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ABSTRACT

The 12 CO/13 CO ratio is often used as a measure of the 12 C/13 C ratio in the circumstellar environment, carrying important information
about the stellar nucleosynthesis. External processes can change the 12 CO and 13 CO abundances, and spatially resolved studies of
the 12 CO/13 CO ratio are needed to quantify the eﬀect of these processes on the globally determined values. Additionally, such studies provide important information on the conditions in the circumstellar environment. The detached-shell source R Scl, displaying
CO emission from recent mass loss, in a binary-induced spiral structure as well as in a clumpy shell produced during a thermal pulse,
provides a unique laboratory for studying the diﬀerences in CO isotope abundances throughout its recent evolution. We observed both
the 12 CO(J = 3 → 2) and the 13 CO(J = 3 → 2) line using ALMA. We find significant variations in the 12 CO/13 CO intensity ratios and
consequently in the abundance ratios. The average CO isotope abundance ratio is at least a factor three lower in the shell (∼19) than
that in the present-day (<
∼300 years) mass loss (>60). Additionally, variations in the ratio of more than an order of magnitude are
found in the shell itself. We attribute these variations to the competition between selective dissociation and isotope fractionation in the
shell, of which large parts cannot be warmer than ∼35 K. However, we also find that the 12 CO/13 CO ratio in the present-day mass loss
is significantly higher than the 12 C/13 C ratio determined in the stellar photosphere from molecular tracers (∼19). The origin of this
discrepancy is still unclear, but we speculate that it is due to an embedded source of UV-radiation that is primarily photo-dissociating
13
CO. This radiation source could be the hitherto hidden companion. Alternatively, the UV-radiation could originate from an active
chromosphere of R Scl itself. Our results indicate that caution should be taken when directly relating the 12 CO/13 CO intensity and
12 13
C/ C abundance ratios for specific asymptotic giant branch stars, in particular binaries or stars that display signs of chromospheric
stellar activity.
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1. Introduction
The study of diﬀerent isotope ratios provides information on the
enrichment history of the interstellar medium. In particular the
12 13
C/ C ratio carries an imprint of stellar evolution and nucleosynthesis, as 12 C is directly produced in the triple-α process,
while 13 C is created from 12 C as an intermediate product of the
carbon-nitrogen-oxygen (CNO) cycle. As the importance of the
CNO cycle increases for more massive stars, the 12 C/13 C ratio
can be used to trace the past star formation rate and stellar mass
function (e.g. Prantzos et al. 1996; Greaves & Holland 1997).
Several studies have determined the photospheric 12 C/13 C ratio in evolved asymptotic giant branch (AGB) stars (e.g. Lambert
et al. 1986; Ohnaka & Tsuji 1996; Abia & Isern 1997), by fitting

Appendices are available in electronic form at
http://www.aanda.org

Data cubes of maps (FITS) are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/556/L1

stellar atmosphere models to photospheric lines. There have also
been several papers in which the carbon isotope ratio is determined in the circumstellar envelope itself, mainly by observations of the 12 CO/13 CO ratio (e.g. Groenewegen et al. 1996;
Greaves & Holland 1997; Schöier & Olofsson 2000; Milam et al.
2009). One of the main conclusions from Schöier & Olofsson
(2000) is that the 12 CO/13 CO abundance ratio is a good proxy for
determining the 12 C/13 C ratio provided accurate radiative transfer modeling is performed.
However, the aforementioned CO observations were all performed with single-dish telescopes, which are insensitive to spatial variations in the 12 CO/13 CO intensity ratio. The eﬀect of, for
example, an inhomogeneous circumstellar environment or (hidden) companion on the 12 CO/13 CO ratio throughout the circumstellar envelope is thus poorly known. Previous submillimeter
interferometer instruments were not sensitive enough to map the
often weak 13 CO emission at suﬃcient angular resolution. This
has now changed with the construction of ALMA, which for the
first time provides suﬃcient angular resolution and sensitivity to
map the circumstellar 13 CO emission of AGB stars in detail.
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Here we present 13 CO(J = 3 → 2) ALMA observations of the
carbon-rich AGB star R Scl located at ∼290 pc (Knapp et al.
2003). This star is one of about a dozen detached-shell sources,
where the shell is thought to be created due to mass-loss modulation during a He-shell flash (i.e., a thermal pulse) (Olofsson
et al. 1990). The 12 CO(J = 3 → 2) ALMA observations, taken
together with the observations presented here, revealed in addition to the shell an unexpected spiral connecting the shell to the
present-day (<
∼300 yr) mass loss (Maercker et al. 2012, hereafter
M+12). This spiral pattern is thought to be caused by the motion
of a previously unknown companion at ∼60 AU from R Scl.

2. ALMA observations and results
The 12 CO(J = 3 → 2) and 13 CO(J = 3 → 2) emission lines of
R Scl were observed using ALMA Band 7 (275-373 GHz) on
October 3–4 and 18–19 2011 during the ALMA cycle 0 observing program. The Band 7 data contained four spectral windows of 1.875 GHz and 3840 channels each that were tuned
at 345.1 GHz, 343.3 GHz, 331.1 GHz, and 333.0 GHz. This
allowed us to simultaneously cover the 12 CO(J = 3 → 2) and
13
CO(J = 3 → 2) at 345.795 GHz and 330.587 GHz, respectively. The results of the 12 CO(J = 3 → 2) observations were
presented in M+12 and here we focus specifically on the
13
CO(J = 3 → 2) line. The channel spacing of 0.488 MHz resulted after Hanning smoothing, in a maximum spectral resolution of 0.44 km s−1 . The data were taken using the cycle 0
compact configuration of ALMA, with baselines ranging from
15 m to 200 m. Using natural weighting to optimize the sensitivity for the weak 13 CO emission, this resulted in a beam size
of 1.65 × 1.35 (at 330 GHz) with a position angle of 86◦ .
A 45-point mosaic, covering a region of 50 × 50 , was made
to cover the entire shell of R Scl. The center pointing of the
mosaic was taken to be the position of R Scl at α(J2000) =
01h 26m 58.s 094 and δ(J2000) = −32◦ 32 35. 454. Each mosaic
pointing was observed for a total of 2.42 min and the total observing time was approximately 3.8 h. The data were reduced
using the Common Astronomy Software Application (CASA).
After an initial correction for rapid atmospheric variations at
each antenna using water vapour radiometer data and correction
L1, page 2 of 6

Fig. 1. 13 CO(J = 3 → 2) intensity contours.
The channels are averaged over three km s−1 .
The panels are labeled with their VLSR and
the beam is indicated in the top left panel.
The 13 CO contour levels are drawn at −4σ
(dashed) and 4, 8, 12, and 16σ, with σ =
15 mJy beam−1 .

for the time and frequency dependence of the system temperatures, we improved the antenna positions and performed a manual delay calibration. Bandpass calibration was performed on the
quasar 3C 454.3 (2.2 Jy beam−1 ). The primary flux calibration
was made using Neptune and bootstrapping to the gain calibrator J0137-245 (0.49 Jy beam−1 ). Based on the calibrator fluxes,
the absolute flux calibration has an uncertainty of ∼10%.
Imaging was then done using the CASA clean algorithm, smoothing the data to 3 km s−1 to detect the weak
13
CO(J = 3 → 2) emission. Similar smoothing was performed
on the 12 CO(J = 3 → 2) line for a direct comparison. The
rms in the emission line channels was ∼15 mJy beam−1 and
∼25 mJy beam−1 for the 13 CO(J = 3 → 2) and 12 CO(J = 3 →
2) lines, respectively. The increase in the rms noise for the
12
CO(J = 3 → 2) line is due to the complex structure of the emission (M+12). Because of the lack of short spacings, not all
CO flux is recovered. Emission at scales larger than ∼15 is resolved out. Based on single-dish observations of 12 CO(J = 3 →
2) and 13 CO(J = 3 → 2) with the APEX telescope, we estimate
∼25% of the emission is recovered for both transitions (see
Appendix A). Our conclusions on the intensity ratio are thus not
aﬀected.
The 13 CO(J = 3 → 2) emission (hereafter denoted with only
13
CO) detected around R Scl is shown in Fig. 1. We find emission in the detached shell, for which the 12 CO(J = 3 → 2) (hereafter 12 CO) maps are presented in M+12. The emission has a
peak flux in the shell of ∼250 mJy beam−1 . However, the presentday mass loss is only weakly detected (at 4σ ≈ 60 mJy beam−1 )
in 13 CO in the VLSR = −29, −11, and −8 km s−1 velocity channels. Considering that the detached molecular CO shell is relatively thin, the majority of the flux will be resolved out toward
the most red- and blue-shifted peaks because this is where, in
projection on the sky, the shell is thickest. This can explain the
relatively low level of detected 13 CO, as well as 12 CO, in the
shell at VLSR = −32 and −5 km s−1 .
In Figs. 2 and C.1 we present the measured intensity ratio, I12 CO /I13 CO , around R Scl together with the contours of the
12
CO emission. While the 13 CO is not detected at all peaks of
the 12 CO shell emission, the average I12 CO /I13 CO is significantly
higher in the present-day mass loss than that in the shell.
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Fig. 2. Intensity ratio, I12 CO /I13 CO , (color) and 12 CO(J = 3 → 2) flux (contours) for three diﬀerent velocity channels (the full channel range is
presented in Fig. C.1). The channels are averaged over three km s−1 and the panels are are labeled according to their VLSR . The ratio is presented
where 13 CO emission is detected at higher than three σ (where σ = 15 mJy beam−1 ) and the color scale runs from 0 to 42. The 12 CO contour
levels are drawn at 6, 12, 24, 48 and 96σ, with σ = 25 mJy beam−1 . Where no 13 CO is detected, the contours are equivalent to a 1σ lower limit to
the 12 CO/13 CO intensity ratio of 10, 20, 40, 80, and 160, respectively. The beam size is indicated in the left panel.

3. Discussion
3.1. The 12 CO/13 CO and 12 C/13 C ratio

If we now assume that the 12 CO/13 CO-intensity ratio is related to the 12 C/13 C ratio, we can determine the latter following
Schöier & Olofsson (2000). By comparing observations of the
12
CO/13 CO line intensity ratios with the 12 C/13 C ratios derived
from Lambert et al. (1986), these authors determined a correla12
12
= (0.6 ± 0.2) × 13 CC .
tion of the form I(I(13 CO)
CO)
Applying this relation to the average ratios found in the shell
and present-day mass loss, the carbon isotope ratio of R Scl has
increased from ∼12 when the detached shell was formed to ∼115
during the recent mass loss. However, these derived ratios do
not take into account optical depth eﬀects, nor eﬀects such as
selective photo-dissociation and chemical fractionation (Watson
et al. 1976). In particular, the carbon isotope ratio derived for
the present-day mass loss diﬀers significantly from the value
of ∼19 determined using molecular tracers in the stellar photosphere (Lambert et al. 1986)1.
To investigate more detailed radiative transfer eﬀects on the
derived isotope ratios, we constructed radiative transfer models
as described in Appendix B. The results of these are shown in
Fig. 3. While our models can reproduce the double-peaked emission from the detached shell using an average 12 CO/13 CO ratio
of 19 in the shell, the ALMA observations require a ratio higher
by at least a factor of three in the present-day mass loss.
3.2. Isotope ratio in the detached shell

Our radiative transfer model can reproduce the average
12
CO/13 CO intensity ratio in the shell as shown in Fig. 3 for
an isotope ratio unchanged from the photospheric value of 19
found by Lambert et al. (1986). However, Fig. 2 indicates
that the intensity ratio ranges between as low as ∼1.5 to >40
where no 13 CO is detected. This requires external processes,
the most likely of which are photo-dissociation and chemical
fractionation. Changes in 12 CO/13 CO ratio then occur because,
for photo-dissociation, self-shielding will initially allow 12 CO
to be destroyed at a slower rate than 13 CO. However, at temperatures <
∼35 K, chemical fractionation would favor the creation of 13 CO (and 12 C+ ) from 12 CO (and 13 C+ ) (e.g. Watson
et al. 1976). While Mamon et al. (1988) showed that for regular
1
A lower 12 C/13 C ratio of ∼9 was determined in Ohnaka & Tsuji
(1996). Schöier & Olofsson (2000), however, found that their sample
of circumstellar 12 CO/13 CO ratios are more consistent with the work by
Lambert et al. (1986).

Fig. 3. Histogram of the ALMA 13 CO spectrum, convolved with a
5 beam to increase the signal-to-noise ratio, along the line-of-sight
to R Scl. The negative channels are due to significant missing flux near
the front and back cap of the shell (see Appendix A), which does not affect the other channels with more compact emission. The dotted, shortdashed and long-dashed lines are three 13 CO radiative transfer models
(see Appendix B) with diﬀerent values for the 12 CO/13 CO ratio only in
the present-day mass loss. The ratio in the detached shell is kept at 19.

AGB stars over a wide mass-loss range, the diﬀerence in 12 CO
and 13 CO abundance is normally <
∼20%, Bergman et al. (1993)
showed that for the detached-shell source S Sct substantial fractionation is probably the explanation for the strong detection of
13
CO in that source. Because of the high density in the shell of
R Scl, the model in Bergman et al. (1993) does not predict a
significant eﬀect from the dissociation and fractionation.
However, it is clear from Figs. 1 and 2 that the shell of
R Scl is very clumpy. We find that the lowest 12 CO/13 CO intensity ratios are found to be anti-correlated with the strongest
12
CO peaks. This would be a natural consequence of the formation of 13 CO in the less dense and coldest regions (<35 K). The
need for the low temperature supports our estimate of ∼50 K for
the average shell temperature. We thus suggest that the CO isotope ratio variation in the shell reflects the very inhomogeneous conditions in the clumpy medium. This could further be
confirmed by high-resolution observations with ALMA of, for
example, the neutral carbon fine-structure lines, which should be
correlated with the 13 CO emission peaks in the model described
above.
L1, page 3 of 6
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3.3. Isotope ratio in the present-day mass loss

Our radiative transfer models furthermore indicate that the
CO isotope ratio in the present-day mass loss is >60. This is
in contrast with the photospheric 12 C/13 C ratio of ∼19. It implies
that, contrary to the observations by Schöier & Olofsson (2000),
the 12 CO/13 CO abundance ratio in the present-day mass loss of
R Scl is not an accurate probe of the circumstellar 12 C/13 C ratio. Alternatively, the photospheric 12 C/13 C ratio, derived from
model-fitting lines of various molecular tracers, is more uncertain as expected or is not representative for the carbon isotope ratio in the circumstellar envelope. This last possibility is diﬃcult
to reconcile with the circumstellar CO isotope observations that
match the photospheric values for many sources (e.g. Schöier &
Olofsson 2000; Milam et al. 2009).
Taken at face value, our results indicate a significant increase
of the 12 C/13 C ratio after the detached shell was formed. Such a
carbon isotope ratio increase could potentially be a direct result
of the third dredge-up that occurred during the thermal pulse
that created the shell. During this dredge-up, convection in the
hydrogen-burning shell reaches the He-burning shell, bringing
12
C, created by the triple-α process, to the surface. An initial
isotope abundance ratio of, in this case, ∼19, could then be increased to >40. However, this scenario is unlikely for two main
reasons: 1) it would require the increased mass-loss and velocity
that created the shell to occur before the 12 C is brought to the
surface, which in current models is impossible (e.g. Stancliﬀe
et al. 2004); and 2) it still does not explain the, in that case
very recently decreased, current photospheric carbon isotope ratio of ∼19. It is thus more likely that the change in 12 CO/13 CO ratio in the present-day mass loss is due to external processes.
A speculative reason for the discrepancy between the CO
and C-isotope ratios is the presence of a strong UV-radiation
source within the circumstellar envelope. This source would then
predominantly dissociate 13 CO, as 12 CO would be self-shielded.
This strong source of UV-radiation could be the as yet undetected companion of R Scl responsible for creating the spiral
structure in the shell, or it could be the active chromosphere of
R Scl itself. The strength of the UV-radiation would only need
to be similar to that of the interstellar radiation field and thus the
UV-radiation is not necessarily expected to penetrate the entire
circumstellar envelope and be directly detectable2 . Toward the
outer regions of the present-day mass-loss component, the 13 CO
would then recombine, resulting in the observed average isotope ratio of ∼19 in the shell. This hypothesis could be tested by
observing molecular species for which the dissociation is similar for both isotopes, such as HCN or CS. Higher-resolution
observations with ALMA should also be able to determine regions in the near stellar envelope that could be shielded from
UV-radiation if this radiation originates from the binary.

4. Conclusions
We found that the 12 CO/13 CO ratio in the circumstellar environment of the carbon AGB star R Scl is significantly diﬀerent
in the detached shell from the recent mass loss. The average ratio in the shell has decreased by at least a factor of three

>60 determined for the material
compared with the ratio of ∼
within <1000 AU of the central star. The ALMA observations
do reveal strong variations of the 12 CO/13 CO ratio in the shell
itself. These variations can very likely be attributed to the effect of isotope fractionation dominating over the dissociation by
interstellar UV-radiation of 13 CO in the strongly clumped shell
environment. However, the discrepancy between the ratio in the
recent mass loss and the observed atmospheric 12 C/13 C ratio
of ∼19 (Lambert et al. 1986) is puzzling. One possible explanation could be photo-dissociation of the less shielded 13 CO by
UV-radiation from either chromospheric activity or from the thus
far hidden companion that is also responsible for the previously
observed spiral structure in the circumstellar envelope (M+12).
In that case, one would need to conclude that the relation between 12 CO/13 CO and 12 C/13 C is not as straightforward as is often assumed. Alternatively, the photospheric 12 C/13 C ratio is not
a robust indicator for the 12 C/13 C ratio of the material expelled
into the interstellar medium, or uncertainties in the derived photosperic values are more significant than currently thought. More
observations with ALMA that can resolve the circumstellar environment in the often much weaker 13 CO lines and other isotopes
will be able to more firmly constrain the processes involved,
while improvements in models to derive the photospheric isotope ratios are also being explored. Interestingly, if it is found
that the binary companion is the cause of the CO and C isotope
ratio discrepancy, such observations could also reveal hitherto
hidden companions to AGB stars.
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The GALEX catalog does however include a marginally significant
UV-detection within ∼10 of R Scl with a near-uv flux of ∼6 μJy.
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small-scale flux is recovered. Considering that the present-day
mass-loss extends out to <10 , the lack of 13 CO in the presentday mass-loss component cannot be due to the flux loss in the
interferometric observations. Additionally, the single-dish comparison indicates that the 12 CO and 13 CO are similarly resolved
out, 25% of the total flux is detected for both transitions, with
correspondingly little eﬀect on the observed flux ratios. We thus
find that our conclusions based on the 12 CO and 13 CO intensity
ratios are robust.

Appendix B: Radiative transfer modeling

Fig. A.1. Total intensity of the 12 CO and 13 CO(J = 3 → 2) transitions.
The solid black lines are the spectra observed with the APEX telescope
in a single pointing towards the star. The solid red line is the emission
detected with ALMA in an area equivalent to the APEX beam. The
13
CO ALMA spectrum has a velocity resolution of 3 km s−1 , the 12 CO
ALMA spectrum has a velocity resolution of 0.5 km s−1 , and the APEX
spectra have a velocity resolution of 1.1 km s−1 . The dotted line indicates the 13 CO model used to fit the ALMA observations (see text)
when observed with APEX resolution. The spectra indicate that the
12
CO and 13 CO emissions are equally resolved out in the ALMA observations.

Appendix A: Comparison with single dish
observations
To determine if flux losses due to insuﬃcient uv-coverage of the
ALMA observations could aﬀect our conclusions, we compared
the interferometric observations with new spectra taken with the
APEX telescope. The 12 CO and 13 CO( 3 → 2) observations were
taken on Jan. 2, 2013 in a single pointing toward the star using the wobbler with a 150 throw. The total bandwidth was
2.5 GHz, with 32768 channels, providing an initial resolution of
∼0.1 km s−1 , which was later averaged to ∼1.1 km s−1 .
The resulting spectra are shown in Fig. A.1 together with the
ALMA spectra taken over an area corresponding to the APEX
beam at the frequency of the CO( 3 → 2) transition (∼19 ). From
this figure it is immediately obvious that a significant amount
of flux is lost in the ALMA observations. We only recover
approximately 25% of the total flux, indicating that the circumstellar CO has significant smooth emission over scales larger
than ∼15 . Specifically in the 13 CO spectrum, most of the emission is lost toward the most red- and blue-shifted peaks, where,
as noted above, the caps of the shell make up the largest area.
A comparison of the observations with the flux of the model
used to fit the 13 CO data, as shown in Fig. A.1 for a resolution
of 19 and in Fig. 3 for a resolution of 5 , shows that most of the

To more accurately estimate the 12 CO/13 CO abundance ratio,
we performed radiative transfer calculations for the CO emission using the code described in detail in Schöier & Olofsson
(2001). Our model consists of two components; a present-day
mass loss and a detached shell. The density, velocity and temperature of the present-day mass loss (with Ṁ = 3 × 10−7 M yr−1
derived from HCN modeling) are taken to be the same as described in Schöier et al. (2005), as are the stellar parameters.
For the shell, we assumed a uniform gas density with a shell
width of ∼400 AU and a total mass of 2.5 × 10−3 M . These
parameters also match the models of M+12, although there it
was found that the increased mass-loss during the thermal pulse
did not decrease as rapidly as assumed here, as evidenced by the
spiral of CO gas connecting the shell with the present-day mass
loss. However, we do not include a description of the spiral in
our models because no 13 CO was detected between the shell and
the more recent mass loss. We furthermore assumed an average
temperature of 50 K for the shell. Because no observations of
higher rotational transitions of CO exist that can easily separate
the emission originating in the shell from that of the present-day
mass loss, the shell temperature is poorly constrained. A somewhat smaller 13 CO abundance and thus higher 12 CO/13 CO ratio
(by ∼20%) can reproduce the observed 13 CO emission at higher
temperatures (up to ∼70 K). Finally, we only varied the 12 CO
and 13 CO abundance ratio in the present-day mass loss.
We do note that the derived 12 CO/13 CO ratio for the presentday mass-loss is diﬀerent from the value of 20 derived from
modeling the single-dish CO(J = 2−1) observations (Schöier
& Olofsson 2000). However, in that case it was assumed that
the ratio in the shell and present-day mass loss was the same,
as with the single-dish observations it is impossible to separate
the two components. The CO(J = 2−1) model also did not
include the at that time unknown spiral component. If we determine the average intensity ratio over the entire envelope of
R Scl from the ALMA observations, we find an intensity ratio of
10 ± 3, similar to the value of 12 measured for the CO(J = 2−1)
line (Schöier & Olofsson 2000). Furthemore, the new singledish CO(J = 3−2) APEX observations yield an abundance ratio
similar to that found in Schöier & Olofsson (2000), because, as
was the case for the CO(J = 2−1) observations, the single-dish
data cannot distinguish the detached shell and the present-day
mass loss.
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Appendix C: Channel maps
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Fig. C.1. Intensity ratio, I12 CO /I13 CO , (color) and 12 CO(J = 3 → 2) flux (contours) for the full velocity channel range. The contour and color levels
are as in Fig. 2.
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