations, and on the right for the α5 calculations. The upper panels
correspond to approximately 10 000 yr after the simulations begin. The bottom panels show the state of the cloud some time after the first free-fall time, once
star formation has commenced. Column density is plotted in linear scale in the upper panels (where the physical scale is ≈104 au), and in logarithmic scale in
the bottom panels (here the scalelength is ≈103 au).

minima. Surrounding condensations with slightly lower gas densi-
ties form additional stars (e.g. in the filaments whose intersection
generated the first dense clump). Both the stars and the residual gas
are attracted by their mutual gravitational forces and fall towards
each other (see Fig. 1, bottom panels). The interactions between the
gas and the protostars dissipate some of the kinetic energy of the
latter (Bonnell et al. 1997), allowing the stellar objects to rapidly
come close to the initial star and its disc-born companions, to form
a high-density subcluster containing from two up to eight stars – a
small-N cluster. This process repeats itself in other parts of the cloud.
Subsequently, subclusters are attracted to each other and merge to
form the final mini-cluster. Thus, the star formation process is hi-
erarchical in nature, as has been vividly illustrated (for a 1000-M"
cloud) by Bonnell, Bate & Vine (2003).

Star formation is not only localized in space (the subclumps) but
also in time, i.e. proceeds in bursts (BBB); after one burst occurs,
most of the dense gas in the vicinity is exhausted and some time is
needed for more gas to be accreted from regions further away. The
time sequence of star-forming bursts depends on the local distribu-

tion of dense gas and on the number and boundedness of the objects
populating the small-N cluster. In most of the simulations the last
burst is triggered by the dynamical interactions induced by the last
merger, after which the cloud becomes stellar-dominated instead of
gas-dominated. We have taken special care that all simulations were
run until at least 1 tff after the last star formation event. Thus, we
expect to have computed the formation of all the stars and brown
dwarfs that could ever have been formed in these clouds, under the
initial conditions imposed.

Overall, the α5 simulations form less stars and brown dwarfs than
the α3 runs (60 against 85). Stars and, particularly brown dwarfs,
form with a higher incidence if small-scale structure is generated
during the early evolution of the cloud. In this case, multiple frag-
mentation within a dense core occurs more efficiently. The α5 sim-
ulations are characterized by the absence of small-scale structure
initially, because there is comparatively much less energy stored in
small wavelengths (λ < 1000 au) initially than in the α3 case. In
addition, it is the long-wavelength modes that contribute most to pre-
vent the global collapse of the cloud, therefore keeping dense cores

C© 2004 RAS, MNRAS 347, 759–770

Low-mass star formation by disc fragmentation 417

Figure 1. Radiative hydrodynamic simulation of the evolution of a 0.7-M! ur-disc around a 0.7-M! ur-star. Snapshots of the logarithm of the column density
are presented from 0.5 to 10 kyr, every 0.5 kyr (as marked on each graph). Such ur-discs are gravitationally unstable and they cool efficiently. Hence they
quickly fragment to form BDs and low-mass HBs. This particular simulation produces four BDs and three low-mass HBs. After 200 kyr, four of these stars
have been ejected into the field.

5.2 Mass distribution

The mass distribution of the objects produced by disc fragmenta-
tion is shown in Fig. 4. ∼70 per cent of the stars produced have
masses below the H-burning limit, and ∼3 per cent of these have
masses below the D-burning limit. The mass distribution peaks
around 30 to 40 MJ. It decreases smoothly towards higher masses,

roughly as dN /dM ∝ M−α , with α % 1.4. There is no significant
discontinuity across the H-burning limit at ∼80 MJ. The mass dis-
tribution drops precipitously towards lower masses, reflecting that
the minimum mass for star formation is MMIN ∼ 5 MJ. The small
number of stars that end up below the D-burning limit are the ones
that are ejected from the ur-disc by a three-body interaction, almost
as soon as they have formed.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 392, 413–427
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constellationEnsembles of small-N systems

• Mass functions tend to be bimodal

• Multiplicity an increasing function 
of primary mass

• Reasonable distributions of 

• Semi-major axes

• Eccentricities
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Fig. 4. The combined (and un-normalized) mass function for all the simulations having αturb ≥ 0.05, (i.e. αturb = 0.05 (×20),
0.10 (×20) and 0.25 (×10)), this being an approximation to the distribution of αturb values in the Taurus star formation region. The error
bars give ±

√
N uncertainties. The dotted lines show separate fits to the unbound objects (the flat distribution at low mass) and the bound objects

(the log-normal distribution at high mass); parameter fits are given in the main text). The dashed line shows the combination of these two
separate fits.

The MFs are clearly very similar for each value of αturb, viz.
a high-mass peak of predominantly multiple stars and a low-
mass tail of ejected stars and brown dwarfs. However, as αturb

increases, the MF shifts slightly to lower masses. There are two
reasons for this. (a) For higher αturb the overall collapse is de-
layed by the extra turbulent support, and therefore when the
simulations are terminated at 0.3 Myr less mass has been incor-
porated into objects (the mean mass incorporated into objects
is given in the third column of Table 1); (b) for higher αturb,
the accretion flow onto the disc around the primary protostar is
lumpier, so more objects are formed but individually they are
less massive.

The combined mass function for all simulations with
αturb ≥ 0.05 is shown in Fig. 4. The distribution of high-mass
(predominantly bound) stars is well fitted by a log-normal dis-
tribution having mean

〈
log10 [M]

〉
= 0.05 and standard de-

viation σlog10 [M] = 0.04. The distribution of low-mass (pre-
dominantly unbound) objects is consistent with being flat
in log-space from our resolution limit at ∼0.025 M% up to
∼0.5 M%, above which it declines. The high-mass (predom-
inantly bound) stars have an average mass of ∼1 M% be-
cause, after ejections have removed some objects, there are
usually two to four stars left in the core, and they are then
able to accrete a total of ∼3 M% between them. A more mas-
sive core would spawn more massive stars (Goodwin et al., in
preparation).

The fraction of objects which are brown dwarfs is
NBD/Nobj ∼ 18%, and there does not appear to be a sys-
tematic dependence on the level of turbulence. This is some-
what higher than in Taurus (NBD/Nobj ∼ 13%; Briceño et al.
2002), and somewhat lower than in Orion (NBD/Nobj ∼ 26%;
Muench et al. 2002). The fraction of low-mass objects

(M < 0.5 M%) also appears to be independent of αturb, and ap-
proximately ∼50%.

5.3. Companion star frequencies

In analyzing the multiplicity of the objects formed in our sim-
ulations, we define “systems” to include single objects, and
“multiple systems” to include only systems containing more
than one object. The primary is the most massive star in a sys-
tem; in a single it is the only star. Thus, if S is the number of
single objects and B, T , Q and Q′ are the numbers of binary,
triple, quadruple and quintuple systems, respectively, the total
number of objects is (S + 2B + 3T + 4Q + 5Q′ + ...), the total
number of systems is (S + B + T + Q + Q′ + ...) (which is the
same as the total number of primaries), and the total number of
multiple systems is (B + T + Q + Q′ + ...).

Many different statistics have been introduced as measures
of stellar (and brown dwarf) multiplicity (e.g., Reipurth &
Zinnecker 1993), and they all reflect slightly different things3.
They can be divided into two groups.

The first group of measures is normalized to the total num-
ber of objects, and is useful because it is straightforward to
derive these measures for a subset of objects (for example, low-
mass stars, in the range 0.08 M% < M < 0.5 M%). The compan-
ion probability (Reipurth & Zinnecker 1993),

cp =
2B + 3T + 4Q + 5Q′ + ...

S + 2B + 3T + 4Q + 5Q′ + ...
, (6)

gives the probability of an object having at least one com-
panion, or equivalently the fraction of objects which is in

3 Unfortunately, the different measures usually have more than one
name. For consistency we have adopted the nomenclature proposed by
Reipurth & Zinnecker (1993).
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Fig. 5. The histograms show the cumulative distribution functions of semi-major axes for the ensembles with αturb = 0.05 (top), 0.10 (middle)
and 0.25 (bottom). The dashed line shows the Gaussian fit to the DM91 period distribution.
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Figure 4. Mass functions for the α3 and α5 simulations on the left and on the right, respectively. The solid line represents the mass function calculated using
all the stars and brown dwarfs formed in each group of calculations, at 60 per cent efficiency. The dashed line histograms only include the inner members (up
to a distance of 1000 au) of multiples systems, while the dot-dashed line histogram represents the mass distribution of unbound single objects (i.e. escapers).
Mass is shown in M!.

≈4 M J, and the fraction of brown dwarfs with masses below 10
M J is smaller than 10 per cent. The position of the lower cut-off in
the mass functions is also independent of the choice of efficiency.
Only for very short time-scales can brown dwarfs be found to have
masses close to the minimum resolvable mass.

All the objects in our simulations start with a mass close to the
Jeans mass at the critical density ρ c, or M res ≈ 1.5 M J. Therefore, the
low fraction of planetary-mass brown dwarfs is not only determined
by our choice of the critical density ρ c (at which the gas becomes
optically thick) but also by some universal process occurring to all
collapsed fragments; essentially, the accretion rates during the first
years after each protostar forms are very high, high enough so as
to allow the accretion of ≈10 × the initial Jeans unstable mass
before dynamical interactions with neighbouring objects become
important. Typical values for the accretion rates in our simulations
during the first 10 yr after formation are ∼10−3–10−4 M! yr−1.
We have checked that the initial accretion rates are not artificially
enhanced by a large factor by the inclusion of sink particles in the
calculation. An additional simulation in which sink particles have
an accretion radius 10 × smaller was performed. The accretion rates
derived are, on average, only a factor of 5 lower, not low enough to
prevent the accretion of ≈0.01 M! in still a very short time-scale.

Thus, the detection of a few planetary-mass free-floating objects
(PMOs) in the mass range 1–10 M J can be readily accommodated
within the context of our models. However, if a large population of
PMOs exists, two explanations for its origin might be suggested.
First, they might form via the same mechanisms at work in our
simulations, namely direct fragmentation in filaments or disc frag-
mentation induced by gravitational instabilities. However, then the
minimum fragment mass should be ≈10 × lower than in the present
simulations, i.e. the critical density ρ c should be ≈100 × higher than
assumed here. Although this possibility cannot be ruled out, such a
high value of ρ c would not be easy to explain in terms of our cur-
rent knowledge of the thermodynamical processes that determine
ρ c (but see Boss 2000).

Secondly, PMOs may be formed in large numbers in quiescent
accretion discs at later times than modelled here (e.g. during the stel-

lar dominated phase of star formation), when the disc mass is much
smaller than that of the central object. In this situation, even if grav-
itational instabilities drive fragmentation in the disc, the fragments
will lack a large reservoir of gas from which to accrete substantially,
and hence their masses will remain close to the initial fragment mass,
i.e. a few M J. These two possibilities are not mutually exclusive.

5 W E A K VA R I AT I O N S I N T H E P RO P E RT I E S

O F M U LT I P L E S TA R S

Delgado-Donate et al. (2004) discussed the properties of the mul-
tiple stars resulting from these simulations. Their analysis referred
to the combined data set, regardless of which initial conditions had
been applied in each situation. This is justified because the prop-
erties of multiples stars, as we will show presently, display a weak
dependence on the slope of the initial turbulent velocity spectrum.

5.1 The IMF revisited: companions and singles

Fig. 4 shows the mass function derived from each group of calcula-
tions: on the left the α3 case and on the right the α5 case, at 60 per
cent efficiency. Overplotted we show the mass distribution of the
members of multiple systems up to a separation of 1000 au (dashed
line), and the mass distribution of unbound singles (i.e. escapers;
dot-dashed line). Two features are apparent. First, the vast majority
of the inner members of a multiple system have high-masses (0.3–
1 M!), this being the case independently of the initial conditions
applied. Secondly, unbound singles (objects that escaped the cloud
after being ejected via a three-body encounter) populate mostly the
0.01–0.1 M! range. However, a tail of higher-mass (up to 0.3 M!)
escapees can also be found in the α5 case. That is, dynamical inter-
actions do not occur so often in the α5 simulations, and therefore
some objects have the chance to accrete to relatively high masses
before being ejected from the system. None the less, it is clear that
the pattern of mass distribution among singles and multiples is very
much the same for both groups of calculations: low-mass singles
and high-mass multiple companions.

C© 2004 RAS, MNRAS 347, 759–770
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survived the N-body integration (e.g. as in the Orion Nebula Clus-
ter; Scally, Clarke & McCaughrean 1999). In a longer term still,
for those systems joining the field population, the gravitational field
of the galaxy will act to disrupt wide systems (Weinberg, Shapiro
& Wasserman 1987), limiting the maximum separation between
components to a value somewhere around 104 au for solar-mass
stars (Close et al. 2003).

Single and binary stars attain comparable velocities in the range
1 –10 km s−1. Higher-order multiples display lower velocity disper-
sions. This kinematic segregation as a function of N is the expected
outcome of the break-up of unstable multiples, whereby the ejected
objects (typically singles, or less often binaries) acquire large ve-
locities whereas the remaining more massive multiple recoils with
a lower speed. Therefore, we would expect low-mass star-forming
regions (SFRs) like Taurus or Ophiuchus to display an overabun-
dance of N > 2 systems as lower-N systems may escape more easily
the potential well of these associations. A more detailed discussion
of the kinematic properties of the stellar objects resulting from our
simulations is given by DCB04.

3.2 Multiplicity fractions

Overall, the multiplicity fraction f m derived from these simulations
is low: it takes a value close to 0.2, much lower than that observed
in clusters and the field. However, the variation of the multiplicity
fraction with primary mass can be very steep, as Sterzik & Durisen
(2003) have shown, both observationally and theoretically, and a
low total value may thus mask high and low values in different mass
ranges. Fig. 3 shows the dependence of f m on primary mass, for
the hydrodynamic simulations exclusively, at 60 per cent efficiency
(squares joined by a solid line) and 30 per cent efficiency (circles
joined by a dashed line). We pointed out in Section 3.1 that the over-
all value of f m at 0.5 Myr is very similar to that found at 10.5 Myr.
This conclusion also applies to the individual values of f m in each
mass bin. Therefore, the 0.5-Myr, 60 per cent efficiency curve is
also a good representation of the f m dependence on primary mass
10 Myr later. Also shown in Fig. 4 are the observational results
from DM91, Fischer & Marcy (1992, FM92), Marchal et al. (2003,
M&03), Bouy et al. (2003), Close et al. (2003), Gizis et al. (2003)
and Martı́n et al. (2003) [BCGM03]. As expected, the multiplicity
fraction is an increasing function of primary mass, with the most
massive stars produced in these simulations having a multiplicity
fraction very close to 1. At the other end, brown dwarfs are rarely
binary primaries. Nevertheless, the shape of the f m curve is sensitive
to the efficiency assumed. For 30 per cent efficiency, the results show
better agreement with observations at the substellar regime, while
the 60 per cent efficiency results match more closely the observed
multiplicity fractions for KM stars.

Two points must be stressed, however: first, the limitations im-
posed by the initial total mass in gas of the cloud, set to 5 M". The
fact that about 10 stars/brown dwarfs form, on average, in each cal-
culation, and that those with higher mass will be invariably in bound
systems, place a f m value close to 1 in the solar-mass stars bin. For
low-mass star-forming regions (SFRs) such as Taurus (Duchêne
1999) or ρ Ophiuchus (Barsony et al. 2003), our choice of 5-M"
clouds seems to be appropriate: both SFRs lack stars more massive
than about 2 M" and similarly have a binary fraction approximately
twice as high as that of field stars (which stands at ≈50 per cent),
very close to what we find. For more massive SFRs, models of more
massive clouds are more appropriate: had we modelled a cloud with
50 or 500 M", the highest value of the multiplicity fraction would
have moved to higher primary masses (e.g. 5–10 M"; Bonnell &

Figure 3. Multiplicity fraction f m as a function of primary mass (in M").
Dotted vertical lines separate the different mass bins for which f m has been
calculated. Squares joined by a solid line and circles joined by a dashed line
denote the values of f m at 60 per cent and 30 per cent efficiency, respectively.
The results shown in this plot correspond to an age of 0.5 Myr (see text).

Bate 2002). This would bring closer agreement with the results in
the field (DM91; Shatsky & Tokovinin 2002).

Second, the discrepancy with observations at the low-mass end
(too few brown dwarf binaries) cannot be alleviated by modelling
more massive clouds. BBB, modelling a 50-M" cloud, found only
one brown dwarf binary candidate out of ≈20 single brown dwarfs,
giving them a 5 per cent binary fraction at the substellar regime.
In practice, this binary would have likely been disrupted or simply
accreted to stellar values had the simulation been carried forward
longer, since we do form many of these binaries in our simulations
but they are soon destroyed or become stellar binaries. It remains a
puzzle how to produce a fraction of very low-mass or brown dwarf
binaries as high as is observed. Certainly, clouds with an initial mass
of ∼0.5 M" and a lower number of Jeans masses than used in the
present models, do produce many of these very low-mass binaries.
However, in real clouds, one would expect very low-mass cores to
interact strongly with others, as in these simulations, and only the
prompt ejection of a brown dwarf binary via an encounter with a
more massive binary could result in the formation of these systems.
However, neither our models nor those of Bate et al. (2002a) seem
to favour this scenario: ejection of low-mass binaries, as opposed to
low-mass singles, are rare. One possibility is that the resolution limit
imposed by our choice of the softening radius of the sink particles
may overestimate the number of disruptions taking place among
low-mass binaries. Binaries with separations smaller than ≈1 au
cannot form, since gravitational accelerations are smoothed within
that radius. Thus, there is a limit to the minimum binding energy that
a bound pair can have. The lower the binding energy of a low-mass
bound pair, the more likely its survival to encounters with higher-
mass stars is. If a brown dwarf binary could become tight enough
(i.e. have a separation < 1 au), it might be able to survive, as a bound
pair, an encounter and be ejected. This possibility will be explored
in future simulations.

C© 2004 RAS, MNRAS 351, 617–629
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Fig. 1. A plot of number of stars, N, versus logarithmic stellar mass, log10[M], comparing the IMF in Taurus (solid-line histogram, adapted
from Luhman et al. 2003a) with that in Orion (shaded histogram, adapted from Muench et al. 2002). The Orion IMF is normalised to have the
same number of stars as the Taurus IMF. The two IMFs are clearly different.

– the Taurus IMF contains very few stars more massive than
1 M! (whereas Orion contains several stars above 10 M!);

– the Taurus IMF contains many fewer brown dwarfs per star
than Orion (less than half as many);

– at the low-mass end the Taurus IMF is approximately flat.

There is further evidence that the pattern of star formation
in Taurus is different from that in regions of clustered star
formation.

– There is a higher binary fraction in Taurus than in Orion,
particularly at large separations;

– the prestellar cores in Taurus (Onishi et al. 2002) have a nar-
rower mass function than those in Orion (Motte et al. 2001)
or Ophiuchus (Motte et al. 1998); most cores in Taurus have
M ∼ 5 ± 3 M!;

– the prestellar cores in Taurus are on average more extended
and less turbulent than those in Orion and Ophiuchus.

3. Modelling the collapse and fragmentation
of pre-stellar cores in Taurus

3.1. Initial conditions and constitutive physics

In view of the strongly peaked core mass function in Taurus,
we consider a single core mass, M = 5 M!. The initial con-
ditions are chosen to mimic the cores observed in Taurus
(Ward-Thompson et al. 1994, 1999, 2002; Jijina et al. 1999;
Kirk et al. 2003). The core density profile is initially

ρ = ρkernel


1 +

(
r

rkernel

)2
−2

, r < rboundary (1)

with ρkernel = 3 × 10−18 g cm−3 (corresponding to nH2 % 7 ×
105 cm−3), rkernel = 5000 AU and rboundary = 50 000 AU.

The isothermal sound speed in a core is initially c0 =
0.19 km s−1 (corresponding to molecular gas at 10 K), and so
the initial Jeans mass in the centre of a core is ∼0.8 M!, and
the initial ratio of thermal to gravitational potential energy is
Uthermal/|Ω| = 0.45. In order to capture the switch from isother-
mality to adiabaticity which is expected to occur as the density
rises above ρcrit ∼ 10−13 g cm−3 (e.g. Tohline 1982; Masunaga
& Inutsuka 2000), we use the equation of state

P = ρ c2
0


1 +

(
ρ

ρcrit

)2/3 · (2)

A divergence-free Gaussian random velocity field is superim-
posed on each core to simulate turbulence. The power spectrum
of the turbulence is P(k) ∝ k−4. Fifty realizations of this repre-
sentative core are treated. The only difference between the dif-
ferent realizations is the random number seed used to generate
the turbulent velocity field, and the initial ratio of turbulent to
gravitational potential energy, Uturbulent/|Ω|. In order to match
the levels of turbulence measured in Taurus, twenty cores have
Uturbulent/|Ω| = 0.05, twenty cores have Uturbulent/|Ω| = 0.10,
and ten cores have Uturbulent/|Ω| = 0.20.

3.2. Numerical method

The simulations are performed with a standard SPH code
(e.g. Lucy 1977; Gingold & Monaghan 1977; Monaghan
1992). For details of the code, see Turner et al. (1995) and
Goodwin et al. (2004a,b). It uses variable smoothing lengths h,
the M 4 smoothing kernel (Monaghan & Lattanzio 1985), and
Nneib = 50 ± 5 neighbours. The artificial viscosity prescription
of Lattanzio et al. (1986) is used with αvisc = 1 and βvisc = 2.
An octal tree (Barnes & Hut 1986) is used to construct neigh-
bour lists and to calculate gravitational accelerations, which are
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Fig. 3. The solid-line histogram shows the observed IMF of Taurus due to Luhman et al. (2003a) (as in Fig. 1). The shaded histogram shows
the model IMF from Fig. 2, normalised and rebinned to match the binning of Luhman et al. (2003a). The model IMF was produced from an
ensemble of simulations which starts with the observed core mass distribution in Taurus and initial conditions for individual cores (density
profile, level of turbulence, etc.) based on the physical conditions observed in pre-stellar cores in Taurus. The two histograms have been
normalised by minimising χ2. Agreement between the model and the observations is good (see text for discussion).

sink model which includes feedback due to bipolar outflows
(Boyd et al., in preparation), in order to test this hypothesis.

Briceño et al. (2002) report that the spatial distributions
of stars and brown dwarfs in Taurus are very similar, and this
would appear to be evidence against the hypothesis that brown
dwarfs are formed by ejection from star forming cores (e.g.
Reipurth & Clarke 2001; see also Kroupa & Bouvier 2003, for
a discussion in the specific context of Taurus). A similar situa-
tion is seen in Chamaeleon I by López Martı́ et al. (2004).

However, in our simulations the ejected objects comprise
both brown dwarfs and low-mass stars, with almost twice as
many low-mass stars (0.08 M! < M < 0.5 M!) as brown
dwarfs (M < 0.08 M!). Moreover, the ejection speed is almost
independent of mass (∼1−2 km s−1), and therefore the distribu-
tions and kinematics of brown dwarfs and low-mass stars are
very similar, as observed.

Moreover, any systematic difference between the velocity
dispersions of objects of different mass is unlikely to produce
significant segregation on timescales less than 10 Myr, for the
following reasons. First, the star-forming cores in Taurus are
widely spaced, and so there is no single centre from which to
measure a putative diaspora of brown dwarfs or low-mass stars.
Second, the individual star-forming cores have different veloci-
ties; from Onishi et al. (2002), the inter-core velocity dispersion
is ∼±1 km s−1. Third, some of the older, smaller star-forming
cores may already have dispersed.

5. Conclusions

Taurus has an unusual stellar initial mass function and an un-
usual core mass function. We have modelled the hydrodynami-
cal evolution of an ensemble of cores with masses based on the

Taurus core mass function and levels of turbulence based on
those observed in Taurus. We find that the unusual stellar IMF
in Taurus can be explained as a direct result of the unusual core
mass function and intrinsic core properties in Taurus.

In each core an initially unstable, multiple system forms,
with between 2 and 9 members. Typically, 2 or 3 objects are
ejected before they can accrete a significant amount of material.
These ejected low-mass stars and brown dwarfs constitute the
flat, low-mass “tail” of the Taurus IMF. There are almost twice
as many low-mass stars (0.08 M! < M < 0.5 M!) as brown
dwarfs (M < 0.08 M!). The ejection velocities (∼1−2 km s−1)
are essentially independent of mass, so the low-mass stars are
as dispersed as the brown dwarfs and there is no significant
mass segregation.

The remaining objects stay near the centre of the core and
continue to accrete until their masses are ∼0.8 M!, by which
stage there is not much mass left to accrete. These more mas-
sive stars constitute the Gaussian peak centred at ∼0.8 M! in
the Taurus IMF. Almost all of them are in binary or triple sys-
tems. Thus the simulated cluster of cores has an IMF very sim-
ilar to that of Taurus, viz. a narrow Gaussian peak at ∼0.8 M!,
and a flat tail at lower masses, extending into the brown dwarf
regime.

Further support for the hypothesis that the form of the
IMF in Taurus is a direct result of the typical masses of the
cores in Taurus comes from Goodwin et al. (in preparation)
who find that a core with low levels of turbulence typically
forms a number of objects approximately equal to the number
of initial Jeans masses in the core (the initial Jeans mass be-
ing roughly 1 M!). Thus lower-mass cores form fewer objects
and are unable to populate the tail of the IMF as they do not
eject significant numbers of brown dwarfs and low-mass stars.
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• Low-mass ratios only with higher-order 
multiples

• Most wide systems are multiples
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Fig. 2. Normalised mass functions for objects spawned by cores with
n = 3 (top), n = 4 (middle) and n = 5 (bottom). The filled portion of
each histogram represents objects in multiple systems, while the open
portion represents single objects.

(Reipurth & Clarke 2001); and the higher-mass objects (∼1 M")
which remain in the centre of the core, and form multiples.

Figure 2 shows the mass functions from the three ensembles
with n = 3 (top), n = 4 (middle) and n = 5 (bottom). In each case
the filled portion of the histogram represents objects in multiple
systems, and the open portion represents single objects.

Fig. 3. Mass ratio, q, against separation, a, for binaries spawned by
cores with n = 3 (crosses), n = 4 (open circles) and n = 5 (solid stars).

The mass functions for n = 4 and n = 5 are very similar.
There is a broad peak around 1 M", consisting mainly of objects
in multiple systems, and a flat tail of lower-mass objects consist-
ing mainly of ejected singles. Because of the large number of
ejected singles, the overall companion probability is low, ∼0.6.

In contrast, when n = 3, the mass function is dominated by
the peak around ∼1 M" and there are very few ejected singles.
This is because, when n = 3, an individual core spawns fewer
objects, and therefore fewer ejections are required to stabilise
the remaining multiple system. The paucity of ejected singles
gives a much higher overall companion probability, ∼0.8.

3.3. Binary separations and mass ratios

In all cases (n = 3, 4 and 5), the distribution of separations is
much narrower than that observed by Duquennoy & Mayor for
local G dwarfs, which is not surprising, since we have consid-
ered only one core mass, and only one level of turbulence1. In
particular there is a total lack of wide binaries (a > 100 AU). For
n = 3, most binaries have separations in the range 10 to 30 AU,
and there is only one hard binary (a < 10 AU). In contrast, when
n = 4, 17 of the 20 binaries formed have a < 10 AU; and when
n = 5, 10 of the 13 binaries formed have a < 10 AU. This dif-
ference arises because a core with larger n tends to spawn more
objects, and so on average more ejections are needed before a
stable multiple is left; specifically, the average number of objects
ejected from a core is only 0.80 for n = 3, but 1.95 for n = 4 and
2.10 for n = 5. Since each ejection hardens the multiple that is
left behind, the greater number of ejections for n = 4 and n = 5
means harder multiples, i.e. smaller separations.

Figure 3 shows the distribution of mass ratio, q ≡ M2/M1 ,
against separation, a (strictly, semi-major axis). In all cases
the mean mass ratio is high, viz. q̄ = 0.74, 0.83 and 0.65 for
n = 3, 4 and 5, respectively. There is a tendency for closer bi-
naries to have higher mass-ratios, i.e. more nearly equal com-
ponents. This tendency arises because the formation of a close
binary often entails hardening by ejection, and the ejections tend
to remove the less massive objects; hence only the more massive
objects are left as potential binary components, and the range

1 Hubber & Whitworth (2005) have shown how the full range of
binary parameters can be reproduced by considering a range of core
parameters.
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constellationEnsembles of fragmenting discs

• Mass distribution of ejected objects

• Mostly brown dwarfs

• Mass distribution of companions

• Tend to have higher-masses

• Brown dwarf desert out to ~100 AU

• Tend to form far out and/or be scattered

• Can produce binary brown dwarfs

424 D. Stamatellos and A. P. Whitworth

Figure 15. The mass distribution of the ejected stars. Most of them are
low-mass BDs.

Figure 16. Top: the velocity distribution of the ejected stars; most stars
are ejected with low velocities (!3 km s−1). Bottom: the ejection veloc-
ities plotted against mass; HBs tend to be ejected with somewhat lower
velocities.

tend to be ejected with somewhat lower velocities, but otherwise
there is no strong dependence of the ejection velocity on the mass of
the star (Fig. 16, bottom). A small percentage of the ejected stars in
our simulations have very high velocities (cf. Umbreit et al. 2005),
and the lack of such high velocities in observational surveys of BD
kinematics, and the apparent absence of a diaspora of brown dwarfs
around young star clusters, has often been used as an argument

against the ejection mechanism. However, in our simulations both
BDs and HBs are ejected, and hence they should be roughly co-
extensive (cf. Luhman 2004; Goodwin et al. 2005; Joergens 2006b).
Moreover, the ejection velocities would be significantly lower if the
ejection were treated fully with hydrodynamics, rather than invoking
sinks and then switching to a N-body code.

7 R A R E S Y S T E M S FO R M E D B Y D I S C
FRAGMENTATION

There are four types of system formed in our simulations that are rare
but nevertheless have similarities with intriguing observed systems.

7.1 Free floating planetary-mass objects

Free floating PMs – i.e. single field stars with masses <13 MJ –
have been observed in Orion (Lucas & Roche 2000), in the σ Orionis
cluster (Zapatero Osorio et al. 2000) and in IC 348 (Najita, Tiede
& Carr 2000). The simulations presented here show that such low-
mass stars can form by disc fragmentation, and this is confirmed
analytically by Whitworth & Stamatellos (2006). It is uncertain
whether they can also form from the collapse of low-mass cores
(e.g. Greaves 2005).

Three PMs form in our simulations, and all three of them are
ejected into the field. Their masses remain below the D-burning limit
because they are ejected from the disc very soon after formation.
According to our simulations BDs should outnumber PMs by a
factor of ∼14. Allowing for the fact that 35 per cent of the BDs
remain bound to the ur-star but all PMs are ejected, BDs should
outnumber PMs in the field by a factor of ∼9. However, we re-
iterate that these numbers are for a very specific ur-system.

7.2 Brown dwarf/planetary-mass binaries

One of the 13 low-mass binaries formed in our simulations has a
53 MJ BD primary and an 11 MJ PM secondary. This system has a
semimajor axis of 110 au and an eccentricity of 0.6. The two com-
ponents of the system formed independently by disc fragmentation,
paired up in the disc and then were ejected as a binary into the
field. This system is qualitatively similar to 2MASS 1207−3932
(Chauvin et al. 2004, 2005), a system with a 25 MJ BD primary or-
bited by a 5 MJ PM secondary, with a projected separation of 55 au.
PMs are unlikely to be able to form by core accretion in BD discs
(Lodato, Delgado-Donate & Clarke 2005; Payne & Lodato 2007).
Lodato et al. (2005) suggest that 2MASS 1207−3932B may have
formed by fragmentation of a disc around 2MASS 1207−3932A.
We suggest that such systems form by pairing up of two components
that form independently in a fragmenting disc, capture one another
and then are ejected into the field as a binary.

7.3 Systems with non-coplanar discs

Four of the 58 circumstellar or circumbinary discs formed in our
simulations are poorly aligned with the ur-disc (Fig. 17). This is
because (a) stars do not form exactly on the mid-plane of the ur-
disc, and (b) subsequently they experience impulsive perturbations
due to passing stars that have formed in the disc. We presume that
poorly aligned discs are even more common in real systems, i.e.
asymmetric ur-discs forming in collapsing, fragmenting cores with
lumpy material continuing to infall on to the ur-disc. The existence
of poorly aligned discs is inferred from polarimetric observations

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 392, 413–427
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Figure 11. Accretion rates on to the stars forming in the simulation pre-
sented in Fig. 1. The first plot shows the accretion rate on to the ur-star
(black line) and the accretion rate on to a star which is ejected (red line).
The second plot shows the accretion rates on to two stars which eventually
become a binary with a circumbinary disc. Stars which form earlier and/or
closer to the ur-star (black lines on the last three plots) tend to accrete more
than stars which form later and/or further away from the ur-star (red lines on
the last three plots). The accretion rates show signs of periodic modulation
(due to passing close to the ur-star and/or accretion from a circumbinary
disc) and non-periodic modulation (when a star passes through a spiral arm
or another star’s disc).

Figure 12. The masses and radii of the remnant ur-discs at the end of the
SPH simulations, i.e. t = 20 kyr. Two cases fall outside this plot; they have
(MDISC, RDISC) ! (0.03 M", 200 au) and (0.19 M", 150 au).

against its radius. By this stage, most of the ur-discs have masses
MDISC ! 0.01 M", although one has MDISC ∼ 0.2 M". The ur-disc
radii are all RDISC ! 200 au. These ur-disc masses and radii are
typical of the discs observed around Sun-like stars (e.g. Mundy,
Looney & Lada 1995; Bally et al. 1998; Eisner et al. 2005, 2008;
Williams, Andrews & Wilner 2005; Eisner & Carpenter 2006).

Figure 13. The mass distribution of stars which remain bound to the ur-star.
There are almost equal numbers of HBs and BDs.

Figure 14. The orbital eccentricities and semimajor axes of stars which
remain bound to the ur-star. The bars indicate the minimum and maximum
extent of the orbit. The orbits are generally highly eccentric, as a result of
dynamical interactions. The circles mark stars with discs, and the triangles
correspond to binary systems.

In our simulations the ur-star ends up with one or two H-burning
companions and one or two brown dwarf companions. The masses
of the companions are almost equally distributed across the low-
mass regime (see Fig. 13). One of the companions is in a relatively
close orbit (R ! 20 au), and this one is almost always an H-burning
star. The other two or three companions orbit much further out
(R " 100 au), and often two of them are in a binary system.

The eccentricities of these wide companions are high, due to dy-
namical interactions with other stars (Fig. 14). Thus, although their
semimajor axes are greater than 1000 au, due to their high eccen-
tricity they pass within ∼100 au of the ur-star with a periodicity
between 104 and 107 yr, disrupting the remaining ur-disc and/or the
orbits of any planets formed from the inner ur-disc (see Section 8).

6.2 The ejected population

More than half (55 per cent) of all the stars are ejected into the field.
Nine (out of 29, i.e. ∼30 per cent) of the HBs are ejected, and 45
(out of 67, i.e. ∼67 per cent) of the BDs. The mass distribution of
the ejected stars is shown in Fig. 15. Most of the objects ejected are
low-mass BDs; there are also some PMs. Four binaries are ejected,
of which one comprises two HBs, one comprises an HB and a BD,
one comprises two BDs and one comprises a BD and a PM.

The velocity distribution of the ejected stars is shown in Fig. 16
(top). Most stars are ejected with low velocities (!3 km s−1). HBs

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 392, 413–427
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• Generally, small-N dynamics naturally produces many observed 
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• However, a major problem is how to convolve the results with 
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• For small-N systems
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• Removes the convolution problem

• Dense cores of all masses form and evolve self-consistently from larger scale flows

• Interactions between cores and protostellar systems naturally included

• Can be divided into two groups

• Those that resolve the opacity limit for fragmentation

• Aim to resolve all stars and brown dwarfs, most binary and multiple systems, discs

• Bate, Bonnell & Bromm (2002a,b, 2003);   Bate & Bonnell (2005);   Bate (2005, 2009, 2011);     
Offner et al. (2008)

• Those that do not

• Can only try to address the origin of the IMF

• Bonnell et al. (1997, 2001);  Klessen, Burkert & Bate (1998);   Klessen & Burkert (2001);   
Bonnell & Bate (2002);   Bonnell et al. (2003);   Offner et al. (2009);   Urban et al. (2010);   
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constellationFragmentation and Initial Conditions

• Strongly centrally-condensed initial conditions are difficult to fragment

• Burket, Bate & Bodenheimer (1997) - individual cores

• Krumholz et al. (2007), Girichidis et al. (2011) - turbulent clouds

• Continuously driven high-amplitude turbulence

• Small-scale driving inhibits cluster-mode fragmentation (Klessen 2001)

• Results from turbulent fragmentation are relatively robust

• As long as the calculation generates lots of substructure which collapses to form 
stellar groups, a competitive accretion environment dominates

• e.g. Klessen, Burkert, Bate (1998); Klessen & Burkert (2001a,b) began with no 
turbulence, just Gaussian density fluctuations
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constellationWhat is the Origin of the IMF?

Ejection
Reipurth & 

Clarke (2001)
Bate et al. (2002) Competitive  Accretion

Bonnell et al. (1997, 2001)

Jeans Mass

Competition between accretion and ejection (Bate & Bonnell 2005)



Bate 2009a:   500 M⨀ cloud with decaying turbulence, 35 million SPH particles
                   Follows binaries to 1 AU, discs to ~10 AU
                   Forms 1253 stars and brown dwarfs - best statistics to date from a single calculation
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constellationMultiplicity 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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constellationStar/VLM Object Separation Distributions 

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

     Median separation: 26 AU                       Median separation: 10 AU
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constellation

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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constellationRelative Orbital Orientations of Triples

• Mean angle between orbital planes: 67 ± 9o (Sterzik & Tokovinin 2002)

• Hydrodynamical simulation (40 systems, including 17 sub-components of quads): 65 ± 6o

• Cumulative distributions match observations (K-S test: 54%)
24 M.R. Bate

Figure 23. The cumulative fraction of triples as a function of their relative
orbital orientation angles for the at the end of the main calculation (top)
and at t = 1.038tff for the main calculation (centre) and the re-run calcu-
lation (bottom). In each case, the solid line gives the observed distribution
of orientation angles including the cos(Ω1 − Ω2) ambiguity (Sterzik &
Tokovinin 2002), the dot-dashed line gives actual the result from the simu-
lation, and the dashed line gives the simulation result including the ambigu-
ity present in the observed values. All simulated distributions are consistent
with the observed distribution. When the simulated distributions include the
angle ambiguity the probabilities that they are drawn from the same popu-
lation as the observed systems are 54%, 72%, and 66%, respectively. Even
when the actual simulated distributions are compared with the observed dis-
tribution the probabilities are 14%, 88% and 3.5%, respectively.

Figure 24. The mean relative orbital orientation angle for triple systems.
The blue filled circles give the results at the end of the main calculation with
their statistical uncertainties. The red open circles give the results from the
re-run calculation. The main calculation has not formed enough triple sys-
tems at t = 1.038tff to enable meaningful data to be plotted at the earlier
time. The black crosses give the observed mean angles from the Mulitple
Star Catalogue as calculated by Sterzik & Tokovinin (2002). The calcula-
tions are consistent with the observations and hint at an increasing mean
orientation angle with increasing period ratio, but they are also consistent
with a mean orientation angle that is independent of the period ratio.

most massive binaries have preferentially aligned spins, but only
for the re-run calculation is the reduction in the mean relative angle
statistically significant. In this case, the mean angle for most mas-
sive quartile of binaries (11 out of 43, having total binary masses
greater than ≈ 0.6 M⊙) is 38◦ ± 12◦ which differs from a random
value of 90◦ by more than 4σ, while the mean angle for the other
three quartiles are each within 0.5σ of 90◦ (see the left panel of
Figure 26). Within the competitive accretion paradigm, the reason
that the most massive binaries tend to have aligned rotation axes is
presumably that they have both accreted a lot of gas from a com-
mon reservoir in order to become massive binaries and that any ini-
tial variation in their rotation axes has been decreased by the long
period of accretion. The components of less massive binaries, on
the other hand, still largely retain their initial (randomly orientated)
rotation axes. Unfortunately, the observational surveys mentioned
above are somewhat ambiguous on whether or not there is a depen-
dence of alignment of the stellar rotation axes on the total binary
mass.

4 CONCLUSIONS

We have presented results from the largest hydrodynamical simula-
tion of star cluster formation to date that resolves the opacity limit
for fragmentation. It also resolves protoplanetary discs (radii � 10
AU) and binaries with separations as small as 1 AU. The calcula-
tion produced 1254 stars and brown dwarfs. This large number of
objects allows detailed comparison of the statistical properties of
the stars, brown dwarfs and multiple systems with the results of
observational surveys. We also re-ran part of the simulation with
smaller sink particles and no gravitational softening between sink
particle allowing discs with radii � 1 AU to be resolved and bina-

c� 0000 RAS, MNRAS 000, 000–000
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most massive binaries have preferentially aligned spins, but only
for the re-run calculation is the reduction in the mean relative angle
statistically significant. In this case, the mean angle for most mas-
sive quartile of binaries (11 out of 43, having total binary masses
greater than ≈ 0.6 M⊙) is 38◦ ± 12◦ which differs from a random
value of 90◦ by more than 4σ, while the mean angle for the other
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mon reservoir in order to become massive binaries and that any ini-
tial variation in their rotation axes has been decreased by the long
period of accretion. The components of less massive binaries, on
the other hand, still largely retain their initial (randomly orientated)
rotation axes. Unfortunately, the observational surveys mentioned
above are somewhat ambiguous on whether or not there is a depen-
dence of alignment of the stellar rotation axes on the total binary
mass.

4 CONCLUSIONS

We have presented results from the largest hydrodynamical simula-
tion of star cluster formation to date that resolves the opacity limit
for fragmentation. It also resolves protoplanetary discs (radii � 10
AU) and binaries with separations as small as 1 AU. The calcula-
tion produced 1254 stars and brown dwarfs. This large number of
objects allows detailed comparison of the statistical properties of
the stars, brown dwarfs and multiple systems with the results of
observational surveys. We also re-ran part of the simulation with
smaller sink particles and no gravitational softening between sink
particle allowing discs with radii � 1 AU to be resolved and bina-
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constellationStellar 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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constellationHydrodynamical Star Formation

• Can perform simulations that form large numbers of objects

• Statistical uncertainties similar to those 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

• One main glaring inconsistency:

• Too many brown dwarfs

• Long-term evolution improves the agreement with field observations

• Very wide binaries can be produced in cluster halo (Moeckel & Bate 2010)

• Fraction of unequal-mass solar-type binaries can be increased with rapid gas dispersal

• Need to move on with additional physics



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

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

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

http://www.astro.ex.ac.uk/mbate
http://www.astro.ex.ac.uk/mbate
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constellationRadiative Feedback and the IMF

• Radiative feedback reduces the number of objects by factors of 3-5

• 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; Thies & Kroupa 2007,2008; Andersen et al. 2008

• Simulations:  25:5 ~ 5

• 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).

c� 0000 RAS, MNRAS 000, 000–000
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constellationThe Apparent Invariance of the IMF
• Bate 2009b
• In the absence of stellar feedback, cloud fragments into objects separated by Jeans length

• Jeans length and Jeans mass smaller for denser clouds

• But, heating of the gas surrounding a newly-formed protostar inhibits nearby fragmentation                                                              

• Effectively increases the effective Jeans length and Jeans mass

• Effective Jeans length and Jeans mass increases by a larger fraction in denser clouds

• This greater fractional increase largely offsets the natural decrease in Jeans mass in denser clouds

• Bate (2009b) show that this effective Jeans mass depends very weakly on cloud density
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• Bate (2012) re-ran Bate (2009a) including radiative feedback and a realistic 
equation of state

• 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

• Not able to follow calculation so far

• Reached 1.2 initial cloud free-fall times (compared to 1.5 for hydrodynamical calculation)

• Formed 183 stars and brown dwarfs

• Including 28 binary systems, 5 triples, 7 quadruples

• Original calculation at the same time:  590 stars and brown dwarfs



Bate 2012:   500 M⨀ cloud with decaying turbulence
 Includes radative feedback and a realistic equation of state

                 Produces 183 stars and brown dwarfs, following all binaries and discs to ~1 AU
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• Comparison of the IMFs obtained without and with radiative feedback

• Many fewer brown dwarfs, confirming Bate (2009b), Offner et al. (2009) but better stats
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constellationLarge-scale Simulations with Radiative Feedback

• Comparison of the IMFs obtained without and with radiative feedback

• Many fewer brown dwarfs, confirming Bate (2009b), Offner et al. (2009) but better stats

• More stars than brown dwarfs:  Ratio:  N(1.0-0.08)/N(0.03-0.08) = 117/31 = 3.8

• Mass function consistent with Chabrier (2005) parameterisation of the Galactic IMF

Without Radiative Feedback With Radiative Feedback
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constellationCumulative Mass Functions

• Comparison of the IMFs

• Left panel:  Without and with radiative feedback

• Mass function consistent with Chabrier (2005) parameterisation of the Galactic IMF

• Right panel:  with radiative feedback at four different times (indistinguishable)

Dependence on Radiative Feedback                       Evolution with time during calculation

Barotropic
Bate (2009a)

Radiative Feedback
Bate (2012)

&
Chabrier (2005)

Statistically
Indistinguishable
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constellationMultiplicity with Radiative Feedback

• Multiplicity as a function of primary mass

• Comparison with Close et al. (2003); Basri & Reiners (2006); Fisher & Marcy (1992); Raghavan 
et al. (2010); Duquennoy & Mayor (1991); Preibisch et al. (1999); Mason et al. (1998)

• Multiplicities similar for low-mass stars, perhaps a little lower for intermediate masses

• Smaller numbers,  but still consistent with observations

Without Radiative Feedback                                   With Radiative Feedback
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constellationMultiple Star Separations with Radiative Feedback

• Separation distributions as a function of primary mass

• Comparison with Raghavan et al. (2010) and vlmbinaries.org

• Stellar binaries have a broad range of separations

• Very-low-mass binaries (binary brown dwarfs) have separations < 20 AU
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constellationBinary Star Mass Ratios with Radiative Feedback

• Binary mass ratios as a function of primary mass

• Comparison with surveys of Raghavan et al. (2010), Fisher & Marcy (1992), vlmbinaries.org

• Very-low-mass objects (brown dwarfs) have near-equal masses

• More massive primaries have consistently flatter distributions

0.5 < M1/M⨀ < 1.2                       0.1< M1/M⨀ < 0.5                             M1/M⨀<0.1
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constellationBrown dwarf formation

• How do brown dwarfs form?

• Bate, Bonnell & Bromm 2002a

• 3/4 in massive circumstellar discs via disc 
fragmentation

• Bonnell 1994; Whitworth et al. 1995; 
Burkert et al. 1997

• 1/4 in dense filaments

• Opacity limit for fragmentation sets initial 
mass

• Must avoid accreting to higher masses

• Ejected from unstable multiple systems 
(c.f. Reipurth & Clarke 2001)

• Stops accretion before they attain stellar 
masses

Figure 1. Top panels: time sequence showing the formation of two brown dwarfs via disc fragmentation. Spiral density waves in a gravitationally unstable

circumbinary disc (panel 1; t ¼ 5160 yrÞ fragment to form a third star (panel 2; t ¼ 5735 yrÞ and two brown dwarfs (panel 3; t ¼ 6020 yrÞ. The resulting

multiple system undergoes chaotic evolution. The first brown dwarf (box; red lines) is eventually ejected from the system, while the second is put into a highly

eccentric orbit (panel 4; t ¼ 10 490 yrÞ. Much later the second brown dwarf (triangle; blue lines) is also ejected (panel 5; t ¼ 17 340 yrÞ leaving a hierarchical
triple system. Each panel is 600 au across. The colour scale shows the logarithm of column density ranging from 3 £ 1021 to 3 £ 103 g cm22. Lower panels: the

trajectories and masses of the five objects during the ejection of the two brown dwarfs. The left panel has the same orientation as the time sequence. The centre

panel shows the third dimension. The right panel shows the evolution of the masses of the objects. When the brown dwarfs are ejected from the dense gas
accretion on to them is halted and they are consequently unable to attain stellar masses. Times are given in years from the beginning of star formation in the

cloud.

Figure 2. Top panels: time sequence showing the formation of two brown dwarfs via the fragmentation of collapsing filaments of molecular gas. Two brown
dwarfs (box, triangle; red and blue lines) fragment out of filaments (panels 1, 2 and 3; t ¼ 14 300, 14 870 and 15 440 yr). Both fall towards an existing multiple

system, one almost radially along its filament (triangle). The first brown dwarf (square; red line) is quickly ejected from the multiple system (panels 3 and 4;

t ¼ 15 440 and 17 150 yr). Much later, after several crossing times of the multiple system, the second brown dwarf (triangle; blue line) is also ejected (panel 5;

t ¼ 23 710 yrÞ. Each panel is 1000 au across. The colour scale shows the logarithm of column density ranging from 3 £ 1021 to 3 £ 103 g cm22. Lower panels:
The trajectories and masses of the objects during the ejection of the two brown dwarfs. The left panel has the same orientation as the time sequence. The centre

panel shows the third dimension. The right panel shows the evolution of the masses of the objects. When the brown dwarfs are ejected from the dense gas,

accretion onto them is halted and they are consequently unable to attain stellar masses. Times are given in years from the beginning of star formation in the

cloud. For clarity, only the trajectories of the two brown dwarfs are coloured.
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q 2002 RAS, MNRAS 332, L65–L68
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constellationBrown dwarf formation

• Radiative feedback strongly inhibits disc fragmentation

• Bate (2012)

• 34  VLM objects that have stopped accreting at the end of the calculation

• No more than 7 (20%) form via disc fragmentation

• 80% of the VLM objects form in filaments created by the turbulence

• However, dynamical interactions with other objects are instrumental in terminating 
their accretion before they attain stellar masses
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constellationBrown dwarf formation

• Radiative feedback strongly inhibits disc fragmentation

• Bate (2012)

• 34  VLM objects that have stopped accreting at the end of the calculation

• No more than 7 (20%) form via disc fragmentation

• 80% of the VLM objects form in filaments created by the turbulence

• However, dynamical interactions with other objects are instrumental in terminating 
their accretion before they attain stellar masses

• Comparison with Bate et al. (2002)

• Formed more brown dwarfs than stars

• Correct very-low-mass end of the IMF is obtained when radiative feedback stops 
(almost all) disc fragmentation, but allows (most) filament fragmentation
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• Can reproduce many of the observed properties or trends for multiple stars
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constellation
Conclusions

• Dynamical interactions between protostars and protostars and clouds

• Are key for the properties of multiple systems

• Can reproduce many of the observed properties or trends for multiple stars

• Radiative feedback and dynamical interactions

• Are necessary to reproduce the IMF

• Together: mass function and multiplicity in good agreement with observations

• Radiative feedback solves the over-production of brown dwarfs

• Help to produce a `universal’ IMF   (severely weakens the dependence on initial Jeans mass)
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