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Context

Main difficulties in star formation simulations

• Large range of temporal and spatial scales
• Strong coupling between several physical processes
• Difficult to simplify and isolate the problems
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Outline
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Star formation simulations

RAMSES MHD simulations (Teyssier 2002, Fromang+2006)

Physics
• 104 M§

• fl = fl
0

/[1 + (r/r
0

)2],
fl0 = 800 cc≠1

• cooling function
• turbulent Mach number

2.7-10

Numerics
• 30 pc computational box
• 1283 base grid (0.23 pc)
• 7 AMR levels (0.002 pc ≥ 400 AU)
• sink particles
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Star formation simulations

Star formation simulations often are initialized with a molecular cloud,
or a piece of cloud

• cluster formation
• origin of the IMF
• star formation rate (SFR)
• star formation efficiency (SFE)
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The gaseous protocluster

Star forming clumps from molecular and continuum observations

• R Ã M 0.38

No. 2, 2010 STELLAR FEEDBACK IN MOLECULAR CLOUDS L143

Figure 1. Surface density Σ and radius R plotted against mass M for star-
forming molecular clumps from measurements by Shirley et al. (2003; circles,
CS emission), Faúndez et al. (2004; triangles, dust emission), and Fontani et al.
(2005; squares, C17O and dust emission). We exclude clouds with M < 100 M⊙,
since they cannot form clusters. The lines are least-squares regressions (log R
against log M) with α = 0.5 fixed (solid lines) and α = 0.38 ± 0.023 (dashed
lines). The true uncertainty on α is undoubtedly larger than the quoted 1σ error.

to remove the ISM from protoclusters in these regimes as
follows. We characterize a protocluster by its mass M, half-
mass radius Rh, mean surface density Σ, velocity dispersion
Vm (including the orbital motions of the stars and the turbulent
and thermal motions of the interstellar particles), RMS escape
velocity Ve, and crossing time τc. For simplicity, we neglect
rotation, magnetic support, and external pressure (but see
Section 3). Then the properties of a protocluster are related by
V 2

m = 0.4GM/Rh, Ve = 2Vm, τc = Rh/Vm (Spitzer 1987), and
Σ ≈ (M/2)/(πR2

h). We also assume that the sizes and masses of
protoclusters are correlated, with a power-law trend, Rh ∝ Mα .

In Figure 1, we plot Σ and Rh against M for star-forming
molecular clumps in the Milky Way, based on measurements
of CS, C17O, and 1.2 mm dust emission in three independent
surveys (Shirley et al. 2003; Faúndez et al. 2004; Fontani et al.
2005). These clumps were selected for their star formation
activity (water masers, IRAS colors), not their surface density.
Evidently, there is a strong correlation between Rh and M,
and almost none between Σ and M, corresponding to α ≈
1/2. The typical surface density is close to the value Σ ∼
1 g cm−2 expected from theory (McKee & Tan 2003; Krumholz
et al. 2007; Krumholz & McKee 2008).4 We assume that the
Milky Way relations also hold in other galaxies and extend up to
∼106 M⊙, although it is conceivable that they break down above
∼105 M⊙. Indeed, Baumgardt et al. (2008) and Parmentier et al.
(2008) assume that Rh is not correlated with M (corresponding
to α = 0), based on observations of gas-free clusters (e.g.,
Murray 2009). However, since ISM removal necessarily occurs
during the earlier, gas-dominated phase, α ≈ 1/2 seems more
appropriate in the present context. As we show here, α ≈ 1/2
is also needed to reconcile the observed mass functions of
molecular clouds and star clusters.

4 For reference, the Larson (1981) relation for CO-selected clouds
corresponds to a much lower surface density, Σ ∼ 0.02 g cm−2.

The rates of energy and momentum input are proportional
to the stellar mass5: Ė ∝ EM and Ṗ ∝ EM . We assume
that the timescale for ISM removal is a few crossing times:
∆t ∼ (1–10) × τc (Elmegreen 2000, 2007; Hartmann et al.
2001; Tan et al. 2006; Krumholz & Tan 2007). Thus, the total
energy and momentum input are E ≈ Ė∆t ∝ EMRh/Vm and
P ≈ Ṗ ∆t ∝ EMRh/Vm. These reach the critical values needed
to remove the ISM, Ecrit = 1

2MV 2
e and Pcrit = MVe, for

E ∝ V 3
e

!
Rh ∝ M (3−5α)/2 (energy driven), (1a)

E ∝ V 2
e

!
Rh ∝ M1−2α (momentum driven). (1b)

For α = 1/2, the efficiency has little or no dependence on mass:
E ∝ M1/4 in the energy-driven regime, E = constant in the
momentum-driven regime. For α = 0, the variation is much
stronger: E ∝ M3/2 and E ∝ M , respectively. These relations
are valid for E � 0.5.

Any dependence of E on M will cause the mass functions
of star clusters ψ∗(M∗) and molecular clouds ψ(M) to have
different shapes. For the moment, we confine our attention to
clusters young enough to be easily recognizable even if they are
unbound and dispersing. This limit is ∼107 yr for extragalactic
clusters such as those in the Antennae (Fall et al. 2005). In this
case, the mass functions of the clusters and clouds are related by
ψ∗(M∗)dM∗ ∝ ψ(M)dM (with a coefficient greater than unity
if several clusters form within each cloud). For ψ(M) ∝ Mβ and
E ∝ Mγ , we have ψ∗(M∗) ∝ M

β∗
∗ with β∗ = (β − γ )/(1 + γ ).

Equations (1a) and (1b) then imply

β∗ = 2β + 5α − 3
5(1 − α)

(energy driven), (2a)

β∗ = β + 2α − 1
2(1 − α)

(momentum driven). (2b)

These expressions give β∗ = β for α = 3/5 and 1/2,
respectively. Thus, the similarity of the mass functions of
clusters and clouds (β∗ ≈ β) requires that the latter have
approximately constant mean surface density (0.5 � α � 0.6),
no matter what type of feedback is involved.

Before proceeding, we make a small correction. For clouds,
the observed mass function ψo(M) represents the true mass
function at formation ψ(M) (i.e., the birthrate) weighted by
the lifetime: ψo(M) ∝ ψ(M)τl(M). We assume, as before, that
lifetime is proportional to crossing time: τl ∝ τc ∝ M (3α−1)/2.
Then the exponents of the true and observed mass functions are
related by β = βo−(3α−1)/2. Inserting this into Equations (2a)
and (2b), we obtain

β∗ = 2(βo + α − 1)
5(1 − α)

(energy driven), (3a)

β∗ = 2βo + α − 1
4(1 − α)

(momentum driven). (3b)

We now evaluate Equations (3a) and (3b) with βo = −1.7,
the observed exponent of the mass function of molecular clouds

5 This is a good approximation for all feedback mechanisms except
protostellar outflows, which inject energy and momentum in proportion to the
star formation rate. Outflows, however, are non-dominant in massive
protoclusters; see Table 1.

Fall+ (2010)

Larson’s relation Hennebelle & Falgarone (2012)
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expected luminosities of the most massive stars in a given cluster
and the measured bolometric luminosity. Furthermore, in Paper II
we found that there is a good correlation between the bolometric
luminosities and the luminosities derived independently from the
measured radio-continuum emission from the compact H II regions.
Since the ionizing flux traced by the radio emission in a cluster is
totally dominated by the most massive star, it would strongly sug-
gest that the bolometric luminosity measured for the most massive
clumps is also dominated by the most massive stars and that the
clusters are less evolved and the rest of the lower mass members of
the cluster are yet to make a significant contribution. Conversely, the
lower mass clumps have the highest SFE and are much less strongly
bound, which may indicate that these are much more evolved.

These results therefore suggest a scenario where the most mas-
sive stars form towards the centre of very massive gravitation-
ally unstable clumps with the lower mass stars forming either co-
evally or at later times as the protocluster is fed from the massive
globally collapsing clump. However, more detailed modelling of
the early stages of cluster evolution are needed to investigate this
further; this work is ongoing and will be reported in a subsequent
publication.

5.2 Mass–radius relation

In Fig. 24, we present a mass–radius (Mclump–Reff) diagram of the
whole sample of ATLASGAL sources for which a distance has
been determined. We presented similar diagrams in Papers I and
II and found that the methanol-maser and H II-region associated
samples were strongly correlated with each other. Here, we build
on that work with increased sample sizes for the latter and inclu-
sion of the MYSO-associated clumps (the combined sample con-
sists of ∼1000 massive star-forming clumps). As seen in the two
previous papers, there is a strong correlation between these param-
eters. Again using a partial Spearman correlation test to remove
any dependence of the correlation on distance yields a coefficient
value of 0.85 with a t-value ≪0.001. We fit these parameters us-
ing a power law which yields log(Mclump) = 3.42 ± 0.01 + (1.67 ±
0.025) × log(Reff ); the long-dashed red line shows the fit to these
data. The fit agrees within the uncertainty with those determined
in Papers I and II, and we find no significant differences between
the different subsamples, which all combine to form a continu-
ous distribution over two orders of magnitude in radius and almost
four orders of magnitude in clump mass. Interestingly, the slope
is similar to that found for cluster mass as a function of radius as

Figure 24. The mass–size relationship of ATLASGAL clumps associated with methanol masers, MYSOs and H II regions. The colours and symbols are
explained in the legend, with the exception of the cyan stars which indicate the distribution of the MPC candidates found towards the Galactic Centre (Immer
et al. 2012; Longmore et al. 2012). The beige shaded region shows the part of the parameter space found to be devoid of massive star formation that satisfies
the relationship m(r) ≤ 580 M⊙ (Reff/pc)1.33 (cf. Kauffmann & Pillai 2010). The orange shaded area towards the top of the diagram indicates the region of
parameter space where young massive cluster progenitors are expected to be found (i.e. Bressert et al. 2012). The long-dashed red line shows the result of
a linear power-law fit to the whole sample of associated clumps. The dashed cyan line shows the sensitivity of the ATLASGAL survey (NH2 ∼ 1022 cm−2)
and the upper and lower dot–dashed lines mark surface densities of 1 g cm−2 and 0.05 g cm−2, respectively. The diagonal light blue band fills the gas surface
density (!(gas)) parameter space between 116 and 129 M⊙ pc−2 suggested by Lada, Lombardi & Alves (2010) and Heiderman et al. (2010), respectively, to
be the threshold for ‘efficient’ star formation.
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Figure 1. Surface density Σ and radius R plotted against mass M for star-
forming molecular clumps from measurements by Shirley et al. (2003; circles,
CS emission), Faúndez et al. (2004; triangles, dust emission), and Fontani et al.
(2005; squares, C17O and dust emission). We exclude clouds with M < 100 M⊙,
since they cannot form clusters. The lines are least-squares regressions (log R
against log M) with α = 0.5 fixed (solid lines) and α = 0.38 ± 0.023 (dashed
lines). The true uncertainty on α is undoubtedly larger than the quoted 1σ error.
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lower mass clumps have the highest SFE and are much less strongly
bound, which may indicate that these are much more evolved.
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ally unstable clumps with the lower mass stars forming either co-
evally or at later times as the protocluster is fed from the massive
globally collapsing clump. However, more detailed modelling of
the early stages of cluster evolution are needed to investigate this
further; this work is ongoing and will be reported in a subsequent
publication.
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In Fig. 24, we present a mass–radius (Mclump–Reff) diagram of the
whole sample of ATLASGAL sources for which a distance has
been determined. We presented similar diagrams in Papers I and
II and found that the methanol-maser and H II-region associated
samples were strongly correlated with each other. Here, we build
on that work with increased sample sizes for the latter and inclu-
sion of the MYSO-associated clumps (the combined sample con-
sists of ∼1000 massive star-forming clumps). As seen in the two
previous papers, there is a strong correlation between these param-
eters. Again using a partial Spearman correlation test to remove
any dependence of the correlation on distance yields a coefficient
value of 0.85 with a t-value ≪0.001. We fit these parameters us-
ing a power law which yields log(Mclump) = 3.42 ± 0.01 + (1.67 ±
0.025) × log(Reff ); the long-dashed red line shows the fit to these
data. The fit agrees within the uncertainty with those determined
in Papers I and II, and we find no significant differences between
the different subsamples, which all combine to form a continu-
ous distribution over two orders of magnitude in radius and almost
four orders of magnitude in clump mass. Interestingly, the slope
is similar to that found for cluster mass as a function of radius as

Figure 24. The mass–size relationship of ATLASGAL clumps associated with methanol masers, MYSOs and H II regions. The colours and symbols are
explained in the legend, with the exception of the cyan stars which indicate the distribution of the MPC candidates found towards the Galactic Centre (Immer
et al. 2012; Longmore et al. 2012). The beige shaded region shows the part of the parameter space found to be devoid of massive star formation that satisfies
the relationship m(r) ≤ 580 M⊙ (Reff/pc)1.33 (cf. Kauffmann & Pillai 2010). The orange shaded area towards the top of the diagram indicates the region of
parameter space where young massive cluster progenitors are expected to be found (i.e. Bressert et al. 2012). The long-dashed red line shows the result of
a linear power-law fit to the whole sample of associated clumps. The dashed cyan line shows the sensitivity of the ATLASGAL survey (NH2 ∼ 1022 cm−2)
and the upper and lower dot–dashed lines mark surface densities of 1 g cm−2 and 0.05 g cm−2, respectively. The diagonal light blue band fills the gas surface
density (!(gas)) parameter space between 116 and 129 M⊙ pc−2 suggested by Lada, Lombardi & Alves (2010) and Heiderman et al. (2010), respectively, to
be the threshold for ‘efficient’ star formation.
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The gaseous protocluster

The gaseous protocluster!

• The formation of dense structures inside molecular clouds
• The transition of flow properties
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The gaseous protocluster

Infalling motion dominates in the envelope, while rotation dominates inside
the proto-cluster.

F(R) =

s
V(R)

≠v · rfldV

in the collapsing cloud

flvinf 4fir2 Ã r0

⁄
flvinf rdV Ã R2

in the cluster

dr(flvinf 4fir2) = fl̇4fir2 Ã r2

⁄
flvinf rdV Ã R5
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Energy properties

• The gaseous protocluster is in virial equilibrium
• So is the sink particle cluster

gas sink kinetic gravitational
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Energy properties

The density PDF inside the gaseous protocluster
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Conclusions and outlook

• Stars do not form uniformly in molecular
clouds

• Porotcluster conditions different from
molecular clouds

• Observed protocluster mass-size relation
reproduced by simulation and a viral model

• Starting with a more realistic and economic
initial condition to study cluster formation

• Towards a more realistic cluster with stellar
feedback: jet, ionizing radiation, supernovae

L & H 2016, A&A, 591, A30
L & H 2016, A&A, 591, A31
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