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Abstract. Young, massive stars influence their ambient medium through winds and radiation.
The outcome of this feedback depends on the number of massive stars in a star cluster and on
the density of the ambient medium. This contribution is based on a comparison of observations
to the results of numerical simulations. We discuss the gravitational fragmentation of feedback-
driven shells expanding from young stellar clusters. The thin-shell approximation is compared
to 3D hydrodynamical simulations with smoothed-particle hydrodynamics and adaptive-mesh
refinement codes. We explore the influence of external pressure and propose a thick-shell dis-
persion relation, where the pressure of the external medium is included. The mass spectrum of
the shell fragments is constructed and we speculate about the origin of the deficit of low-mass
objects.
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1. Introduction

In the Milky Way (McClure-Griffiths et al. 2002; Ehlerova & Palous 2005) and in
nearby galaxies within 15 Mpc (Walter et al. 2008), HI observations reveal a plethora
of structures, some of which are shells with sizes of 10-1000 pc and expansion velocities
of 5-40 km s~!. Using the Spitzer GLIMPSE survey, Churchwell et al. (2006, 2007) found
many smaller (0.1-10 pc) and younger structures (< 1 Myr), frequently surrounding
young stellar clusters. In some cases (e.g., RCW 79 Deharveng et al. 2007), the shells
are fragmented and some of the fragments harbor young stellar clusters visible in the
near-infrared (near-IR).

In a search for HI counterparts of the IR structures revealed by the GLIMPSE sur-
vey, Sidorin (2008) identified several regions with shapes showing striking similarities.
The high-angular-resolution HI data collected with the Arecibo telescope as part of the
I-GALFA project have shown an even better correspondence (see Figure 1). The identifi-
cation of IR structures in Hi observations provides radial velocities, which may be used
to estimate distances, sizes and also thicknesses of the shell-like structures. For N107, we
derive a distance of 4.7 kpc, a size of 15.5 pc and a thickness of 3.1 pc. Several young
stellar objects are connected to this bubble.

We conclude that there is a growing collection of expanding shells seen in Hi, and at
optical and IR wavelengths, with evidence of fragmentation and triggered formation of
new stellar clusters along their edges.
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Figure 1. Bubble N107 (green circle) of Churchwell et al. (2006) as seen in HI. (a) Spitzer/IRAC,
8um. (b) Spitzer/MIPS, 24um. (c) Arecibo, I-GALFA, Hi line (21 cm), radial velocity 42 km s~
similar to the radial velocities of the HII regions associated with the bubble. (d) Background:
Spitzer/IRAC, 8 um; contours: Arecibo, I-GALFA, HI.

2. SPH and AMR simulations: pressure confinement

The investigation of gravitational fragmentation of expanding shells using analytical
and numerical analysis by Dale et al. (2009a) reveals the constraints of the thin-shell
approximation as developed by Vishniac (1983), Elmegreen (1994), Whitworth et al.
(1994) and Wiinsch & Palous (2001). With two different numerical approaches, Eulerian
stationary adaptive-mesh refinement (AMR) and Lagrangian smoothed particle hydro-
dynamics (SPH), several 3D numerical experiments have been performed. The setup of
these experiments assumes momentum-driven shells expanding into a very-low-density
environment with low or high thermal pressure. We do not study the influence of ram
pressure. Its effect can differ from that of thermal pressure and it will introduce other
instabilities, which we try to avoid here.

The results of the AMR and SPH codes and the analytical prediction of the linear
thin-shell analysis are compared. We observe the expanding-shell fragmentation process
and arrive at the following conclusions (Dale et al. 2009a):

e the AMR and SPH results agree extremely well;

e the thermal pressure of the external environment strongly affects the fragmentation
process;

e expansion into a low-pressure environment forms high-mass fragments only;

e confinement of the shell with high external pressure leads to the formation of frag-
ments with a mass spectrum predicted by the thin-shell analysis.

3. Thick-shell dispersion relation

In an attempt to disentangle the role of external pressure, we introduce a shell in
hydrostatic equilibrium between internal pressure and its own gravity, surrounded by an
environment imparting external pressure. Such a thick shell, with a given surface density,
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Figure 2. Dispersion relation of a shell expanding into a low-pressure environment. The thick-
and thin-shell dispersion relations are compared to dispersion relations derived from AMR and
SPH numerical experiments.

thickness and internal sound speed is subjected to perturbations and we derive the thick-
shell dispersion relation. The growth rate of the fragments is not only a function of the
shell’s expansion velocity, its radius, surface density and internal sound speed, like in
the thin-shell case. In the thick-shell dispersion relation, the external pressure is also
included. The detailed derivation of this relation is given in Wiinsch et al. (in prep.).

In Figure 2 we show a comparison of the numerical results from our AMR and SPH
codes for thin-shell and thick-shell dispersion relations for a shell expanding into a low-
pressure environment. The thick-shell dispersion relation shows much better agreement
with the results of the numerical simulations. It also predicts a deficit of low-mass frag-
ments.

The thick-shell dispersion relation leads to the following conclusions:

e for low external pressure, low-mass fragments are underabundant;

e there is a critical value of external pressure, which is a function of the shell’s sur-
face density, when the shell-fragmentation process is in agreement with the thin-shell
prediction;

e for a given shell surface density, at the critical value of the external pressure, the
thickness of the shell is greatest, compared to other values of the external pressure;

e for high external pressure, low-mass fragments are overabundant.

4. Mass spectrum of fragments

Palous (2007) used linear thin-shell analysis to derive a mass spectrum following a
Salpeter-like power law at the high-mass end and a turnover at low masses. In our
numerical experiments with the AMR and SPH codes, we also analyze the mass spectrum
of the fragments. We follow the fragmentation process using the potential-based clump-
finding algorithm of Smith et al. (2008).

The different stages of shell evolution are represented in Figure 3. In the early stages,
the mass spectrum shows a high-mass end decline similar to the Salpeter slope. However,
later on the mass spectrum is top heavy, with a strong deficit of low-mass fragments.
The mass evolution of individual fragments in the numerical simulations shows how the
early fragments accrete mass, leaving increasingly lower-density environments for those
fragments that form later. A more detailed analysis of the mass-accretion process onto
the fragments forming from an expanding shell is the subject of a forthcoming article
(Dale et al., in prep.).
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Figure 3. Time evolution of the fragment mass spectrum. (left) Early stage. The dashed line
represents the Salpeter-like slope with a spectral index of —2.35. (right) Late stage.

The preliminary results of our clump-evolution analysis show that:

e the main fraction of the shell mass is accreted by the first objects, while the late-
comers are starved since not much gas is left by the objects that formed earlier;

e shells expanding into a low-density, high-pressure environment develop top-heavy
fragment mass functions;

e for mass replenishment from a dense shell environment (e.g., if the shell expands
into a dense molecular cloud), more low-mass objects may be formed.

5. Conclusions

We conclude from our analysis of the fragmentation of expanding shells that:

(a) the pressure in the shell environment plays an important role and the thin-shell
analysis is applicable only when the external pressure has a certain predicted value;

(b) linear analysis on the basis of the dispersion relations for thin or thick shells de-
scribes the early stages of the fragmentation process only. Subsequently, nonlinear pro-
cesses dominate mass accretion;

(¢) the accretion process makes the fragment mass spectrum top heavy. Low-mass
objects may form through accumulation of new mass by the shell from its environment.
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