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ABSTRACT

On the asymptotic giant branch (AGB) low- and intermediate-mass stars eject a large fraction of their envelope, but the mechanism
driving these outflows is still poorly understood. For oxygen-rich AGB stars, the wind is thought to be driven by radiation pressure
caused by scattering of radiation off dust grains. We use high-angular-resolution images obtained with SPHERE/ZIMPOL to study the
photosphere, the warm molecular layer, and the inner wind of the close-by oxygen-rich AGB star R Doradus and its inner envelope.
We present observations in filters V, cntHe, and cnt820 and investigate the surface brightness distribution of the star and of the
polarised light produced in the inner envelope. Thanks to second-epoch observations in cntHa, we are able to see variability on the
stellar photosphere. We study the polarised-light data using a continuum-radiative-transfer code that accounts for direction-dependent
scattering of photons off dust grains. We find that in the first epoch the surface brightness of R Dor is asymmetric in V and cntHe, the
filters where molecular opacity is stronger, while in cnt820 the surface brightness is closer to being axisymmetric. The second-epoch
observations in cntHa show that the morphology of R Dor has changed completely in a timespan of 48 days to a more axisymmetric
and compact configuration. This variable morphology is probably linked to changes in the opacity provided by TiO molecules in the
extended atmosphere. The observations show polarised light coming from a region around the central star. The inner radius of the
region from where polarised light is seen varies only by a small amount with azimuth. The value of the polarised intensity, however,
varies by between a factor of 2.3 and 3.7 with azimuth for the different images. We fit the radial profile of the polarised intensity using
a spherically symmetric model and a parametric description of the dust density profile, p(r) = por™". On average, we find exponents
of —4.5 + 0.5 that correspond to a much steeper density profile than that of a wind expanding at constant velocity. The dust densities
we derive imply an upper limit for the dust-to-gas ratio of ~ 2 X 107 at 5.0 R,. Considering all the uncertainties in observations and
models, this value is consistent with the minimum values required by wind-driving models for the onset of a wind, of ~ 3.3 x 107%.
However, if the steep density profile we find extends to larger distances from the star, the dust-to-gas ratio will quickly become too

small for the wind of R Dor to be driven by the grains that produce the scattered light.

Key words.

1. Introduction

The asymptotic giant branch (AGB) is one of the final stages of
the evolution of low- and intermediate-mass stars, when a slow
and dense outflow develops (Habing & Olofsson||2003). The
wind is thought to be driven by radiation pressure on dust grains
that can only form because pulsations enhance the density-scale-
height of the stellar atmospheres. For oxygen-rich AGB stars
(where the carbon-to-oxygen ratio is lower than one), it has been
proposed that large, translucent dust grains provide the required
opacity and drive the wind through scattering of photons (Hofner
2008)). However, many intricacies of the formation and process-
ing of the oxygen-rich dust grains remain poorly constrained

* Send offprint requests to T. Khouri
e-mail: theokhouri@gmail.com

from observations. The translucent nature of these grains im-
plies that they are not expected to produce significant infrared
emission and, hence, most likely cannot be identified from in-
frared spectra. The best way to study such grains is through the
scattered stellar light they are expected to produce.

To advance our understanding of the AGB mass loss,
we use high-angular-resolution observations acquired with
SPHERE/ZIMPOL (Beuzit et al| 2008) on the Very Large
Telescope (VLT) to investigate light polarised through scattering
off dust grains in the inner wind of the AGB star R Doradus. This
oxygen-rich star with spectral type M8 has a large angular diam-
eter in the sky (= 57 mas) and a relatively low mass-loss rate, be-
tween 0.9 and 2.0x1077 My, yr‘1 (Olofsson et al.|2002; Maercker
et al.||2008; [Khouri| [2014). Its pulsation properties switch be-
tween one mode with a period of 332 days and AV = 1.5 mag,
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and another with a period of 175 days and AV < 1 mag (Bedding
et al.[[1998). Polarised light from a region very close to the star
(= 1.5 R,) has been recently detected using NACO (Norris et al.
2012). The authors found that a model with grain radii of 0.3 um
and a inner radius of the dust envelope of 43.3 mas gives the best
fit to the data.

2. Observations
2.1. Data acquisition and data reduction

R Dor was observed with ZIMPOL during the SPHERE science
verification time using three filters, V, cntHe, and cnt820. The
observations were taken in two epochs, 10 and 11 of December
2014 (V, cntHea, and cnt820) and 28 of January 2015 (cntHa).
The total integration times for each filter and epoch are given in
Table [T} Observations using filter cnt820 were done both with
and without a neutral density (ND) filter. In the images obtained
without the ND filter, the star saturated the detector. When the
first-epoch cntHa images were taken the seeing was too high
(> 1.2”) for an optimal behaviour of the instrument, therefore
these data have to be interpreted with care.

The observations of R Dor resulted in individual data cubes,
containing the frames recorded with the two cameras of the in-
strument (both equiped with the same filter). We processed these
cubes individually using the data reduction pipeline of the in-
strument, in its pre-release version 0.14.(11_1 Each cube produced
Stokes +Q, —Q, +U and —U frames for the two cameras, to-
gether with intensity frames /p and I;. We then aligned and
de-rotated the resulting average frames using custom python
routines. We adopt a pixel scale of 3.602 + 0.011 mas pix~! and
a position angle of the vertical axis with respect to North of
357.95+0.55 deg (Ch. Ginski, in prep). Recently, new direction-
dependent corrections to the pixel scale of less than 0.5% have
been determined (see Ginski et al, in prep). Since these are much
smaller than the uncertainties from choosing the central pixel
(see Section @]) for the region we consider, we have not in-
cluded them.

We deconvolved the total intensity images (only) using the

Lucy-Richardson (L-R) algorithm implemented in the IRAFE]

software package. The point-spread function (PSF) reference
images of y? Ori were taken on the night of 31 March 2015,
under comparable seeing conditions (o = 0.9”) as the R Dor ob-
servations. For the cnt820 filter, we adopted the PSF observation
in the TiO717 filter (with 4, = 716.8 um and A1 = 19.7 um)
as no other PSF observation in the cnt820 filter was available.
We stopped the L-R deconvolution after 80 iterations, as the de-
convolved images do not show a significant evolution in addi-
tional processing steps. Since the PSF images were not acquired
simultaneously to the images of R Dor, we only show the de-
convolved images to illustrate what the underlying source mor-
phology might be. All the quantities that we present and model
were extracted from the observed images and not from the de-
convolved ones.

2.2. Observational results
2.2.1. The stellar photosphere

We first discuss the total intensity (Stokes /) images. The high
spatial resolution achieved with SPHERE/ZIMPOL (= 20 mas)
allows us to resolve the stellar disc of R Dor in the total intensity

' Downloadable from fip./ftp.eso.org/pub/dfsipipelines/sphere/
2 |\http:flirafnoao.edu

images (Figs.[I]and[2). The images acquired in the first epoch re-
veal a very asymmetrical source, with a horseshoe-shaped mor-
phology both in V and in cntHe. In these images, more emission
arises from the northern hemisphere and there is a region of low
surface brightness in the south-west. We find an azimuthally-
averaged full-width at half maximum (FWHM) in V and cntHa
in this epoch of ~ 71 mas (see Table[I)). This asymmetric mor-
phology is not as prominent in the cnt820 images and the source
is also smaller at this wavelength, with FWHM = 58.3 mas.

The surface brightness distribution of RDor in cntHa
changes between the two epochs of observation (Fig. [2). In Jan
2015, emission is concentrated in the central region and the in-
tensity distribution is more axisymmetric, different from what is
seen in the first epoch. In the second epoch the disc of R Dor
has a FWHM = 59.4 mas in cntHa. For reference, the 48 days
that separate the two epochs correspond to slightly more than
one-fourth of the shortest pulsation period of R Dor (175 days).

The values of the FWHM measured in the second epoch in
filters cnt820 and cntHe are comparable to the stellar radius for
a uniform disc obtained by [Norris et al.| (2012) of ~ 27.2 mas,
from observations that probe the stellar continuum in the near-
infrared. However, the values of the FWHM in the first epoch in
V and in cntHe are significantly larger than that (see Table I)).

A strong dependence of the size of the stellar disc on wave-
length is a known feature of AGB stars. For instance, the mea-
sured uniform-disc diameters in the near-infrared is found to
correlate with molecular spectral bands of CO and H,O (see,
e.g., Wittkowski et al.|2008; Woodruff et al.|2009). In the visi-
ble wavelength range, TiO is expected to be the main source of
opacity for a late-type M star as R Dor. This molecule is found to
dominate the spectrum in the wavelength range of V and cntHe,
but its opacity is lower in the wavelength range of filter cnt820.
For comparison, molecular contribution is expected to be very
small in the wavelengths that Norris et al.| performed their ob-
servations. For examples of spectra of late-type stars with band
identification, see, e.g.,|Lancon & Wood|(2000).

Jacob et al.| (1997) measured the diameter of R Dor in the
pseudo-continuum region around 0.82 ym and in a TiO absorp-
tion band at 0.85 um and found the stellar diameter to be 20%
larger in the TiO band. Follow-up observations (Jacob et al.
2004) between 0.65 um and 0.99 um confirmed that the stellar
disc size increases in the TiO bands. [Ireland et al.| (2004} found
asymmetries in the stellar disc of R Dor in the same wavelength
range observed by [Jacob et al.| (2004). The authors, however,
could not determine whether these asymmetries were caused by
variations in molecular excitation or in the light scattered by dust
grains. Since we find that the size and the morphology of the stel-
lar disc change considerably while the polarisation degree does
not decrease significantly (see Section [2.2.2)), we conclude that
the difference in FWHM, the asymmetries, and the variation in
morphology are mainly caused by variability of molecular (TiO)
opacity.

The variability in TiO opacity can be caused by changes in
the gas density and/or in the molecular abundance or excitation.
Hydrodynamical models calculated with the code COSBOLD
(Freytag|2013)) for a star with a few solar masses show that con-
vective motions can produce large-scale density variations on
time scales comparable to the one we ﬁn(ﬂ However, these mod-
els lack a realistic wavelength-dependent radiative transfer that
takes into account molecular opacity. As molecular excitation,
and hence the surface brightness of the stellar disc, is signifi-
cantly affected by density variations, by episodic dissipation of

3 Seehttp://www.astro.uu.se/~bf/|for the model results.
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Fig. 1. Top panels: total intensity normalised using the peak flux as observed using ZIMPOL on 10- and 11-Dec-2014 in the three
filters, V, cntHa, and cnt820. Middle panels: the images of the PSF-reference star > Ori normalised to the peak flux. Bottom panels:
the corresponding deconvolved images, again normalised using the peak flux. The dashed red circles show the size of the stellar disc
derived by [Norris et al|(2012) from observations in the near-infrared (same as shown in Figs. and [3). The full red circles

show the FWHM of the PSF used as reference.

energy carried by shocks, and by variations in the stellar radia-
tion field, a quantitative comparison between observations and
such models is not yet possible.

2.2.2. The polarised light

Polarised light thought to be produced by scattering of stellar
light off dust grains was detected from around the central star
(see Fig. 3). The observed polarisation vectors are in the plane

of the sky and tangential to a circle centred on the star, as ex-
pected for grains distributed in a circumstellar envelope illumi-
nated by a central star. Fig. ] shows that the directions of the
observed polarisation vectors match this expected behaviour up
to distances of about 160 mas in the images obtained in the V
filter, about 130 mas in the first-epoch cntHa image, and about
145 mas in the second-epoch cntHa image. At these radii the po-
larisation signal disappears in the noise. We did not include the
observations in cnt820 in this analysis because these were either
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Table 1. Observation log.

Filter AverageJD Exptime DIT[s] Ao Al AM 6 FWHM, Peak PD MPF IPF Rem.
[2457000+] [min] x NDIT [nm] [nm] [ [mas] [%] [%] [%]
V - 11 Dec 14 2.563 42.7 4x10 554.0 80.6 140 1.0 70.6 4.8 1.85+0.15 1.25+0.1 -
cntHa - 10 Dec 14 1.767 48.0 10x4 6449 41 140 1.35 72.1 3.0 3.15+02 23+0.1 -
cntHa - 28 Jan 15 50.534 11.5 1.2x36 6449 4.1 125 093 59.4 9.0 545+0.9 3.6+0.5 -
cnt820 - 10 Dec 14 2.589 4.8 1.2x30 817.3 19.8 135 1.1 58.3 - - - ND1
cnt820 - 10 Dec 14 2.584 14.4 1.2x30 817.3 19.8 135 1.2 - - - sat.

Notes. The average Julian date and the total integration time of the observations are given in columns 2 and 3. DIT is the exposure time of the
individual frames and NDIT is the number of frames per exposure. Each cycle (DIT x NDIT) was repeated four times to obtain +Q, —Q, +U, and
—U frames and the whole cycle was repeated several times for each filter and epoch until the total exposure time was reached. AM and 6 are the
airmass and the visible seeing respectively. A, and AA are the central wavelength and the full-width at half maximum of the filters used. FWHM, is
the azimuthally-averaged full-width at half maximum observed for R Dor. Peak PD, IPF, and MPF (defined in Section[3.2) stand, respectively, for
the peak value of the polarisation degree, the integrated polarised fraction, and the maximum polarised fraction (not given for cnt820, see Section
m. In the last column, ND1 is the neutral density filter used and sat. indicates that the CCD is saturated.
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Fig.2. Top panels: total intensity normalised to unity as ob-
served using ZIMPOL in cntHe on 10-Dec-2014 and 28-Jan-
2015. Bottom panels: the corresponding deconvolved images,
again normalised to unity. The dashed red circles show the size
of the stellar disc derived by Norris et al.[(2012) from observa-
tions in the near-infrared (also shown in Figs.[I} 3| ] and[5). The
full red circles show the FWHM of the PSF used as reference.

saturated or had to be acquired with a neutral density (ND) filter.
The region where the detector was saturated includes the inner
rim of the ring from where polarised light is seen and the ND
filter can introduce uncalibrated instrumental polarisation.

The region from where we see polarised light is very sim-
ilar for V and cntHe in the first epoch, but the brightness dis-
tribution is somewhat different. In V the polarised intensity is
slightly more concentrated in the south part of the image (60%),
while in cntHa both hemispheres show roughly the same emis-
sion with 53% of the polarised intensity originating from the
southern hemisphere. There is no obvious correlation between
the directions of maximum or minimum polarised intensity and
those with maximum or minimum total intensity. Interestingly,
although the total intensity distribution in cntHa changes dras-
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Fig. 3. Polarised intensity seen in V, cntHe, and in cnt820 on 11-
Dec-2014 and in cntHa on 28-Jan-2015 normalised to the peak
value, shown with a square-root scaling. The dashed red circles
show the size of the stellar disc derived by Norris et al.| (2012)
from observations in the near-infrared (also shown in Figs.[I} [2]
4] and [5). The white circles (not shown for cnt820, see Section

2.2.2) mark the region where we find the polarised light pro-
duced in the envelope to dominate over instrumental effects.

tically from one epoch to the other, the polarised intensity dis-
tribution does not change significantly. The departure from ax-
isymmetry is stronger in Jan 2015 but the location of the maxima
and minima of the polarised flux does not change much between
the two epochs.

We divided the image in octants to facilitate our analysis and
to minimise errors introduced by asymmetries of the dust enve-
lope. Octant 1 is limited by the north and north-east directions
and the numeration follows clock-wise. The value of the po-
larised intensity changes considerably for the different octants.
In Table [2] we list the fraction of the polarised light measured
per octant per filter. The ratio between the intensity from the oc-
tants with maximum and minimum polarised intensity is roughly
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Table 2. Fraction of the polarised flux arising from the different
octants for the image in V and in cntHa.

Fraction of polarised flux
Octant \" cntHa Dec  cntHa Jan
[%] [%] [%]
1 11 15.5 13
2 11 13.5 16
3 13 9 14.5
4 17.5 13.5 14.5
5 16 17.5 18.5
6 13.5 13.5 11.5
7 7.5 7.5 5
8 10.5 10 7
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Fig. 4. Direction of the measured polarisation vector for the four
images given in degrees relatively to the north direction. The
red circles show the size of the stellar disc derived by
from observations in the near-infrared (also shown
in Figs. [T} 2} Bl and [5). The dashed blue circles enclose the re-
gions where we find the polarised intensity produced in the enve-
lope to be a factor of three larger than the expected instrumental
polarisation (not shown for cnt820, see Section [2.2.2).

2.3 for V and cntHe in the first epoch and 3.7 for cntHe in the
second epoch.

3. Analysis and modelling of the polarised light

We now focus on our modelling efforts to derive the density ra-
dial profile of the grains that produce the scattered light.

3.1. Modelling approach

We calculated spherically symmetric models using the contin-
uum radiative-transfer code MCMax (Min et al.[2009). The code
calculates the direction-dependent scattering of radiation by dust
grains and outputs images of the Stokes parameters. We con-
volved the Q and U images produced by the models with the
PSF images. This typically caused a decrease by a factor of 1.5
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Fig. 5. Polarisation degree for the four images. The red dashed
circles show the size of the stellar disc derived by
from observations in the near-infrared (also shown in
Figs.[I] 2 B} and[@). The dashed blue circles enclose the regions
where we find the polarised intensity produced in the envelope
to be a factor of three larger than the expected instrumental po-
larisation (not shown for cnt820, see Section [2.2.2).

of the output integrated polarised flux. This is because in the Q
and U images the negative and positive lobes from a symmetrical
envelope can overlap when the resolution is lowered. This leads
to polarised signal in the images to cancel out. The poorer the
angular resolution, the larger is the effect. The convolved Q and
U images were then combined to obtain the polarised intensity
for each model.

We calculated the radial profile of the polarised intensity
from the observations for each octant and compared these pro-
files independently to the models. We considered two different
envelope structures: with dust grains distributed in a thin halo
with constant density (model with no outflow), and with a dust
density gradient given by p(r) = p, (R./r)", R, being the inner
radius of the dust envelope and p, = p(R,). We varied R, be-
tween 1.2 R, and 2.0 R, for both envelope structures and the
halo thicknesses between 0.25 R, and 1.5 R, for the thin-halo
scenario, where R, = 27.2 mas (Norris et al.[2012).

We use amorphous Mg,SiO, grains with the optical con-
stants obtained by Jager et al.| (2003), as this dust species is
one of the main candidates for driving the winds of oxygen-rich
AGB stars (see, e.g., Bladh & Hofner]2012). We have also ex-
perimented with optical constants for Mg,SiO3; and Al,Os3, as
discussed in Section f.1.2] To calculate the absorption opacities
and the direction-dependent scattering properties, we approxi-
mate the actual size distribution of particle sizes by a distribu-
tion of hollow spheres (Min et al.|2003). We consider the radii,
a, to be given by the standard distribution for grains in the in-
terstellar medium n(a) « a3 (Mathis et al.|1977). The mini-
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mum, dpin, and maximum, amy.x, grain radii of the distribution
were varied to fit the observations (see Section[4.T). Our fits are
only sensitive to grains with a % 0.1 um, since smaller grains do
not provide significant scattering opacity. For distributions with
Amin = 0.01 um and @, between 0.2 um and 0.5 um, the amount
of mass in grains with a % 0.1 um is roughly between 40% and
70%.

3.2. Observational contraints

Our models only consider opacity due to dust grains, while
molecular absorption may also be very important close to the
star. Neglecting this source of opacity will probably cause us to
overestimate the inner radius of the dust envelope. This is be-
cause photons scattered close to the star, where the gas densities
are high, have a larger chance of being absorbed before escaping
the envelope. Hence, the inner radius of the dust envelope would
appear larger.

Instrumental polarisation may also affect the observations,
though, data reduction procedures reduce it to about 0.5%. This
residual instrumental polarisation mainly affects the data at pro-
jected distances > 100 mas from the central source. To minimise
the errors introduced, we only analysed the polarised light from
the inner region up to 127 mas from the star, where the polari-
sation degree is larger than 1.5% and where we see the expected
behaviour of the polarisation angles for the image in V and the
two images in cntHa.

We fit our models to the integrated polarised fraction (IPF),
the maximum polarised fraction (MPF), and the radial profile of
the polarised intensity. We define the IPF as the polarised inten-
sity integrated within a radius of 127 mas divided by the total
intensity integrated over the same region. The MPF is the maxi-
mum value of the polarised fraction per octant integrated within
a radius of 127 mas divided by the total intensity integrated over
a circle with a 127 mas radius. These observed quantities are
given in Table|l| The errors given are the 1-o- uncertainties de-
rived from the uncertainties on the polarised intensity. We also
compared our models to the radial profile of the total intensity to
set upper limits on the dust densities.

The IPF in the image in V is significantly smaller than those
in cntHe in both epochs. The polarised signal in the first-epoch
cntHa image can be affected by the not-ideal conditions when
the data were taken. Specifically, the Strehl ratio in that image
is different from that in the reference PSF (? Ori), which was
taken under good sky conditions. This can cause more instru-
mental polarisation to be produced, affecting the IPF we mea-
sure. This is specially important in the regions where the polari-
sation degree is low (< 1%). The effect of the worse conditions
can be seen in the images of the direction of the polarisation
vectors (Fig. d). The first-epoch image in cntHe shows the sig-
nal from circumstellar polarisation up to a smaller distance than
the second-epoch image. This would not be expected if both im-
ages had been taken under equal conditions because in the first-
epoch exposure time was longer. Nonetheless, decreasing the ra-
dius of integration from 127 mas to 110 mas only reduces the
value we obtain for the IPF by a factor of 1.01. Therefore, the
effect of the worse sky conditions on the IPF are not significant.
Moreover, the observations in Jan 2015 also show a high IPF in
cntHea. This leads us to conclude that the higher IPF in cntHe
when compared to that in V is a real feature of the inner en-
velope of R Dor. However, we were not able to reproduce this
wavelength dependence of the IPF with our models, which al-
ways show higher IPF in V or at most similar values of the IPF
between the two filters.

An important consideration is that the measured IPF can be
suppressed by molecular absorption. This is because the scat-
tered photons travel longer through the envelope than photons
that do not interact and, hence, have a higher probability of being
absorbed by molecules. This causes the IPF produced by scatter-
ing off dust grains to decrease if the molecular absorption opac-
ity increases in a given wavelength. Given these considerations,
it is more likely that polarised photons in the V band are ab-
sorbed by molecules than artificially created in cntHa because
of instrumental polarisation. Therefore, we consider the values
measured in cntHe as more representative of the IPF produced
by the dust. This approach also guarantees that we do not un-
derestimate the dust densities we derive. Hence, we fit our mod-
els to the uncertainty-weighed-averaged IPF in cntHa from both
epochs combined, of 2.35 + 0.1%.

In order to calculate radial profiles, we need to define a cen-
tral pixel but the complex morphology of the source makes this
determination difficult. For reference, the FWHM of R Dor in
the total intensity images in V is of roughly 20 pixels (72 mas,
see Table[T). We have chosen the central pixel in the images in
V as the one more closely equidistant from the peak of polarised
light for different azimuths. The central pixels in the other fil-
ters were chosen by establishing the best match when overlay-
ing the polarised-light images with those in V. By following this
approach, we find that the chosen central pixels differ from the
centre of light by a distance of one (3.6 mas) or two pixels (7.2
mas) for the images in V and in both epochs in cntHe. The pix-
els where the total intensity peaks differ from our chosen central
pixel by a distance of between 3 (10.8 mas) and 4 pixels (14.4
mas) for the image in V and the first-epoch image in cntHa. For
the second-epoch image in cntHe, in which the stellar disc is
more axisymmetric, the intensity peaks on our chosen central
pixel. These considerations support our approach for determin-
ing the central pixel. The uncertainty caused by the choice of the
central pixel on the derived radial profiles of the polarised inten-
sity was taken as the maximum difference between considering
the chosen central pixels or one of its eight neighbouring pix-
els. This approach overestimates the uncertainty on the slope of
the radial profile of the polarised intensity. The effect of consid-
ering different central pixels on the IPF and MPF is negligible
compared to the uncertainty of the measurements.

In Fig. [§] we compare the radial profiles for the eight oc-
tants in the images in V and in cntHa. The profiles were nor-
malised using the integrated polarised intensity for each filter.
The radial profiles obtained from the three images are very simi-
lar and agree well within the uncertainties. The fact that the pro-
files from cntHe in the first epoch deviate slightly from the other
two for r 2 3 R, can be attributed to the worse conditions when
those observations were taken and to a higher instrumental po-
larisation.

4. Results and discussion

We were not able to determine the particle size from the wave-
length dependence of the scattering. This is because of the ex-
pected contribution of molecular opacity in the wavelength range
of the observations that can disrupt the wavelength dependence
imprinted by scattering. We infer that molecular opacity is im-
portant in the first epoch because of the higher IPF in V than in
cntHe, which we are not able to reproduce with our dust model.

We fit the IPF of 2.35 + 0.1% and the radial profiles within
127 mas (5 R,, see Section @]) measured in the first epoch in V
and in the second epoch in cntHe. This means that our results
are limited to a small region around the star. For reference, ma-
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Fig. 6. Comparison between the radial profile of the polarised intensity for the different octants obtained from the observations in
the first epoch in V (green line) and in cntHe (red line), and in the second epoch in cntHa (blue line). The profiles were normalised
using the value of the integrated polarised intensity for each filter. The octants are identified in each panel (see Section [2.2.2)). The
filled region shows the three-o- errors from combining the uncertainty given by the ESO pipeline with that from choosing the central

pixels.

terial moving outwards at the maximum gas expansion velocity,
of 5.7kms™!, would take roughly five years to cross the region
we probe. We also used the radial profile of the total intensity
from the second-epoch observations in cntHa to set an upper
limit on the dust densities allowed by the models. Finally, we
investigated whether a high value of p, is enough to reproduce
the MPF.

4.1. The integrated polarised fraction and the radial profile of
the polarised intensity

Optical-depth effects become important when we consider grain
size distributions with maximum radii, .y, between 0.2 um and
0.5 um. For these values of an.x, our models require an aver-
age optical depth, 7y, 1 to reproduce the observed IPF. In the

optically-thick regime our fit parameters, p., R., and n cannot be
determined independently.

Typically, the IPF we obtain from our models is larger the
larger the dust mass within the region of integration (127 mas).
However, when 7y % 2, increasing p., and hence the dust mass,
does not lead to a larger IPF because of the effect of multiple
scattering. Also, for 7y % 1.5, the peak of the radial profile of
the polarised intensity becomes broader and shifts to larger radii,
in comparison to optically-thin models. This causes models with
Ty R 1.5 to require smaller values of R, and larger values of
n, when compared to optically-thin models. Our models with
Ty $ 1.5require R, = 145+ 0.1R, and 3.5 £ n < 5 (with an
average best-fitting value of n ~ 4.5) to fit the radial profile of
the polarised intensity. A model with Ty ~ 3.5 requires R, =~ 1.2
and n = 5.5 instead.

4.1.1. Constraints from the total intensity images

Although we do not attempt to fit the unpolarised surface bright-
ness of R Dor, we use the radial profile of the total intensity to
set an upper limit on the scattering optical depth of the envelope.
The first-epoch images do not offer strong constraints because

Normalised Intensity

0.0

10 20 30 40 50 60 70 80

Radius [mas]
Fig.7. Observed azimuthally-averaged radial profile of the to-
tal intensity in the second-epoch cntHa images (full black line)
compared to models with 7y = 0.65, R, = 1.5R,, and n = 4
(dashed red line), 7y = 1.3, R, = 1.45R,, and n = 4.5 (dotted
green line), and 7y = 1.9, R, = 1.4 R,, and n = 5 (dotted-dashed
blue line). The values of R, and n for each of the dust models
shown have been determined by fitting the radial profile of the
polarised intensity. For reference, we also show the radial profile
of our model star with no dust envelope (double-dashed purple
line).

the stellar disc is seen to be very large in that epoch both in V
and in cntHa. However, as shown in Fig. [7] the second-epoch
images in cntHa do offer important constraints. Optically-thick
models overpredict the total intensity for all distances from the
star. Optically-thin models also overpredict the total intensity for
r £ 30 mas but that is because our limb-darkened stellar model
is not accurate enough to reproduce the brightness distribution
of the stellar disc. Since the polarised fraction in cntHa does not
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Table 3. The calculated reduced-y? values of the models shown
in Fig. [§]fit to the radial profiles measured in the V filter for each
octant. These were computed using the normalised profiles of
models and observations between 18 mas and 127 mas to reflect
the goodness of the fit to the shape of the observed radial profiles.
The lowest reduced-y? value for each octant is highlighted with
boldface.

Model Octants
1 2 3 4 5 6 7 8
-2 223 194 135 184 176 226 57 172

’
r3 52 45 22 35 35 48 7.1 33
r 58 64 063 22 25 53 027 16
P 056 11 24 31 23 08 29 0.63
Shell 73 65 15 19 16 15 12 11

seem to decrease from the first to the second epoch, we conclude
that this limit on 7y applies to both epochs. This reinforces the
conclusion that the variability and asymmetries in the total in-
tensity images in the first epoch are caused by molecular opacity.
We conclude that models with scattering optical depths 2 1.2 do
not provide acceptable fits to the data.

Moreover, the value derived by |[Norris et al.| (2012)) for the
inner radius of the dust envelope of R Dor, of R, = 1.6 R, is in
better agreement with what we obtain for models with 7y < 1.5.
Since the scattering opacities in the wavelengths of the observa-
tions of Norris et al|are roughly one order of magnitude lower
than those in the wavelength range of our observations, it is
unlikely that their results are affected by high scattering opti-
cal depths in the envelope. This reinforces the conclusion that
optically-thin models are preferred.

4.1.2. Larger grain sizes and different dust species

We have tested the effect of increasing an,x to values between
0.6 yum and 1.0 yum. We find that such models produce lower
values of the IPF for a given optical depth, when compared to
models with smaller values of ay,.x. Therefore, the effects of high
Ty are stronger the larger amax, for amax £ 0.1 um.

We have also experimented using optical constants for amor-
phous Al,O3 (Koike et al.||1995) and MgSiO3 (Dorschner et al.
1995), with all other parameters kept constant. We find IPF val-
ues that differ only by a few percent from those obtained us-
ing Mg,Si0O4. We conclude that the effect of the assumed grain
species on our results is small.

4.1.3. The radial profile of the dust density

The best-fits to the observed radial profile measured in V are
shown in Fig. |8} In Table we show reduced-y? values for these
same models fit to the normalised profile of the observed po-
larised flux. As can be seen, models with dust grains confined
to a thin halo are not able to reproduce the observations for
r X 2.5R,, while models with n < 3 have dust density profiles
that are too shallow and that overpredict the observed polarised
intensity also for r ¥ 2.5 R,. The dust density profiles we find
are not sensitive to the size of the particles we consider, as long
as the optical depth in the visual, 7y, does not vary.

The best-fitting values of 7y and p, for models with differ-
ent minimum and maximum grain sizes are given in Table [4]
The dust density profiles (n ~ 4.5) we obtain are steeper than
that of a wind expanding with constant speed (n = 2). This can

be the result of acceleration, of destruction of the dust grains
in the observed region, of a decreasing mass-loss rate on short
time scales, or be caused by the density structure imprinted by
consecutive shock waves in the inner envelope, as predicted by
1-D wind-driving models (see, e.g., Hofner et al.|2003| for gas
density profiles from models for carbon-stars).

Ireland et al.| (2005) observed polarised light from two low-
mass-loss rate and oxygen-rich AGB stars, R Car and RR Sco,
and found that the data was better reproduced by a model with a
central star surrounded by a thin shell, instead of an outflow. If
these sources also have steep density profiles in the inner wind,
the structure they interpreted as a thin shell might actually be the
edge of a dust envelope similar to that of R Dor.

Our models produce values of the scattered-light fractions
in the near-infrared roughly a factor of 3.5 larger than those re-
ported by Norris et al|(2012) for R Dor. It is not clear whether
this is caused by variability of R Dor between the times of the
two observations, by systematic errors in the data acquisition
methods, or by differences in the models used by us and by
Norris et al.|to derive these quantities.

4.2. The maximum polarised fraction

We estimated the variation in p, required to reproduce the dif-
ference in the observed polarisation degree between the octants.
We are not able to reproduce the MPF in cntHe (> 3 %) with
models that have an,x & 0.2 um because the model envelopes
become too optically thick and do not reach such high polarised
fractions. By considering apy.x = 0.1 um we are able to fit the ob-
served IPF with much lower maximum optical depths of ~ 0.2
and we are, then, able to reproduce the MPF.

Norris et al.| (2012) report grains of 0.3 um in the outflow of
R Dor. This value is in the range of grain radii for which we
cannot reproduce the MPF.

4.2.1. Tangential optical depths

Given the considerable optical depths in the wavelengths we ob-
serve, asymmetries can cause tangential optical depths in the en-
velope to be significantly different from those in our spherically
symmetrical model. The tangential optical depths are measured
along the line-of-sight and in the direction of the observer be-
tween the plane of scattering and the outer edge of the envelope.
For lines-of-sight with lower tangential optical depths, more po-
larised photons can escape. In this case, the MPF could be re-
produced by an envelope with grains with a,,,, > 0.2 um and
tangential optical depths varying with azimuth. In order for the
polarised intensity from one octant to be a factor of 1.5 higher
than that of a spherically symmetric model, the tangential opti-
cal depth would have to be 0.4 smaller. Given that the optical
depths we find are of order unity, this would imply a decrease
of the tangential optical depth of roughly 40% for the octants
with maximum polarisation. Since the polarised fraction would
depend on both the tangential optical depth and on p, for each
octant for non-spherically-symmetric envelopes we have not ex-
plored this possibility further.

4.3. Comparison with ZIMPOL results for W Hya

Ohnaka et al.| (2016) reported SPHERE/ZIMPOL observations
of the O-rich AGB star W Hya that resolved the direct stellar
emission and the region in the close circumstellar environment
where polarised light is produced. The authors find large grain
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Fig. 8. Comparison between the radial profile of the polarised intensity obtained from models and from the observations in V (black
line) for the different octants. The fraction of the IPF arising from each octant is given in percents. Octant one is limited by the north
and north-east directions and the numeration follows clock-wise. The grey-filled region shows the three-o- errors from combining
the uncertainty given by the ESO pipeline with that from choosing the central pixel. The different octants are identified by number
in each panel (see Section m) We show the best fit models for: a thin halo (pink line), n = 5 (cyan line), n = 4 (red line),
n = 3 (green line), and n = 2 (blue line). The filled regions around the model lines show variation with direction introduced by the

convolution with the PSF.

Table 4. Best-fit models for the radial distribution of scattering
grains using different minimum and maximum grain sizes. p, is
the density needed at R, to produce the IPF for a model with
n =4.5. Ty is the radial V-band optical depth of the correspond-
ing model. We also show the range in p, and 7y required to re-
produce the observed variation of polarisation degree between
the octants with maximum and minimum values. The question
marks indicate that we were not able to reproduce the MPF be-
cause the models become too optically thick.

a Po v
(um) (gem™)

0.01-0.05 (33+1.1)x1077 0.19+0.07
0.01-0.1 (65+£25)x107"® 0.22+0.08
0.01-02  (1.0%] ,5+)x 107" 124
001-03  (7.21,)x 107 1.25%
0.01-04 (6.0:;0) x 10718 1.10%] s
001-05  (63%2,)x 1078 L1550

03-05 (3.0, x 107 L1% s

sizes (~ 0.5 um) and small optical depths, of 0.1, in visual wave-
lengths. These are very different from our preferred models for
R Dor, with optical depths in visible wavelengths of ~ 1. Since
the polarisation degree reported by (Ohnaka et al.| for W Hya is
comparable to what we find for R Dor and the mass-loss rate of
W Hya (of ~ 1.3 x 1077 Mg, yr™!, Khouri et al.[2014) is similar
to that of R Dor, the differences between the results reported by
Ohnaka et al.|and ours are not expected.

Ohnaka et al.| used a non-spherically symmetric radiative
transfer model to reproduce the observations. This might af-
fect the derived optical depths because the tangential optical
depths can be considerably different from a spherically symmet-
ric model (see Section [#.2.T)). Moreover, the authors constrained
the dust mass also taking into account the scattered light frac-

tions reported by |[Norris et al.| (2012) for W Hya. Therefore,
the differences in the derived optical depths might be related to
the fact that we overpredict the scattered light fractions given by
Norris et al.| for R Dor (see Section [.1.3). However, we are not
able to determine the cause of these discrepancies and further
investigation is needed.

We note that if our models underestimate the polarised flux
for a given value of the optical depth of the envelope, the dust
densities we find will be overestimated. Hence, the actual dust
densities and the dust-to-gas ratio in the envelope will be smaller
than the values we report.

4.4. Dust grains as wind drivers

We now investigate whether the grains we see around R Dor
are sufficient for driving the wind. Wind-driving models indicate
that the minimum dust-to-gas ratio (d/g) for a wind to develop
is d/g ~ 6x 10™* (Hofner2008) or even d/g ~ 3.3 x 10~* (Bladh
et al.|2015) ﬂ These models consider grains of a single radius,
which is typically 2 0.2 um.

We estimate an empirical upper limit for the d/g at a radius r

in the envelope of R Dor by considering a lower limit for the gas

density, pg,(r) 2 Mis

Tou-» and the dust density profiles we find.
We use the parameters commonly obtained for the gaseous out-
flow of R Dor of My, =9 %x 108 Mg yr™! and ve = 5.7kms™!
(see, e.g.,|Khouri|2014)). This should give us a robust lower limit
on the gas densities, since the gas expansion velocities are ex-
pected to be smaller than v, close to the star.

For the dust density profile, we use n = 4.5 and
the average density from the model with only large grains,
Po =3 x 10718 gecm™3, as this is the model more directly compa-
rable to the single-grain-size models of Hofner|and Bladh et al.|
This choice should not have a strong effect on our results be-

4 Both studies report silicon condensation fractions. We calculated
the d/g by adopting solar silicon abundances (Asplund et al.|[2009)
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cause, at a given distance from the star, all our best-fitting mod-
els have densities of grains with ¢ = 0.15um which are al-
ways smaller or very similar to that of the model with only large
grains.

We findd/g £ 5x 103 atr = 1.5R, and d/g £ 2 x 107
at r = 5.0 R,.. Although the upper limit for the d/g we derive at
r = 1.5 R, does not provide strong constraints, the low value for
the upper limit at r = 5.0 R, shows that at that radius the d/g in
the outflow of R Dor is close to the limit of what wind-driving
models require. We note that our results can underestimate the
dust densities if the polarisation efficiency of the grains is overes-
timated by our model. However, this would imply higher scatter-
ing optical depths for the envelope, which our results disfavour.
Given the low expansion velocity and mass-loss rate of R Dor,
a low value of the d/g is not unexpected. However, if the steep
radial profile of the dust density extends beyond 5 R,, the d/g
would soon become too low for the dust to provide the required
opacity to drive the outflow. This would be a problem because
the maximum expansion velocity of the outflow of R Dor only
equals the escape velocity of a 1 M, star at r ~ 35 R, and hence
the radiation pressure force would have to be larger than the
gravitational pull up to that distance.

5. Summary and conclusions

We have observed the oxygen-rich AGB star R Dor using
SPHERE/ZIMPOL on the VLT in three filters: V, cntHe, and
cnt820. Observations in cntHa were acquired in two epochs 48
days apart. The stellar disc is resolved in all observations and
we are able to study asymmetries and variability in the star. We
find the total intensity distribution of R Dor to have a horseshoe-
shaped morphology in the first epoch both in V and in cntHa.
In the pseudo-continuum filter cnt820 the stellar disc is smaller
and any departures from axisymmety are much less pronounced.
In the second-epoch, taken 48 days later, the image in cntHe
shows a source with a very different morphology. Moreover, the
stellar disc is significantly smaller than in the first-epoch image
in the same filter and is comparable in size to what we see in
cnt820, also in the first epoch. We interpret these differences in
size and morphology as being caused by variability in the excita-
tion and/or density of TiO molecules in the extended atmosphere
of the star.

We detect polarised light coming from a ring that encloses
the central source and that spans a similar region in the three im-
ages we consider, in V and the two epochs in cntHa. However,
the polarised intensity varies significantly with azimuth for the
three images and the ratio of the polarised intensity between
two images also varies somewhat with azimuth. We find the
integrated polarised fraction in V to be smaller than those in
cntHe in the two epochs and the integrated polarised fraction
to increase in cntHa from the first to the second epoch. Our
fits to the integrated polarised fraction and the radial profile
of the polarised intensity show that we see outflowing dust
grains. Considering models with dust density profiles of the type
p(r) = por™", we find that the dust density decreases much more
steeply with radius than expected for a wind expanding at con-
stant speed. This can be caused by the acceleration of the wind,
but could also be explained by destruction of the dust grains or
by a varying mass-loss rate on short time scales.

We use our best-fitting dust models and literature values for
the gaseous outflow to calculate upper limits for the dust-to-gas
ratio as a function of radius. We compare the limits we obtain
to results from wind-driving models and we find that the up-
per limit we derive for the dust-to-gas ratio at 5 R, is somewhat

10

lower than the minimum values required by such models for a
wind to develop. Given the approximations we use for the grain
model and the envelope structure, the upper limit we find for
the dust-to-gas ratio is consistent with the value found in wind-
driving models. However, if the steep dust density gradient we
derive extends to larger radii, the dust-to-gas ratio would surely
become too small for the outflow to be driven. Given the low ex-
pansion velocity of the outflow of R Dor, the wind only reaches
the escape velocity of a one solar mass star about 35 R, from the
central star. Therefore, if the grains we see are the main source
of opacity that drives the wind, we would expect a flattening in
the power law of the dust density profile not much farther out
than the maximum radius we probe.

Further investigation of the outflow of R Dor will help to bet-
ter understand how its wind is accelerated. Particularly, deeper
observations using ZIMPOL can probe the dust density farther
out in the envelope to better constrain the role of the scattering
grains in driving the wind. Similar studies for other AGB stars
will show whether what we see for R Dor is representative in
any way and how the distribution of the dust in the inner wind
changes for different stars. This will help advance our knowl-
edge of the driving of AGB outflows and of the AGB evolution
in general.
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