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AGB-stars
- The Asymptotic Giant Branch is the final stellar
  evolutionary stage of all stars in the mass range
  about 0.8-8 Msun

- The majority of all stars that have died in our
  universe have done this as AGB-stars
- The evolution is dominated by a strong,
  chemically-enriched stellar wind, that produces 
  a circumstellar gas/dust envelope (CSE)
- The mass loss characteristics cannot, as yet, be
  calculated from first principles
- The CSE emission carries information on the
  stellar evolution, the mass return and its
  chemical composition, and astro-physical/chemical
  processes in the CSE
- Only about 1% of all red giants are AGB-stars



An AGB star in Mr- and r-scale

Mr r

ρe ≈ 10-7 g/cm3

ρc ≈ 106 g/cm3

(ρ⊕atm ≈ 10-3 g/cm3)

1 Msun AGB star



An AGB star: a complex phenomenon

1011 in size
107 in temperature
1029 in density

C/O



A study of highly episodic mass loss

IRC+10216
CO(J=3-2)

SEST

“in the case of S Sct the emission from 
the circumstellar envelope is polluted by 
narrow lines from interstellar clouds” 

“the detection of CO emission from S Sct 
is extremely tentative”

S Sct
CO(J=1-0)

SEST
Oct. 1987
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Circumstellar CO radio line emission



A SEST CO(J=1-0) map of the C-star S Scuti

beam
red

blue

green

selected velocity ranges

✷

Olofsson et al. A&A 311, 587, 1996



Imaging of a detached CO shell
TT Cyg, a C-star
 
CO(1-0) with the 
IRAM PdB interf., 
1 km/s intervals

Olofsson et al. 
A&A 353, 583, 2000

shell diameter ≈ 68”
shell age ≈ 8000 yr
shell width < 2”
corr. to ≈ 500 yr



TT Cyg
 CO(J=1-0) PdB map

S Sct
 CO(J=1-0) PdB map

a spherical shell, 
expanding at constant 

velocity results in

Two carbon stars with highly episodic mass loss

shell diameter = 68”
shell age ≈ 8000 yr

shell diameter = 140”
shell age ≈ 8000 yr



The 3D view, CO(1-0) towards TT Cyg
H. Olofsson et al.: Episodic mass loss of TT Cyg 589

Fig. 6. Top: The distance of the shell

to its centre, in units of the aver-

age distance, as estimated from the

CO(J=1!0) data (upper). Middle:
The width of the shell, in arc seconds,

as estimated from the CO(J=1!0)
data (middle). No correction for

the beam smearing has been done.

Bottom: The observed CO(J=1!0)
brightness, in Jy beam!1, of the shell

(lower). The results of the deprojec-

tion are smoothed to a resolution of

10" on the sphere (see text for more

details). The results in cones of open-

ing angle 60" directed towards and

away from us have been blanked

sity distributions (in the !27.5±2 km s!1 interval) presented

below in Fig. 9, to show that the product of the intensity and

width varies considerably less with position angle than the de-

convolved width and somewhat less than the intensity, Fig. 7.

Even though the width of the shell varies by about a factor of

three and the brightness by about a factor of two, the variation

in the total intensity is rather moderate (the standard deviation

is 0.15 for the normalized product). This may suggest that the

amount of material in the shell is rather evenly distributed on the

larger scale (i.e., at least when averaged over solid angle inter-

vals of about 0.2 steradians). Of course, one should caution here

that there is not necessarily a one-to-one relationship between

brightness and density distribution, e.g., due to saturation. On

the other hand, there are several processes that tend to make

the brightness distribution have more contrast than the density

distribution, e.g., photodissociation and excitation.

We will finally analyze in yet another way the global distri-

bution of the CO line-emitting material in the shell. Each map

in Fig. 1, which covers emission from a 1 km s!1 interval, con-

tains emission from 1/2ve"4% of the volume of the shell (for

a spherical shell of radius R and width !R that expands with

the velocity ve the volume emitting radiation in the narrow ve-

locity range!v around the line-of-sight velocity vz is given by

2!!RR2!v/ve, i.e., independent of vz, and the full velocity

width of the emission is 2ve). Thus, we expect each map to

contain the same amount of emission if the emitting material

is uniformly distributed on the large scale and the emission is

optically thin. Similarly, if the emission is optically thick but the

Olofsson et al. 
A&A 353, 583, 
2000



Circumstellar CO radio lines towards 
the C-star U Ant

CO(J=1-0) CO(J=2-1)



The C-star U Ant imaged in two narrow (5 nm) filters
ESO 3.6m EFOSC (scattered/stellar flux ratio ≈10-3)

template star subtracted

590 nm770 nm

Imaging of a CSE in scattered stellar light

Delgado et al. A&A 372, 885, 2001

shell diameter ≈ 82”, shell age ≈ 2800 yr



U Ant circumstellar K and Na
NTT EMMI echelle spectra, R≈60000

v

slit

Na D KI

✸

slit, 15” offset

shell

Imaging of a CSE in line-scattered stellar light

74”

spherical shell
=>

ellipse



Comparison of data for U Ant
KI:     Rs = 40.1” and ve = 20.3 km/s
Na D:  Rs = 40.2” and ve = 18.3 km/s
CO:    Rs ≈ 43”  and  ve ≈ 19.0 km/s

KI:     Fpeak = 2.2x10-15 erg/s cm2 arcsec2

Na D:  Fpeak = 2.8x10-15 erg/s cm2 arcsec2

770nm, 50Å:  Fpeak = 2.9x10-16 erg/s cm2 arcsec2

590nm, 50Å:  Fpeak = 1.2x10-16 erg/s cm2 arcsec2

In the case of U Ant, the narrow filter images 
are (probably) dominated by line-scattered light



Shell width

shell width < 2.6” (width/radius < 5%)
intensity profile broadened by seeing (≈1”), 
column-density variations, oblique cut, ...

KI
✷

intensity profile along slit
at systemic velocity



Multiple shells?
intensity along slit
at systemic velocity

shells at 42”, probably 36”, and possibly 25” radius



Separation of gas and dust shells?

p I

polarimetric imaging of U Ant

Q

I

U



Imaging of a CSE in scattered stellar light

Q U

p I

The C-star R Scl
imaged in polarimetric 

mode,
narrow filter at 770 nm

ESO 3.6m EFOSC

Delgado et al. A&A 399, 1021, 2003

The geometry is 
clearly seen in the 

polarised light
pmax ≈ 40%



R Scl, C-star
HST/ACS image

broad filter, 3.0” cor.gr.
template star subtracted

f606w

Imaging of a CSE in dust-scattered stellar light

shell diameter ≈ 37”
shell age ≈ 1800 yr

SMA
CO(2-1)

CO shell
diam.
≈33”



Imaging of a CSE in dust-scattered stellar light

f475w f606w f814w

HST/ACS images, broad filter, 3.0” coronograph

R Scl,  C-star



Comparison of data for R Scl

f475w:  Ipeak = 1.2x10-17 erg/s Å cm2 arcsec2

f606w:  Ipeak = 5.6x10-17 erg/s Å cm2 arcsec2

f814w:  Ipeak = 5.1x10-17 erg/s Å cm2 arcsec2

590nm:  Ipeak = 2.0x10-17 erg/s Å cm2 arcsec2

770nm:  Ipeak = 4.0x10-17 erg/s Å cm2 arcsec2

In the case of R Scl, the narrow filter images 
are (probably) dominated by dust-scattered light



Wavelength dependence of 
scattered light, R Scl

f475w:  CS/S flux ratio ≈ 1.8x10-3

f606w:  CS/S flux ratio ≈ 0.6x10-3 *
f814w:  CS/S flux ratio ≈ 0.4x10-3 *

* The star saturates the ACS in < 0.1s and the stellar 
fluxes are estimated through psf fitting 



HST/ACS images, broad filters, 1.8” coronogr.

f606w f814w

Imaging of a CSE in dust-scattered stellar light

shell diameter ≈ 15”, shell age ≈ 700 yr

U Cam,  C-star



Chemistry of detached shells

U Cam f814w
HCN(1-0)

C/O>1 or C/O<1?

CO(2-1)

The only object where another 
species is detected in the shell



Detached shells: statistics

Consistent with a He-shell-flash-driven ejection 
(Olofsson et al. A&A 230, L13). The He-shell flash is 
the process that dredges up heavy-element-enriched 
matter, and eventually creates carbon stars.

- A CO survey of a complete sample of C-stars
  within 500 pc revealed 5 sources with
  detached shells (Olofsson et al. ApJS 87, 267):
  R Scl, U Cam, U Ant, S Sct, TT Cyg

- The estimated CO emission lifetime is ≈ 104 yr:
  => the shell formation time scale ≈ 105 yr



He-shell-flash-induced mass loss

K.-P. Schröder et al.: Tip-AGB evolution 901

Fig. 2. The final, tip-AGB evolution of a

star with an initial mass of 1.10 M! and

about solar composition. Except for the one

shown (the final one on the AGB), thermal

pulses are suppressed. Circles mark time-

steps of 5000 yr, arrows indicate direction of

fast evolution and numbers mark the actual

mass.

large RGB (red giant branch) mass-losses for our models with

initial masses aroundMi ! 1M!. Hence, we used those mod-
els as a sensitive constraint to our choice of !RML – i.e., a RGB

mass-loss >" 0.4M! would hinder a star of Mi = 0.95M! to

reach He-burning and the horizontal branch. However, the more

massive stars studied here for their tip-AGB mass-losses spend

much less time on the RGB and their total RGB mass-loss is

much less significant (see Table 2). – Our pre-tip-AGB mass-

loss prescription is now also well in line with the more recent

mass-loss rates derived from " Aur systems (Baade, 1998), from
which !RML ! o(10"13) would be derived.

(3) A quick but gradual transition of the mass-loss rate at

the onset of the “superwind”: Below Lc, our models show a

reduction of the mass-loss in a very small luminosity range

(see Fig. 1). We therefore implemented a mass-loss ramp for

L# < Lc with an appropriate width of 0.04 in log L#.
(4) Consistently reduced time-steps, when larger mass-loss

rates occur, to keep the mass lost in each time-step well be-

low 10"3M!, and to avoid any artificial reaction of the stellar
model, even under extreme conditions – i.e., as during a brief

“superwind” burst.

(5) We found and removed an inconsistency between the

prescribed mass-loss rate and the actual wind-models, which

is of some significance to the superwind peaks and bursts: the

respective mass-loss rates obtained from earlier computations

(Schröder et al. 1998) were a bit too large.

(6) In order to resolve the rôle of stellar mass properly, we

have extended the computations to form a consistent set of evo-

lutionary models, in the mass range of Mi = 1.0 to 2.5 M!,
with a spacing of Mi as fine as (partly) 0.05M!. All models
start from the zero agemain sequence (ZAMS)with the same set

of parameters as described above. We here present and discuss

a representative selection of models from that set.

Fig. 3. Tip-AGB mass-loss history for the evolution model (Mi =
1.10M!) shown in Fig. 2. Actual masses are marked by numbers.

When such a star briefly reaches the critical luminosity on the tip-

AGB with its last thermal pulse on the AGB, a short (about 800 yr)

burst of superwind occurs.

4. Mi = 1.1 to! 1.3M!:
the formation of episodic “superwind” bursts

In this range of initial stellar mass, the tip-AGB luminosity

LtAGB reaches Lc, but only just and only briefly. The stellar

model is driven into and out of the “superwind” mass-loss by

its last one or two thermal pulses on the AGB. The response of

the then very thin (<" 0.2M!) stellar shell to thermal pulses,
especially in luminosity, is very pronounced, and both gravity

and Te! are very low. This results in short bursts and episodes

of superwind (see Figs. 3 and 4), as already reported in a recent

Wachter et al. A&A 384, 452, (2002)

      Lsurf

----  LH

.........  LHe

L>Lc

105 yr 2x103 yr



Other examples of time-variable mass loss 
(not related to He-shell flashes)

8 N. Mauron and P. J. Huggins: The circumstellar envelopes of AGB stars

Fig. 7. AFGL 3068. Left : OHP 1.20 m image in the V-band. Field size: 117!!
! 117!!. Right : HST-ACS image in the F606W

filter. Field size: 51.!!2 ! 51.!!2 .

Fig. 8. AFGL 3068. Left : Close-up of HST-ACS image in the F606W filter. Field size: 25.!!6 ! 25.!!6. Right : Same image, with
Archimedes spiral fit. See text for details. This Fig. is available in color in the on-line version of the paper

central star. The generation of the spiral is discussed in
§5.3.

4.3.5. AFGL 2155, AFGL 3099, and AFGL 3116

AFGL 2155, AFGL 3099, and AFGL 3116 are three
carbon-rich AGB stars which were observed only with the
OHP 1.20 m telescope. They were first observed in the I-

band which showed bright point-like cores allowing iden-
tification by comparison with digitized red POSS images.
Exposures in B and/or V were then made in order to im-
age the envelope.

AFGL 2155 (Fig. 10) shows a bright envelope which is
well detected in the V band image. It shows no stellar core,
and the envelope can be traced out to a radial distance
of ! 18!! from the center. However, on account of its low
galactic latitude, it lies in a relatively crowded star field

Mauron & Huggins 1999, 2006

IRC+10216 AFGL3068



Effects of interacting winds?
642 F. L. Schöier et al.: Properties of detached shells around carbon stars

Fig. 6. Best fit models (solid line) including both the present-day wind and detached shell emission overlayed on observed spectra (histograms)
for U Ant and U Cam. The uncertainty in the intensity scale is ±20%. The narrow spikes found near the blue wing in the spectra of U Cam are
of interstellar origin.

we conclude that there is a trend of decreasing present-day
mass-loss rate with increasing size of the shell. This is further
corroborated by the similar decrease in the gas expansion ve-
locity with increasing size of the shell. The velocity is an ob-
servational property that can be determined with high accuracy,
and it is known to correlate reasonably well with the mass-loss
rate for “normal” CSEs (e.g., Olofsson 2003). The implications
of this result is further discussed in Sect. 6.

5.4. The detached shell around R Scl

R Scl deserves a separate discussion. From the dust modelling
it appears to be a normal detached shell source (see Table 4).
However, the CO line modelling of the main isotope places
the shell at about half the distance of what is actually de-
termined from scattered-light observations (González Delgado
et al. 2001). The mass of the shell is also unusually high
!1.0 " 10#2 M$ for such a young shell. Modelling of the
rarer 13CO isotopomer, however, gives results consistent with
the larger radial position of the shell, and a much lower shell
mass of approximately 2.5 " 10#3 M$ is obtained (adopting
the photospheric 12C/13C ratio of 19 determined by Lambert
et al. 1986). The properties of the detached shell around R Scl
reported in Table 5 are based on the 13CO modelling.

The reason for the discrepancy obtained from the
12CO modelling is not known. Possibly, the mass-loss-rate his-
tory of this object is more complicated. Therefore, detailed
interferometric CO observations are important for resolving
this issue.

6. Discussion
6.1. Evidence for interacting winds

As shown in Fig. 4 there is compelling evidence from both the
dust and gas modelling that a detached shell gains mass as it
expands away from the central star. This would indicate that

material is being swept up in the process. Further support for
such a scenario comes from the observed width of the CO line
emission emanating from the shell. Figure 8 shows a correla-
tion (r = #0.64) between the expansion velocity of the shell,
Vs, and its location, Rs in that the farther away the shell is lo-
cated the lower its velocity. This could be naturally explained
if the shell is indeed interacting with some other medium. In
addition, the high inferred kinetic temperatures (actually lower
limits) are also a signpost of interaction.

The strongest argument for the Ms–Rs relation is that it is
obtained in two completely independent ways. Nevertheless,
the possibilities of systematic errors in the analysis and ob-
servational biases should be investigated. One way of looking
for possible systematic errors in the analysis, which also in-
cludes both the dust and the gas estimates, is to calculate the
dust-to-gas mass-loss-rate ratio (!) in the shells. To do this we
have placed the gas and dust shells at the same radial distance.
The resulting values for ! as a function of the radial distance
of the shell are shown in Fig. 9. There is no apparent correla-
tion (r = 0.49) between the two quantities, and the results are
consistent with the same value of ! in all the shells, !0.012.
This result provides no indication of a systematic error. On the
other hand, the dust-to-gas mass-loss-rate ratios derived for the
present day winds (Table 4) are much lower (by a factor 3–10)
than those found for the shells, but fully consistent with those
normally quoted for low to intermediate mass-loss-rate carbon
stars (Groenewegen et al. 1998). As shown by Groenewegen
et al. (1998) there is a trend that the dust-to-gas ratio increases
with mass-loss rate and that for Ṁ >% 5 " 10#6 M$ yr#1 (rep-
resentative of the high-mass-loss-rate epoch producing the de-
tached shell) ! % 0.01.

The fact that the locations of the dCSEs as determined
from the dust modelling correlate very well with those esti-
mated from CO observations, as shown in Fig. 10, suggests

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20042510
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Table 5. Results from molecular line modelling (with 1! errors).

dCSE aCSE

Source Mgas Tkin Rs Vs age Ṁgas vp Molecule1

[M!] [K] [cm] [km s"1] [yr] [M! yr"1] [km s"1]

R Scl (2.5 ± 0.5) # 10"3 >20 8.7 # 1016 15.5 1800 3.0 # 10"7 10.5 HCN
U Cam (9.5 ± 1.0) # 10"4 >130 4.7 # 1016 23.0 650 2.0 # 10"7 12.0 CO
U Ant (1.9 ± 0.2) # 10"3 >200 1.7 # 1017 19.0 2800 2.0 # 10"8 4.0 CO
V644 Sco (2.5 ± 0.3) # 10"3 170 ± 100 (1.1 ± 0.2) # 1017 23.0 1500 5.0 # 10"8 5.0 HCN
DR Ser (1.0 ± 0.2) # 10"3 >100 (8.0 ± 1.5) # 1016 20.0 1300 3.0 # 10"8 5.0 HCN
S Sct (7.5 ± 1.0) # 10"3 >60 4.2 # 1017 16.5 8100 2.0 # 10"8 4.0 CO
TT Cyg (4.0 ± 1.0) # 10"3 >200 3.2 # 1017 12.5 8100 3.2 # 10"8 4.0 CO

1 The molecular line emission used for estimating the properties of the aCSEs. Note that in the analysis of the dCSEs CO line emission was
used in all cases.

The properties of all dCSEs determined from the CO line
modelling are summarized in Table 5. Figure 4 illustrates that,
as in the case of the dust emission, there is a clear trend
that the gas mass of the shell increases with its radial dis-
tance from the central star. Again a strong correlation is found
Mgas $ R0.85±0.18

s (r = 0.93) further supporting a scenario where
matter is being swept up as discussed in Sect. 6.1. Also indi-
cated in Table 5 is the age of the dCSEs estimated from Rs/Vs.
Since there is a clear trend that Vs decreases with Rs (Sect. 6.1)
these ages are strictly upper limits to the age since the expan-
sion was likely faster at earlier epochs.

5.3. The present-day winds

Once the properties of the detached shell are determined and its
contribution to the observed CO line emission is estimated, the
corresponding estimates for the present-day wind can be can be
made. In the modelling of the present-day wind the temperature
structure is solved for self-consistently as described in Schöier
& Olofsson (2001) using the results from the dust modelling
performed in Sect. 4 to describe the properties of the dust en-
tering in the heating of the gas envelope. It should be empha-
sized that the CO line intensities are not very sensitive to the
temperature structure since the excitation is dominated by the
radiation field from the central star in these low-mass-loss-rate
objects (Schöier & Olofsson 2001).

Adopting a CO abundance of 1.0 # 10"3 relative to
H2 leaves just the mass-loss rate, Ṁgas, as an adjustable parame-
ter in the modelling. The expansion velocity of the present-day
wind is fixed from matching the observed lines with the model
(assuming a micro-turbulent line broadening of 1.0 km s"1, in
addition to the thermal motion). The CO envelope size is calcu-
lated from the photodissociation model of Mamon et al. (1988).
The applicability of these results to the present-day wind in
these objects is a bit questionable since the shell itself may pro-
vide shielding against photodissociation. In the modelling, the
CO J = 1 % 0 intensity is most sensitive to the size of the
envelope (Schöier & Olofsson 2001).

For some of the younger detached shell sources like R Scl,
V644 Sco, and DR Ser it is di!cult, given the current set of
CO observations available, to estimate reliable mass-loss rates.
In these objects the observed HCN line emission has been used

instead. HCN is only probing the present-day wind since it is
readily photodissociated at the distances where the detached
shells are found. Note, however, that there is some indica-
tion that HCN J = 1 % 0 emission from the shell is de-
tected in V644 Sco (Fig. 1). As in the case of the CO mod-
elling an assumption of the HCN abundance distribution needs
to be made in order to estimate the mass-loss rate. HCN is a
species with a photospheric origin. Olofsson et al. (1993a) es-
timated HCN abundances in the photospheres of four of the
sample stars and obtained values of &0.8"5.4 # 10"5 relative
to H2. Here we adopt a generic value of 2 # 10"5 for the anal-
ysis. The size of the HCN envelope was then calculated from
a photodissociation model based on the results from Lindqvist
et al. (2000). It should be pointed out that for each HCN model
a CO model using the same mass-loss rate needs to be calcu-
lated first in order to obtain the correct temperature profile to
use. This also makes it possible to check if the CO model is
consistent with the observed CO lines. In all three cases it is.

U Cam is the only source where the abundance of HCN
in the aCSE can be determined based on the results from the
CO modelling. Using the mass-loss rate and expansion veloc-
ities from Table 5, an HCN abundance of approximately 4 #
10"5 (relative to that of H2) is obtained. A more detailed inves-
tigation of the HCN and CN envelopes around U Cam based
on new high-spatial-resolution interferometric observations is
underway (Lindqvist et al., in prep.). U Cam, together with
V644 Sco, are the only sources where HCN emission from the
detached shell is detected.

The expansion velocities and derived mass-loss rates for
the present-day wind (aCSE) are presented in Table 5. The un-
certainties in the mass-loss-rate estimates, within the adopted
circumstellar model, are about ±50% for estimates based on
CO observations and as high as a factor &5 when HCN emis-
sion is used, mainly due to the larger uncertainty in the adopted
photospheric HCN abundance. Examples of line profiles taken
from the best-fit models, including both contribution from the
present day wind and detached shell, are given in Fig. 6 for
U Cam and U Ant.

In Fig. 7 the present-day-wind mass-loss rates and gas ex-
pansion velocities are plotted against the size of the detached
shell. Even though the uncertainties in the mass-loss rates
are substantial (particularly those based on HCN emission)

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20042510

CO radio line
modelling

Schöier et al. 
A&A 436, 633, 2005

U Ant

U Cam

J=1-0 J=2-1 J=3-2 J=4-3



Effects of interacting winds?
F. L. Schöier et al.: Properties of detached shells around carbon stars 637

Fig. 2. Observed SEDs for the seven carbon stars with detected detached molecular shells. Best-fit models to the observed SEDs are overlayed
(solid line). The model SEDs are composed of a stellar part (dashed line), a present-day wind (dotted line), and a detached shell (dash-dotted
line). The model SEDs have been corrected for interstellar extinction. Stellar and envelope parameters are summarized in Tables 3 and 4.

for the densest winds encountered in this project, and they are
found to agree within the numerical accuracy of the code itself
(<!5%).

In the optically thin limit the contribution to the SED can be
separated into a stellar component Fstar

! , a component from the
present-day wind Fwind

! , and that from the detached shell Fshell
! ,

which are solved for individually. The total SED is then ob-
tained from F! = Fstar

! +Fwind
! +Fshell

! (note that the violation of
energy conservation introduced in this way is negligible,<!5%).
Note that we ignore any beam filling e!ects (see Sect. 2.2).

The flux Fwind
! received by an observer located at a

distance D from an expanding, spherically symmetric wind
produced by a constant rate of mass loss is

Fwind
! =

4"2a2
grQ!

D2

! Re

Ri

ndust(r)B!(Tdust(r))r2dr, (2)

where Q! is the absorption e"ciency of a spherical dust grain
with radius agr, ndust the number density of dust grains, B! the
blackbody brightness at the dust temperature Tdust, and the in-
tegration is made from the inner (Ri) to the outer (Re) radius of
the CSE.

For an extended, geometrically thin, isothermal shell at
constant density, adequate for describing the detached shells
treated here, Eq. (2) reduces to

Fshell
! =

9Q!
4agr#grD2 B!(Tdust)Mdust, (3)

where the dust mass of the shell, Mdust, and the specific density
of a grain, #gr, have been introduced.

The local dust temperature, Tdust(r), is determined by bal-
ancing the heating (H) provided by absorption of infalling

radiation and cooling (C) by subsequent re-emission. The heat-
ing term can be expressed as

H = "a2
grndust(r)

!
Fstar
! (r)Q!d!, (4)

where the dust grains are assumed to be of the same size and
spherical. The dust grains are assumed to locally radiate ther-
mal emission according to Kircho!’s law and the resulting
cooling term is

C = 4"2a2
grndust(r)

!
B!(Tdust(r))Q!d!. (5)

Modelling the SED provides information only on the den-
sity structure of the dust grains, "Ṁdust/vdust, where Ṁd is the
dust-mass-loss rate and vdust the dust velocity. In order to calcu-
late Ṁdust, and eventually the gas mass-loss rate Ṁgas, one has
to rely upon some model describing the dynamics of the wind.
There are now growing evidence that the winds of AGB stars
are driven by radiation pressure from stellar photons exerted
on dust grains. Through momentum-coupling between the dust
and gas, molecules are dragged along by the grains. The sta-
tionary solution to such a problem has been extensively studied
(e.g., Habing et al. 1994). The terminal (at large radii) gas
velocity, vgas, is given by

vgas =
"

2GM$(# # 1)/r0, (6)

where G is the gravitational constant, M$ the stellar mass, L$
the luminosity, and # the ratio of the drag force and the
gravitational force on the gas, given by

# =
3(QF/agr)L$$

16"GcM#gr

vgas

vdust
, (7)
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Table 4. Results from dust modelling (with 1! errors).

dCSE aCSE
Source Mdust Tdust Rs Ṁgas !

[M!] [K] [cm] [M! yr"1]

R Scl (3.2 ± 2.0) # 10"5 75 ± 15 (1.2 ± 0.6) # 1017 <3.8 # 10"7 1.7 # 10"3

U Cam 1.5 # 10"6"1.0 # 10"3 70 ± 45 – <4.0 # 10"7 1.2 # 10"3

U Ant (1.3 ± 1.2) # 10"4 55 ± 20 (5.1 ± 4.0) # 1017 <7.0 # 10"8 3.0 # 10"3

V644 Sco (1.4 ± 0.9) # 10"4 61 ± 9 (1.8 ± 0.7) # 1017 <5.0 # 10"8 –
DR Ser (3.5 ± 2.5) # 10"5 68 ± 13 (1.5 ± 0.7) # 1017 <7.0 # 10"8 –
S Sct (8.0 ± 7.0) # 10"4 34 ± 9 (1.3 ± 0.8) # 1018 <8.0 # 10"8 –
TT Cyg (4.3 ± 3.7) # 10"4 39 ± 10 (6.9 ± 4.1) # 1017 <3.2 # 10"8 –

Fig. 3. "2-maps showing the sensitivity of the adjustable parame-
ters Tdust and Mdust in the dust modelling of the detached shells around
DR Ser and TT Cyg. Contours are drawn at "2

min + (2.3, 6.2, 11.8) in-
dicating the 68% (“1!”), 95% (“2!”), and 99.7% (“3!”) confidence
levels, respectively. The quality of the best fit model can be estimated
from the reduced chi-squared statistic "2

red = "
2
min/(N"2) shown in the

upper right corner.

at the same location as that of CO we derive a dust mass of
$8 # 10"5 M! for our somewhat smaller distance.

Izumiura et al. (1997) in their analysis of HIRAS images
found evidence for two separate dust shells around U Ant
where the inner of the two shells is coinciding with that of CO.

Fig. 4. The shell dust (Mdust; upper panel) and gas (Mgas; lower panel)
masses plotted as a function of the radius of the shell (Rs). Note that
the gas and dust shell radii are determined independently (see also
Fig. 10). The solid line shows the mass-radius relation of the interact-
ing wind model presented in Sect. 6.2.

They derive a total mass for this shell of $5 # 10"3 M! consis-
tent within the uncertainties with our estimate of $2 # 10"3 M!
from the CO modelling. The outer shell, which has no known
molecular counterpart, is similarly thought to have been pro-
duced in another thermal pulse some %104 yr before. The dust
mass contained in this shell is estimated to be $4 # 10"5 M!
and its contribution to the SED is $15% at 60 µm.
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SED modelling, 
star + dust



Detached shells: wind interaction

a simple sweep-up scenario:
Ms = 8x10-4 Msun, vs = 30 km/s
M = 3x10-7 Msun/yr, ve = 10 km/s

CO radio line and dust emission modelling, 7 stars

Md vs Rd-shell

Mg vs Rg-shell

vshell vs Rg-shell



The present-day mass-loss 
characteristics
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Fig. 7. The present-day-wind gas expansion velocity (upper panel)
and mass-loss rate (lower panel) plotted as a function of the radius
of the shell (Rs).

that the dust and gas shells are located relatively close spatially.
González Delgado et al. (2003) in their study of scattered stel-
lar light in the CSE around U Ant found that the dust shell is
located about 7!! further out than that of CO (corresponding to
a drift velocity of "3 km s#1).

The most important parameter in the dust analysis is the
dust temperature. The derived dust mass scales as T#1

dust in
the Rayleigh-Jeans limit and as exp(h!/kTdust) in the Wien’s
regime, and the inferred shell radius as T#2.5

dust (if the grain emis-
sivity scales as !). This means that even in the case of identical
shells a spread in estimated dust temperatures will result in a
mass–radius relation (with a scatter depending on the proper-
ties of the central stars). Thus, in the dust analysis the accu-
racy of the dust temperature estimate is crucial. As shown in
Table 4 these are rather well constrained (even though longer-
wavelength data, free of cirrus contamination, are highly desir-
able), and we conclude that the dust temperature estimates are
not the reason for the mass-radius relation.

There is possibly an observational bias in the sense that
low-mass shells of large radii would be di!cult to detect in
both dust and CO line emission. We cannot exclude that such
shells exist. On the other hand, we see no reason (other than
the scarcity of stars with detached shells) why high-mass shells
of small size should be missed, and are therefore reasonably

Fig. 8. The shell expansion velocity (Vs) plotted against the shell ra-
dius (Rs; as determined from CO line data). The solid line shows the
expected velocity-radius relation of the interacting wind model pre-
sented in Sect. 6.2.

Fig. 9. The dust-to-gas ratio (") plotted against the radius of the
shell (Rs; assuming that the dust and gas shells coincide spatially).

Fig. 10. Relation between the radius of the shell as determined from
dust and gas modelling, respectively.
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vexp vs Rg-shell

M vs Rg-shell

Strong dependence
on the age of the shell
(stellar aftermath)



Conclusions
The detached gas/dust shells around C-type AGB stars are most 
likely due to He-shell flashes.

They can be excellent probes of this phenomenon, as well as of the 
mass-loss mechanism.

Why are there no detached shells around M-type AGB stars?

The radial structure of the shells are not resolved.

The gas densities and, in particular, the temperatures in the shells 
are not well determined.

The chemical compositions of the shells are unknown.

In principle, these shells are excellent for studying the small-scale 
structure of the circumstellar medium due to the “lack” of line-of-
sight confusion. 


