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Abstract It is shown that the winds of very massive and
compact clusters evolve in a special bimodal way, such that
in which the material deposited by stars into the inner clus-
ter region becomes thermally unstable, forms cold dense
clumps, and eventually feeds further episodes of star for-
mation, while the material deposited into the outer region
creates a quasi-stationary wind. We perform 2D numerical
simulations of such winds using the finite difference hy-
drodynamic code ZEUS for which the cooling routine has
been modified to make it suitable for modelling extremely
fast cooling regions. We explore how the fraction of the
deposited mass which is accumulated inside the cluster de-
pends on the cluster parameters.

Keywords Galaxies: star clusters · Stars: winds, outflows ·
ISM: kinematics and dynamics · Methods: numerical

1 Introduction

Super star clusters (hereafter SSCs) are observed in many
starburst and interacting galaxies (Ho 1997; Whitmore
2006; Gilbert and Graham 2007), where they represent the
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dominant mode of star formation. They are young massive
clusters consisting of typically 105–106 stars distributed in
a spherical volume of radius 3–10 pc. The young massive
stars deposit a substantial fraction of their mass (up to 30%)
back into the ISM in the form of stellar winds and super-
nova explosions. Stellar synthesis models (see, for example
Leitherer et al. 1999) predict that the total mechanical lumi-
nosity of such a cluster is LSC ∼ 1040–1041 erg s−1 during
first several tens of Myr, assuming a Salpeter IMF. The stars
are also powerful sources of ionizing radiation providing
an approximately constant output of ∼1053 photons s−1 for
the first 3 Myr, then dropping as ∼t−5 (Tenorio-Tagle et al.
2005).

It has been suggested by Chevalier and Clegg (1985)
that the mechanical energy of the mass deposited by stars
is quickly thermalized in shock–shock collisions. The de-
tails of the thermalization process are unknown, however,
it is assumed that the thermalized energy is partially radi-
ated away immediately, and partially it heats the injected
gas to very high temperatures (∼106–107 K). The later
fraction is called the heating efficiency η and we assume
that a reasonable value for it is between 0.1 and 1 (Wün-
sch et al. 2007). The hot medium is distributed almost ho-
mogeneously throughout the cluster volume, and since its
pressure is much larger than the pressure of the surround-
ing ISM, it drives the star cluster wind. Neglecting radia-
tive cooling, which is not important for smaller clusters,
Chevalier and Clegg (1985) found a semi-analytical station-
ary solution for such a wind. Later, the adiabatic wind has
also been studied numerically (see, e.g., Cantó et al. 2000;
Raga et al. 2001).

However, it has been shown by Silich et al. (2004) that
radiative cooling is important in the case of more massive
and compact clusters. At first, it modifies the wind tempera-
ture outside the cluster—the wind cools down from ∼106 K
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Fig. 1 The stationary solution of the wind can exist only below Lcrit
which is shown here as a function of the cluster radius RSC. The
three Lcrit lines for different values of the adiabatic terminal velocity
VA,∞ ≡ (2LSC/ṀSC)1/2 and heating efficiency η are shown (ṀSC is
the total mass deposition rate). The solid line represents the parameters
VA,∞ = 1000 km s−1, η = 1; the dashed line VA,∞ = 1500 km s−1,
η = 1; and the dotted line VA,∞ = 1000 km s−1, η = 0.1. The shaded
areas denoted as “Radiative” are the regions where the stationary so-
lution exists, but the cooling strongly modifies the wind temperature
profile outside the cluster. Clusters above the threshold line evolve
in the bimodal regime (see description in the text). The location of
several massive SSCs with respect to the threshold lines are indi-
cated by plus symbols (see Turner et al. 2003; Turner and Beck 2004;
Thompson et al. 2006; Smith et al. 2006)

Fig. 2 The radial profiles of the temperature (solid lines), the particle
density (dotted lines; note that units are m−3 to fit into the figure), and
the velocity (dashed lines; belong to the right y-axis) obtained from
the semi-analytical model. The thin lines represent the solution for the
cluster with LSC = 5 × 1040 erg s−1 which behaves almost adiabati-
cally, the thick lines show the solution for LSC = 3 × 1041 erg s−1 for
which the wind cools down between 60 and 80 pc. The other cluster
parameters are RSC = 10 pc and VA,∞ = 1000 km s−1

to ∼104 K at a certain radius (see Fig. 2). Furthermore, it
turns out that the stationary solution cannot exist for even
more massive and compact clusters. Figure 1 shows the crit-
ical luminosity (Lcrit) which separates the parameter space
into two regions: the region below it where the stationary

Fig. 3 The internal structure of the cluster in the bimodal regime.
The cluster of radius RSC is divided into two regions by the stag-
nation radius Rst: the inner thermal instability region and the outer
quasi-stationary wind region. The radial profiles of the wind parti-
cle density, temperature, pressure and radial velocity were obtained
as the axial and time averages of the 2D simulation (the model with
LSC = 1042 erg s−1) between 0.4 and 0.8 Myr. Only the hot gas
(T > 2 × 104) was taken into account. The values of the temperature
and pressure at the stagnation radius obtained from the semi-analytical
model are also shown

solutions exist, and the region above it where they are pro-
hibited.

Based on 1D hydrodynamic simulations, the so called bi-
modal solution has been invented by Tenorio-Tagle et al.
(2007) for the winds of clusters above Lcrit line. The cluster
is divided into two regions by the stagnation radius (Rst) at
which the wind radial velocity is zero. The outer region (be-
tween Rst and the cluster radius RSC) is able to accelerate the
injected matter, while the mass in the central region becomes
thermally unstable which leads to the drop of pressure there.
The outer region can be described by a semi-analytical sta-
tionary solution, but the inner one is highly non-stationary
and it has been suggested that warm clumps (T ∼ 104 K)
surrounded by a hot medium are formed there. Some of
them may feed subsequent star formation, others may pass
to the outer region, perturb the stationary wind there, and be
ejected from the cluster. Therefore, the outer region is re-
ferred to as the quasi-stationary wind region, while the inner
one is called the thermal instability region (see Fig. 3).

In this work we present the first 2D simulations that con-
firm the behavior predicted by the semi-analytical model and
1D simulations in Tenorio-Tagle et al. (2007). We also esti-
mate the ratio of mass that leaves the cluster to the mass that
stays there available for star formation.

2 Numerical code

We use the finite difference Eulerian hydrodynamic code
ZEUS3D version 3.4.2. All calculations are carried out on
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a spherical (r , θ ) grid, symmetric along the φ-coordinate.
We make use of the ability of ZEUS to work with non-
equidistant grids and set the radial size of grid cells dr pro-
portional to the radial coordinate r which ensures that the
all grid cells are roughly regular (dr ∼ rdθ ). Another ad-
vantage of the radially scaled grid is that the resolution is
higher at smaller radii (inside the cluster) where the clumps
are formed.

The cooling routine has been revised to make it suitable
for the modelling of extremely fast cooling regions. In par-
ticular, the energy equation is solved by the Brent (1973)
algorithm which is faster and more stable than the origi-
nal Newton–Raphson method. Furthermore, the cooling rate
has been included into the computation of the time-step.
A common way of doing this is to limit the time-step so
that the fraction of the internal energy that can be radiated
away during one time-step must be smaller than some safety
factor ε < 1 (see, e.g., Suttner et al. 1997; where ε = 0.3
was used). In this work we use ε = 0.25. However, since
this could lead to extremely small time-steps, which would
substantially degrade the overall code performance, we do
not allow the global time-step to decrease below 0.1 times
the “hydrodynamic” time-step determined by the Courant–
Friedrich–Levi criterion. In the case that a certain cell re-
quires an even smaller time-step due to the cooling rate con-
dition, we subdivide the time-step further and integrate the
energy equation with the source terms only in the affected
cell(s). This “time refinement” is applied only locally, so the
CPU time is not wasted in cells where the high time resolu-
tion is not required.

In order to simulate the effect of the stellar radiation we
do not allow the temperature to drop below T lim = 104 K.
This is equivalent to the assumption that there are always
enough UV photons to ionize the dense matter which would
otherwise cool to much lower temperatures.

The wind source is modeled as a sphere into which en-
ergy and mass are continuously replenished at rates LSC and
ṀSC, respectively. Note that in the text below we use the
wind adiabatic terminal velocity VA,∞ ≡ (2LSC/ṀSC)1/2

as a more convenient parameter instead of ṀSC. The mass
and energy deposition is homogeneous throughout the clus-
ter volume with the rate densities qm = (3ṀSC)/(4πR3

SC)

and qe = (3L̇SC)/(4πR3
SC). The following procedure is ap-

plied to each cell within the cluster volume at each time-
step: (1) the density and the total energy in a given cell
are saved to ρold and etot,old; (2) new mass is inserted
ρnew = ρold + Anoiseζqmdt , and the velocity is corrected
so that the momentum is conserved vnew = voldρold/ρnew;
(3) internal energy is corrected to conserve the total energy
ei,mid = etot,old − ρnewvnew/2; (4) the new energy is inserted
in a form of internal energy ei,new = Anoiseζei,mid + qedt .
ζ is a pseudo-random number in range (−1,1) generated
each time it is used and Anoise is the relative amplitude of

the noise. The inclusion of the noise is necessary to break
the artificial spherical symmetry present in the initial condi-
tions (see below). The model is very robust with respect to
Anoise—we have run tests with Anoise = 0.01,0.05,0.1 and
0.5 and the general properties (mass fluxes at boundaries,
number of fragments formed and their approximate sizes) of
all of the models are practically the same, the only change is
in the duration of the initial relaxation period during which
the symmetry is lost. We use Anoise = 0.1 for all the models
described in this work.

The boundary conditions are set open at the both r-
boundaries and periodic at the both θ -boundaries. The open
inner r-boundary plays the role of a very simple star forma-
tion model—clumps which are born with inward velocities
pass the inner boundary and disappear from the simulation.
As the initial condition, the spherically symmetric stationary
semi-analytical solution with LSC = Lcrit is used.

3 Formation of warm dense clumps

Here we describe the typical behavior of the 2D model
above the Lcrit line. The cluster has parameters RSC = 10 pc,
VA,∞ = 1000 km s−1, and LSC = 1043 erg s−1 which places
the cluster by factor of ∼20 above the Lcrit line in the pa-
rameter space. Note that the observed clusters have typi-
cally lower luminosities, however, they may reach the same
LSC/Lcrit ratios having the heating efficiency η < 1. For the
sake of simplicity, we present only models with η = 1 in this
work.

Figures 4, 5, 6, 7 show the state of the simulation at
t = 0.25 Myr when equilibrium between the clump forma-
tion and ejection rate, on the one hand, and their passage
rate through the inner boundary, on the other hand, is well
established.

Fig. 4 The distribution of the density (in g cm−3, logarithmic
scale) across the computational domain at the time t = 0.25 Myr.
The model parameters are LSC = 1043 erg s−1, RSC = 10 pc and
vA,∞ = 1000 km s−1
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Fig. 5 The logarithm of the gas temperature (in K) at the same time
and for the same model as in Fig. 4

Fig. 6 The logarithm of the gas pressure in the star cluster at the same
time and for the same model as in Fig. 4. The pressure is practically
constant in the hot medium below Rst, it has a lower value at the places
which have just cooled down and at the clump boundaries where the
material cools and flows to the clump surfaces. The pressure inside the
well formed clumps is in equilibrium with its value in the hot medium
(see, e.g., structures at (−1,3.5) pc and (1,4.5) pc)

The separation of the cluster into two regions can be seen
in Fig. 7 which shows the wind velocity. The zero radial ve-
locity surface which separates the outer region where the ra-
dial velocity is positive everywhere has a more complicated,
non-spherical shape. Nevertheless, its average position stays
close to the stagnation radius given in the semi-analytical
approach by the formula semi-analytical approach (Wünsch
et al. 2007) and denoted by the red arc in Fig. 7:

R3
st

R3
SC

= 1 −
(

Lcrit

LSC

)1/2

. (1)

In the inner region, thermal instability occurs. The re-
gion which cools down is quickly compressed into a dense
clump, by shocks propagating from its ambient hot high
pressure medium. At the same time, the density in the ambi-
ent medium slightly decreases, because it expands into the

Fig. 7 The gas velocity represented by arrows and the color (mag-
nitude in km s−1) in the star cluster. The red arc shows the position
of the stagnation radius Rst given by the semi-analytical solution. The
time and the cluster parameters are the same as in Fig. 4

volume occupied previously by the cooled down matter. An-
other thermal instability may occur only after a while dur-
ing which enough mass is accumulated there due to its con-
tinuous replenishment. By this mechanism, the hot medium
inside the cluster is maintained in an equilibrium with the
pressure almost constant everywhere below Rst (see Fig. 6)
and close to the value given by the semi-analytical model
(see Fig. 3)

Pst = kBTst
μion

μ

[
qe − qma2

st/(γ − 1)


(Tst,Z)

]1/2

, (2)

where Tst is the temperature at the stagnation radius which
has to be determined numerically (see Tenorio-Tagle et al.
2007), cst and 
st are the corresponding sound speed and
cooling function, respectively, μ and μion are the average
particle and ion masses, respectively.

Figures 4 and 5 show the distribution of the density and
temperature across the whole computational domain. We
can see the clumps, some of them being ejected from the
cluster and partially ablated by the surrounding wind.

4 Mass outflow from the cluster

In order to determine the fraction of the deposited mass that
leaves the cluster and the fraction that stays inside it, we run
several simulations with different cluster luminosities and
measure the mass flux at the outer boundary of the com-
putational domain during the period 0.4–0.8 Myr (chosen to
omit the initial relaxation of the model). The results are sum-
marized in Fig. 8 in which the fraction of outflowing mass
is plotted as a function of LSC/Lcrit.

The outflow consists of two components: (1) the wind
which is formed hot in the outer region of the cluster and
cools down at some radius (in the presented simulation this
occurs at ∼15 pc, see Fig. 5) and (2) the warm dense clumps
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Fig. 8 The average mass flux measured at the outer boundary for sev-
eral 1D and 2D simulations with different LSC/Lcrit ratios. The ×
symbols denote the 1D simulations by Tenorio-Tagle et al. (2007).
The 2D simulations are denoted by the other symbols depending on
the resolution with which they were computed: 150 × 56 (triangle),
300×112 (plus), and 600×224 (circle). The 1D simulations follow the
semi-analytical value for the fraction of mass which goes into the wind
formed in the quasi-stationary wind region (denoted by solid line), be-
cause no clumps can be ejected if the artificial spherical symmetry is
imposed. The dashed line is the fit to the mass fluxes of the 2D simula-
tions. The difference between the two lines is mainly due to the ejected
clumps which are present only in 2D simulations. The area above the
dashed line represents the mass which stays inside the cluster

formed inside Rst that are able to leave the cluster. The simu-
lations suggest that only a small fraction (up to 20%ṀSC) of
clumps is able to escape from the cluster—only the clumps
which are born close to Rst are able to get above it and be
ejected.

However, more simulations are required to check the de-
pendence of this result on other parameters (e.g., the heating
efficiency η). A more sophisticated model which includes a
better model of star formation, the cluster gravity, the time
evolution of the energy and mass deposition rates, etc., is
also required.
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