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ABSTRACT

Context. Asymptotic giant branch (AGB) stars go through a process of strong mass loss that involves pulsations of the atmosphere,
which extends to a region in which the conditions are adequate for dust grains to form. Radiation pressure acts on these grains which,
coupled to the gas, drive a massive outflow. The details of this process are not clear, including which molecules are involved in the
condensation of dust grains.

Aims. We seek to study the role of the SiO molecule in the process of dust formation and mass loss in M-type AGB stars.

Methods. Using the IRAM NOEMA interferometer we observed the 22SiO and »SiO J=3-2, v=0 emission from the inner cir-
cumstellar envelope of the evolved stars IK Tau and IRC+10011. We computed azimuthally averaged emission profiles to compare the
observations to models using a molecular excitation and ray-tracing code for SiO thermal emission.

Results. We observe circular symmetry in the emission distribution. We also find that the source diameter varies only marginally
with radial velocity, which is not the expected behaviour for envelopes expanding at an almost constant velocity. The adopted density,
velocity, and abundance laws, together with the mass-loss rate, which best fit the observations, give us information concerning the
chemical behaviour of the SiO molecule and its role in the dust formation process.

Conclusions. The results indicate that there is a strong coupling between the depletion of gas-phase SiO and gas acceleration in the

inner envelope. This could be explained by the condensation of SiO into dust grains.
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1. Introduction

During the asymptotic giant branch (AGB) phase, stars go
through a process of strong mass loss that is caused by the pul-
sating levitation of the atmosphere, transporting gas to a region
in which the conditions are right for dust condensation (i.e. low
temperature and high density). Dust is then accelerated by radi-
ation pressure from the central star, and as a consequence of the
efficient coupling between gas and dust, drives a massive out-
flow. This outflow becomes part of the interstellar medium after
forming a circumstellar envelope and a planetary nebula in future
post-AGB phases (Hofner & Olofsson 2018). In a mature galaxy
like the Milky Way, stars of low to intermediate mass (those with
an initial mass between 0.8 and 8 M) are responsible for a con-
siderable fraction of the reinsertion of material into the galaxy
due to such massive molecule-rich winds (Busso et al. 1999).
AGB stars consist of a carbon-oxygen core, a helium-burning
shell, and a more external hydrogen-burning shell'. Eventually

*The reduced datacubes are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strashg. fr/viz-bin/qcat?J/A+A/624/A107

** This work is based on observations carried out under project num-
ber W15BJ with the IRAM NOEMA interferometer. IRAM is supported
by INSU/CNRS (France), MPG (Germany), and IGN (Spain).

' At the high mass end of AGB stars the core may consist of oxygen
and neon, the super AGB stars.

Article published by EDP Sciences

the helium shell runs out of fuel, but in periods of ~10*~10° yr
the hydrogen burning shell provides the inner shell with enough
helium for an explosive event to take place, where helium burns
again. This causes the hydrogen shell to cease burning and
results in an expansion of the stellar atmosphere. These periodic
events are known as thermal pulses. In this way the star enters
the thermally pulsing asymptotic giant branch (TP-AGB), and
the related third dredge-up events lifts up carbon and other ele-
ments to the outer atmosphere. Depending on the duration of the
TP-AGB, which depends on the initial mass, some stars become
C-rich ([C] > [O]) and some remain O-rich (i.e. M-type) during
the whole evolution. C-rich chemistry is fairly well understood
and has been shown to be feasible in stellar outflow conditions
(Gail & Sedlmayr 1984). But the same cannot be said about
O-rich chemistry, for which the process of nucleation and growth
of dust grains is not clear (see e.g. Gobrecht et al. 2016; Gail et al.
2016). According to observations, the dominating dust compo-
nents formed in the photospheres of M-type stars are magnesium
iron silicates (Molster et al. 2010), and laboratory investigations
support this assessment (Vollmer et al. 2009; Nguyen et al. 2010;
Bose et al. 2010). More recently it has been found that for objects
with low mass-loss rates alumina dust may be as abundant as
silicate dust (Zhao-Geisler et al. 2012; Karavikova et al. 2013;
Khouri et al. 2015).

Among all the gas-phase species of refractory elements that
could be involved in the dust nucleation process, SiO is one of
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the most abundant. Dust containing Si and O are also identified
through the 9 and 18 um silicate features in infrared spectra of
stars (Forrest et al. 1975; Pégourié & Papoular 1985). Therefore,
the SiO gas-phase abundance should fall off as the molecules
are incorporated into dust grains. At the same time, the expan-
sion velocity of the gas should increase as the radiation pressure
acts more efficiently on dust grains of larger size. By the deter-
mination of the abundance of SiO and its dynamical behaviour
throughout the envelope we can assess if a relation between SiO
depletion and dust formation exists. Other alternatives to explain
dust formation in O-rich stellar atmospheres have been stud-
ied recently by, for example Goumans & Bromley (2012), Plane
(2013), and Bromley et al. (2014).

Thermal® emission from the SiO molecule was previously
studied by Bujarrabal et al. (1989) with the Institut de Radioas-
tronomie Millimétrique (IRAM) 30 m radio antenna and has
given us information about the physical conditions of the circum-
stellar envelope. These authors also observed the CO molecule
and simultaneously modelled the emission from both CO and
SiO. There are also interferometric observations of SiO that sug-
gest that the gas might not reach its final expansion velocity as
fast as was previously believed and that dust formation might
also not occur as instantaneously (Lucas et al. 1992). These
authors found a relatively large initial abundance of gaseous SiO,
X(SiO) ~5 x 1073, which has a strong decrease beyond ~10' cm
from grain formation, which would itself be associated with the
gas acceleration® (see also Bujarrabal & Alcolea 1991).

Gonzalez-Delgado et al. (2003) carried out a statistical anal-
ysis on a sample of AGB stars. They found a relation between
the radius of the SiO envelope and what they called the “den-
sity measure”, M/V,, where M is the stellar mass-loss rate and
V. is the expansion velocity. They deduced, in most objects,
relatively lower inner abundances: X(SiO) < 107>, and stressed
the importance of photodissociation in establishing the outer
SiO-rich boundary. On the other hand Schéier et al. (2004) con-
cluded that X(SiO) is as high as 4 x 107> in the inner envelope
and has a decrease that is higher than a factor 10, due to grain for-
mation, at ~10'5 cm. According to these authors, a small fraction
of SiO remained in the gas until photodissociation. Decin et al.
(2010) also modelled several emission lines from observations
carried out with various radio telescopes and obtained their own
set of physical parameters for the envelope. Later on Decin et al.
(2018) carried out a spectral line and imaging survey to observe
molecular species key to the formation of dust grains, provid-
ing constraints on the properties of oxygen-dominated stellar
winds. These authors concluded that properties tend to be dif-
ferent for stars with high mass-loss rates as compared to those
with low mass-loss rates and found a similar stratification of the
SiO abundance starting with a somewhat lower value.

We conducted observations of two evolved, O-rich, stars with
intermediate mass-loss rates, IK Tau and IRC+10011 (a.k.a. WX
Psc), with the NOrthern Extended Millimeter Array (NOEMA)
interferometer, resulting in higher spatial resolution than previ-
ously available. We describe the observations and data reduction
in Sect. 2 and discuss the results in Sect. 3. We obtained the
best fit for the azimuthally averaged emission using a molecu-
lar excitation and line transfer code. The resulting models and

2 We use the term “thermal” to differenciate between v=0 emis-
sion and maser emission from vibrationally excited states (v>0),
even though SiO excitation is normally far from thermal equilibrium
with the gas kinetic temperature so that radiative excitation plays a
non-negligible role.

3 We refer to the relative abundance of SiO with respect to H, as
X(Si0).
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physical parameters obtained are shown and discussed in Sect. 4,
where we also discuss the implications for dust formation. Final
discussion and conclusions are shown in Sects. 5 and 6.

2. Observations

Observations were carried out towards IK Tau and IRC+10011
with the NOEMA millimeter interferometer (project W15BJ)
during the winter and autumn of 2016 using seven and eight
antennas. The observations were performed by alternating
between the two sources in cycles of ~15min in the so-
called track-sharing mode. Acquisitions were obtained from
February 21 to 24, 2016 for the most extended A configuration,
and between October 10 and 31, 2016 for the C configura-
tion. In the merged data we obtained baselines ranging from
48 to 720 m, for a total of about 5h on each source. Data were
recorded with the Widex Correlator for 4 GHz bandwidth with
two polarisations and a channel spacing of 2 MHz. In addition,
observations of one receiver polarisation were simultaneously
processed by the narrow-band correlator to achieve a spectral
resolution of 0.3MHz in a window of 110 MHz around the
frequencies 130.269 and 128.637 GHz, which are the rest fre-
quencies of the J = 3—2, v = 0 emission lines for 22SiO and >SiO,
respectively; these comprise our two lines of interest.

The data calibration was performed with CLIC, which is part
of the GILDAS* package. Two phase calibrators were observed,
each one close to one of the sources, also in cycles of 15 min.
The bright quasars 3C84 and 3C454.3 (with more than 15Jy in
continuum emission) were observed for the bandpass calibration,
and acquisitions in MWC349 and LKHA101 (the standard flux
calibrators for the NOEMA observatory) were used to reach an
absolute flux accuracy in the calibrated data better than 10%. The
achieved relative flux accuracy among our observed objects and
transitions is nonetheless better than 10%.

Maps in a central channel for both objects and both isotopo-
logues are shown in Figs. 1 and 2. The continuum emission was
subtracted to better identify the weak emission at extreme veloci-
ties. A synthetic half-power beam size of 1”7 X 1”” in diameter was
obtained with data robust weighting. The detailed data inspec-
tion was performed in 120 channels with spectral resolutions of
0.6kms~!. Data reduction was carried out with standard reduc-
tion techniques using MAPPING (also included in the GILDAS
package). The reported systemic velocities of the sources are
34.4 and 9.6kms™!' for IK Tau and IRC+10011, respectively
(Gonzalez-Delgado et al. 2003).

3. Results: size and flux

In Figs. 3 and 4 we show the half-power angular diameters
and fluxes as functions of local standard of rest (LSR) veloc-
ity determined from model fits to the visibilities obtained for
IK Tau and IRC+10011. The model used to represent the emis-
sion region was that of a Gaussian disc. We note that the size of
the SiO emission region is extended for both objects, with angu-
lar diameters of ~2!5 for IK Tau and ~2 for IRC+10011, which
translate to physical diameters of the order of 1x 10'®cm and
2% 10'6 cm, respectively, when considering the distances to the
objects shown in Table 1.

The plots for both 28SiO and ?°SiO show that the diam-
eter does not decrease with offset from the central velocity;
instead, the diameter is very similar in the line centres and wings.
Lucas et al. (1992) argued that this can be explained if the final

4 http://www.iram.fr/IRAMFR/GILDAS
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Fig. 1. SiO emission maps in one of the central channels for IK

Tau in 2SiO (top) and 2°SiO (bottom). Contour level spacings are
200 mJy beam™! for 22SiO and 50 mJy beam™ for 2SiO. In the top left
corner the channel LSR velocity is indicated.

expansion velocity has not been fully reached in the inner SiO
emission region. In such a case the hot, central regions emit only
at the central velocities, while only the outer regions are seen at
the profile edges with a larger apparent size than if the velocity
were constant. On the contrary, Sahai & Bieging (1993) found
no need for such slowly varying velocity fields. Instead, they
argued that this behaviour is a characteristic feature of power-law
intensity distributions, being scale-free, rather than Gaussian,
where there are well-defined scale sizes. Nonetheless, attempt-
ing other types of fits, such as uniform disc, exponential and
power-law, resulted in considerably larger errors in the fits to
the observational data; therefore we believe that a Gaussian disc
accurately represents the emission region and that indeed gas is
still accelerating in the inner envelope.

4, Radiative transfer and SiO abundance

To estimate the physical parameters that reproduce the emission
we used a radiative transfer code assuming spherical symmetry.

Interferometric observations of IK Tau and IRC+10011
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Fig. 2. SiO emission maps in one of the central channels for

IRC+10011 in 2SiO (top) and °SiO (bottom). Contour level spacings
are 100 mJy beam™! for 2SiO and 20 mJy beam™! for 2SiO. In the top
left corner the channel LSR velocity is indicated.

The parameters are fed into a molecular excitation and ray-
tracing code that solves the statistical equilibrium equations
by assuming the Sobolev approximation, i.e. describing pho-
ton trapping by means of an escape-probability algorithm. Level
populations were then used to calculate the expected intensity for
a high number of rays in the direction of the line of sight, follow-
ing the standard radiative transfer equation. We take into account
40 rotational levels in the v =0 vibrational state. The black-body
stellar radiation field with stellar temperatures listed in Table 2
is taken into account for radiative excitation. The dust radiation
field is not taken into account. Finally, the brightness distri-
butions are convolved with the telescope beam to simulate the
observational maps. Similar codes were used by Bujarrabal et al.
(1989) and Bujarrabal & Alcolea (1991), where more details
on the numerical treatment can be found. Collisional transition
probabilities were taken from the Leiden Atomic and Molecu-
lar Database (LAMDA?; Schéier et al. 2005). We find that the

5 http://home.strw.leidenuniv.nl/~moldata/
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Fig. 3. Half-power diameter and flux as functions of LSR velocity as determined from model fits to the visibilities for IK Tau. As argued in Lucas
et al. (1992), the small variation of the diameter as a function of velocity could be explained by a wind for which the final expansion velocity is not

yet fully reached.

level populations are practically thermalised for 28SiO, but not
for 2SiO owing to its lower opacities.

From the observations we calculated azimuthal averages of
the emission and then computed an extensive number of mod-
els for the physical parameters of the circumstellar envelope to
reproduce the azimuthally averaged emission maps. The compu-
tation of the azimuthal averages allows us to gain signal-to-noise
ratio (S/N) in the outer parts of the map and to compare lines at
all distances with our molecular excitation and radiative transfer
code. The code was tailored to efficiently treat optically thin and
optically thick thermal SiO emission. The observations, together
with the best-fitting model results, are shown in Figs. 5 and 6.

The criteria used to determine the goodnes of fit to a model
are as follows:
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— to fit both isotopic species with the same parameters varying
only their relative abundance, assuming that photodissocia-
tion is not isotope selective;
— to obtain a reasonable and similar value for the 28Si0/?°SiO
ratio for both objects;
— to take previously published kinetic temperature and expan-
sion velocity laws as starting points;
— to fix mass-loss rates, terminal velocities, and distances to
agree with previously published values.
We considered that the density is a function of the radius,
mass-loss rate, and expansion velocity following the continuity
equation
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Fig. 4. Half-power diameter and flux as functions of LSR velocity as determined from model fits to the visibilities for IRC+10011. The small
variation in the diameter as a function of velocity could be explained by a wind for which the final expansion velocity is not yet fully reached.

Table 1. Fixed parameters used for the models.

Object M (Mg yr~") Distance (pc) izgig Ve (kms™)
IK Tau 5% 1070 285 20 18.5
IRC+10011 1x107° 650 20 20

where M is the mass-loss rate, V, is the expansion velocity, and
r is the distance from the central star.

The kinetic temperature profiles were determined using the
following equation:

2% 1015\"
Tk:To(X—) +5, @)
r

where T and « are free parameters that determine the magnitude
and slope of the kinetic temperature.

The velocity profile has been parameterised using a simpli-
fied law (Lamers & Cassinelli 1999). We used the following
expression:

Vo=V, ifr < Ry, 3)

Ry .
Ve:V0+(Vm—V0)(1—7) itr > Ry, @)
where Vj is the velocity before the gas starts to accelerate,
which is set to 1kms™!, V., is the terminal expansion veloc-
ity, and Ry is the distance from the star at which dust grains
form, which we treated as a free parameter that affects the inner-
most portion of the envelope, where little is known about the
dynamics.
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Table 2. Free parameters used for the models.

Object Rq (10" cm) B To (K) a Rx (10 cm)  Xp(SiO) (1079)

IK Tau 2.2%01 LO*0L 1684 0.857070 2.6%0] 4.0

+0.1 +0.3 +30 +0.25 +0.3 +0.2

IRC+10011 1.2+01 0.6703  220*30  0.40*9% 1.0*93 3.5%07
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Fig. 5. Azimuthally averaged emission as a function of distance and LSR velocity for IK Tau. Observations are represented on the fop and results
of the radiative transfer model on the bottom. Both isotopologues are shown: 22SiO on the left and *°SiO on the right. Countour labels are denoted

in units of Jy beam™!.

To describe the SiO relative abundance profile we used a
simplified parameterisation

RZ
X=Xo~-X)—5——,
Y12+ R2
where X, is the final abundance left after SiO depletion in the
inner envelope, and X is treated as a free parameter that rep-
resents a reference abundance such that the initial value for

®)
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X is Xo — Xx. We assumed that 85% of the gas-phase SiO is con-
densed into dust grains for both objects, following Bujarrabal
et al. (1989). The SiO abundance distribution is nonetheless
expected to be very complicated because of its strong depen-
dence on dust parameters, in particular the dust mass loss rate
(Gonzalez-Delgado et al. 2003). As can be seen, Ry is the dis-
tance from the central star at which the abundance falls to
3(Xo = X).
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Fig. 6. Azimuthally averaged emission as a function of distance and LSR velocity for IRC+10011. Observations are represented on the fop and
results of the radiative transfer model on the bottom. Both isotopologues are shown: 28SiO on the left and *°SiO on the right. Countour labels are

denoted in units of Jy beam™".

The values of the fixed parameters adopted for each object
are given in Table 1. The value for the distance to IK Tau is
taken from the Gaia Data Release 2 (Gaia Collaboration 2018),
while that of IRC+10011 is taken from Vinkovic et al. (2004)
and references therein. We adopt the mass-loss rates reported in
Lucas et al. (1992) for both objects, which have been corrobo-
rated by other more recent works (see e.g. Decin et al. 2018).
Stellar temperatures used to calculate stellar excitation are taken
from Decin et al. (2018) for IK Tau and Vinkovic et al. (2004)
for IRC+10011. Terminal expansion velocities were taken from
Velilla-Prieto et al. (2017) and Vinkovic et al. (2004) for IK Tau
and IRC+10011, respectively. We fixed 28Si0/2°SiO =20 for both
objects, similar to the galactic value and in agreement with the
values obtained by Monson et al. (2017).

The free parameters and their values are listed in Table 2. The
density, kinetic temperature, abundance, and expansion veloc-
ity for the models of both sources are shown in Figs. 7 and 8.
For both objects we found kinetic temperature laws somewhat in
between those of Bujarrabal et al. (1989) and Decin et al. (2010).
Our results are plotted in Figs. 7 and 8. We note that these laws
were obtained for IK Tau, but we also included them in the plots
for IRC+10011 for comparison. The kinetic temperature found by
Bujarrabal et al. (1989) is higher in general, but decreases steeply
as r’g'z, while that of Decin et al. (2010) decreases more slowly
as r°.

While having observations of two isotopologues for two rel-
atively similar sources helps us to more strictly constrain the
parameters in our models, it also results in complications in

A107, page 7 of 13


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834864&pdf_id=0

A&A 624, A107 (2019)

2000
L

10
I

1500

log Density (cm™)
Temperature (K)
1000
L

500
I

o 4

3e-05 4e-05
I

SiO relative abundace
2¢-05
Velocity (km/s)

le-05
I

0e+00

T T T T T T T T T T T
135 14.0 14.5 15.0 15.5 16.0 16.5 13.5 14.0 14.5 15.0

log Distance (cm)

log Distance (cm)

T T T T T T T T T T
155 16.0 16.5 13.5 14.0 14.5 15.0 155 16.0 16.5

log Distance (cm)

Fig. 7. Total density, kinetic temperature, molecular abundance, and velocity profile used for the models of Fig. 5 for IK Tau. We also show for
comparison the temperatures obtained by Bujarrabal et al. (1989; dashed line) and Decin et al. (2010; dotted line). In the velocity plot we include,
for comparison, the velocity by Decin et al. (2010; dotted line). The velocity stays constant at 1 kms™' up to the distance Ry, and then gradually

increases as described in Eqs. (3) and (4).

10
I

log Density (cm™)
8
.
Temperature (K)
1000
|

6
I

<+

SiO relative abundace
1‘0
Velocity (km/s)

T T T T T T T T T T T
135 14.0 14.5 15.0 15.5 16.0 16.5 13.5 14.0 14.5 15.0

log Distance (cm)

log Distance (cm)

T T T T T T T
135 140 145 150 155 160 165
log Distance (cm)

T T T
15.5 16.0 16.5

Fig. 8. Total density, kinetic temperature, molecular abundance, and velocity profile used for the models of Fig. 6 for IRC+10011. We also show for
comparison the temperatures obtained by Bujarrabal et al. (1989; dashed line) and Decin et al. (2010; dotted line) for IK Tau. In the velocity plot

we include, for comparison, the velocity by Decin et al. (2010) for IK Tau (dotted line). The velocity stays constant at 1 kms

R4, and then gradually increases as described in Egs. (3) and (4).

the achievement of satisfactory model fits and in the calcula-
tion of uncertainties. The criteria to obtain the parameters of the
model that best fit the observations were the following: from
the azimuthally averaged emission maps that resulted from the
observations we calculated the rms value of the noise. It is cal-
culated outside the emission region in emitting LSR velocities to
account for cleaning errors and we call it o.

We computed a set of models representing different scenar-
ios, such as slow/fast acceleration, early/late SiO depletion, and
we obtained maps of azimuthally averaged emission. We visu-
ally inspected the model maps and compared these maps with
the azimuthally averaged emission maps that resulted from the
observations to infer which models reproduced the observations
better, and to identify problems and artefacts that would be hard
to identify numerically. Additionally, we subtracted the observed
map from each resulting model map, thereby obtaining a resid-
ual map. In this residual map we calculated the rms in the zones
with emission, and also inspected the maps visually to identify
zones of large residual value and/or other systematic errors. The
model we chose as the most adequate is the one that results in
the residual map with the minimum rms and minimum residual
value. This process is done simultaneously for both 28SiO and
29Si0 emission because the set of parameters has to reproduce
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~! up to the distance

the emission for both isotopic species varying only their relative
abundance to H,. Some compromise had to be made because
while the variation of a given parameter might improve the fit
for an isotopic species, at the same time it could worsen the fit
for the other.

Once we had the general idea of the scenario, we then
computed another set of models with slighter variations of the
parameters and chose the most adequate model in the same
manner that we did in the previous step and also for both iso-
topologues simultaneously. We established as the most adequate
models those that satisfy the following conditions for both iso-
topic species: the rms in the emission region stays below 30, the
maximum residual has an absolute value below 5o, and the size
of the region with this maximum residual stays smaller than the
beam size.

Once we had established the set of parameters that best repro-
duced the observations, to estimate the uncertainties in these
parameters (see Table 2) we varied one parameter at a time while
keeping the others constant and obtained residual maps. Once
the map contained residuals with values exceeding 7 o or had a
rms in the region with emission exceeding 3o for either of the
isotopic species, we regarded that model as no longer accept-
able and reported the uncertainties as the maximum variation
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Fig. 9. Spectra of the innermost regions of the envelope. The azimuthally averaged observed emission is shown to the left and the model to the
right. Six positions are shown separated by 0”125; the innermost is the most intense. The model reproduces to some extent the three peaks and the

self-absorption that happens in the blue-shifted side of the spectra.

the parameter can take; we also always visually inspected the
maps. A more detailed description of the method is given in
Appendix A.

Another source of uncertainty is the fact that we constrained
the kinetic temperature law by a single SiO line, however our
results for IK Tau agree with those of Bujarrabal et al. (1989;
see Fig. 7). These authors used CO (J =1-0) and SiO (J =2-1)
lines to constrain the kinetic temperature profile. Unfortunately,
to our knowledge, similar information for IRC+10011 is not
available.

As we can see in Figs. 7 and 8, the best fits are those which
result from a gas that is still accelerating in the inner region of
the wind and that has not acquired its terminal expansion veloc-
ity as quickly as it was previously believed (see e.g. Olofsson
et al. 1982; Morris et al. 1983; Schonberg 1988). We find that
there is a good correlation between the decrease in the abun-
dance of the SiO molecule and the gas acceleration. If the SiO
is removed from the gas phase as a result of grain growth, radi-
ation pressure from the star then acts more efficiently on larger
dust grains. Owing to a strong coupling between gas and dust,
gas then accelerates along with the dust. Therefore, a correlation
between gas-phase SiO depletion and gas acceleration might be
a sign of SiO condensation into dust grains. Our results indi-
cate that it is reasonable to assume that ~85% percent of the
SiO molecular gas condenses into dust grains, and the remain-
ing SiO photodissociates very far from the star. We also note
that gas acceleration and SiO depletion happen slightly faster for
IRC+10011 than for IK Tau. This is understandable if we take
into account the larger mass-loss rate, and hence larger density,
of the former: under this condition grain growth happens more
quickly, and therefore the dust accelerates faster and SiO deple-
tion also happens faster. For this object we also assumed that the
value of the temperature is in general lower, which also favours
the condensation of dust grains.

After the molecular gas is condensed into dust, at much
larger distances from the star, photodissociation removes the
remaining SiO in the gas phase. We assumed that photodis-
sociation sets in at a distance beyond 3 x 10'®cm for both
objects following the results of Li et al. (2016). Using a large

gas-phase chemical model of an AGB envelope including the
effects of CO and N self-shielding, along with an improved list
of parent species derived from detailed modelling and observa-
tions, concluded that the SiO photodissociation region lies past
3 x 10'® cm for IK Tau.

In Fig. 9 we show azimuthally averaged spectra obtained
from observations of 2°SiO in IK Tau and spectra that results
from the modelling. We can see two interesting features of the
obervations that were reproduced in the models to some extent.
One is is self-absorption and the other is a triple-peaked struc-
ture of the azimuthally averaged central spectra. Self-absorption
happens when a region of relatively low excitation temperature
lies somewhere along the line of sight to a hotter region with the
same radial velocity. The other feature, the triple-peaked central
spectra, means that we find local maxima at central velocities, as
well as in the blue and red regions of the spectra. The blue and
red peaks are very common in optically thin emission of out-
flows because we see the approaching and receding wind. The
central peak appears if we have a high SiO abundance in the
inner zone with slow-moving gas causing an emission excess.
The three peaks can clearly be seen as well as the self-absorption
in the blue-shifted side of the spectra. The figures include the
emission at six offsets from the central star separated by 0125
to make the effects more visible.

5. Discussion

We have been able to reproduce, quantitatively and qualitatively,
the emission from the inner envelope of IK Tau and IRC+10011
within the expected uncertainties, including the effects of self-
absorption, as can be seen especially in the blue part of the
spectrum of the 2°SiO emission. We also reproduce in the models
the triple-peaked structure of the azimuthally averaged central
spectra. The central peak appears because we have a high SiO
abundance in the inner zone with slow-moving gas that causes an
emission excess. This supports our hypothesis that the inner part
of the envelope is richer in gas-phase SiO and is moving at lower
velocities before the gas accelerates and strong SiO depletion
occurs.
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The sizes of the SiO emission we computed (Sect. 3) differ
to those found by Gonzalez-Delgado et al. (2003). For IK Tau
these authors found a radius of the SiO emission region of
2.5 % 10'% cm, which is larger than the value we found by a fac-
tor of 4.6. It is worth noting that in their work the radius was set
as a free parameter, and they reported the radius value that pro-
vided the best fit. We also note that they used the rather high
mass-loss rate of 3x 107> Mg yr~! compared to the value of
5% 107% M yr~! used by us. Our values are, nonetheless, very
similar to those found by Lucas et al. (1992), taking into account
that they underestimated the distances to the sources.

The value of the terminal expansion velocity for IK Tau
agrees with that found by Velilla-Prieto et al. (2017), who esti-
mated an expansion velocity of 18.5kms~! from the line widths
of the spectral features arising from the outer envelope, where
the gas is assumed to have fully accelerated to its maximal veloc-
ity. The value for this terminal expansion velocity is higher than
the previously found value of 17 kms~! (Lucas et al. 1992).

6. Summary and conclusions

Using high angular resolution images of SiO thermal emission
in the circumstellar envelopes of IK Tau and IRC+10011 we
estimated the half-power diameters and fluxes as functions of
velocity assuming the emission region is well represented by a
Gaussian disc. We conclude that the fact that the variation of the
diameter of the emission region is small is a sign that gas is still
accelerating in the inner envelope where dust grains are forming.
Assuming spherical symmetry we computed azimuthal averages.
We were able to estimate the physical parameters that repro-
duce the emission using a molecular excitation and ray-tracing
code tailored to treat SiO thermal emission. We used as start-
ing points for our models previously found values of parameters
such as mass-loss rate, distance, stellar temperature, and terminal
velocity. We used temperature laws, expansion velocity laws, and
isotopic ratios, which are in agreement with values previously
reported in the literature. We conclude there is a strong coupling
between the depletion of gas-phase SiO and gas acceleration in
the inner region of the envelope. Both the SiO depletion and
gas acceleration could be explained by the condensation of SiO
into dust grains. The difference in acceleration and SiO depletion
between the two objects can be explained in terms of their mass-
loss rates and temperatures. SiO depletion and gas acceleration
occur faster in the higher mass loss, lower temperature object
because the appropriate conditions for dust formation appear
sooner and at shorter distances from the star.
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Appendix A: Obtaining the best-fit model and
parameter uncertainties

We illustrate the method used to obtain the models that best fit
the observations. In Fig. A.1 we show the azimuthally averaged
emission map obtained from the observations. The rectangle out-
side the contours represents the area where the observational
rms value of the noise is calculated. We chose this region to
take into account errors resulting from the cleaning process.
We call this rms value, o. For this particular case we have
o ~0.07Jybeam™!.

We compute a set of models varying the parameters for
the abundance, expansion velocity, and kinetic temperature laws
to account for different scenarios, i.e. slow or fast accelera-
tion, SiO depletion happening sooner or later, etc. We compute
azimuthally averaged maps of the emission from the models.
Besides visually inspecting and comparing each of the resulting
models to the observations, we subtract from the model map the
observed map and obtain a residual map. Our goal is to obtain
a model that results in a residual map with the minimum rms in
the emission zone. We cannot rely solely on this criterion to dis-
criminate between models, as it can average out large residuals
with the very small. Therefore, we use as an additional criterion
that the zones with maximum residuals must have an absolute
value below 50 and a size no more extended than the size of the
beam.

Once we find the general trends for the abundance, expan-
sion velocity, and kinetic temperature laws that best reproduce
the observations, we start from there and vary each of the param-
eters slightly until we find the model that results in the residual
map with the minimum rms and the minimum residual values.

If we subtract the observations from the model, for the case
of 28Si0 emission shown in Fig. 5, we obtain the residual map
shown in Fig. A.2. When we calculate the value of the rms of
this map in the region with emission, represented by the rectan-
gle, we obtain a value of ~0.09 Jy beam™!, which is ~1.3 o. This
is done while also visually inspecting the resulting models to
avoid other systematic errors. For this particular case, the abso-
lute value of the largest residual is ~0.28 Jy beam™! (40) and is
located in the regions enclosed by the red contours.

The fact that the same set of parameters has to satisfy the
observations for both isotopologues, as we assumed that pho-
todissociation is not isotope selective, complicates the process,
since variations of the parameters that improve the fit for one
of the isotopic species, might at the same time worsen it for the
other. For this reason the modelling process was carried out for
both isotopologues simultaneously and some compromise had to
be made. The model we chose as the best-fit results in a resid-
ual map with an rms below 30 and contains no residual values
greater than 50. Additionally, the zones with high residuals can-
not exceed the size of the beam. Visual inspection was performed
on all maps to confirm.

For the same object, but for observations of 2°SiO (See
Fig. A.3), we calculate o in the region enclosed by a rectangle to
the right of the contours. We obtain o ~ 0.02 Jy beam ~!, smaller
than that obtained for 28Si0. When we subtract the model map
shown in Fig. 5 from the observations map, we obtain the resid-
ual map shown in Fig. A.4. In this case the rms in the emission
region is ~0.04 Jy beam~! (207) and the largest value of the resid-
ual is ~0.1 Jybeam™' (50). Further changing the parameters
either increases the rms value of the residual map, or the largest
value of the residual for one of the isotopologues, therefore we
conclude that this is the model that best fit the observations for
both isotopic species.
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Fig. A.1. Azimuthally averaged 2*SiO emission as a function of distance
and LSR velocity for IK Tau. The rectangle outside the contours repre-
sents the area where the rms (o) was calculated. We chose this region
to take into account errors that could have resulted from the cleaning
process.
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Fig. A.2. Residual map that results from subtracting the observations
from the model, for IK Tau, 28SiO emission. The rms of the residuals
is calculated in the area enclosed by the rectangle. The red contours
illustrate the regions in which the maximum, in absolute value, residual
is located.

The uncertainties for the parameters reported in Table 2 were
obtained starting from the previously established models. We
varied slightly one parameter at the time while keeping the oth-
ers constant. Besides visually inspecting the resulting model and
residual maps, we calculated the rms and the maximum value of
the residual map. Once the rms in the emission region exceeds
30 or the maximum value of the residual exceeded 70, we con-
sidered that the model is no longer satisfactory and report the
upper and lower uncertainties.

In the case of IRC+10011, 28Si0, the value of the rms of
the observations, calculated in the rectangular region indicated
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Fig. A.3. Azimuthally averaged 2$SiO emission as a function of distance
and LSR velocity for IK Tau. The rectangle outside the contours repre-
sents the area where the rms (07) was calculated. We chose this region
to take into account errors that could have resulted from the cleaning
process.
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Fig. A.4. Residual map that results from subtracting the observations
from the model, for IK Tau, °SiO emission. The rms of the residuals
is calculated in the area enclosed by the rectangle. The red contours
illustrate the regions where the maximum residual, in absolute value,
is located.

in Fig. A.5, is ~0.04 Jybeam™'; the rms in the emission region
in the residual map (Fig. A.6) is 0.05Jybeam™' (1.25 o). The
maximum residual value is ~0.2 Jy beam™! (5 o).

For 2 SiO emission in the case of IRC+10011, we obtain a
rms value of the observations ~0.012 Jy beam™' (See Fig. A.7).
The rms in the emission region in the residual map (Fig. A.8)
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Fig. A.5. Azimuthally averaged 28SiO emission as a function of distance
and LSR velocity for IRC+10011. The rectangle outside the contours
represents the area where the rms (o) was calculated. We chose this
region to take into account errors that could have resulted from the
cleaning process.
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Fig. A.6. Residual map that results from subtracting model from
observations, for IK Tau, 2*SiO emission. The rms of the residuals is cal-
culated in the area enclosed by the rectangle. The red contours illustrate
the regions where the maximum residual, in absolute value, is located.

is ~0.015Jybeam™! (1.25 o). The maximum residual value is
~0.06 Jy beam™! (5 o).

Given the simplicity of the models, the complexity of the
objects, and the infinite number of possible parameterisations, in
particular of the SiO abundance, we cannot claim that the result-
ing models provide a unique fit to the observations. We can only
say that they describe a plausible scenario for the conditions in
the inner envelope of M-type AGB stars.
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Fig. A.7. Azimuthally averaged 2SiO emission as a function of distance
and LSR velocity for IRC+10011. The rectangle outside the contours
represents the area where the rms (o) was calculated. We chose this
region to take into account errors that could have resulted from the
cleaning process.
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Fig. A.8. Residual map that results from subtracting the observations
from the model, for IRC+10011, 22SiO emission. The rms of the residu-
als is calculated in the area enclosed by the rectangle. The red contours
illustrate the regions in which the maximum residual, in absolute value,
is located.
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