
ALMA observations of 
the carbon AGB star R Sculptoris
The not-so detached shell and circumstellar environment

Matthias Maercker
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Detached shells around carbon AGB stars

Increase in expansion 
velocity and mass-loss rate 

during a thermal pulse 
creates a detached shell
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observed in dust and gas

Stellar yields depend on
pulse duration and stellar 

mass-loss rate

e.g. Steffen & Schönberner 2000, A&A 
Mattsson et al. 2007, A&A



ALMA observations of R Sculptoris - Cycle 0
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Binary induced spiral shape - CO(3-2) observations
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Binary companion shapes 
post-pulse wind into a spiral

can measure the evolution of 
the expansion velocity and 

mass-loss rate
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The shell around R Scl - ALMA Cycle 0 observations
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spatially resolved observations allow 
separate analysis of the shell
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M. Maercker et al.: A detailed view of the gas shell around R Sculptoris with ALMA
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Fig. 6. ALMA 12CO observations of the shell for 12CO(1 � 0), 12CO(2 � 1), and 12CO(3 � 2) (black lines, panels 1 – 3, respectively). The data
are extracted from annuli within ±300 from the centre of the shell in each velocity bin in the images smoothed to 400 resolution. For comparison,
the black dotted lines show the emission integrated over the entire image for each velocity bin instead (i.e. also containing emission from the
CSE). The red lines show the best-fit model of the shell only. The right panel shows the �2 map of the radiative transfer models of the shell with
shell-mass vs. shell temperature. The colour scale gives the �2 value, the white cross indicates the best-fit model. The white contours give the 1�
and 2� levels (the 3� contours fall outside of the plotted range).

ing high J-transitions observed with HIFI. Their resulting shell
mass is 3 ⇥ 10�3

M�, with a temperature of 100 K. Hence, using
essentially independent methods (interferometry vs. SD obser-
vations and an independent consistency check with CI observa-
tions), very similar shell masses and temperatures are derived.

The analysis of the 13CO(3 � 2) emission observed with
ALMA suggests that at least parts of the shell must have tem-
peratures that are lower than the derived 50 K (Vlemmings et al.
2013). The measured 12CO/13CO ratio shows regions in which
additional 13CO is formed due to chemical fractionation. This
process however requires temperatures lower than 35 K. We only
model the temperature of a smooth, homogeneous shell, while
clumpy structure will a↵ect the radiative transfer and decouple
the connection between mass and temperature. It is additionally
in principle possible to find a satisfying fit for even lower tem-
peratures than 50 K, albeit for unrealistically high shell masses.

While the shell is likely confined by collision with a pre-
vious, slower wind (e.g. Ste↵en & Schönberner 2000; Schöier
et al. 2005; Mattsson et al. 2007), the mass-loss rate of the
previous wind must have been very low (less than a few
10�6

M� yr�1). The half-abundance radius due to photodissocia-
tion of 12CO lies outside the shell for higher mass-loss rates, but
no signs of the spiral structure can be observed outside of the
shell. A significant amount of mass outside of the shell would
have further led to a deceleration of the shell, which is not ob-
served (Maercker et al. 2012). Hence, we believe that only a
minor amount of mass from the previous mass-loss has been
swept up in the shell. Assuming a shell-creation time of ⇡200
years (Vassiliadis & Wood 1993, consistent with the ALMA ob-
servations) then leads to a mass-loss rate of 2.3⇥10�5

M� yr�1

during the creation of the shell.

3.3. The recent evolution of the stellar wind

In order to constrain the physical parameters of the CSE inside
the shell, we convolved the best-fit model of the shell with the
SD beams of the respective transitions (Fig. 7, top), and subtract
it from the SD observations. The emission from the shell, ex-
tracted from the ALMA images, is additionally convolved with
the SD beams and compared to the model to ensure that the right
flux is subtracted. We find that the clumpy structure is generally
smoothed out significantly in the SD observations, giving a good
fit of the model to the observations. Using the model instead of
the ALMA observations has the advantage that only the shell is

subtracted, while the observations may still contain additional
velocity components that do not belong to the shell.

The shell-subtracted SD observations (Fig. 7, bottom) now
contain the emission from the CSE without the shell, allowing us
to model the mass loss since the creation of the shell. We model
the subtracted SD spectra with a single, constant mass-loss rate,
while in fact the mass-loss rate likely has varied since formation
of the shell. As such we are only modelling an average mass-
loss rate inside the shell. A varying mass-loss rate will however
a↵ect the density distribution and the emission regions of di↵er-
ent CO transitions, making it di�cult to find a consistent model
for all observed lines. Likewise, the half-abundance radius as-
sumes a constant wind and we are only determining an average

radius for the emitting region. Further, the amount of photodis-
sociation inside the shell is not clear as there likely is significant
shielding by the shell itself. Finally, the models are very degen-
erate between the chosen mass-loss rate, half-abundance radius,
temperature profile, and velocity profile.

Due to these limitations we only derive a model that fits the
subtracted SD spectra assuming reasonable parameters for the
temperature and velocity profiles, and loosely constraining the
radius of the emitting region by the limits given by the observed
scales in the ALMA data (see Sect. 2.4). The derived mass-loss
rate serves as an indication of the average mass-loss rate since
the formation of the shell.

Assuming a constant mass-loss rate results in a 1/r2 density
distribution. The fractional abundance is assumed to follow

f (r) = f0 exp
 
�ln(2)

 
r

R1/2

!
a

!
, (2)

where f0 is the initial fractional abundance, R1/2 is the half-
abundance radius, and a=2.5 (Mamon et al. 1988). For the ki-
netic temperature we assume a power-law of the form Tkin(r) =
T0 ⇥ (r/R0)� with � = �0.85. R0 is the inner radius of the CSE,
assumed to lie at 3 times the stellar radius (assuming a black-
body with an e↵ective temperature of 2300 K and luminosity
of 5200 L�). The velocity increases gradually from 3 km s�1 to
14.3 km s�1.

Using the above assumptions, we manage to model the
12CO(1 � 0) transition observed with SEST and the 12CO(2 �
1) transition observed with APEX using a mass-loss rate of
1.6⇥10�5

M� yr�1 and a half-abundance radius of 7.002. The re-
sulting intensity distribution for 12CO(1 � 0) is indeed very
smooth and extends out to ⇡1800, while the 12CO(2�1) emission
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Modelling gives Mshell: 4.5x10-3 M⊙ 
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M. Maercker et al.: A detailed view of the gas shell around R Sculptoris with ALMA
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Fig. 3. ALMA observations of 12CO(3 � 2) towards R Scl. The bin size of each panel is 0.5 km s�1. Panels with a spacing of 1.5 km s�1 are shown.
The color scale is given in Jy/beam. The beam ellipse is given in the lower left corner. These data were first presentend in Maercker et al. (2012).
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Fig. 4. SD observations towards R Scl (from left to right): SEST CO(1–0), IRAM 30m CO(1–0), APEX CO(2–1), and APEX CO(3–2). The
FWHM of the SD beams are 4400, 2200, 2700, and 1800, respectively. The red spectra show the ALMA observations of the respective transitions
convolved with Gaussian beams to give the FWHM from the respective telescopes.
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The circumstellar envelope around R Sculptoris

comparison to single-dish spectra 
indicate missing extended emission in 

the ALMA observations

-38.5 -37 -35.5 -34 -32.5

-31 -29.5 -28 -26.5 -25

-23.5

D
ec

. o
ff

se
t [

ar
cs

ec
]

-22 -20.5 -19 -17.5

-16 -14.5 -13 -11.5 -10

0

0.5

1

1.5
-8.5

-20-1001020
-20

-10

0

10

20 -7 -5.5

R.A. offset [arcsec]

-4 -2.5

CO
(1

-0
)

SEST CO(1-0)

shell entirely filled with gas, i.e. not 
detached

Maercker et al. 2015, A&A

IRAM CO(1-0) APEX CO(2-1) APEX CO(3-2)



The mass-loss rate evolution

most recent mass-loss rate  
 < 3.5x10-6 M⊙yr-1

thermal pulse mass-loss rate 
2.3x10-5 M⊙yr-1

post-pulse mass-loss rate 
1.6x10-5 M⊙yr-1

slower decline in mass-loss 
rate after a thermal pulse 
than predicted by models

more mass than expected 
lost during the thermal 

pulse cycle:
0.03 M⊙ vs. 0.007 M⊙



Optical observations - comparing dust and gas

nearly identical 
distribution of dust and 

gas in the shell
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common evolution of the dust and gas constrains wind 
interaction  and mass-loss mechanism



Conclusions

affects stellar 
evolution models

shell around R Scl not 
“detached”

our understanding of the 
chemical evolution of the ISM 

and galaxies

slow decline of mass-loss 
rate after a thermal pulse

first observational constraints on the behaviour of 
the star during and after a thermal pulse


