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ABSTRACT

Context. With the outstanding spatial resolution and sensitivity of the Atacama Large Millimeter/sub-millimeter Array (ALMA),
molecular gas other than the abundant CO can be observed and resolved in circumstellar envelopes (CSEs) around evolved stars, such
as the binary S-type asymptotic giant branch (AGB) star W Aquilae.

Aims. We aim to constrain the chemical composition of the CSE and determine the radial abundance distribution, the photospheric
peak abundance, and isotopic ratios of a selection of chemically important molecular species in the innermost CSE of W Aql. The
derived parameters are put into the context of the chemical evolution of AGB stars and are compared with theoretical models.
Methods. We employ one-dimensional radiative transfer modeling — with the accelerated lambda iteration (ALI) radiative transfer
code—of the radial abundance distribution of a total of five molecular species (CS, SiS, 3°SiS, 2°SiO and H'3CN) and determine
the best fitting model parameters based on high-resolution ALMA observations as well as archival single-dish observations. The
additional advantage of the spatially resolved ALMA observations is that we can directly constrain the radial profile of the observed
line transitions from the observations.

Results. We derive abundances and e-folding radii for CS, SiS, 3°SiS, SiO and H'*CN and compare them to previous studies, which
are based only on unresolved single-dish spectra. Our results are in line with previous results and are more accurate due to resolution
of the emission regions.

Key words. stars: abundances — stars: AGB and post-AGB - circumstellar matter — stars: mass-loss — stars: winds, outflows —
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1. Introduction

W Aquilae (W Aql) is a cool, intermediate-mass S-type star
located on the asymptotic giant branch (AGB). In this phase of
stellar evolution, a star suffers from substantial mass loss, and, as
a consequence, a circumstellar envelope (CSE) is created. In this
circumstellar environment, molecules and dust grains are formed,
making AGB stars important contributors to the chemical evolu-
tion of the interstellar medium and ultimately the universe (e.g.
Habing & Olofsson 2003). Onthe AGB, different molecular bands
in near-infrared (NIR) spectra (e.g., TiO, ZrO, CN) are used to
discriminate between three different spectral types of AGB stars.
These are also thought to reflect their carbon-to-oxygen (C/O) ra-
tios, measured in the stellar atmosphere: M-type (oxygen-rich,
C/O<1), S-type (C/O=1) and C-type (carbon-rich, C/O>1).
Owing to the varying circumstellar chemical composition, certain
molecular and dust species will be formed preferentially to others,
depending on the chemical type of an AGB star.

In AGB stars, carbon is produced from helium through the
triple-alpha process. A deep convective envelope and dredge-
up events mix the freshly created carbon up into the stellar
atmosphere, where the C/O ratio can be measured. The dredged-
up carbon increases the C/O ratio, leading to a change in the
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circumstellar chemistry and the evolution from M-type to
C-type stars. This implies that S-type stars represent transition
objects in the chemical stellar evolution on the AGB, connect-
ing two very distinct chemical types of stars and stellar at-
mospheres. As reviewed in Hofner (2015), the stellar wind is
most likely driven by radiation pressure on dust grains, meaning
that the differing chemical composition of M- and C-type stars
will require different wind-driving dust species. Up to now, the
wind acceleration process and the respective wind-driving dust
species are well studied for C-type stars and recently solutions
have been suggested for M-type stars as well (e.g. Hofner 2008;
Bladh & Hofner 2012; Bladh et al. 2015). Comparable studies
for S-type stars are difficult, however, given the uncertain cir-
cumstellar chemistry. This makes the detailed chemical analysis
of different types of AGB stars crucial for our understanding of
this evolutionary stage.

For the determination of properties such as mass-loss rates
or circumstellar morphology, the observation and analysis of
the abundant and stable CO molecule is most commonly used,
which is present in the CSEs of all three chemical types (e.g.
Knapp et al. 1998; Schoier et al. 2002; Olofsson et al. 2002;
Ramstedt et al. 2009; De Beck et al. 2010; Danilovich et al.
2015). Otherwise, it is commonly observed that the CSEs of
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oxygen-rich stars are dominated by oxygen-bearing molecules,
while the CSEs of carbon-rich stars are dominated by carbon-
bearing molecules. Apart from that simplified picture, it was
predicted by Cherchneff (2006) and confirmed by Decin et al.
(2008) that under non-LTE conditions a small selection of
so-called “parent” molecules is present for all three chemi-
cal types, concentrated to the inner stellar wind. These “par-
ent” molecules—CO, SiO, HCN, CS- can be formed in shock
waves propagating through the outer layers of the stellar pho-
tosphere, and these molecules will influence the CSE chem-
istry and abundances. Recent observations suggest that the
parent molecule inventory is supplemented with the species H,O
(Maercker et al. 2016; Danilovich et al. 2014; Neufeld et al.
2014) and NH3; (Menten et al. 2010; Danilovich et al. 2014;
Schmidt et al. 2016). For S-type stars, the chemical composi-
tion is highly sensitive to the exact C/O ratio and tempera-
ture, leading to the splitting into MS-, S-, and SC-type stars for
different molecular features seen in the spectra, with the C/O
ratio of S-type stars ranging from 0.75 to 0.99 (Zijlstra et al.
2004; Van Eck et al. 2017). The types MS and SC show similar
molecular species to M- and C-type stars, while “pure” S-type
stars show a mixed or intermediate molecular composition (e.g.
Schoier et al. 2013). Nevertheless, Ramstedt et al. (2009) derive
that the mass-loss rate distributions of M-, S- and C-type AGB
stars are indistinguishable, which makes it even more important
to investigate how the different chemical compositions can lead
to a similar outcome.

Observations, in combination with detailed radiative transfer
modelling, are indispensable in the investigation of the chem-
ical composition of AGB CSEs. Their study yields chemical
abundance distributions and isotopolog ratios. One prominent
example for an in-depth study of the molecular CSE is the car-
bon AGB star IRC+10216, which is probably the best analyzed
AGB star so far, and has for example been observed within
an interferometric spectral line survey with the Submillimeter
Array (SMA) executed by Patel et al. (2011). With this survey
of unprecedented sensitivity, a total of 442 spectral lines, in-
cluding more than 200 new ones, were detected. Although the
emission has been mapped interferometrically, only a few of the
strongest lines have been resolved. As discussed by, for example,
Saberi et al. (2017), resolving the emitting region of molecules
studied in this way strongly influences the derived abundance
and radial size of the molecular envelopes, increasing the need
for high-resolution observations of AGB CSEs and in particular
their inner regions. This has now become possible with the At-
acama Large Millimeter/sub-millimeter Array (ALMA), which
provides the necessary spatial and spectral resolution as well as
the sensitivity to observe even weak molecular emission close to
AGB stars.

In this paper, we present ALMA observations of the
molecules CS, SiS, 2SiO and H'3CN, as well as four differ-
ent isotopologs and vibrational states of SiO and SiS around the
S-type AGB star W Aql. The star and previous studies of it are
introduced in Sect.2. The observations are described and pre-
sented in Sect. 3, while detailed maps of all molecular lines are
shown in Appendix A. The observational results are discussed
in Sect. 4. Additionally, the sizes of the emitting regions are fit-
ted in the uv-plane to further analyze the morphology of the
molecular gas and partially unravel the three-dimensional (3D)
structure of the CSE. Section5 describes the radiative transfer
modeling based on the work of Danilovich et al. (2014), which
is improved by the incorporation of the new ALMA data. The
main uncertainty in circumstellar abundance estimates is the size
of the emitting region. By measuring it directly with ALMA, this
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uncertainty is removed. The results of this whole study are sum-
marized and discussed in Sect. 6, and the main conclusions are
given in Sect. 7.

2. WAq!

W Aql is an S-type AGB star with a spectral type of S6.6,
which is very close to the SC-type classification, and has an es-
timated C/O ratio of 0.98 according to the classification scheme
by Keenan & Boeshaar (1980). It has a period of 490 days and
is classified as a Mira variable (Feast & Whitelock 2000). Its
distance is 395 pc, derived from the period-magnitude rela-
tion (Whitelock et al. 2008) and 2MASS K band magnitude
(Cutri et al. 2003). As reported by Decin et al. (2008), the “par-
ent” molecules CO, HCN, CS, SiO and SiS, expected to be
formed close to the stellar photosphere, have all been detected
for W Aql, but have not yet been resolved. The earlier study by
Bieging et al. (1998) also suggests that SiO and HCN detected
around W Aql could be of photospheric origin, under certain
non-LTE conditions.

The chemical constitution of the CSE around W Aql has
been investigated in several studies with observations and sub-
sequent radiative transfer modeling (e.g., Decinetal. 2008;
De Beck et al. 2010; Ramstedt et al. 2009; Ramstedt & Olofsson
2014; Schoier et al. 2013; Danilovich et al. 2014), but until now
the observations of the molecular line emission have always
been unresolved. According to Uttenthaler (2013), the star is
Tc rich, confirming its evolutionary stage between M-type and
carbon-rich AGB stars. Based on Danilovich et al. (2014), the stel-
lar effective temperature, T of W Aql is assumed to be 2300 K,
the stellar luminosity L is 3000 Ly, and the gas mass-loss rate is
4% 107 Mg yr!.

Ramstedt et al. (2011) have shown W Aq]l to be a binary star,
where they present an HST B-band image of the resolved binary
system, with the binary located to the South-West. The angular
separation of 0.46” corresponds to a minimum projected binary
separation of 190 AU (for the derived distance of 395 pc), mak-
ing it a wide binary system. An optical spectroscopic classifi-
cation of the binary companion was done by Danilovich et al.
(2015) and lead to the spectral type F8 or F9, where the bi-
nary companion most likely lies behind or within the CSE of
W Aql. Additionally, this analysis constrained the mass of the
AGB star to 1.04-3 M, leading to a total system mass of 2.1—
4.1 M,. Newer mass estimates, based on observations of the
170/"80 ratio and comparison with stellar evolution models by
De Nutte et al. (2017) give values of between 1.5 and 1.8 M, for
the initial mass of the primary star.

Asymmetries in the CSE of W Aql have been detected at
several different spatial scales and at different wavelengths. In-
terferometric observations of the dusty CSE of W Aqgl with the
UC Berkeley Infrared Spatial Interferometer (ISI) at 11.15um
were reported by Tatebe et al. (2006), revealing an asymmetry
of the dust distribution within a radius of 500 milli-arcseconds.
A dust excess was detected to the east of the star, appearing to
continuously extend from the star to the outer regions of dust
emission probed by the observations. This leads the authors to
the conclusion that the asymmetry has been stable over the last
35 yr, which they estimate is the period since the ejection of the
asymmetrically distributed material, using a typical wind veloc-
ity of 20kms~'. The authors argue that a close binary would
disturb the stability of the asymmetry.

At larger spatial scales, observations with the Polarime-
ter and Coronograph (PolCor) at the Nordic Optical Tele-
scope (NOT) have been carried out by Ramstedt et al. (2011),
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Table 1. Observed quantities of the molecular line emission around W Aql.

Molecular line Restfreq. (GHz) Av (kms™) I peax Jy)  Vigrpeak (kms™) f I dv(Jykms™) (")
CS (7-6) 342.8829 1 7.29 -13 167.77 4
H3CN (4-3) 345.3398 1 3.90 =21 96.73 4
SiS (19-18) 344.7795 1 3.51 -15 70.51 4
28i0 (8-7) 342.9808 1 291 -22 54.36 4
SiOv=1(8-7) 344.9162 2 0.74 =23 11.33 4
SiSv=1(19-18) 343.1010 2 0.34 =23 3.68 4
0SS (19-18) 332.5503 2 0.29 _27 3.25 2
SiOv=2(8-7) 342.5044 2 0.18 =25 0.34 2

Notes. The table lists: Rest frequencies, velocity resolution (Av), peak flux (1, peq), peak flux velocity (Vi peax), integrated flux ( f I, dv) and used

aperture diameter () for all eight detected molecular lines around W Aql. The rms noise measured from line-free channels is 10 mJy beam™".

revealing the dust CSE morphology of W Aql on scales from
about 1” to 20”. They report a clear asymmetry to the south-west
of the star, extending out to almost 10", which is seen both in the
total intensity image in the R band as well as in the polarised im-
ages, showing polarisation degree and angle. The direction of the
asymmetry aligns with the binary position.

W Aql was observed with the PACS photometer of the Her-
schel space telescope as part of the MESS (Mass loss of Evolved
StarS; Groenewegen et al. 2011) program to analyze the large
scale morphology of the dusty CSE and wind-ISM interaction
(Mayer et al. 2013) on spatial scales from approximately 10" to
120”. The authors conclude that a strong feature in the 70 um IR
image of the CSE to the east of the star can be explained by the
interaction of the stellar wind with an ISM flow. They further re-
port the shaping of the IR emission by wind-binary interaction,
which can be tentatively traced with an Archimedean spiral and
could be responsible for additional brightening of the ISM inter-
action zone to the east of the star and the overall elliptical shape
of the CSE. The high-resolution CO gas emission around W Aql
is presented and discussed in Ramstedt et al. (2017), where arc-
like structures at separations of approximately 10" are found.
While these structures can be linked to the binary nature of the
object, small-scale arc structures at separations of 2-3"" remain
unexplained by the known orbital parameters of the binary sys-
tem. The small-scale structures are confined to the south-west
region of emission, which is also consistent with the previously
detected asymmetry found in dust emission.

3. Observations and data reduction

W Aqgl was observed as part of a sample of binary stars with
ALMA in Cycle 1 (observed in March and April 2014, PI: Sofia
Ramstedt), combining ALMA main array observations (12m
diameter, long baselines), Atacama Compact Array (ACA) ob-
servations (7 m diameter, short baselines) and total power (TP)
observations (12 m diameter, single-dish). An area of 25" x 25"
is covered with both arrays, observing a mosaic of 10 and 3
pointings, respectively. Four spectral windows, with a bandwidth
of 1875 MHz (main array) and 1992.187 MHz (ACA) each, were
observed, centered at 331, 333, 343 and 345 GHz, respectively.
The resulting spectral resolution is 488.281 kHz. Standard cali-
bration was performed with the Common Astronomy Software
Application (CASA), using Ceres as flux calibrator and the
quasars J1924-2914 and J1911-2006 as bandpass calibrator
and phase calibrator, respectively. In addition to the main goal
of the proposal, focussing on the analysis of the binary inter-
action on the CO gas distribution (Ramstedt et al. 2017), eight

1

additional molecular lines were detected with this configuration.
The molecular lines, rest frequencies and final velocity resolu-
tion after calibration and imaging are listed in Table 1. The com-
bination of the main array and ACA data is conducted in the
visibility plane with antenna-specific weighting, whereas the TP
data is combined with the rest of the data via feathering in the
image plane. Imaging of all spectral lines was carried out with
CASA using the CLEAN algorithm with natural weighting, re-
sulting in a beam of 0.55” x 0.48"” (PA 86.35°). Iterative mask-
ing for each spectral channel and molecular line was used to
optimize the imaging process with CLEAN. The spectral chan-
nels were binned to a velocity resolution of 1 kms™! and 2kms™!
for strong and weak spectral lines, respectively.

4. Observational results

Four of the eight detected spectral lines are considerably weaker
than the others, making analysis and especially modeling of
these lines very uncertain or even impossible. Therefore, we con-
centrate our efforts on the strong spectral lines and present the
analysis and modeling process for the strong lines in the follow-
ing sections. Additionally, we refer to Appendix B for a graph-
ical representation of basic results on the weak lines. Channel
maps of all strong spectral lines can be found in Appendix A.
Figures 1 and B.1 show the integrated intensity (moment 0) maps
for all observed spectral lines. A comparison between the spectra
of the four strongest lines in this study is presented in Fig. 3.

4.1. Morphology of spectral line emission

For the strong spectral line emission — shown in moment-zero
maps in Fig. 1 and channel maps in Appendix A — the peak emis-
sion seems to be roughly spherical, concentrated at the stel-
lar position, and is spatially resolved. Additionally, we see a
fainter and slightly elongated circumstellar emission component
extending out to roughly 2-3”. The elongation is oriented in the
north-east and south-west (NE/SW) directions, which is also the
direction of the binary orbit. We compare the molecular emis-
sion of the four strong spectral lines with the CO (3-2) emis-
sion reported by Ramstedt et al. (2017) in Fig. 2 and find that the
emission features along the NE/SW elongation are equally rep-
resented in the CO emission as well, with emission peaks in the
molecular lines coinciding with CO emission peaks or clumps.

4.2. Spectral features

The four strongest emission lines (Fig.3) all show a slight
but noticeable excess in blue-shifted emission between
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Fig. 1. ALMA integrated intensity (moment 0) maps of CS (7-6), H'*CN (4-3), SiS (19-18), and *SiO (8-7) emission lines around W Aql. The
ALMA beam (0.55” x 0.48”, PA 86.35°) is given in the lower-left corner. Contours are marked in white for 1, 3 and 5 o rms. North is up and east

is left.
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Fig. 2. ALMA CO image (color) overlaid with contours (white) of the CS (7-6), H'*CN (4-3), SiS (19-18), and *’SiO (8—7) emission, shown at
stellar velocity (about —21 kms™'). The ALMA beam for the CS, H">CN, 2°SiO and SiS lines (0.55” x 0.48”, PA 86.35°) is given in the lower-left
corner. Contours are plotted for 3, 5, 10 and 200 rms. North is up and east is left.

approximately —35 and —40kms~!. This cannot be seen in the

channel maps (Appendix A). Additionally, the SiS line shows a
strong asymmetry with an excess in red shifted emission relative
to the stellar rest frame at around —21kms~!. This feature can
possibly be seen also in the channel maps (Fig. A.3), where be-
tween roughly —20 and —14kms~! an elongation of the bright
peak emission to the east can be seen. It is most prominent at
about —16kms~!, which coincides with the peak of the asym-
metry in the spectrum. Furthermore, the 2°SiO profile shows two
secondary features at about —32kms~! and —11kms™!.
Previous models on multiple spectral lines by Danilovich et al.
(2014) report a stellar velocity (extracted from the line center
velocity), viir, of —23kms™!, which is backed up by and con-
sistent with several other studies, reporting a very similar veloc-
ity (e.g., Bieging et al. 1998; Ramstedt et al. 2009; De Beck et al.
2010; Mayer et al. 2013; De Nutte et al. 2017). We note that, in-
vestigated separately from previously detected lines, the reported
lines observed with ALMA seem to be generally redshifted to this
stellar velocity, and a vi,; of =21 km s~! (such as that calculated by
Mayer et al. 2013) is more fitting. Taking the ALMA line peak ve-
locities of all observed lines and calculating an average line peak
velocity, we also arrive at a vy, of =21 km s™!, but the asymmetry
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of the lines and deviation from parabolic line profiles is very line-
specific (as seen in Fig. 3).

4.3. uv fitting

Since the imaging process of interferometric data involves ini-
tial knowledge of the source geometry and image artefacts are
inevitably introduced during deconvolution, it is reasonable to
analyze the observations already in the uv plane, directly work-
ing with the calibrated visibility data. For this reason, we use the
CASA tool uvmultifit (Marti-Vidal et al. 2014), to fit geometric
flux models to the bright emission regions of all spectral lines.
Since the TP data combination for this project is done in the
image plane and not in the uv plane, we can only fit to the com-
bined 12 m main array and ACA data. This is a reasonable ap-
proach, since the maximum recoverable scale for the used 12 m
main array and ACA configuration is 19”, and we concentrate
our analysis on the central few arcseconds.

Therefore we conclude that for the analysis of the compact,
bright emission it is sufficient to use only the main array and
ACA data. As a first step, we fit a compact, circular Gaus-
sian component to the data, which is described by its position
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Strong spectral lines
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Fig. 3. Spectra of the four strongest spectral lines — CS, H'*CN, SiS and

2Si0 — measured within a circular 5 aperture centered on the star. The
stellar velocity is at about —21kms~'.

(relative to the current stellar position of RA 19:15:23.379 and
DEC-07:02:50.38 J2000.0 Ramstedt et al. 2017), flux density,
and FWHM size. After subtracting the model visibilities from
the observed ones, we imaged the residuals to verify the good-
ness of the Gaussian fit. The resulting residual images for the
four strong spectral lines are shown in the top row of Fig.4.
Apart from relatively faint, extended emission surrounding the
subtracted compact Gaussian, which can be seen for all four
spectral lines, a very compact emission peak remains at the
stellar position, which can best be seen in the residual CS and
H'3CN emission. We succeed in fitting the compact, central
emission by adding a delta function to the circular Gaussian, and
arrive at significantly better residual images (see Fig. 4, bottom).
Figure 5 shows the uv-fitting parameter results for the Gaussian
position offset, the Gaussian flux density, and Gaussian FWHM
fit parameters, as well as the flux ratio between the added delta
component and the Gaussian, for the four strong spectral lines.
We note, however, that the true intensity distribution of a
uniformly expanding envelope is not strictly Gaussian. When
the emission is optically thin, the intensity distribution o 71,
which cannot be straightforwardly implemented for use in a
uv analysis. When the emission becomes optically thick, the
inner part of the distribution flattens, improving a Gaussian ap-
proximation. The distribution in the outer envelope can be ade-
quately described using a Gaussian distribution and the deviation
mainly becomes apparent in the inner region, close to the resolu-
tion limit of our observations. The deviations in this part explain
the better fits obtained when including a delta-function, and the
strength of the delta function depends on the line optical depth.
The offset of the fitted Gaussian position to the stellar po-
sition is well below the spatial resolution of the images and a
clear general trend of the offsets for all four lines is barely vis-
ible. We note, however, that the photocenter seems to shift with
increasing flux density towards slightly larger RA and DEC.
For all four lines, the FWHM size for channels with veloc-
ities larger than 0kms~! shows very large error bars, meaning
that the fit does not converge in those channels and the estimated
size of the emission region is very uncertain. The flux density
fits show very similar line profiles to the observed ones (a di-
rect comparison is given in Sect. 4.4), with the exception of the
29Si0 line profile, which does not show the additional peaks at
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blue- and red-shifted velocities in the Gaussian fit. The CS,
H'3CN and ?°SiO lines each show a peak in the emission size
at blue velocities, which cannot be directly associated with any
features in the flux density profile. The only similarity to note
here is that the size of the emission region changes at the veloc-
ities that belong to the slightly asymmetric and weaker part of
the flux density profile. On the other hand, the asymmetric fea-
ture in the SiS line profile is associated with a slight increase in
emission size. A very similar asymmetry in the SiS line has been
observed for the carbon star RW LMi (Lindqvist et al. 2000).

We note that the fitted FWHM of the SiS line lies very
close to the imaging resolution at some velocities, meaning that
the uv fit is close to over-resolving the emission. We refer to
Appendix C for a discussion about super-resolution in uv fitting,
as well as the uncertainties attached to the fits.

As expected, the uv-fitting of the four weaker spectral lines
is more uncertain and especially for the extreme velocity chan-
nels the emission size cannot be constrained confidently. The
SiO v =1 and *’SiS lines seem to be slightly resolved, while the
SiO v=2 and SiS v =1 lines are unresolved in the image plane,
and the signal-to-noise ratio (S/N) for all weak lines is too low
for confident fitting. Therefore we refrain from presenting inac-
curate uv-fitting results for the weak spectral lines.

4.4. Comparison between uv-fitted and observed spectral
shape

We compare the uv-fitted spectra with the observed spectra ex-
tracted from the beam convolved images with an aperture of
5” diameter to compare the spectral contribution of the com-
pact Gaussian and delta function emission components with the
fainter, extended asymmetric emission component seen in the
residual images (Fig.4). Figure 6 shows the compared spectra
for the strong lines. To illustrate the flux contribution of the com-
pact delta component, we separately show the spectrum of a uv
fit with just a circular Gaussian and a spectrum of the uv fit with
a circular Gaussian and added delta function component.

For all four lines, we see that the fraction of recovered flux
is significantly lower when no delta component is added to the
uv fit. The model including a Gaussian and a delta component
recovers almost the total flux for the CS and H!3CN lines, and
the majority of flux for the SiS and 2°SiO lines. While for CS
and H'3CN the contribution of the delta component seems to be
roughly of the same strength for all velocities, the contribution of
the delta component compared to the Gaussian is slightly higher
at blue shifted velocities for SiS and 2SiO.

We conclude that the overall emission line profile can be re-
covered well by uv models of a Gaussian and a delta compo-
nent, while the remaining small deviations can be attributed to
the residual extended and asymmetric emission.

5. Radiative transfer modeling
5.1. Modeling procedure

To model the molecular emission, we used ALI, an acceler-
ated lambda iteration code (first introduced, and later applied
and improved by Rybicki & Hummer 1991; Maercker et al.
2008, respectively), following the same procedure as described
in Danilovich et al. (2014). The stellar parameters used for the
models are given in Table 2. To constrain our models, we used
the azimuthally averaged radial profile from the ALMA observa-
tions (convolved with a 0.6” beam) and the ALMA line profiles
convolved with a 4" beam, and additional archival single-dish
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Fig. 4. Imaged residuals of the four strong emission lines after subtraction of the model visibilities of a uv fit. Only the central channel at —21 km s
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is shown. Top row: residuals after the subtraction of the uv fit of a circular Gaussian; bottom row: residuals after the subtraction of the uv fit of a

circular Gaussian and a delta function.

data listed in Table D.1. We note that the models are primarily
fitted to the ALMA data, with the integrated flux of the archival
single-dish data being used — in most cases — to discriminate be-
tween two equally good fits to the ALMA data. Our model uses
the CO modeling results obtained by Danilovich et al. (2014)
and refined by Ramstedt et al. (2017). For a distance of 395 pc,
1”” corresponds to 5.91 x 10" cm or 1 x 10'3 cm corresponds to
0.17”.

In all cases, we assumed a Gaussian profile for the molecular
fractional abundance distribution, centred on the star, following

2
£() = foexp (— (Ri) ]

where f; is the abundance relative to H; at the inner radius of
the molecular CSE and R, is the e-folding radius, the radius at
which the abundance has dropped off by 1le — 1.

The Gaussian models have two free parameters per molec-
ular species: fy, the central fractional abundance, and R,, the
e-folding radius. When considering the ALMA radial profiles,
we constrain our models using the central position and offset
positions with spacings of 0.1” starting at 0.05” and extend-
ing to 0.75”, although we include plots showing the models
and ALMA profiles out to 2.55”. The error bars on the ALMA
observations are derived from an azimuthal average over the
observed radial profile. Regarding optical depth, we note that
308iS and ?SiO are optically thin, CS and 28SiS are mostly op-
tically thin, with the exception of the very innermost regions of
CSEs, 2Si0 is mostly optically thick, H'>CN is very optically
thick, and H'*CN is optically thick in the shell, but optically thin
elsewhere.

ey
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5.2. Modeling results

When modeling the ALMA radial profiles, we found that for
most molecules there was a “tail” in the radial profile, from
around 1" outwards, which could not be fit with a Gaussian
abundance profile in a smoothly accelerating CSE model. We
first attempted to find a good fit with a non-Gaussian abun-
dance profile, but such models that fit the observations well
were not physically realistic, with increasing abundances with
radius. Instead, we found that adjusting the wind density over a
small region, as could be caused by a binary induced, spiral-like
overdensity, for example, greatly improved our model fits to the
entire profile. For a smoothly accelerating wind with no over-
densities, the H, number density at radius r is given by

M
drrimy,v(r)’

@

ny,(r) =

where M is the mass-loss rate, my, is the mass of H, and v(r)
is the radial velocity profile. To adjust the H, number density,
we multiplied a section of the smooth-wind radial profile (given
by the mass-loss rate determined by Ramstedt et al. 2017, listed
in Table 2, and the velocity profile defined by Danilovich et al.
2014) by integer factors up to 10. The result that did not over-
predict the “tail” for any molecule was chosen as the best model.
We found that the inner regions of the radial intensity profiles
were not significantly affected by the inclusion of this overden-
sity and the central abundances and e-folding radii did not need
to be adjusted when adding the overdensity.

The best fit for all molecules was found for an overdensity of
a factor of five between 8 x 10" cm and 1.5 x 10'® cm. This re-
produces the observed radial profiles for H'*CN and ?°SiO well,
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Fig. 5. Uv-fitting of the four strong spectral lines detected in the inner CSE of W Aql. First row: RA offset position of the fitted Gaussian. Second
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offset in RA and DEC, respectively.

without adjustments to the abundance profiles determined from
the smooth-wind models. For SiS and CS, we find that the over-
density model improves the fit to the tail, but not sufficiently
to reproduce it entirely. The H, number densities for both the
smooth wind and overdensity models are plotted in Fig. 7. While
testing our models, we found that an overdensity factor of ten for
SiS or eight for CS were better fits, but these overdensity models
strongly over-predicted the H'>*CN and 2°SiO “tails”. Instead, to
find the best fits for SiS and CS, we additionally altered their
abundances in the overdense region. The scaling factors of the

altered abundances are listed in the last column of Table 3. We
find this approach justified because the same wind overdensity
must be applied to all modeled molecules.

In Table 3, we list the best fit models for both the smooth
wind model and the overdensity model, based on the vibrational
ground state observations of the respective molecules. The pres-
ence of the tail and our overdensity model solution complicates
the error analysis of the envelope size. However, if we exclude
the overdensity model and discuss only the smooth model, we
find that the constraints on the envelope size are tighter for the
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Table 2. Stellar parameters used for radiative transfer modeling.

Model parameters

W Aquilae
Distance 395 pc?
Effective temperature 2300K
Gas mass-loss rate 3x 1070 Mgyyr!?
Dust/gas mass ratio 2x 1073
Luminosity 7500 Ly*
Stellar mass 1M,
Gas expansion velocity 16.5kms™'¢
Stellar velocity (LSRK) —21kms™4

Notes. All parameters are adopted from Danilovich et al. (2014).

@ Derived from period-magnitude relation (Whitelock et al. 2008)
and 2MASS K band magnitude (Cutri et al. 2003). ® Ramstedt et al.
(2017). © Derived from period-luminosity relation (Glass & Evans
1981). @ Measured from CO line data (Danilovich et al. 2014).

molecules with less prominent tails and less so for the molecules
with the most pronounced tails, such as H'*CN. In fact, we found
that it was not possible to fit the tail of H'3CN simply by increas-
ing the Gaussian e-folding radius, while also providing a good fit
to the inner radial points. A Gaussian with a comparable size to
the CO envelope (unrealistic in the case of H'*CN) would still
not fit the tail. Hence the need for the overdensity model.

A comparison of the radial abundance distributions between
all modeled molecules as well as some from the earlier study by
Danilovich et al. (2014) is presented in Fig. 8. Similarly, in Fig. 9
we plot the best fitting smooth wind and overdensity models
against the observed azimuthally averaged radial profiles. There,
it is clearly seen that the addition of the overdensity has the most
significant impact on the radial profiles of CS and H'3CN, giv-
ing much better fits to the observations from ~1” outwards. Be-
low, we discuss the modeling results for the individual spectral
lines. In general, the ALMA observations are reasonably well
described by the models when looking at the radial intensity pro-
files, as are the single-dish observations.

5.2.1.CS

For the radiative transfer analysis of CS, we used a molecu-
lar data file including the ground- and first excited vibrational
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Fig. 7. Radial H, number density for both the smooth wind model and
the overdensity model.

state with rotational energy levels from J =0 up to J =40, and
their corresponding radiative transitions. Our models include
the 8 um CS vibrational band. The energy levels, transition fre-
quencies, and Einstein A coefficients were taken from CDMS
(Miiller et al. 2001, 2005) and the collisional rates were adapted
from the Yang et al. (2010) rates for CO with H,, assuming an
H; ortho-to-para ratio of three and scaled to represent collisions
between CS and H,.

For the smooth wind model, we found a fractional abun-
dance for CS of fy=1.20x10° and an e-folding radius
R,=7.0x10" cm. While this model fits the inner radial pro-
file and the single dish data well, the outer tail was not well-
described by this model. For the overdensity model, using
the same Gaussian abundance parameters, we found a much-
improved fit, which was improved further by increasing the
molecular abundance in the overdense region by a factor of two
relative to the Gaussian abundance. The line profile and spectra
predicted by the best-fitting (overdensity) model are plotted in
Figs. 9 and 10, respectively.

5.2.2. SiS

For the radiative transfer analysis of 288iS, we used a molec-
ular data file including the rotational levels from J=0 up to
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Table 3. Results of radiative transfer modeling.

Molecule fo R, (cm) Overdensity abundance
CS (1.20+£0.05)x 107 7.0x10' x2
SiS (1.50+0.05)x 10°®  6.0x 10" x3
30sis (1.15+0.05)x 1077 3.5x 10" x1
2510 (2.50+0.10)x 1077 1.4x10' x1
H*CN (1.75+£0.05)x 1077 4.7x10'° x1

Notes. fj is the central abundance relative to H, and R, is the e-folding
radius. The last column indicates if and with what factor the abun-
dance in the overdensity region has to be increased by multiplication
for achieving the best fit.
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Fig. 8. Radial abundance profile. Full lines: molecules observed and
modeled in this study, using the overdensity model. Where the abun-
dances differ from the best fitting smooth model, the smooth model is
indicated by a dotted line of the same color. Dashed lines: molecules
modeled by Danilovich et al. (2014).

J =40 for the ground- and first excited vibrational states, and
their corresponding radiative transitions. Our models include the
13 um SiS vibrational band. The energy levels, transition fre-
quencies and Einstein A coefficients were taken from CDMS
(Miiller et al. 2001, 2005) and the collisional rates were taken
from the Dayou & Balanca (2006) rates for SiO with He, scaled
to represent collisions between SiS and H,.

For the smooth wind model, we found a fractional abun-
dance for 28SiS of f,=1.50x107® and an e-folding radius
R, =6.0x 10" cm. This model agreed with the single-dish ob-
servations well, but did not fully agree with the “tail” in the az-
imuthally averaged radial profile from the ALMA observations.
We found the model improved with the inclusion of the overden-
sity and, as with CS, an increase of abundance in the overdense
region. However, we found that the overdensity and especially
the increase of abundance in the overdense region, had a signifi-
cant effect on the low-J SiS lines, in a way that was not seen for
the low-J CS lines at similar (or lower) energies. This provided
an additional constraint on the extent of the overdense region,
which we were unable to constrain based solely on the ALMA
data, and on the abundance increase in the overdense region. An
increase in abundance by a factor of seven in the overdense re-
gion provides the best fit when considering only the ALMA ob-
servations, but strongly over-predicts the single dish (5 — 4) and
(12 — 11) SiS lines. Reducing the overdensity abundance down

to a factor of three above the smooth wind Gaussian abundance
provides the best possible fit when taking both the ALMA radial
profile and the single dish observations into account. The line
profile and spectra predicted by the best-fit model are plotted in
Figs. 9 and 10, respectively.

For the radiative transfer analysis of 308iS, we constructed
the molecular data file to contain the equivalent energy levels
and transitions as the 28SiS file.

The energy levels, transition frequencies and Einstein A
coefficients were taken from the JPL molecular spectroscopy
database (Pickett et al. 1998) and the same collisional rates as for
28SiS were used, based on rates calculated in Dayou & Balanca
(2006).

We found a fractional abundance for 3°SiS of fy=1.15x 107’
and an e-folding radius R, = 3.5 x 10'> cm, which is in general
agreement with the R, found for 28SiS. The inclusion of the over-
density didnothave asignificantimpact on the 3°SiS model fitto the
observations, most likely because the 308iS flux is much weaker,
especially in the region where the brighter molecules exhibit a
“tail”. As such, we also had no need to increase the °SiS abun-
dance in the overdense region. In fact, since the 308iS flux is weak
compared to the 22SiS emission at the location of the employed
overdensity, testing the 28SiS overdensity and increased overden-
sity abundance does not produce a visible change in the 3°SiS
model.

The line profile and spectra predicted by the 3°SiS best-fit
model are plotted in Figs.9 and 10. We include a plot of the
spectrum at the center of the source convolved with a 0.6” beam,
in addition to the 4” beam (used for the other molecules), since
the 0.6” beam spectrum has a significantly higher S/N.

5.2.3. ¥Si0

We used the same molecular data file as that used for >°SiO ra-
diative transfer modeling in Danilovich et al. (2014). This in-
cludes the rotational energy levels from J =0 up to J =40 for
the ground and first excited vibrational states. Our models in-
clude the 8 um SiO vibrational band. The collisional rates were
also taken from Dayou & Balanga (2006).

For the smooth wind model, we found a fractional abun-
dance of »SiO of fy=2.50x10"7 and an e-folding radius
R.=1.4x10'"cm. The overdensity model provided a better
fit to the azimuthally averaged ALMA radial profile, and did
not require an additional adjustment to the abundance pro-
file to reproduce the observations. The line profile and spectra
predicted by the best-fit model are plotted in Figs.9 and 10,
respectively.

Our derived 2°SiO e-folding radius is in reasonable agree-
ment with the R, for the 2SiO model by Danilovich et al. (2014),
indicating that 2SiO and 2°SiO are co-spatially distributed in
the CSE. As an additional test, we re-ran the 2°SiO model us-
ing the R, found for 2’SiO (and the original fy=2.9 x 107 from
Danilovich et al. 2014) and found that the smooth wind model
was still in good agreement with the single dish **SiO data, al-
beit that the low-J single dish data was somewhat over-predicted
by the overdensity model.

5.2.4. H3CN

We used the same molecular data file as used for H'3CN radiative
transfer modeling in Danilovich et al. (2014). This included the
rotational energy levels from J =0 up to J =29 for the ground vi-
brational state, the CH stretching mode at 3 um, and the bending
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Fig. 9. Radial intensity profiles for the ALMA observations of CS, SiS, *SiS, 2°SiO and H"*CN (red circles and dashed lines) compared to the
best fitting radiative transfer model with an overdensity (blue squares and solid lines), and the best fitting smooth-wind radiative transfer model

(black triangles and dotted lines).

mode at 14 um. The bending mode is further divided into the
two [-type doubling states. The collisional rates were taken from
Dumouchel et al. (2010).

For the smooth wind model, we found a fractional abun-
dance for H®CN of f,=1.75x 1077 and an e-folding radius
R,=4.7x10" cm. H”CN was one of the molecules for which
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the overdensity model made the most significant improvement
to the fit of the model. No additional increase in abundance was
required in the overdense region to reproduce the ALMA data.
We also re-ran the H'2?CN model from Danilovich et al. (2014)
with our H3CN R, and the original abundance, fy=3.1x107°,
and found that the overdense model still reproduced the (1 — 0)
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line well. The H'3CN line profile and spectra are plotted against
the model in Figs. 9 and 10, respectively.

6. Discussion
6.1. Comparison with previous studies

With the ALMA observations at hand, the radial emission size
for each measured molecular transition can be extracted directly
from the observations and provides an important constraint on
the radiative transfer models, which usually use empirical scal-
ing relations to approximate the e-folding radii of individual
molecules. Additionally, the sensitivity of interferometric ob-
servations is superior to single-dish observations, improving the
detection threshold and S/N of the observed spectral lines sig-
nificantly. This also allowed us to determine a model with an

overdense region to better represent the ALMA observations — a
feature which cannot be discerned from spatially unresolved ob-
servations.

Danilovich et al. (2014) modeled several molecules observed
in the CSE of W Aql with multiple lines available. For ?°SiO and
H!3CN, they only have one available line each and assume the same
e-folding radii as for the respective main isotopologs. We compare
the e-foldingradius R, for?°SiO and H'>*CN measured by this study
tothe calculated R, by Danilovich et al. (2014), who use the scaling
relations by Gonzélez Delgado et al. (2003; for 2°SiO, assuming
the same radial distribution as for 22Si0) and Schéier et al. (2013;
for H'*CN, assuming the same radial distribution as for H'>?CN)
to estimate the e-folding radius. For 2°SiO, the results roughly
agree with each other, where we get a radius of 1.4 x 10'® cm and
Danilovich et al. (2014) derive aradius of 1.0 x 10'® cm. The same
is true for the 2°Si0 abundance, which Danilovich et al. (2014) find
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to be (2.3 £0.6) x 1077, which is in agreement within the errors
to our derived abundance of (2.50 +0.1) x 10~7. For H"*CN, we
get a radius of 4.7 x 10'6 cm, while Danilovich et al. (2014) base
theirmodel onaradius of 1.8 x 10'® cm. Our H"*CN radius is a fac-
tor of approximately three larger than their calculated one. Addi-
tionally, we tested the H'2CN model from Danilovich et al. (2014;
using an abundance of fy = 3.1 x 107) with the R, for H'3CN ex-
tracted from this study. We found that that model remained in
good agreement with both the higher-J lines, such as (13—12),
and the low-/ lines, including (1 — 0). The H'3*CN abundance
derived by Danilovich et al. (2014) is (2.8 +0.8) x 107, which is
slightly higher than our result of (1.75 +0.05) x 10~". Since the
model from Danilovich etal. (2014) was based only on one sin-
gle line that showed a particularly pronounced blue wing excess
and the fit was based on the integrated intensity, we expect that
this discrepancy is caused by the uncertainty of the single-dish
observations.

Schoier et al. (2007) present observations and detailed radia-
tive transfer modeling of SiS for a sample of M-type and carbon
AGB stars with varying C/O ratios (no S-type stars included), and
assume that the SiS radius would be the same as for SiO, and there-
fore using the scaling relation of Gonzélez Delgado et al. (2003) to
calculate the e-folding radius. With this in mind, we compare the
calculated SiO radius of 1.0 x 10'® cm by Danilovich et al. (2014)
with our derived SiS radius of 6.0 x 10" cm, which is a factor of
1.7 smaller. Additionally, Schéier etal. (2007) needed to add a
compact, highly abundant SiS component close to the star to bet-
ter fit their models, which we do not require. Indeed our Gaussian
abundance distribution fits both the ALMA and single-dish data
well, with the overdensity model only required to fit the outer re-
gions of the ALMA radial profile.

Decin et al. (2008) perform a critical density analysis for
SiO, HCN, and CS, which they detect through single-dish ob-
servations of a sample of AGB stars — including W Aql — to
determine the formation region of the molecular lines. They use
two different methods to derive the maximum radius of the emis-
sion region (in contrast to the e-folding radius): radiative trans-
fer modeling with the GASTRoNOoM code (Decin et al. 2006)
for collisional excitation, and calculations for radiative excita-
tion only. For CS, they derive 1.68 x 10'> cm and 2.64 x 10'* cm,
respectively, using a distance of 230 pc (with a luminosity of
6800 Ly and an effective temperature of 2800K). We derive
7.0 x 10'3 cm, which is a factor of 4 and 27 larger than their re-
ported values. The different stellar parameters and model setup
make it difficult to compare the resulting radii of the emission
regions, extracted from different models. As a rough estimate,
we scale the reported sizes linearly with the distance and ar-
rive at the conclusion that our CS radius is still bigger than
the radii reported by Decin et al. (2008). Comparing their HCN
radii — 9.6 x 10'* cm and 2.4 x 10'* cm — to our measured H3CN
radius of 4.7x10'®cm, we get a substantially larger radius,
which also holds for the linear distance scaling. The same is
true for the comparison of their SiO radii — 9.6 x 10! cm and
2.16 x 10" cm — to our measured 2°SiO radius of 1.4 x 10'6 cm.

6.2. Limitations of radiative transfer models

The most obvious limitation of the radiative transfer models is
that they assume spherical symmetry, which, as we can see from
the extended emission in the channel maps, is clearly not a pre-
cise description of the more complex emission. This issue be-
comes more important for the strongest spectral lines, those of
CS and H'*CN, where the asymmetric features are more pro-
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nounced in the observations. For those lines, we see a clear
difference between the smooth wind models and the observed
radial intensity profiles at distances greater than 1" from the
star (Fig.9). This is also visible in a much weaker form for the
SiS and 2°SiO lines (also Fig.9). Nevertheless, Ramstedt et al.
(2017) show that the clearly visible and pronounced arc struc-
tures in the CO density distribution are not very pronounced in
the overall radial density profile, but are simply represented by
rather weak features on top of a smooth extended component.
Here, in our overdensity model, we add a higher-density com-
ponent to the smooth wind model (see Fig.7) in a region that
matches the ALMA radial profiles. Although the actual over-
dense region is unlikely to be spherically symmetric in reality
(as the arcs seen in the CO emission by Ramstedt et al. 2017, are
not), we find it to be well fit by our spherically symmetric model.
Another limitation is the direct comparison of often noisy
and low-resolution single-dish spectra (often subject to un-
certain calibration) with high S/N and high-resolution ALMA
spectra as model input. The CS single-dish data in particular
generally has a low S/N, and two of the single-dish spectra are
not well fitted (Fig. 10). Since the single-dish data were taken
at many different epochs, the stellar variability might have an
influence on the extracted spectra as well (e.g., Teyssier et al.
2015; Cernicharo et al. 2014) Additionally, since we are probing
high-spatial-resolution asymmetric and clumpy emission with
the ALMA observations, the line profiles from the symmetric
radiative transfer models are unlikely to be completely repre-
sentative of the real complexity of the CSE around W Aql and
therefore do not fit the observations perfectly. Nevertheless, the
general agreement of the models with observations is good.

6.3. Comparison with chemical models

From the theoretical models of Cherchneft (2006) and a sam-
ple of observations by Bujarrabal & Cernicharo (1994) and
Schoier et al. (2007), it is evident that the SiS abundance is
sensitive to the chemical type of AGB stars, with carbon stars
showing generally higher abundances than M-type stars. The
mean fractional SiS abundances of carbon and M-type stars
reported by Schoier et al. (2007) are 3.1 x 107® and 2.7 x 1077,
respectively. Our derived SiS abundance of 1.5 x 1076 for W Aql
as an S-type star falls close to the lower boundary of the
expected region of carbon AGB stars (compared with Fig.2
of Schoier et al. 2007). Predicted by the non-LTE chemical
models of Cherchneff (2006), CS should be found in high abun-
dance for all types of AGB stars in the inner wind, with a gen-
erally higher abundance of CS for carbon stars than M-type
stars. The formation of CS is linked to HCN, which is pre-
dicted to be present in comparable abundances. As discussed by
Cherchneft (2006), in their models, the maximum abundance of
HCN - and therefore CS — is reached for S-type AGB stars. In
Fig. 8, one can see that, for W Aq]l, the radial abundance pro-
file of HCN (as derived by Danilovich et al. 2014) is indeed
comparable to the profile of CS (excluding the overdensity en-
hancement), which is generally of slightly lower abundance and
extends out to a slightly smaller radius. The abundance ratio of
those molecules is HCN/CS = 3.1 x 107%/1.3 x 107% ~2.4. In the
theoretical models of Cherchneff (2006), the HCN/CS ratio for
a “typical” AGB with a C/O ratio between 0.75 and 1 lies be-
tween 5.34 and 0.28, at radii larger than 5 R,. The best fitting
theoretical HCN/CS ratio to our modeled ratio of 2.4 would be
reached for a C/O ratio somewhere between 0.90 and 0.98. The
theoretical HCN/CS ratio of 0.28 for a C/O ratio of 1 does not
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fit our models. A very similar value can be derived from ther-
modynamic equilibrium calculations (Gobrecht, priv. comm.),
which yield a HCN abundance of 4.31 x 10~® and a CS abun-
dance of 1.38x 1077, resulting in a HCN/CS ratio of 0.31. It
must be noted, however, that the chemical models are focused
on the innermost winds and our observations detect molecular
emission as far away from the star as ~4”. Additionally, the stel-
lar temperature can affect the chemical equilibrium and therefore
the chemical abundances.

On a general note on sulphur bearing molecules in CSEs
of AGB stars, Danilovich et al. (2016) found a very different S
chemistry between low mass-loss rate and high mass-loss rate
M-type stars when examining SO and SO,, which was not pre-
dicted by chemical models.

6.4. Isotopic ratios
6.4.1. Silicon

Previous models by Danilovich et al. (2014) estimate a 3310
abundance of 2.9x107% which we can use to derive the
285i0/2°Si0 ratio, resulting in a value of 11.6. From our model
estimates, we find the abundance ratio of 28SiS/3OSiS= 13.0,
roughly corresponding to half of the 28Si/*’Si ratio predicted
by AGB stellar evolution models (Cristallo et al. 2015; Karakas
2010) and half of the value given by the solar abundances
(Asplund et al. 2009). By assuming that both SiO and SiS ra-
tios are good tracers for the Si ratios, we can approximate the
28i/308i ratio for W Aql, which results in a value of 1.1. For
comparison, the solar 2?Si/**Si ratio, as derived by Asplund et al.
(2009) is 1.52, which is also consistent with the ratio derived for
the ISM (Wolff 1980; Penzias 1981). Peng et al. (2013) inves-
tigate the 2°Si/**Si ratio for 15 evolved stars and come to the
conclusion that the older low-mass oxygen-rich stars in their
sample have lower 298i/30Si ratios, but the ratios are not influ-
enced strongly by AGB evolution and merely reflect the inter-
stellar environment in which the star has been born. The only
S-type star in their sample, y Cyg, shows a 2°Si/**Si ratio of 1.1,
which is incidentally identical to our derived value for W Aql.
A bigger sample of Si isotopic ratios derived for S-type stars
would be needed to draw any conclusions on the possible AGB
evolutionary effects.

6.4.2. Carbon

As described by Saberi et al. (2017) for the carbon AGB star
R Scl, the H?CN/H'3CN ratio is a very good tracer for the
12C/13C ratio, giving even more plausible results than esti-
mates from the CO isotopic ratio in some cases. Using mod-
eling results by Danilovich et al. (2014) for H'2CN, which has
an abundance of (3.1+0.1)x 107°, and the H'3CN abundance
presented in this paper, we derive a H'?’CN/H'3CN ratio of
17 + 6 (with the error mainly dominated by the H'2CN model),
which can be used to estimate the '2C/!3C ratio. This result dif-
fers by a factor of 1.7 to 1.5 from the '>C/!3C ratio estimated
from the CO isotopolog ratio by Danilovich et al. (2014) and
Ramstedt & Olofsson (2014), who report a ratio of 29 and 26, re-
spectively. Ramstedt & Olofsson (2014) also present C isotopic
ratios for 16 other S-type AGB stars (in addition to 19 C- and
19 M-type AGB stars) and the resulting median carbon isotopic
ratio for S-type stars is reported to be 26, which is also their
derived value for W Agl. In general, the '>C/!3C ratio increases
following the evolution from M- to S- to C-type stars, since '2C
is primarily produced in the He burning shell of the star and will

be dredged up to the surface through subsequent thermal pulses.
Therefore, the '2C/!3C ratio can be used as an indicator for the
AGB evolutionary stage of a star.

7. Conclusions

We present ALMA observations of a total of eight molecular
lines of the species CS, SiS, SiO and H'3CN, which are found
in the close CSE of the S-type binary AGB star W Aql. The
emission is resolved for almost all lines and a compact Gaussian
emission component is surrounded by weak asymmetric emis-
sion, showing an elongation in the direction of the binary or-
bit. Adding an additional delta function emission component to
the models at the same position as the Gaussian significantly
improves the fits, carried out in the uv plane. Emission peaks
in molecular emission out to approximately 2—-3" coincide with
the CO distribution. The spectral lines — especially the strongest
four — are partly very asymmetric, with SiS standing out of the
sample with a very distinct peak at the red-shifted velocities. We
successfully model the circumstellar abundance and radial emis-
sion size of CS, SiS, 3SiS, 2SiO and H'3CN - mainly based
on high-resolution sub-millimeter observations by ALMA and
supplemented by archival single-dish observations — in the in-
nermost few arcseconds of the CSE around the S-type AGB star
W Aql. We produce two models, one assuming a smooth outflow,
and one which approximates the asymmetries seen in the outflow
by the inclusion of an overdense component, and which better
fits the ALMA data. We compare the resultant radial abundance
distributions to previous modeling and theoretical predictions,
and find that our results are in agreement with previous studies.
For some isotopologs, such as 2°SiO and H'*CN, previous stud-
ies worked with the assumption of a radial distribution identical
to their main isotopologs, 2*SiO and H'?CN. We find that our
modeled radial distribution of the SiO and H'3CN isotopologs,
which is constrained by the resolved ALMA observations, is dif-
ferent to the main isotopologs, with both rarer isotopologs hav-
ing a larger radius than previously found for the most common
isotopolog counterparts.

By using the spatially resolved ALMA data, we can con-
strain the radial emission profile directly, which improves the
independence of our models by reducing the number of input as-
sumptions. Additionally, we need to develop improved models,
which can take asymmetries into account. This and future high-
resolution high sensitivity spectral scans of CSEs around AGB
stars will provide more accurate input to chemical modeling and
help us understand the chemical network of elements in these
environments.
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Appendix A: Channel maps for strong spectral lines
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Fig. A.1. Channel map for the CS spectral line. The velocity resolution is 1 kms™!, only every second channel is plotted. The stellar velocity is
at about =21 kms™!. The beam size is given in the lower left and the white contours are plotted for 3, 5, and 10 o rms (measured from line free

channels). North is up and east is left.
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Fig. A.2. Channel map for the H*CN spectral line. The velocity resolution is 1 kms™, only every second channel is plotted. The stellar velocity
is at about —21 km s™!. The beam size is given in the lower left and the white contours are plotted for 3, 5, and 10 o rms (measured from line free

channels). North is up and east is left.

A23, page 16 of 21


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832724&pdf_id=12

M. Brunner et al.: Molecular line study of the S-type AGB star W Aquilae

o
[o)]
Flux (Jy/beam)

DE offset (arcsec)

RA offset (arcsec)

Fig. A.3. Channel map for the SiS spectral line. The velocity resolution is 1 kms™!, only every second channel is plotted. The stellar velocity is
at about —21kms~!. The beam size is given in the lower left and the white contours are plotted for 3, 5, and 10 o-rms (measured from line free

channels). North is up and east is left.
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Fig. A.4. Channel map for the 2°SiO spectral line. The velocity resolution is 1 kms™!, only every second channel is plotted. The stellar velocity is
at about —21 kms~!. The beam size is given in the lower left and the white contours are plotted for 3, 5, and 10 o-rms (measured from line free

channels). North is up and east is left.
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Appendix B: Results for weak spectral lines
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Fig. B.1. ALMA integrated intensity (moment 0) maps of SiO v =1(8-7), SiOv =2 (8-7), **SiS (19-18) and SiSv=1(19-18) emission around
W Aql. The ALMA beam is given in the lower-left corner. Contours are given in white for 1, 2, and 3 o-rms. North is up and east is left.

Appendix C: uv-fitting: super-resolution and
uncertainties

As has been discussed in Marti-Vidal et al. (2012), high S/N in-
terferometric observations may encode information about source
substructures (much) smaller than the diffraction limit of the in-
terferometer. Extracting such information, though, implies the
use of a priori assumptions related to the source brightness distri-
bution (e.g., the assumption of a Gaussian intensity distribution
that we are using in our modeling). As long as the true source
structure obeys these a priori assumptions (at least to the extent
of the structure sizes being probed in the visibility analysis), it is
possible to retrieve structure information that roughly scales as
the diffraction limit divided by the square root of the S/N (see,
e.g., Eq. (7) of Marti-Vidal et al. 2012). We notice, though, that
this is an approximate rule of thumb that may be corrected by
a factor of several, since the actual over-resolution power may
depend on the baseline distribution of the array (i.e., the factor 5
in Eq. (7) of Marti-Vidal et al. 2012).

The modeling performed by wvmultifit (Marti-Vidal et al.
2014) estimates the uncertainties of the fitted parameters from
the curvature of the y? distribution at its minimum via the diago-
nal elements of the post-fit covariance matrix. The uncertainties
provided in this way assume that the model used in the fit is cor-
rect and able to describe the bulk of the visibility signal, meaning
that the reduced y? can be assumed to be similar to its expected
value of unity.

This assumption may result in underestimates of the param-
eter uncertainties if the model used in the fitting is incorrect.
One way to test whether our fitting model is able to describe the

bulk of the visibility function is to assess the post-fit residuals in
the image plane. We show these residuals for a selection of two
channels in the SiS line in Fig. C.1 (left). The intensity distribu-
tion of the residuals can be well characterized by Gaussian noise
(Fig. C.1, right), which is indicative of a successful fit.

In order to further assess our size estimates and uncertain-
ties, we have performed a Monte Carlo analysis of our Gaus-
sian source model plus additional delta component across the
full parameter space (i.e., varying the peak position, flux den-
sity, and size with a random exploration), to test how the y?
(and hence the probability density) varies in the neighborhood
of the best-fit parameter values. We show the resulting probabil-
ity density functions (PDF) for channels 13 and 20 in Fig. C.2.
We notice that the standard assumptions of uvmultifit are applied
here (i.e., a reduced y? of 1 is assumed, which is justified by
the post-fit residuals; see Fig. C.1). The crossing points between
the 30 deviations of the source size (vertical dashed lines) and
the 30 probability cutoff for a Gaussian PDF (horizontal dashed
line) roughly coincide with the crossing points between the 30
source-size deviation and the PDF retrieved with uvmultifit.

We can therefore conclude that, as long as the Gaussian plus
delta component brightness distribution is a good approximation
of the source structure, the source sizes (and their uncertainties)
obtained with uvmultifit are correct. If the source shape were to
not resemble a Gaussian brightness distribution, but were closer
to, say, a disk or a filled sphere, there would be a global sys-
tematic bias in all source sizes reported here, even though the
relative values among frequency channels (i.e., the frequency de-
pendence of the source sizes) would still be correct.
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Fig. C.1. Left: post-fit residual image for channel 15 (stellar velocity), using natural weighting (i.e., to maximise the detection sensitivity for any
flux-density contribution left in the fitting). Right: histogram of the post-fit image residuals.
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Fig. C.2. Probability density distributions from our model-fitting for the SiS line of channels 15 and 20, using a Gaussian source model with
addition of a delta function model. The vertical dashed lines indicate the estimated best-fit values and their 30" deviations. The horizontal dashed
line is set to 3 x 1073 (i.e., the probability density corresponding to the 3o cutoff of a Gaussian probability distribution). The peaks of the PDFs
have been further scaled to 1, for clarity.
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Appendix D: List of archival spectral line observations

Table D.1. Archival observations.

Molecule Transition Frequency (GHz) Telescope 6 (”) I, (Kkms™!) Reference
CS 352 146.969 IRAM 17 6.96 Danilovich et al. (2018)
65 293.912 APEX 21 2.73 APEX Archive
76 342.883 APEX 18 5.69 APEX Archive
SiS 5514 90.772 IRAM 27 0.35 Danilovich et al. (2018)
12 > 11 217.818 APEX 29 3.37 Danilovich et al. (2018)
19 - 18 344.779 APEX 18 1.58 Danilovich et al. (2018)
20 — 19 362.907 APEX 17 2.5 APEX Archive
28i0 13- 12 557.179 HIFI 38 0.25 Danilovich et al. (2014)
8 —>7 344.226 APEX 18 1.35 APEX Archive
H'3CN 8 —>7 1151.452 HIFI 18.4 0.63 Danilovich et al. (2014)
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