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§ To understand the mass-loss return from low and intermediate 
mass stars we need to evolve the star. 

§ AGB PN (single) stars progenitors range from 1 up to 8 M¤ 

§ Stellar dynamics, where to find the mass-loss? Systemic velocities 
in the Galaxy: 0- 150 km/s 

§ Collimation mechanisms 

The Ingredients:



    
    Mass-loss is the signature of the TP-AGB evolution. At uncertain rates it 

removes up to 7 Msun of material on timescales of 105-106 yr  

(Vassiliadis & Wood 1993, Blocker 1995, Herwig 2005, Schroder et al. 1999). 

                                                                                    Maximum 10-3 to 3x10-5  Msun/yr  

    shock waves+winds 

    radiation transfer 

    dust+molecules formation 

      Initial-to final mass fixed, then higher mass-loss rates imply shorter evolutionary 
timescales.

THE STAR



AGB Wind 



velocity for the times shown in the figures. The formation
process of the shell and its lifetime are also given, where the
infinity sign means that the shell remains until the end of the
TP-AGB evolution. The largest radius corresponds to the
shells with the longest lifetime. It should be noted that
although shells ab for both the 1 and 1.5 M! models have
the largest radii, they are not the main observable feature.
Shell x is the main observable feature because of its highest
density. The radii show a range between "0.07 pc for shells
that have just been formed up to "1.8 pc for evolved shells
at the end of the AGB phase. The shells velocities range
between 2 and 19 km s#1. Although the maximum wind
velocity was 15 km s#1, we can see how many of these shells
have been accelerated by thermal pressure.

In Figure 10 we show the circumstellar gas density and
velocity structure at the end of the AGB phase for all the ini-
tial masses considered. For the 1 M! model, the bottom
panel of Figure 2 was selected very close to the end of the
AGB phase, and therefore the gas radial profiles are very
similar to the ones shown in Figure 10. In the case of the 1.5
M! model only one external thick shell remains visible,
which is formed when shell x merges with shell ab. A dou-
ble-peaked structure can be seen in the outermost shell of
the 2 M! model where the outermost peak corresponds to
shell x (see Fig. 6) and the innermost peak is produced by a
shock region that develops when the matter ejected later on
from the star reaches shell x. Therefore, this double-peaked
structure is not caused by an expansion due to a pressure

Fig. 6.—Same as Fig. 2, but for the 2M! stellar model for the second part of the evolution
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Villaver et al. (2002a)

Gas Kinematics



AGB+PN

Villaver et al. (2002)



ENVIRONMENT
Disk 
Circular orbits 
v~10-40 kms-1 

Halo 
*Random orbits in 3D
*v~85-100 km s-1

Bulge 
*v > 100 km s-1
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Daigle, Joncas & Parizeau (2007) used neuronal networks to search for dynamical signatures of
expanding bubbles in the CGPS. They got 7100 detections with a radial distribution as expected
for an exponential disk but concluded that at most 23% of these objects could be associated with
stellar progenitors. It is obvious that the detection rate is greatly enhanced if high-resolution
surveys can be used but turbulence in the ISM is strong enough to cause serious confusion.

4.2. Dynamical Equilibrium
Supernovae trigger violent interactions that locally throw the ISM out of balance. However,
observations suggest that supernova events happen frequently enough to support, on scales of
several kiloparsecs, a dynamical equilibrium. The question arises whether the Galactic ecosystem
itself, considering all phases and the stellar component in interaction and in feedback, may be
responsible for this kind of equilibrium.

High-resolution 3D hydrodynamical simulations of the gas in the Milky Way, accounting for
the collective effects of supernovae on the structure of the ISM, have been performed for the
first time by de Avillez (2000) and de Avillez & Berry (2001). The model considers explicitly the
input of energy and mass by isolated and correlated supernovae in the disk. Once disrupted by
the explosions, the disk never returns to its initial state. A dynamical equilibrium in the gas in
close agreement with the observations is reached after 80 Myear. The stability of the disk and the
disk-halo interface are directly related to the supernova rate. The model results in scale heights
and volume filling factors for the individual phases of the ISM that are in good agreement with
the observations. Filaments and spurs reaching z distances of several kiloparsecs do not contradict
an equilibrium situation but are part of the ecosystem.

We plot in Figure 11 the local volume filling factors from a fit of the interstellar medium
by Kalberla & Dedes (2008), taking the average emission at both polar caps into account. The
filling factors are derived for a medium that is assumed to be, on average, in turbulent pressure
equilibrium. The distribution contains CNM and WNM, supplemented by a neutral halo medium
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Figure 11
Volume filling factors for the local interstellar medium as a function of z distance derived from a hydrostatic
model fit (Kalberla & Dedes 2008).
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342 COX

I have changed the scale height of the diffuse HII from 900 to 1000 pc, Ron
Reynolds’s currently preferred number. I have also been somewhat cavalier about
separating the cold and warm HI using the scale height component fit. One could
do better using estimates of their individual scale heights to partition the HI more
carefully. The mass density, including helium, is 1.4 hydrogen masses per hydrogen
nucleus.

Figure 1 shows the total density distribution from the above components, and
that excluding the molecular and cold HI. The latter is a first attempt to categorize
the diffuse interstellar density, separating off material in dense regions occupying
little of the volume.

2.2. Vertical Gravity

The vertical gravity at the Solar circle of Dehnen & Binney (1998) Galactic Model 2
(DB2) was decomposed into its components, and the interstellar component, which
in their model had a scale height of only 40 pc, was replaced by the integrated effect
of the ISM distribution adopted above. The result was not strikingly dissimilar

Figure 1 The distribution of interstellar hydrogen density above the Galactic Plane. The
total is shown in blue, the warm diffuse component in red.

Cox (2005)
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Section 11 discusses several faces of the all-important question of why the
interstellar medium has the pressure that it does. The question is talked around,
but left unanswered.

I would like to have closed with a concise summary, with definite conclusions
about the way things are, but cannot. I have given you reasons to abandon archaic
ideas that hinder progress in this business. I have sketched a global view of how
things are arranged, and the nature of the influence of the magnetic field. I have pro-
vided some ideas about problems, and some thoughts on their possible solutions.
That is all. The understanding of the field is incomplete and evolving, somewhat
in need of clever ideas of what to look for to test various possibilities, and waiting
for a grand synthesizer who can weave the whole melange into a comprehensive
picture of what is going on. The way things are looking, the grand synthesizer may
someday be a machine, guided by someone with a profound ability to approximate
subgrid behaviors.

2. SCHEMATIC DISTRIBUTION OF INTERSTELLAR
COMPONENTS PERPENDICULAR TO THE
GALACTIC PLANE

This section presents estimates of the vertical distributions of the various interstel-
lar components (exclusive of the hot gas), specifically in the Solar Neighborhood,
the gravity they experience, the pressure required to support their weight, the
thermal pressure due to those components, and the residual nonthermal pressure
required.

Except as noted, all estimates in this article of the distributions of interstellar
densities, supernova rates, etc., with distance from the midplane, z, are those
adopted in the excellent review by Ferrière (2001); no further reference is made
here to the invaluable original sources of this information. The true distributions
are uncertain but these are a good fiducial set on which to center our discussion.

2.1. Gaseous Components

I will refer to the six highest density components as molecular, cold HI, warm HIa,
warm HIb, HII regions, and diffuse HII. The adopted distributions of the mean
densities (H nuclei per cm−3) in the Solar Neighborhood are:

molecular: 0.58 exp[−(z/81 pc)2]

cold HI: 0.57 ∗ 0.7 exp[−(z/127 pc)2]

warm HIa: 0.57 ∗ 0.18 exp[−(z/318 pc)2]

warm HIb: 0.57 ∗ 0.11 exp(−|z|/403 pc)

HII Regions: 0.015 exp(−|z|/70 pc)

diffuse HII: 0.025 exp(−|z|/1000 pc).

THE ISM CONDITIONS

HI all-sky survey, 21cm

Credits:  J. Dickey (UMn), F. Lockman (NRAO), SkyView



Low Velocity Interaction:    V = 10 km/s 

Villaver et al. (2012) 

n = 1 cm-3n = 0.1 cm-3



High Velocity Interaction    V = 100 km s-1         

n = 0.1 cm-3 n = 0.01 cm-3 

Villaver et al. (2012) 
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The star: collimation mechanism



STellar Rotation

García-Segura, Villaver et al. (2014, 2016)

Need a companion!



Mustill & Villaver (2012; Villaver et al. (2014)

AGB evolution



Summary
• Shells up to 2.5 pc around AGB stars 

• Most observations can only recover 
the brightest last episode of mass-loss  

• ISM interaction + cometary tails result 
of the interaction with the ISM at 
small velocities 

• Ram pressure striping reduces the 
mass of the envelopes. We cannot see 
the contribution of AGB stars to the 
ISM

• Single stars cannot make highly 
collimated PNe objets


