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ABSTRACT

We discuss recent advances in hydrodynamical computations of the circumstellar medium, which
are useful to understand some features observed in long gamma ray bursts
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I. INTRODUCTION

The evolution of a star, imprinted in its location on
the Hertzpung-Rusell diagram (HRD) is a basic key
to understand the formation and evolution of struc-
tures in the circumstellar medium (CSM), such as bub-
bles and swept-up shells. When stars have high tem-
peratures they are relatively compact (small radius
~ Rg), and their wind velocities (ox escape veloci-
ties) are of the order of ~ 10° km s~ . On the other
hand, when stars have low temperatures, their radii
are large (~ 10?7 — —10°Rg), and their wind veloci-
ties (escape velocities) are relatively small, of the order
of ~ 10! — =102 km s=! . Then, every time that a
slow wind evolves into a fast wind, a swept-up shell is
formed.

The theory of wind blown bubbles is well represented
by the Weaver’s et al. (1977) paper (30 years of suc-
cess), and it was thought for main sequence (MS) stars
with fast winds sweeping up the ISM. Their analyti-
cal solutions gives a good insight for the dynamics of
the interaction MS — ISM, assuming that the MS se-
quence wind is constant (which is a good approxima-
tion) . However, most nebulae surrounding stars do
not belong to this scenario (only a few of them, such
as the case of the bubble nebula NGC 7635), and post-
MS evolution has to be taken into account, with time
dependent winds.

An effort to couple stellar evolution calculations with
the CSM evolution by using hydrodynamical simula-
tions have been made for several stellar models: 12
Mg (Chita et al. 2007), 20 Mg, (van Marle et al. 2008),
23, 28, 29, 30 and 33 My (Pérez-Rendén et al. 2008),
35 and 60 Mg (Garcia-Segura et al. 1996ab), and for
low and intermediate stellar masses, 1, 1.5, 2, 2.5, 3.5 a
5 Mg (Villaver et al. 2002ab). All these studies follow
the same scheme which is shown in Figure 1. Although
this is still premature, the goal of this scheme is to pro-
vide a feedback for the stellar evolution calculations,
denoted by the question mark in Figure 1.
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In the rest of this article, we will discuss only specific
points that are of interest. The reader is encouraged
to read above references for further insight into this
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Fig. 1.— Logical scheme in CSM computations
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II. RED SUPER GIANT SHELLS

Although red super giant (RSG) shells, formed by
the collision between RSG winds and MS pressurized
bubbles, have been predicted by hydrodynamical simu-
lations, there is not yet any observational confirmation
of their existence. There is only one controversial case,
HD 179821 (Jura & Werner 1999), but other authors
believe that this is an AGB at 1 kpc, instead of a RSG
a 3 kpc. The predicted shells should have sizes between
3 and 10 pc in radius, with low temperatures, probably
emitting only in infrared. Their sizes on the sky would
be of the order of several arcmin, so the confusion with
the background is a problem to consider. Since these
shells are dust rich, observations based on extinction
methods are also something to study.
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Fig. 2.— An example of a 3-D MHD simulation compared with the HST and Chandra images of NGC 6543

III. WOLF-RAYET BUBBLES

The bubbles surrounding Wolf-Rayet (WR) stars are
the best laboratories to study the predictions made by
the wind blown bubble theory. The analytical solutions
by Garcfa-Segura & Mac Low (1995), which are an ex-
tension of Weaver’s et al. (1977) solutions for power
laws, give a good insight for the dynamics of the in-
teraction WR — RSG. X-ray observations proved the
existence of 10° K plasma inside the bubbles (NGC
6888 Bochkarev 1988; S308 Chu et al. 2003), as well as
UV observations confirmed the existence of conduction
fronts (Boroson et al. 1997).

Recently, new discoveries in long gamma, ray bursts,
in particular, the detection of interstellar absorption
lines on top of the emission from the afterglow, have
turn the attention again into these WR bubbles. The
observed groups of lines, with blue shifted velocities
up to ~ 3000 km s™! respect to the afterglow, are
thought to originate in the WR wind progenitor and in
previous interactions of the CSM (see van Marle et al.

2005 for further details and references therein). Thus,
these observations show, in detail, the whole previous
evolution of the CSM around long gamma ray burst
progenitors.

There is still a dynamical problem with wind blown
bubbles, in particular with WR bubbles. If we use the
mechanical luminosity (either theoretical or from obser-
vations) as input to explain the dynamics, the swept-up
shells would expand faster by a factor of 2, the ex-
pected x-ray luminosities and the O VI column densi-
ties would be larger by a factor of 10. However, if we
consider as inputs the expansion velocity of the swept-
up shell and the swept-up mass, the expected x-rays
and OIV column densities are well predicted, but the
needed mechanical luminosity is a factor of 10 smaller.
Thus, there is still a controversy about the measure-
ments of the mass loss rates for WR stars (see for ex-
ample Garcia-Segura & Mac Low 1995 for the case of
the WR bubble NGC 6888).
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IV. THE Q LIMIT

If bipolarity comes from the stellar rotation and the
loss of angular momentum, one can learn from the case
of the most massive stars and their associated nebu-
lae. In the Hertzsprung-Russell diagram, luminous blue
variables (LBVs) stars like 7 Car lie close to the upper
limit in temperature and luminosity beyond which no
normal stars are observed (the Humphreys-Davidson
Limit), near the location of the Eddington limit.

A massive star expanding at a constant luminosity
L would —in the non-rotating case — reach the Ed-
dington limit due to an opacity increase in the sur-
face layers. The Eddington limit is reached when
I' = L/Lggqa = 1, where the Eddington luminosity
is Lgaa = 4ncGM/xk, with c the speed of light, M
and L the mass and luminosity of the star, and & the
opacity at the stellar surface. Note that when I' — 1,
the escape velocity vese = [(1 — T)2GM/R]Y/? — 0.
This implies a very slow wind velocity (~ 0) at the
Eddington limit. Thus, when a star passes through a
close approach to the Eddington limit, its stellar wind
will follow a fast—slow—fast sequence. If we now in-
clude rotation, the critical rotational velocity also fol-
lows the same behavior. The combination of radiation
pressure and centrifugal force exceeds surface gravity
at the equator when v, = [(1 — T)GM/R]Y/?, and
Uerit — 0 when I' = 1. However, given that the rota-
tional velocity vroy can be small but is always different
from zero, critical rotation occurs before the Eddington
limit is reached. This is the so called Q limit (Langer
1997). Winds with mass loss rates large enough to halt
and reverse the stellar expansion are thought to occur
when €} = vyt /Veriy approaches unity (Friend & Abbott
1986). Thus, rotationally driven outflows will always
occur before the star reaches its Eddington limit.

The Q limit, which is actually the Eddington limit
including the stellar rotation, has been successful in ex-
plaining bipolar nebula around post-MS objects, such
as 7 Carina and other LBVs (Langer et al.1999). Re-
cently, new studies of stars at blue loops, such as the
12 M model discussed in Chita et al.(2007) reveals
that stars at this stage can achieve critical rotation, ex-
plaining bipolar nebulae around blue super giants such
as Sher 25. But this is not the only place where stars
can achieve critical rotation, actually stars at the end
of MS (H-core burning) and at the end of He MS phase
(He-core burning) (van Marle et al. 2008) can achieve
critical conditions when stars undergo core collapses.

V. MAGNETIC FIELDS

The inclusion of a weak magnetic field in a line-
drive wind results in a very powerful tool to understand
many of the dynamical processes involved in WR bub-
bles and planetary nebulae (PNs). Chevalier & Luo
(1994) made thin-shell, semi analytical solutions to ex-
plore the effects of a rotating star with a magnetized
wind on the formation of aspherical bubbles. Follow-
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Fig. 3.— Magnetized WR bubble with o = 0.00035

ing this scheme, Rézyczka & Franco (1996) and Garcia-
Segura et al. (1999a), performed 2-D MHD simulations
of magnetized winds in cylindrical and spherical cal-
culations, respectively, showing that magnetic tension
may indeed be responsible for the generation of jets in
PNs. Garcia-Segura (1997) presented full 3-D MHD
models of PNs where jets and ansae are convincingly
reproduced as the result of magnetic collimation of the
post-AGB wind. An example is shown in Figure 2,
which shows that MHD simulations can be extremely
successful in reproducing all kind of complicated fea-
tures in PNs, such as the case of NGC 6543, a bipolar
nebula, with an internal elliptical bubble, with precess-
ing jets and ansae.

Since MHD computations are successful, for exam-
ple in PNs, we can make predictions for other kind of
objects, such as WR bubbles and long gamma ray burst
(LGRBs) progenitors. The key parameter is o, which is
the ratio of the magnetic energy over the kinetic energy
in the wind, defined as:
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Note that o is very sensitive with the rotation ve-
locity, and this is the point in the present discussion.
Tt is easy to produce models that fit with galactic WR
bubbles like NGC 6888, with very small values for o,
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Fig. 4.— Magnetized WR bubble with o = 0.01

as it is shown in Figure 3 (Garcfa-Segura et al. 1999b).
However, just increasing slightly the value of the rota-
tional velocity, o can be incremented to values of 0.01,
like the model shown in Figure 4. By doing this, we
obtained an elongated bubble, that probably does not
match with galactic observations, but it has an impor-
tant feature in the context of LGRBs. This is the po-
sition of the reverse shock at the polar regions, which
is the region that is going to decelerate the relativis-
tic jet coming from the LGRB. Note that the reverse
shock in the magnetized model is much closer to the
star (compare Figure 4 with 3), almost a factor of 10.
Figure 4 does not have labels, but the spatial dimen-
sion is similar to Figure 3. Note that after crossing
the reverse shock in the polar direction, the density
is rather constant, with larger values than the rest of
the bubble due to the hoop stress pilling up. There is
a controversy about why some LGRB jets appears to
slow down in a constant medium (van Marle et al.2006
and references there in), and others in a free expand-
ing wind like r~2. This is illustrated in Figure 5. The
LGRBs that show a constant medium around, appears
to be at higher redshift, while the one that decelerate
in a free wind appears to be closer to us. Since there
is a correlation between redshift and metallicity, stars
at higher redshift would have lower metallicities. But
this also means that, the mass-loss rate from these stars
would be smaller, and so the angular momentum lost
in the winds. Thus, this scenario favors the idea that
these stars do not slow down their rotational veloci-
ties during the evolution so effective as the stars with
higher metallicities. From here, it is expected that, at
lower metallicities (higher redshift), the MHD effects,
and the importance of ¢ could be notorious, giving a
natural explanation for Figure 5. The larger luminosity
is also correlated with the larger densities closer to the
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Fig. 5.— Type of CSM reveled by afterglows from LGRBs
over the redshift-isotropic energy space (van Marle et al.
2006)

central stars.
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