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Fig. 12. Model grid
for 0.1 µ

m sized amC grains described by a DHS

model with
a maximum volume fraction for vacuum of 0.70; opacities

based on Suh (2000).

main e↵e
cts of using aggregate grains on the opacity

is seen in

the sub-mm wavelength range, where DHS as well as aggregate

grains have a flatter slope than solid
spheres. While a full study

of the e↵e
cts of flu↵y

aggregate dust grains in the CSE of AGB

stars on the sub-mm SED is out of the scope of this paper, we

still
present a sim

ple radiative transfer model made for an exam-

ple flu↵y
aggregate grain (see Fig. 13 for more details)

to show

the e↵e
ct at sub-mm wavelengths. The results of a model grid

for this flu↵y
grain species are shown in Fig. 14. We note that

through the introduction of flu↵y
grains in the detached shell,

the overall shell mass to reproduce the observed SED decreases,

since the e↵e
ctive surface area of flu↵y

grains is much bigger

than for spherical grains. The best fittin
g model for flu↵y

grains

is given by a present-day mass-l
oss rate of 1⇥10�

10 M�
yr�

1 and

a detached shell mass of (1.9
±0.2)⇥10�

5 M�
, which is two thirds

of the shell mass obtained when using solid spherical grains.

4.3. Sub-millim
eter excess

While
a variation of the dust propertie

s may change the esti-

mated dust mass in the shell, it does not lead to big changes in

the shape of the best fittin
g SED. In partic

ular, none of the mod-

els presented here can satisfa
ctorily

explain both the emissi
on

observed with
LABOCA, and the data at shorter wavelengths.

This excess emissi
on is consist

ent with
emissi

on from the de-

tached shell of dust observed around R Scl, as shown in Sect. 2.5.

Independent observations of R Scl with LABOCA (Program ID:

O-079.F-9300A) have a significantly
lower signal-to

-noise
ra-

tio. However, the measured continuum flux is consist
ent with

the measurements given here, hence we judge that the excess

emissi
on is real, and not due to a calibration error.

It is not stra
ightforward to find an explanation for the flux

observed with
LABOCA. REFERENCE Dehaes et al (2007,

MNRAS, 377, 931) detected excess emissi
on at 1.2 mm in a

small sub-sample of AGB stars, including R Scl (with
a flux at

1.2 mm of 61.2 mJy). They o↵e
r a number of possib

le explana-

tions for the excess flux: 1) contrib
ution from molecular lines,

2) a change in emissiv
ity of the dust grains at the relevant wave-

lengths, 3) the presence of cold dust, and 4) emissi
on from the

photosphere/c
hromosphere.

We calculated the e↵e
cts of photometric

bandpass correc-

tion and molecular line contamination in the LABOCA band and

come to the conclusion that both are negligible with
respect to

the stre
ngth of the excess, in line with the conclusions by REF-

Fig. 13. An example flu↵y
grain model (http://w

ww.astro
.princeton.edu

/⇠draine/agglom.html) used for calculating opacities with
DDSCAT

(Draine & Flatau 1994). This partic
ular grain with

an e↵e
ctive size of

0.1 µ
m is composed of 128 smaller partic

les. No partic
le migration is

assumed.
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Fig. 14. Model grid for small, flu↵y
amC grains (as presented in Fig. 13)

with a volume corresponding to the volume of 0.1 µ
m solid spheres.

ERENCE Dehaes et al. (2007) for regular AGB CSEs. In partic
-

ular in the case of detached shell sources, the contrib
ution from

molecular lines is likely to be very low, due to the photodisso
ci-

ation of molecules in the shell by the interste
llar radiation field.

In principle, a population of very cold dust grains would add

emissi
on at long wavelengths. However, fittin

g the entire
SED

for R Scl, including the LABOCA observations, requires to add

a blackbody with a peak at � .
400 µm

. This corresponds to tem-

peratures of less than 11 K (Fig. 15). Not only would this require

a population of very large grains, but also
for this population to

be completely distin
ct from the population of small grains, since

a continuous grain size distri
bution would lead to a smother SED

shape in the FIR and sub-mm, and hence no turn-o↵
to fit both

the LABOCA data and the shorter wavelength data. The excess

emissi
on is therefore likely not due to thermal emissi

on from
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A dusty, normal galaxy in the epoch of reionization
Darach Watson1, Lise Christensen1, Kirsten Kraiberg Knudsen2, Johan Richard3, Anna Gallazzi1,4 & Michał Jerzy Michałowski5

Candidates for the modest galaxies that formed most of the stars in
the early Universe, at redshifts z . 7, have been found in large num-
bers with extremely deep restframe-ultraviolet imaging1. But it has
proved difficult for existing spectrographs to characterize them using
their ultraviolet light2–4. The detailed properties of these galaxies
could be measured from dust and cool gas emission at far-infrared
wavelengths if the galaxies have become sufficiently enriched in dust
and metals. So far, however, the most distant galaxy discovered via
its ultraviolet emission and subsequently detected in dust emission is
only at z 5 3.2 (ref. 5), and recent results have cast doubt on whether
dust and molecules can be found in typical galaxies at z $ 76–8. Here
we report thermal dust emission from an archetypal early Universe
star-forming galaxy, A1689-zD1. We detect its stellar continuum in
spectroscopy and determine its redshift to be z 5 7.5 6 0.2 from a
spectroscopic detection of the Lyman-a break. A1689-zD1 is rep-
resentative of the star-forming population during the epoch of
reionization9, with a total star-formation rate of about 12 solar masses
per year. The galaxy is highly evolved: it has a large stellar mass and
is heavily enriched in dust, with a dust-to-gas ratio close to that of
the Milky Way. Dusty, evolved galaxies are thus present among the
fainter star-forming population at z . 7.

As part of a programme to investigate galaxies at z . 7 with the
X-shooter spectrograph on the Very Large Telescope, we observed the
candidate high-redshift galaxy, A1689-zD1, behind the lensing galaxy
cluster Abell 1689 (Fig. 1). The source was originally identified10 as a can-
didate z . 7 system from deep imaging with the Hubble and Spitzer space
telescopes, with photometry fitting suggesting that it is at z 5 7.6 6 0.4.
The galaxy is gravitationally magnified by a factor of 9.3 by the galaxy
cluster10. Although it is intrinsically faint, because of the gravitational
amplification, it is one of the brightest candidate z . 7 galaxies known.
The X-shooter observations were carried out on several nights between
March 2010 and March 2012 with a total time of 16 h on target.

The galaxy continuum is detected and can be seen in the binned spec-
trum (Fig. 2). The Lya cutoff is at 1,035 6 24 nm and defines the redshift
to be z 5 7.5 6 0.2. It is thus one of the most distant galaxies known
so far to be confirmed via spectroscopy, and the only galaxy at z . 7
where the redshift is determined from spectroscopy of its stellar con-
tinuum. The spectral slope is blue; using a power-law fit Fl / l–b,
b 5 2.0 6 0.1, where l is the wavelength and Fl is the flux per unit wave-
length. The flux break is sharp, and greater than a factor of ten in depth.
In addition, no line emission is detected, ruling out a different redshift
solution for the galaxy. Line emission is excluded to lensing-corrected

1Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 32, København Ø, 2100, Denmark. 2Department of Earth and Space Sciences, Chalmers University of
Technology,OnsalaSpaceObservatory, SE-43992 Onsala, Sweden. 3CentredeRechercheAstrophysiquede Lyon, Observatoire de Lyon, Université Lyon1, 9Avenue CharlesAndré, 69561Saint Genis Laval
Cedex, France. 4Istituto Nazionale di Astrofisica-Osservatorio Astrosico di Arcetri, Largo Enrico Fermi 5, 50125 Firenze, Italy. 5The Scottish Universities Physics Alliance, Institute for Astronomy, University of
Edinburgh, Royal Observatory, Edinburgh, EH9 3HJ, UK.
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Figure 1 | The gravitationally lensing galaxy cluster Abell 1689. The colour
image is composed with Hubble Space Telescope filters: F105W (blue), F125W
(green) and F160W (red). The zoomed box (499 3 499) shows A1689-zD1.
Contours indicate far-infrared dust emission detected by ALMA at 3s, 4s,
and 5s local rms (yellow, positive; white, negative). The ALMA beam

(1.3699 3 1.1599) is shown, bottom left. Images and noise maps were
primary-beam corrected before making the signal-to-noise ratio (SNR) maps.
Slit positions for the first set of X-shooter spectroscopy are overlaid in magenta
(dashed boxes indicate the dither), while the parallactic angle was used in
the remaining observations (pink dashed lines).

1 9 M A R C H 2 0 1 5 | V O L 5 1 9 | N A T U R E | 3 2 7
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Dusty, normal galaxy at z=7.5
Watson et al. 2015, Nature
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Fig. 2. HST/ACS images of U Cam in the f 606 (top), and f 814 (middle)
filters, and the different PA intervals over which the brightness distribu-
tions were averaged (bottom). The size of the coronographic spot used
is 1.′′8. The 3′′ coronographic spot is seen at PA≈−45◦ at the edge of
the shell.

emission seen in our images must be due to scattered light.
Further, it is scattered stellar light, as opposed to e.g. the case
of the extreme carbon star IRC+10216, where the external parts
of the CSE is seen through scattering of the interstellar radia-
tion field (see e.g., Mauron & Huggins 1999). These conclusions
were firmly drawn already by González Delgado et al. (2001) in
their analysis of the circumstellar optical emission detected by
them towards the carbon stars R Scl and U Ant.

The dominant scattering agent responsible for the emission
in the images presented in this paper must be dust particles for
the following reason. The width of a circumstellar line from a
carbon star is about 30 km s−1 (a well established result from ra-
dio line observations; e.g., Schöier & Olofsson 2001), and this
corresponds to ≈0.6 Å at 6000 Å. Consequently, a line is ef-
fectively diluted by a factor of about 4000 in the broadband fil-
ters used here. This does not absolutely exclude line scattering.
However, as will be shown below, for RScl the surface flux den-
sities (i.e., flux per unit wavelength) in our images are consis-
tent with those obtained by González Delgado et al. (2001) in
50 Å wide filters centred on the resonance lines of Na and K.
Specifically, the flux densities are the same in the f 606 filter
used by us and the 50 Å wide f 59 filter centred on the NaD lines
used by González Delgado et al. (2001), and therefore any con-
tribution from the NaD line to the f606 image must be negligible.

Nevertheless, scattering in the resonance lines of NaI and
KI was observed in detached shells by Maercker et al. (2010)
and in “normal” circumstellar envelopes of carbon stars by e.g.
Gustafsson et al. (1997), using spectroscopic techniques.

4.2. The appearance of the circumstellar emission

4.2.1. R Scl

Due to the large extent of the circumstellar emitting region
around R Scl compared to the field of view of the ACS in high-
resolution mode only a part of it could be covered in the obser-
vations, about 50% of the area and about 30% of the circum-
ference. There is a marked limb-brightening, which follows an
essentially circular arc, suggesting an overall spherically sym-
metric geometry. This is consistent with previous observations
of R Scl (González Delgado et al. 2001, 2003) and other de-
tached shells. However, a circular arc fitted to the limb bright-
ening does not have a centre at the stellar position (as is evident
in Fig. 1), but it is offset by ≈0.′′7 at a position angle (PA) of
about 160◦. The same situation was found for the detached shell
around TT Cyg, where the shell centre is offset 1.′′7 from the stel-
lar position (Olofsson et al. 2000). This could be due to binary
companions. We caution that for R Scl we cover only about 30%
of the shell limb, and for this reason we use the stellar position
as the centre of the shell in the following analysis.

In order to analyse the circumstellar scattered light, az-
imuthally averaged radial profiles (AARPs) were made in five
PA intervals (see Fig. 1). The PA intervals are centred on
355◦ (PA1), 32◦ (PA2), 57◦ (PA3), 77◦ (PA4), and 98◦ (PA5),
and cover a range of ±10◦. Figure 3 shows the R Scl AARPs
of the brightness distribution in PA4 in the f 606 and f 814 fil-
ters, and PA5 in the f 475 filter (PA4 is not entirely covered in
the f 475 filter). Also shown is the average AARP over the en-
tire image for each filter. Overall, the surface brightness in the
AARP covering the entire image is uniform out to a rather sharp
outer edge. A low scattering optical depth means that the front
and the rear parts of the CSE contribute equally to the result-
ing brightness distribution (assuming isotropic scattering). The
amount of scattered light is much lower in the f 474 filter due
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Dust production in the LMC 
AGB stars only

Data points show  
observed dust masses
(Schneider et al. 2014,  

MNRAS)

Galaxy evolution - where does the dust come from?
1448 R. Schneider et al.

Figure 7. Time evolution of the stellar (left) and dust masses (middle) predicted by the LMC model. We have used the Harris & Zaritsky (2009) global SFHs
(where solid lines indicate the predictions obtained by adopting the best-fitting SFH and the shaded regions illustrate the uncertainty on the fit) and the Piatti
& Geisler (2013) age–metallicity relation to estimate the metal-enrichment history of the ISM. The observational data are taken from Skibba et al. (2012) and
Gordon et al. (2014), denoted by stars and squares, respectively. The right panel shows the dust mass evolution adopting the no-reverse-shock models for the
dust yields of massive stars (see Fig. 6). The dashed lines show the mass of dust produced by AGB stars only, adopting the best-fitting SFH.

Figure 8. Same as Fig. 7 but for the SMC model. We have used the Harris & Zaritsky (2004) global SFHs (where solid lines indicate the predictions
obtained adopting the best-fitting SFH and the shaded regions illustrate the uncertainty on the fit) and the Piatti (2012) age–metallicity relation to estimate the
metal-enrichment history of the ISM.

the LMC (Eskew et al. 2012), the difference between the final stellar
masses is larger than the observational uncertainty. With this caveat,
stellar sources in the SMC model produce a total mass of dust in
the range 1.1 × 105 ≤ Mdust ≤ 4.3 × 105 M⊙, with a best-fitting
value of Mdust = 2.3 × 105 M⊙. This is in good agreement with the
observed mass of dust in the SMC, with massive stars dominating
the total dust budget at all times and AGB stars producing only 15
per cent of the total ISM dust mass. Note that if we were to scale
down the best-fitting SFR of Harris & Zaritsky (2009) in order to
reproduce the observed stellar mass (see Section 4), the total dust
mass produced by stars would be in the range 2.8 × 104 ≤ Mdust ≤
105 M⊙, with a best-fitting value of 5.6 × 104 M⊙. These values
appear to be more consistent with the results of Boyer et al. (2012)
and Matsuura et al. (2013), who estimate the lifetime of dust in
the SMC using SFRs in the range [0.037–0.08] M⊙ yr−1, lower
than the results by Harris & Zaritsky (2009) and closer to the values
reported by Bolatto et al. (2011) and Skibba et al. (2012). Yet, while
previous studies have concluded that the dust input from stars in the
SMC was too low to account for the existing interstellar dust mass,
we find that the most recent observations by the HERITAGE team
(Gordon et al. 2014) support a stellar origin for dust in the SMC.

Finally, we have recomputed the dust mass evolution assuming
that dust production in SNe does not suffer any destruction by the
reverse shock (no-reverse-shock models). The right panels of Figs 8
and 7 show that the mass of dust produced by stars exceeds the ob-
servational data in both galaxies. It is important to stress that all
the above findings have been obtained, assuming that dust grains
injected by stars in the ISM do not suffer further reprocessing,
such as destruction by interstellar shocks or grain growth in dense
clouds. Hence, our analysis suggests that moderate destruction by
the reverse shock of the SNe, or by interstellar shocks, might have
occurred during the evolution of the galaxies. A detailed investi-
gation of dust reprocessing in the ISM requires the development
of a full chemical evolution model with dust (Valiante et al. 2009,
2011; Valiante et al., submitted), including a two-phase description
of the dense and diffuse phases of the ISM (de Bennassuti et al., in
preparation), which goes beyond the scope of the present analysis.

6 C O N C L U S I O N S

In this paper, we have compared theoretical dust yields for AGB
stars with observations of DPRs by carbon-rich and oxygen-rich

MNRAS 442, 1440–1450 (2014)
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Dust production in high-z galaxies 

• In 3 out of 6 z>4 galaxies, AGB stars can explain observed dust mass

• Requires a dust production of approx. 0.03-0.07 M⦿ per star (2.5 M⦿ < M < 8 M⦿)

• At the upper limit of what is estimated for AGB stars today

• Depends on mass-loss mechanism and evolution, and dust properties
(Michalowski et al. 2010, ApJ)
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Fig. 1. Observations of R Scl in the R-band. Top left to right: total intensity, total intensity with template star subtracted, polarised intensity, and
the lower limit of the polarisation degree derived using the measured total intensity (without psf subtraction). The images are smoothed by a
Gaussian kernel with a FWHM of two pixels. The colour scale is given in counts/s. The bottom row shows the corresponding radial profiles. The
total intensity radial profile shows R Scl (solid line) and the scaled template star (dashed line). The radial profile of the polarisation degree shows
the polarisation degree using the measured total intensity (solid line) and the template-subtracted total intensity (dashed line).

Table 2. Measured shell radii (R) and shell widths (∆R – FWHM of
Gaussian distribution) for R Scl and V644 Sco.

R Scl V644 Sco
R[′′] ∆R[′′] R[′′] ∆R[′′]

this paper 19.7 3.2 9.4 2.0
GD2001a 20.7 – – –
GD2003b 20.0 2.0 – –
S2005 (dust)c 27.0 – 17.0 –
S2005 (gas)c 20.1 – 10.5 –
O2010d 19.2 1.2 – –
M2012e 18.5 1.3 – –

Notes. Both can be determined to with±0.′′5. The results from this paper
are derived from radiative transfer models constrained by the polarised
intensity images from PolCor (see Fig. 5). The results are compared
to previous estimates of the detached shells. (a) Based on observations
stellar light scattered in NaD and K; resonance lines; (b) based on po-
larised, dust-scattered stellar light; (c) based on dust and gas radiative
transfer models; (d) based on observations of dust scattered stellar light;
(e) based on fit to observed CO(3−2) line emission with ALMA .

The peak of the intensity at the position of the shell in the model
AARP is then scaled to the peak in the observed AARP at the
position of the shell. The radius of the shell and the width are
varied until a satisfactory fit to the observed profile is achieved
(Fig. 5). The radius is constrained by fitting the position of the
peak, while the width is determined by fitting the model AARP
to the outer edge of the detached shell in the observed AARP.
Both the radii and widths can be determined to within ±0.′′5.

In principle, the increase in intensity towards the inner re-
gions could be used to constrain the density contrast between the
present-day mass-loss rate and the detached shells. However, ef-
fects due to the coronographic mask and a potential polarisation
of the central star make any such estimate extremely uncertain.

4.1. R Scl

A shell radius for R Scl is determined from the dust-scattered po-
larised light images to 19.′′7 and a FWHM width of the Gaussian
shell to 3.′′2. The polarisation degree reaches values of >20% at
the position of the shell, showing that the dust is indeed located
in a thin shell around the star. A comparison with determined
shell radii and widths using different probes for the dust and gas
is presented in Table 2. Our results are consistent with the radius
derived by (GD2003). The determined radius also fits well with
the radius determined in the HST images in O2010. We derive
a larger FWHM for the shell than O2010. However, the HST
images only cover ≈1/3 of the total shell. The region imaged
in the HST data is dominated by a bright arc along the limb-
brightened shell, while the radmc-3d models in this work are fit
to the AARP of the entire shell, which may lead to a broader av-
erage width. In particular the apparent flattening of the southern
part of the shell will lead to a slightly broader shell. The shell
radius derived in the dust models in S2005 has a large uncer-
tainty (±14′′). These models depend critically on the assumed
grain properties. If the grains are too small for example, the ra-
dius of the shell will be overestimated, since the grains have to
be moved to larger distances to be cool enough to achieve the
right temperature and give the correct infrared flux.
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Fig. 3. Observations of V644 Sco in the R-band. Top left to right: total intensity, total intensity with template star subtracted, polarised intensity,
and the lower limit of the polarisation degree derived using the measured total intensity (without psf subtraction). The images are smoothed by a
Gaussian kernel with a FWHM of two pixels. The colour scale is given in counts/s. The bottom row shows the corresponding radial profiles. The
total intensity radial profile shows V644 Sco (solid line) and the scaled template star (dashed line). The radial profile of the polarisation degree
shows the polarisation degree using the measured total intensity only (solid line).
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Fig. 4. Same as Fig. 3 but in the V-band. The images are smoothed by a Gaussian kernel with a FWHM of four pixels.

data (Figs. 3 and 4) the shell around V644 Sco can clearly be
seen at a radius of 9.′′4. The width of a Gaussian shell fit to
the AARP is 2.′′0. This is the first time the radius and width of
the shell around V644 Sco have been measured directly, instead

of being inferred from radiative transfer modelling. The radius
derived from the molecular line modelling is remarkably close
to the observed value in the PolCor data, lending strength to the
results of the CO models in S2005.
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Fig. 7. The detached shell around U Cam. North is up and east is left. The upper row shows the polarized intensity images. The lower row shows
the total-intensity images. Upper row, far left: the polarized intensity P. Upper row, middle left: the polarized intensity in the shell Psh. Upper
row, middle right: the AARP of the polarized intensity normalized to the stellar intensity (same as in Fig. 4). The dashed line shows the PSF-fit.
The vertical dashed lines indicate regions not included in the fit, i.e., the inner part close to the mask and the region where the shell is located.
The vertical dotted line shows the determined radius of the shell (see text for details). Upper row, far right: the AARP of the subtracted image.
The lower row shows the same images but for the total unpolarized intensity I (far left and middle right), and the total unpolarized intensity in the
shell Ish (middle left and far right).

Fig. 8. The detached shell around DR Ser. North is up and east is left. The upper row shows the polarized intensity images. The lower row shows
the total-intensity images. Upper row, far left: the polarized intensity P. Upper row, middle left: the polarized intensity in the shell Psh. Upper
row, middle right: the AARP of the polarized intensity normalized to the stellar intensity (same as in Fig. 4). The dashed line shows the PSF-fit.
The vertical dashed lines indicate regions not included in the fit, i.e., the inner part close to the mask and the region where the shell is located.
The vertical dotted line shows the determined radius of the shell (see text for details). Upper row, far right: the AARP of the subtracted image.
The lower row shows the same images but for the total unpolarized intensity I (far left and middle right), and the total unpolarized intensity in the
shell Ish (middle left and far right). The peak at 15′′ in the lower right plot is due to a background star.
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Fig. 4. The results of the EFOSC2 observations of U Ant. Top row, left to right: the total intensity (Ish) in the Str-y, F59, and Hα filters, respectively.
Bottom row, left to right: the polarised intensity (Psh) in the Str-y, F59, and Hα filters, respectively.

Henyey & Greenstein and concluded that it is valid at wave-
lengths between 0.4 µm and 1.0 µm, i.e., the wavelength range
of interest here. The amount of polarisation as a function of the
scattering angle is given by

p =
1 − cos2θ

1 + cos2θ
· (8)

The left panel of Fig. 6 shows the scattering efficiency Qscat of
dust grains and the scattering parameter g vs. wavelength for
amorphous carbon grains (Suh 2000) assuming spherical grains
with radii of 0.1 µm. Equation (6) can then be used to derive ra-
dial brightness distributions for different wavelengths assuming
single scattering. The middle panel of Fig. 6 shows the expected
brightness distributions for optically thin scattering by dust in a
detached shell located at R = 48′′ from the star. They are given
for complete isotropic scattering (g = 0) and for the calculated g
for the respective filters. The density distribution of the detached
shell along the radial direction is assumed to follow a Gaussian
distribution with a FWHM of ∆R = 7′′ peaking at R. The grains
have a constant size of 0.1 µm. The right panel of Fig. 6 shows
the corresponding profiles for the polarised light.

For all cases the limb brightening due to the narrow shell is
apparent at ≈48′′ (hereafter referred to as the “peak”). However,
as forward scattering becomes more effective for shorter wave-
lengths, the brightness profile at line of sights closer to the star
increases compared to the peak intensity. Note that the amount of
forward scattering does not have an effect on the position of the
peak or the sharp decrease at larger radii. However, the density
distribution within the shell affects the shape of the peak. A sharp
inner edge moves the position of the peak somewhat closer to the
star, while a sharp outer edge leads to a sharper decline at large

radii. The decline in brightness at large radii follows to good ap-
proximation a Gaussian distribution and it gives reasonable es-
timates of the radius and width of the shell (Mauron & Huggins
2000). However, fitting a Gaussian distribution to the peak and
the tail results in a slightly underestimated radius R (by ≈8%)
and an overestimated FWHM of the shell (by ≈20%). Hence, the
detailed grain size distribution and the density distribution across
the shell are the main uncertainties in determining the shell ra-
dius and width from the observed brightness distributions.

In the case of line scattering we use Eq. (6) with g = 0 for
calculating the brightness distribution.

4.4. Decomposition of the AARPs

In order to derive quantitative results for the individual shells it is
necessary to decompose the AARPs obtained from the observed
images. The images in polarised light best show the spatial struc-
ture of the dust, and we use Eqs. (6) and (8) to derive theoretical
AARPs for the polarised scattered light. The scattering asym-
metry parameter g is determined for each filter using Mie theory
and assuming spherical, 0.1 µm sized carbon grains (Suh 2000).
A Gaussian density distribution of the dust as described above
is assumed. The model distributions are fit to the peaks in the
Psh AARPs, hence determining the radius and widths of shells 3
and 4. Equation (6) is then used to calculate model profiles of
the total intensity Ish. In the F59 filter shell 3 is assumed to be
dominated by scattering in lines, and hence isotropic scattering
is assumed in this filter (g = 0). The dust contribution to Ish from
shell 3 in this filter is neglected. The dotted lines in Fig. 5 show
the individual brightness distributions. Tables 2 and 3 show the
results of fitting the brightness distributions to the polarised and
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Geometrically thin shells of dust and gas around carbon AGB stars 

• Created during recent thermal pulses

• Observed around 7 carbon AGB stars

• Polarised, dust-scattered stellar light images reveal spatially well constrained shells

Spatial constraints fix the distance to the central stars

Grain temperature depends on grain properties!
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the possibility to constrain one of the fundamental processes in
late stellar evolution.

The target of this publication is R Scl, a well studied car-
bon rich AGB star with a semi-regular pulsation period of
⇠370 days (Knapp et al. 2003). Models by Sacuto et al. (2011)
and Wittkowski et al. (2017) require a luminosity of 7000 L�
and e↵ective temperatures of 2700 and 2640±80 K, for dis-
tances of 350 and 370 pc, respectively. We adopt a distance of
370 pc, which is derived from the P� L relationship for semi-
regular variables (with an uncertainty of 370�70

+100pc Knapp
et al. 2003), which is in agreement with a recent study on an
independent, more accurate distance estimate of Maercker
et al. (in press).

R Scl is known to be surrounded by a detached shell,
believed to have been formed during a TP event, and seen
in molecular gas (e.g. Olofsson et al. 1990, 1996; Maercker
et al. 2012) as well as co-spatial dust emission (e.g. González
Delgado et al. 2001, 2003; Olofsson et al. 2010; Maercker
et al. 2014). Additionally, a spiral structure, which is associ-
ated with wind-binary interaction, is connecting the present-
day wind with the detached shell (Maercker et al. 2012).
These high resolution observations of the molecular CO gas,
carried out with the Atacama Large sub-Millimeter Array
(ALMA)1, have given good constraints on the spatial den-
sity distribution of the gas, and constrained the evolution
of the gas mass-loss rate during and after the most recent
thermal pulse (Maercker et al. 2012, 2016). Based on the ex-
pansion velocity of the CO shell and the distance of 370 pc,
the detached shell was created 2300 years ago (Maercker
et al. 2016). Observations of the polarised dust-scattered,
stellar light at optical wavelengths have provided detailed in-
formation on the distribution of dust in the shell and give
an average radius of 19.500 ± 0.500 and (FWHM) width of
200±100 (González Delgado et al. 2003; Maercker et al. 2014).
Nonetheless, the scattered-light observations do not provide
information on the velocity and temperature of the dust, and
only with di�culty allow to determine the total dust mass or
the grain properties. To date, modelling of the thermal dust
emission from the detached shell around R Scl is limited to
models of the spectral energy distribution (SED) from op-
tical to far-infrared (FIR) wavelengths (Schöier et al. 2005).
However, this previous study did not consider the spatial con-
straints on the dust shell provided by the scattered-light ob-
servations, and was not aimed at constraining the dust prop-
erties in detail.

In this paper we present new radiative transfer models of
the thermal dust emission towards R Scl. The primary goals
of this study are to derive the dust mass in the detached shell
around R Scl and to determine the dust properties. We at-
tempt to describe the dependency of the derived dust-shell
parameters on e.g. implemented opacities, grains sizes, and
grain geometries. We model the SED and include FIR ob-
servations with Herschel PACS (Poglitsch et al. 2010) and
SPIRE (Gri�n et al. 2010). In addition, we present a map
of the dust emission at sub-mm wavelengths (870 µm) ob-
served with LABOCA (Siringo et al. 2009) on APEX2. The
spatial resolution of the LABOCA observations resolves the
shell around R Scl. The new observations and models allow

1
https://almascience.nrao.edu

2 This publication is based on data acquired with the Atacama
Pathfinder Experiment (APEX). APEX is a collaboration between the
Max-Planck-Institut für Radioastronomie, the European Southern Ob-
servatory, and the Onsala Space Observatory.

us to study the dust properties in the circumstellar environ-
ment around R Scl across the entire wavelength range from
optical to sub-mm, and in particular allow us to constrain
the properties of the dust in the cold shell around the star.

In Section 2 we present a summary of new and archive ob-
servations as well as previous modelling results. Our approach
of the dust radiative transfer modelling is described in Sect. 3,
and our results are summarised and discussed in Sect. 4. A con-
clusion of our findings is given in Sect. 5.

2. Observations of R Scl

2.1. Spectral energy distribution towards R Scl

Following the work done previously by Schöier et al. (2005), we
use archival photometric observations to create the SED from
0.44 µm to 100 µm. We additionally include Herschel/PACS
photometry at 70 µm and 160 µm, and Herschel/SPIRE photom-
etry at 250, 350 and 500 µm (obs. IDs 1342213264, 1342213265
and 1342188657) observed in the Mass-loss of Evolved StarS
(MESS) program (Groenewegen et al. 2011; Cox et al. 2012).
We add new observations of the continuum emission to-
wards R Scl at sub-millimeter wavelengths at 870 µm with
APEX/LABOCA (see Sect. 2.3). Additionally, ALMA contin-
uum observations between 887 µm and 2779 µm are included
(see Sect. 2.2). A list of the used SED data points is given in
Table 1, and the full SED is plotted in Fig. 1.
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Ṁpd = 2e-10 M�/yr Msh = 3e-05 M�

Fig. 1. SED of R Scl. Black: points used in Schöier et al. (2005); green:
Herschel/PACS; blue: Herschel/SPIRE; red: LABOCA; purple: ALMA.
Plotted with the grey dashed line is the over-all best-fit model of the star,
present-day wind, and detached shell (see Sect. 4.1).

2.2. Continuum observations from ALMA

The ALMA observations were taken during ALMA Early Sci-
ence in Cycle 0 (ADS/JAO.ALMA#2011.0.00131.S), with 16
antennas in the main array in ALMA Bands 3, 6, and 7 (for
more details on the observations we refer to Maercker et al.
2012, 2016). The aim of the observations was to observe the CO
emission from the detached shell and CSE. In the continuum,
the ALMA observations only allow to detect the stellar emission
(possibly with a small contribution from the very recent mass-
loss) – the detached shell is not visible with the achieved sen-
sitivity and resolution. This is confirmed by the models of the
stellar contribution to the SED (see Sect. 3.3). The ALMA obser-
vations are hence not used for constraining our radiative transfer
models of the star, shell or present-day mass-loss, but are merely
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used to verify the spatial origin of the LABOCA observations
(see Sect. below).

2.3. APEX/LABOCA observations

The Large Bolometer Camera (LABOCA) on APEX is a 295
channel bolometer array that observes the sky at 870 µm with
a bandwidth of 150 µm (Siringo et al. 2009). The beam size of
APEX at this wavelength is 18.600 .

We retrieved archival data of R Scl observed with LABOCA
in August, October, and November 2007 (Program ID: O-
079.F-9309A). The total observing time (on- and o↵-source)
is 10.8 hours. The data were re-reduced using CRUSH (Kovács
2008). The final map has an rms noise of 4.5 mJy, and the peak
flux corresponds to 0.1 Jy/beam (Fig. 2, top). The extended emis-
sion is detected at a signal-to-noise ratio of approx. 10.

Since the ALMA observations only show the stellar emis-
sion, we used these to separate the stellar from the circumstellar
flux observed in the LABOCA data. We convolved the ALMA
Band 7 observations with the LABOCA beam, and subtracted
the emission from the LABOCA map. The resulting map shows
the remaining circumstellar emission (Fig. 2, middle), not in-
cluding any stellar emission anymore. The bottom panel of Fig. 2
shows the circumstellar emission subtracted by a thin shell cor-
responding to the detached shell around R Scl, showing that the
circumstellar emission indeed is consistent with a shell with a
radius of ⇠1900 and a width of ⇠200 around R Scl. The residual
emission seen in the bottom panel of Fig. 2 can be attributed to
asymmetries compared to the spherically symmetric shell that
was subtracted.

Table 1. Observations of the spectral energy distribution

Wavelength
(µm)

Flux
(Jy)

Flux
error
(Jy)

Reference

0.44 0.16 0.2 Kerschbaum & Hron (1994)
1.24 392.65 14.47 Kerschbaum & Hron (1994)
1.63 713.38 26.28 Kerschbaum & Hron (1994)
2.19 835.75 30.79 Kerschbaum & Hron (1994)
3.79 553.50 20.39 Kerschbaum & Hron (1994)

12.00 162.10 11.83 IRAS
25.00 82.07 7.39 IRAS
60.00 54.80 13.15 IRAS

100.00 23.18 2.85 IRAS

70.00 35.44 0.35 Herschel/PACS
160.00 8.00 0.80 Herschel/PACS

250.00 1.63 0.24 Herschel/SPIRE
350.00 0.69 0.10 Herschel/SPIRE
500.00 0.30 0.05 Herschel/SPIRE

870.00 0.16 0.06 APEX LABOCA

886.91 0.0290 0.0032 ALMA Band 7
1341.80 0.0111 0.0012 ALMA Band 6
2778.63 0.0026 0.0002 ALMA Band 3
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Fig. 2. Top: LABOCA observations towards R Scl. The colour scale
is given in Jy/beam. Middle: The LABOCA map with the stellar SED
(retrieved from the ALMA continuum observations convolved by the
LABOCA beam) subtracted. Bottom: Residual map after subtracting
the stellar SED and a spherical detached shell with a radius of 1800.5 and
width of 200 . The structures in the residual map are due to asymmetric
emission from the shell, consistent with scattered light observations.

3. Dust radiative transfer modelling

3.1. SED models with MCMax

We use the Monte Carlo dust radiative transfer code MCMax
(Min et al. 2009) to model the circumstellar dust emission of
R Scl. The Monte Carlo method of radiative transfer calcu-
lates the absorption, re-emission and scattering processes for a
large number of individual photon packages, which are moving
through the modelled medium described by a specific density
and opacity at each grid cell. After all photon packages have es-
caped the grid, the temperature and frequency structure at each
grid cell is the output of the model. The resulting observables
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Fig. 1. Observations of R Scl in the R-band. Top left to right: total intensity, total intensity with template star subtracted, polarised intensity, and
the lower limit of the polarisation degree derived using the measured total intensity (without psf subtraction). The images are smoothed by a
Gaussian kernel with a FWHM of two pixels. The colour scale is given in counts/s. The bottom row shows the corresponding radial profiles. The
total intensity radial profile shows R Scl (solid line) and the scaled template star (dashed line). The radial profile of the polarisation degree shows
the polarisation degree using the measured total intensity (solid line) and the template-subtracted total intensity (dashed line).

Table 2. Measured shell radii (R) and shell widths (∆R – FWHM of
Gaussian distribution) for R Scl and V644 Sco.

R Scl V644 Sco
R[′′] ∆R[′′] R[′′] ∆R[′′]

this paper 19.7 3.2 9.4 2.0
GD2001a 20.7 – – –
GD2003b 20.0 2.0 – –
S2005 (dust)c 27.0 – 17.0 –
S2005 (gas)c 20.1 – 10.5 –
O2010d 19.2 1.2 – –
M2012e 18.5 1.3 – –

Notes. Both can be determined to with±0.′′5. The results from this paper
are derived from radiative transfer models constrained by the polarised
intensity images from PolCor (see Fig. 5). The results are compared
to previous estimates of the detached shells. (a) Based on observations
stellar light scattered in NaD and K; resonance lines; (b) based on po-
larised, dust-scattered stellar light; (c) based on dust and gas radiative
transfer models; (d) based on observations of dust scattered stellar light;
(e) based on fit to observed CO(3−2) line emission with ALMA .

The peak of the intensity at the position of the shell in the model
AARP is then scaled to the peak in the observed AARP at the
position of the shell. The radius of the shell and the width are
varied until a satisfactory fit to the observed profile is achieved
(Fig. 5). The radius is constrained by fitting the position of the
peak, while the width is determined by fitting the model AARP
to the outer edge of the detached shell in the observed AARP.
Both the radii and widths can be determined to within ±0.′′5.

In principle, the increase in intensity towards the inner re-
gions could be used to constrain the density contrast between the
present-day mass-loss rate and the detached shells. However, ef-
fects due to the coronographic mask and a potential polarisation
of the central star make any such estimate extremely uncertain.

4.1. R Scl

A shell radius for R Scl is determined from the dust-scattered po-
larised light images to 19.′′7 and a FWHM width of the Gaussian
shell to 3.′′2. The polarisation degree reaches values of >20% at
the position of the shell, showing that the dust is indeed located
in a thin shell around the star. A comparison with determined
shell radii and widths using different probes for the dust and gas
is presented in Table 2. Our results are consistent with the radius
derived by (GD2003). The determined radius also fits well with
the radius determined in the HST images in O2010. We derive
a larger FWHM for the shell than O2010. However, the HST
images only cover ≈1/3 of the total shell. The region imaged
in the HST data is dominated by a bright arc along the limb-
brightened shell, while the radmc-3d models in this work are fit
to the AARP of the entire shell, which may lead to a broader av-
erage width. In particular the apparent flattening of the southern
part of the shell will lead to a slightly broader shell. The shell
radius derived in the dust models in S2005 has a large uncer-
tainty (±14′′). These models depend critically on the assumed
grain properties. If the grains are too small for example, the ra-
dius of the shell will be overestimated, since the grains have to
be moved to larger distances to be cool enough to achieve the
right temperature and give the correct infrared flux.
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Radiative transfer models to constrain the dust properties in the detached shell 
• Observations from optical to submm
• Spatially resolved observations from APEX/LABOCA at 870 µm
• Test of different dust properties to fit the SED:

• different lab measurements of opacities
• grain sizes
• composition
• geometry (hollow vs. solid, fluffy grains)



SED models of R Scl

Radiative transfer models to constrain the dust properties in the detached shell 
• Best-fit model gives Msh=3.1x10-5 +/- 0.5 M⦿, solid, spherical grains with radius 0.1 µm
• Strongest effect on total estimated mass through assumed hollow vs. solid and fluffiness
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4.1. Best fitting standard model for present-day wind and
detached shell

We initially determine a best-fit present-day mass-loss rate and
shell mass using the standard dust parameters described in
Sect. 3.6. We run a grid of models containing the stellar black-
body as radiation source (using the best fitting stellar parame-
ters as described in Sect. 3.3), the dust density distribution of a
present-day wind around the star (as described in Eq. 3.4) and the
dust density distribution of a detached shell (with a radial density
profile as defined in Eq. 3.5 and a radius of 19.700 with a width
of 3.200 , as measured directly in polarised, dust-scattered light by
Maercker et al. 2014, i.e. not the average radius and width). The
values of the present-day mass-loss rate in the grid vary between
5 ⇥ 10�12 and 1 ⇥ 10�9 M� yr�1, while the detached-shell mass
ranges between 5 ⇥ 10�6 and 7 ⇥ 10�5 M�. The best-fit model is
given by a present-day mass-loss rate of 2⇥10�10 M� yr�1 and a
detached shell mass of (3.1± 0.5)⇥ 10�5 M� (Fig. 4), with a �2

red
of 3.7.

Fig. 4. Model grid for 0.1µm solid, spherical amC dust grains in a
present-day wind and detached shell. The best fitting model is marked
by the red line; the other models, showing present-day mass-loss rates
from 5 ⇥ 10�12 to 1 ⇥ 10�9 M� yr�1 and detached shell masses from
5 ⇥ 10�6 to 7 ⇥ 10�5 M�, are marked by grey lines.

Comparing this best-fitting model with modelling results
from Schöier et al. (2005), our best fitting shell mass is con-
sistent with their published (3.2±2.0)⇥10�5 M�, and constrains
the shell mass with much higher accuracy (reducing the error on
the shell mass by a factor of 4). Additionally, the distance used
by Schöier et al. (2005) (290 pc) results in an angular size of
their shell of ⇠2800 , while the observations of dust-scattered stel-
lar light clearly indicate a shell of dust at roughly 1900 . Our re-
sults are hence consistent with observations. For the present-day
wind, they report a gas mass-loss rate of < 3.8 ⇥ 10�7 M� yr�1

and a dust-to-gas ratio of 1.7 ⇥ 10�3, resulting in a present-
day dust mass-loss rate of < 6.5 ⇥ 10�10 M� yr�1. This is con-
sistent with our best fitting present-day dust mass-loss rate of
2 ⇥ 10�10 M� yr�1 (which is not well constrained).

For the assumed dust parameters, the present-day mass-loss
mainly a↵ects the near-infrared part of the SED at wavelengths
around 10 µm, while the shell has a larger impact at wavelengths
longer than ⇠ 20 µm. This is a natural consequence of the tem-
perature of the shell, given by the distance of the shell to the star.
In the models, the shell has a temperature of ⇠77 K, correspond-
ing to emission that peaks at ⇠37 µm. Dust in the present-day
wind will be closer to the star, and hence at warmer tempera-
tures, and therefore will radiate at shorter wavelengths.

The best-fit model reproduces the entire SED at wavelengths
 350 µm well. However, there is a significant discrepancy be-
tween observed and modelled dust emission at 870 µm, where
the best fitting model fails to reproduce a clear excess in the ob-
servation. We will further discuss this discrepancy in Sect. 4.3.
As explained in Sect. 4.3, the nature of this emission is unlikely
due to thermal dust emission, and therefore we do not include
data points at wavelengths >350 µm in the fitting of SED mod-
els. The Herschel/SPIRE point at 500 µm is excluded to avoid
a possible transition region between thermal and non-thermal
dominated regions.

4.2. Changing the dust grain properties

In the following, we will explore the parameter space of di↵er-
ent dust properties, studying how they influence the estimate of
the detached shell dust mass. We explore how the model SED
is a↵ected by the assumed optical constants, grain composition,
grain size, and geometrical grain model.

4.2.1. Optical constants

The basis of dust radiative transfer modelling lies in the de-
scription of the radiative dust grain properties, which are de-
fined by optical constants (n and k), that are used to derive the
frequency dependent absorption and scattering opacities. How-
ever, since the optical constants are measured in laboratory ex-
periments by di↵erent researchers under di↵erent conditions, the
choice of optical constants can influence the modelling results –
even for theoretically identical dust particles. We show this ef-
fect by plotting the best-fitting model for 0.1 µm sized solid amC
grains in the present-day wind and detached shell using the re-
sults from Sect. 4.1 for di↵erent sets of opacities (Fig. 5), derived
by Preibisch et al. (1993); Rouleau & Martin (1991); Suh (2000);
Zubko et al. (1996); Jager et al. (1998). The biggest change be-
tween the di↵erent opacities can be seen in the infrared region
of the SED at � > 20 µm. They hence have the potential to influ-
ence the best fitting shell mass.
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Fig. 5. E↵ect of the di↵erent opacities on the SED (detailed model setup
described in Sect. 4.2.1). The best fitting model is drawn with a solid
line while the other models, corresponding to di↵erent opacities, are
plotted in dotted lines.

We ran a grid of models varying the present-day mass-loss
rate and shell mass for each of the optical constants shown in
Fig. 5. The best-fitting models for the di↵erent optical constant
were then compared to the one when using optical constants
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• No straight-forward explanation of the submm excess
• SED shape in submm can not be reproduced

• Spatial constraints from the LABOCA observations show that excess originates in the shell
• Cold component explanation requires blackbody of 5 K!
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Fig. 12. Left: Best fitting model SED (solid line) consisting of the stellar and present-day wind contribution (dotted line), a detached shell
contribution (dashed line) and an additional blackbody (dotted dashed line). The wind parameters are the best fitting parameters of 1⇥10�10 M� yr�1

for the present-day wind and 3⇥10�5 M� for the shell mass, derived for 0.1 µm solid sphere amC grains. The best fitting cool blackbody temperature
is 5 K. Right: �-square map for the grid of cool blackbodies used to find the best fit. The scaling factor a is scaling the flux of the blackbody.

solid 0.1 µm sized grains. The estimated gas mass in the shell is
4.5 ⇥ 10�3 M� (Maercker et al. 2016), resulting in a dust-to-gas
ratio of 0.007. This value is relatively high compared to results
for other carbon-rich AGB stars (Ramstedt et al. 2008). How-
ever, if we instead assume DHS grains, the total dust mass de-
creases by a factor of 2.4 – a↵ecting our estimate of the total
dust-masses produced by stars. In that sense, the structure of the
dust grains is important when determining the total amount of
dust produced from stars and present in galaxies, independent of
stellar mass, and when comparing di↵erent sources of dust.

In addition to estimating the dust mass in the shell, we also
find a significant excess emission in the sub-mm. We are not able
to constrain the origin of this excess emission. In order to prop-
erly constrain the properties of grains around AGB stars, also
observations at long wavelengths (sub-mm to mm and possibly
cm) are needed.
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SED models of shells around U Ant, V644 Sco, DR Ser

• Spatially constrained LABOCA observations
• As for R Scl, SED at FIR and submm wavelengths not affected much by opacities, 

geometry, composition
• Fixed distance from the star - grain temperature most strongly affected by grain size
• FIR points missing for DR Ser and V644 Sco

• Indication of large grains in all sources 

• Submm excess in all sources

DR Ser, 2 µm grains U Ant, 1 µm grains V644 Sco, 2 µm grains
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Grain properties in detached shells

• Large grains cannot explain submm excess in the observed detached shell sources
• Simple two-blackbody model would required blackbodies of only a few K
• “cold” dust population would have to be distinct from “warm” dust

• continuous distribution would not reproduce SED “knee”
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Ser, U Ant, and R Scl in Bands 3, 6, and 7 during 
Cycles 5+6

• Spatially constrained measurements of the 
submm emission from the shell



Grain properties in detached shells
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• Observations will probe shape of submm excess 
at 850µm, 1300µm, and 3000µm

• ALMA ACA proposals to observe V644 Sco, DR 
Ser, U Ant, and R Scl in Bands 3, 6, and 7 during 
Cycles 5+6

• Spatially constrained measurements of the 
submm emission from the shell

• Large grains cannot explain submm excess in the observed detached shell sources
• Simple two-blackbody model would required blackbodies of only a few K
• “cold” dust population would have to be distinct from “warm” dust

• continuous distribution would not reproduce SED “knee”



Submm excess from dust grains

940 S. Dehaes et al.

Table A2. This is an overview of the output parameters of the presented models. L is the luminosity, r1 is

the distance between the dust envelope and the central star, r1/rc is the ratio of this distance to the radius

of the central star. The hydrodynamics calculations give a value for the mass-loss rate Ṁ and the terminal

outflow velocity V e. If the terminal outflow velocity falls below 5 km s−1, the values of Ṁ and V e cannot

be trusted (indicated with an exclamation mark), if T eff drops below a critical temperature inherent to the

model, all values listed in the table are uncertain (indicated with an asterisk).

Name L Ṁ Ve r1 r1/rc

(L⊙) (M⊙ yr−1) (km s−1) (cm)

AFGL 1922 1.03 × 104 2.15 1014 5.71

IRAS 15194−5115 1.17 × 104 4.07 × 1014 10.2

AFGL 3068 ! 6.78 × 103 3.34 × 10−5 4.85 9.47 × 1014 31.1

IRC +10 216 7.87 × 103 1.73 × 10−5 6.65 1.03 × 1015 31.3

IRC +20 370 1.12 × 104 7.87 × 10−6 15.1 3.90 × 1014 9.92

V Hya 9.78 × 103 4.72 10−6 13.0 6.65 1014 18.1

R Scl 1.32 × 104 2.80 1014 6.57

IRC +20 326 8.82 × 103 6.84 × 1014 19.6

o Cet 1.06 × 104 1.15 × 10−6 16.2 2.03 × 1014 7.63

IK Tau∗ 1.06 × 104 8.23 × 10−6 14.1 2.38 × 1014 6.26

WX Psc 7.38 × 103 2.35 × 1014 7.36

R Hya ! 1.03 × 104 3.57 10−7 3.05 1.07 1015 28.2

W Hya∗ 1.26 × 104 1.07 × 10−7 7.11 1.37 × 1014 2.10

V1300 Aql 9.51 × 103 2.34 × 1014 6.46

α Her 2.04 × 104 5.09 × 10−8 7.16 2.16 × 1014 5.86

AFGL 4106 ! 2.48 × 105 9.50 × 10−4 3.73 1.81 × 1017 7.68 × 103

α Sco 7.98 × 104 1.41 × 10−7 10.1 4.27 × 1014 5.86

IRC +10 420 2.88 × 105 4.78 × 10−4 10.0 2.21 × 1016 8.71 × 102

Figure A1. T1 = 1200 K, AMC = 93 per cent, τ 0.5 = 50, Teff = 2500 K,

ρ(y) ∝ y−2 between Y = 1 and 100, ρ(y) ∝ y−1.5 between Y = 100 and 5000.

The upper figure shows the photometric data (asterisk) and the model (full

line). Error bars are shown, but most of the time they fall within the symbols.

A reversed triangle represents an upper limit. The lower figure shows the

LRS spectrum (plus signs) and the model (full line). As a comparison, the

dotted line shows the corresponding hydrodynamical model.

larger value of τ 0.5 degrades the quality of the fit to the SED and to

the wings of the LRS. This apparent contradiction could indicate a

non-spherical mass-loss. The discrepancies between LRS spectrum

and model for R Scl are mainly caused by molecular absorption by

Figure A2. T1 = 900 K, AMC = 96 per cent, τ 0.5 = 15, Teff = 2500 K,

ρ(y) ∝ y−2 between Y = 1 and 100, ρ(y) ∝ y−1.5 between Y = 100 and

5000.

HCN at 8 µm and around 14 µm in combination with C2H2. The

spectrum of R Hya shows a strong molecular band from H2 O to the

left-hand side of the silicate feature at 9.7 µm. And the discrepancy

between the model and the blue wing of the LRS for AFGL 4106

and IRC +10 420 is probably caused by a lack of Fe in the model.

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 377, 931–944

Dehaes et al. 2007
• Dust models of 32 AGB stars (M+C-type)
• Submm excess in 5 sources
• FIR + submm region not well sampled
• possible PAH emission?
• Spatial constraints in submm essential!

Gordon et al. 2014
• Herschel observations of the LMC and SMC
• 5 bands from 100 to 500 µm

• Single-T BB with modified power-law emissivity
• BB with broken power-law emissivity
• Two-T BB with same power-law emissivity

• Best-fit given by BB with broken power-law emissivity
• unknown dust properties in the submm
• Not “simply” population of cold dust grains

The Astrophysical Journal, 797:85 (19pp), 2014 December 20 Gordon et al.

Figure 4. Fractional residuals for the SMC (top) and LMC (bottom) of the fits for the SPIRE 250 µm band are shown for all the models. Each model has been plotted
shifted by multiples of 0.5 on the x axis. The false color gives the log density of points, and each point represents the residual for the “max” estimator for a single
pixel. The “max” estimator was used to give each model the best chance to have the lowest residuals. The plots at other wavelengths show similar behaviors with the
BEMBB model having the lowest residuals.
(A color version of this figure is available in the online journal.)

For the LMC, these fractions are 0.91, 0.89, 0.87, 0.87, and 0.87
for global fluxes of 223, 259, 142, 73, and 31 kJy for the same
bands. The global fluxes quoted here differ from those given
by Meixner et al. (2013) due to our subtraction of MW cirrus
foreground and the additional background subtraction step.

The quantitative impact of correctly including the correlated
noise in the measurements can be illustrated by noting that
assuming the noise is uncorrelated between bands results in
the BEMBB model giving fits with a total SMC dust mass
that is ∼50% higher than the total dust mass given in Table 3.

The importance of accounting for the full likelihood function is
equally important: the total SMC dust mass for the BEMBB
model is ∼50% higher using the “max” values and ∼30%
lower using the “exp” values of log(Σd ) when compared to
the “realize” value given in Table 3. The “realize” values are
the correct values for determining the total dust mass values
as they statistically reflect each pixel’s full likelihood function,
asymmetries and all, in the sum of the individual pixel masses.
The “max” and “exp” values only reflect a limited portion of the
likelihood function and this systematically biases the results.
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• Improved dust models of detached-shell sources R Scl, U Ant, V644 Sco, and DR Ser
• Uncertainty in dust mass one order of magnitude lower than previous estimates
• Indication of larger grains in detached shells than generally assumed in AGB stars
• Unexplained submm excess indicates unknown dust properties

Conclusions

• similar excess observed around “normal” AGB stars, and in the LMC and SMC
• unknown origin of the submm excess
• simple cold component does not seem to explain the observations
• unknown dust properties and/or PAH emission?

Spatially resolved observations in FIR and submm essential to constrain dust properties!

Need to know dust properties to understand

origin and evolution of dust in galaxies!


