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ABSTRACT

Context. Dust is efficiently produced by cool giant stars, but the condensation of inorganic dust is poorly understood. Observations of
key aluminum bearing molecules around evolved stars has enabled us to investigate the nucleation of alumina (Al2O3) dust in the gas.
Aims. We aim to identify and characterize aluminum bearing species in the circumstellar gas of Mira (o Ceti) in order to elucidate
their role in the production of Al2O3 dust.
Methods. We used multiepoch spectral line observations at (sub-)millimeter, far-infrared, and optical wavelengths including: maps
with ALMA that probe the gas distribution in the immediate vicinity of the star at ∼30 mas; observations with ALMA, APEX, and
Herschel in 2013−2015 for studying cycle and inter-cycle variability of the rotational lines of Al-bearing molecules; optical records
as far back as 1965 to examine variations in electronic transitions over time spans of days to decades; and velocity measurements and
excitation analysis of the spectral features that constrain the physical parameters of the gas.
Results. Three diatomic molecules AlO, AlOH, and AlH, and atomic Al i are the main observable aluminum species in Mira, although
a significant fraction of aluminum might reside in other species that have not yet been identified. Strong irregular variability in the
(sub-)millimeter and optical features of AlO (possibly the direct precursor of Al2O3) indicates substantial changes in the excitation
conditions, or varying abundance that is likely related to shocks in the star. The inhomogeneous distribution of AlO might influence
the spatial and temporal characteristics of dust production.
Conclusions. We are unable to quantitatively trace aluminum depletion from the gas, but the rich observational material constrains
time-dependent chemical networks. Future improvements should include spectroscopic characterization of higher aluminum oxides,
coordinated observations of dust and gas species at different variability phases, and tools to derive abundances in shock-excited gas.
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1. Introduction

Evolved stars are primary producers of dust in galaxies. They
are sources of both carbonaceous dust, originating mainly from
carbon-rich asymptotic giant branch (AGB) stars, and inorganic
dust, formed in oxygen-rich environments of M-type AGB stars
and their massive analogs − red supergiants. Despite the impor-
tant role of dust in a broad range of astrophysical phenomena,
the formation of stardust is poorly understood. In general, dust
formation proceeds along a chain of chemical reactions starting
from small gas-phase molecules that form successively larger
species (Cherchneff 2013). These large molecules grow, form
clusters, and end as macroscopic complexes. The formation of
inorganic (silicate and alumina) dust is likely to start from ox-
ides. Because the nucleation occurs at rather high temperatures

? The ALMA data, including spectral cubes, moment-zero maps,
and spectra, are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/592/A42

(∼1100−1700 K), these oxides must be refractory. After rul-
ing out more abundant elements (Si, Fe, and Mg) and under
the assumption of thermodynamic equilibrium (TE), it was pro-
posed that oxides of titanium (TiO, TiO2) and of aluminum
(AlO) are the gas-phase species that can potentially initiate the
formation of critical clusters (seeds) in O-rich environments
(Gail & Sedlmayr 1998; Jeong et al. 2003). The widely known
“silicates”, which determine the observed properties of warm
and cold dust in circumstellar shells, are important for grain
growth at lower temperatures (a few hundred K) and condense
on the seeds formed at higher temperatures. This TE prediction,
however, is challenged by strong non-equilibrium effects charac-
terizing the dynamic atmospheres of AGB stars where the con-
densation takes place (Cherchneff 2006). The importance of Ti
and Al oxides in grain formation is reinforced by meteorite stud-
ies, which show that these oxides are present in presolar grains
(i.e. grains thought to represent pristine stardust, Nittler et al.
2008). The meteoritic studies demonstrate that aluminum ox-
ides are at the core of a few silicate grains originating from
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AGB stars, but it is definitely not a common feature among those
grains (e.g. Vollmer et al. 2006, Nguyen et al. 2016).

Most theoretical studies of the dust condensation in cir-
cumstellar material assumed chemical equilibrium in the gas
(e.g. Sharp & Huebner 1990). Some alternative chemical stud-
ies of the circumstellar envelopes went beyond this assump-
tion and more realistic non-equilibrium models paved the
way toward a better understanding of circumstellar chem-
istry. They include the presence of shocks that substantially
change our view of the chemistry in the envelopes of pulsat-
ing giants (e.g. Willacy & Cherchneff 1998; Cherchneff 2006;
Marigo et al. 2016; Millar 2016). Recent models highlight the
chief role of Al oxides as a separate form of warm dust in AGB
stars (Gobrecht et al. 2016). An observational verification of the
nucleation and chemical reactions leading to the formation of
critical clusters is still very much desired. With modern instru-
ments and by combining data from different wavelength regimes,
this type of verification is now possible (e.g. Kamiński et al.
2013a,c).

Here, we make an attempt to trace Al-bearing species in the
gas phase around Mira in different phases and different pulsation
cycles. Using techniques of mainly optical and submillimeter-
wave (submm) spectroscopy, we investigate the link between
these species and the formation of metal-oxide grains. Mira was
chosen because of (i) the wealth of optical data that was collected
over a long period of time and (ii) relatively high brightness of
spectral lines at millimeter (mm) and submm wavelengths. Be-
cause in many respects Mira is the prototypical M-type AGB
star, understanding Mira has direct implications for understand-
ing the entire class it represents. The numerous studies of dust
formation of Mira provide a basis and a rich context for our
study, thereby allowing more conclusive interpretations. In this
paper − being the first of a series − we focus on aluminum-
bearing species and their role in the formation of dust in the in-
nermost parts of the Mira’s envelope. Forthcoming papers will
investigate the impact of titanium-, silicon-, and iron-bearing
species on the nucleation process using similar methods as those
presented here.

The paper is organized as follows: in the remainder of
Sect. 1, we provide further introductory material on o Ceti, struc-
ture, chemistry, and dust formation in the envelopes of Mira vari-
ables. Next, we present and analyze the observational material
in two parts. Sections 2−3 focus on mm/submm and far-infrared
(FIR) data, mainly of AlO and AlOH. Section 4 presents visual
spectroscopy of o Ceti which yields information primarily on
Al i, AlO, and AlH. In Sect. 5, results are discussed within the
context of circumstellar chemistry and dust formation.

1.1. o Ceti

Mira has a well documented history of light variations. The
visual magnitude changes by up to 8mag, i.e. in some max-
ima Mira is ∼1600 times brighter than the minima. These light
variations are partially caused by changes in the effective tem-
perature of the pulsating photosphere but, even more impor-
tantly, the fluxes change owing to variable opacity caused by
metal oxides which have strong bands at optical wavelengths
(Reid & Goldston 2002). The variable temperature and dynam-
ical processes lead to non-equilibrium chemistry and variable
abundances of these oxides (e.g. Cherchneff 2006). Complex dy-
namics and chemistry heavily contribute to the spectacular light
changes in Miras.

Mira’s companion, Mira B, is likely a white dwarf (but
a main-sequence star was also postulated by several authors;

see Ireland et al. 2007; Sokoloski & Bildsten 2010, and refer-
ences therein). At an orbit of radius ∼90 AU (projected dis-
tance 0′′.5) and a period of ∼600 yr (Ireland et al. 2007), the
companion is accreting material from the wind of Mira A
(Mohamed & Podsiadlowski 2012). The accretion process gives
rise to ultraviolet (UV) and X-ray radiation, including emis-
sion in highly-ionized species, e.g. of Nv (Reimers & Cassatella
1985). Because Mira B is embedded in the dusty wind that ab-
sorbs most of the energetic photons in the direction of the cool
giant (Ireland et al. 2007), the harsh radiation does not affect the
inner wind of Mira A (within, say, 10 AU) but may be respon-
sible for dissociation of molecules in the immediate vicinity of
Mira B (cf. Nhung et al. 2016). Also, Mira B is not expected to
have a significant dynamic influence on the inner wind of Mira A
(Matthews et al. 2015).

An important parameter for our analysis is the radius of
o Ceti. The size of the photosphere of a Mira variable varies con-
siderably with wavelength owing to different dominant sources
of opacity (cf. Stewart et al. 2013). Also, the size changes
with phase mainly owing to pulsations in the fundamental
mode which change the physical extent of the atmosphere (e.g.
Woodruff et al. 2004; Ireland et al. 2011). Furthermore, the tem-
perature changes as a combined result of expansion/contraction
and the propagation of shock waves, influencing the gas ex-
citation and thus the opacity. Photospheric sizes have been
derived by different authors using a myriad of observational
techniques. The smallest radius we found in the literature,
12.19± 0.02 mas, was determined near the maximum visual
light at ∼2 µm (Perrin et al. 2004). From K-band IR data, a ra-
dius of 14.8± 0.6 mas was found (Stewart et al. 2013) which is
similar to 14.3−14.4 mas observed at 0.94 µm (Woodruff et al.
2004; Wittkowski et al. 2016); at shorter wavelengths, near
0.701 µm and 0.45 µm, the continuum source was measured to
be a disk of a radius of 26−28 mas (Haniff et al. 1992) and
35± 10 mas (Labeyrie et al. 1977), respectively. All these val-
ues are considerably smaller than the radius of 47± 7 mas de-
termined at 4.93 µm and at ϕ = 0.2−0.3 (Stewart et al. 2013).
Most recently, also the millimeter photosphere of Mira has
been resolved giving a radius of Rmm,ph = 23 mas near vi-
sual phase 0.5 (i.e. when the atmosphere is more extended than
at maximum) (Vlemmings et al. 2015; Matthews et al. 2015;
Wong et al. 2016). Reid & Menten (2007) measured a radius
of the radio photosphere at 43 GHz of 26 mas at phase 0.05.
Throughout this paper, we adopt R? ≡ 14.4 mas as the stellar
radius and the characteristic distance scale. This is equivalent
to 2.4 × 1013 cm or 331 R� at the distance of 107 pc to the star
(Knapp et al. 2003). The temperature of the star changes within
about1 2900−3200 K and its bolometric luminosity is of about
9000 L� (Woodruff et al. 2004; Perrin et al. 2004).

1.2. The atmosphere and circumstellar envelope of Mira

The complex kinematic and dynamical structure of the atmo-
sphere and circumstellar envelope of Mira has a crucial bearing
on the analysis and discussion in this work. The complex veloc-
ity fields of Mira variables have been studied observationally at
optical and infrared wavelengths but the greatest successes were
achieved by observations of the infrared ro-vibrational lines of
CO (e.g. Hinkle 1978; Hinkle et al. 1984; Nowotny et al. 2010).
Theoretical effort has also been done to understand the structure
of Mira variables and a number of models have satisfactorily

1 Arkharov et al. (2005) suggest a range 2200−3000 K.
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reproduced some observational data (e.g. Ireland et al. 2011;
Höfner 2008; Gobrecht et al. 2016). The deepest parts of the at-
mosphere are dynamically most influenced by the stellar pulsa-
tion and the associated shock wave that is created in each cycle.
The shock is radiative and ionizing, so that in its wake intense
emission lines of high excitation, such as hydrogen recombina-
tion lines, are formed. The temperatures within the shock are el-
evated to 35 000 K (Fox et al. 1984). The shock propagates out-
ward and eventually reaches the upper atmosphere. Because a
large part of the shock’s energy is radiated away and because
of the expansion, the shock slows down in progressively higher
parts of the atmosphere. Its influence on the velocity field can
be traced up to approximately 3−4 R?, where its velocity is a
few km s−1. This region, which we call hereafter the extended
atmosphere, shows the highest temporal variations in the kine-
matics of gas. The radial velocity of high-excitation lines, such
as those of the ∆3 = 3 band of CO, vary with a full amplitude
of 20−30 km s−1 in o Ceti. The motions include infall with ve-
locities of up to 13 km s−1. Alumina dust is observed in Mira
stars at ∼2 R?, i.e. within this dynamically active region. The
part of the extended atmosphere up to ∼2 R? is known for a
high-opacity molecular layer of CO and H2O which has been
resolved in NIR interferometric observations (e.g. Perrin et al.
2004; Wittkowski et al. 2016). It is also the region where the
variable SiO masers are observed. In Mira, the maser rings are of
radii of 2.0−2.8 R? (Cotton et al. 2006; Reid & Menten 2007).

Above the extended atmosphere, starting at about 4 R?, is
the zone of silicate-dust formation that is probably somewhat
affected by the outward and inward movements. Once (silicate)
dust of high opacity is formed, the radiation pressure from the
star can accelerate the envelope to form a steady wind. It is often
assumed that above 10 R? the outflow is fully accelerated. No
short-term velocity changes are expected for features arising in
the wind.

These three regions are characterized by kinetic gas temper-
atures of about 2000−4500 K (photosphere and just above it),
800−1200 K (the silicate dust formation zone), and .500 K in
the extended wind (cf. Nowotny et al. 2010). At these temper-
atures, the two inner regions are warm enough to cool down
radiatively through electronic transitions of neutral atoms and
ions and through electronic and rovibrational bands of refractory
molecules. The material in the wind is expected to cool down
through low-excitation emission lines in the optical, especially
in resonance lines of alkali metals and pure rotational lines of
molecules.

Absorption lines in o Ceti change their radial velocity by
up to 12 km s−1 in the optical (Joy 1954)2, and are displaced
symmetrically around the stellar (center-of-mass) velocity by
24 km s−1 in the infrared (Hinkle et al. 1984). Optical lines are
thought to generally trace higher parts of the stellar atmosphere
compared to infrared lines of similar excitation, an effect caused
by increased continuum opacity at optical wavelengths (through
the Rayleigh scattering; Willson et al. 1982). Emission lines,
mainly optical ones, vary in position as well but they are al-
ways shifted toward the blue, by as much as 16−18 km s−1 (Joy
1926, 1954). They are thought to be excited by and located close
to a shock front (Willson et al. 1982; Richter & Wood 2001;
Richter et al. 2003). Because the front always moves outwards,
the lines appear only at negative (or zero) velocities with respect

2 Joy (1926) first suggested an amplitude of 12 km s−1 which however
was revoked in his later paper in favor of an amplitude of 4.5 km s−1.
Measurement presented later in our work, however, support amplitudes
above 4.5 km s−1.

to the star, i.e. they are always blueshifted. The shock is directly
responsible for a temperature inversion which enables us to see
emission features even when the gas is seen against the stellar
disk.

The wind of Mira has been extensively observed in the clas-
sical pure rotational lines of CO (e.g. Ryde & Schöier 2001;
Ramstedt et al. 2014; Nhung et al. 2016). The terminal velocity
of the wind, 3∞, is usually quoted as about 5 km s−1, but veloc-
ities as low as 2.5 km s−1 have been suggested in the literature
(Ryde & Schöier 2001). From observations of multiple lines of
CO up to Jup = 16, we constructed a model of the Mira’s wind
which strongly disfavors the low terminal velocity and here we
adopt 3∞ = 5 km s−1, equivalent to 1.5 R? yr−1. On the basis
of the same model and literature data (e.g. Gerard & Bourgois
1993), we also adopt the stellar center-of-mass velocity of
VLSR,sys = 46.8± 0.5 km s−1 in the local standard of rest, which is
equivalent to Vh,sys = 57.0 km s−1 in the heliocentric rest frame.

The mass-loss rate of o Ceti, ∼2 × 10−7 M� yr−1

(Ryde & Schöier 2001; Young 1995), is typical for Mira
stars but the distribution of rates has a large scatter so that some
sources can differ by more than one order of magnitude above
and below the value derived for o Ceti (Young 1995).

1.3. Dust formation in o Ceti and other Mira variables

A relation between dust formation and pulsation cycle of Mira
stars is not well established − it is unclear whether dust forma-
tion occurs within certain phases of a given cycle or takes place
independent of it. In general, individual cycles are characterized
by somewhat different amplitude and shape of the light curve and
there is a possibility that the rate of dust production may change
from cycle to cycle. Temporal variations in the emission of the
innermost dust shells have been reported in the infrared for some
objects, including o Ceti (see e.g. Lopez et al. 1997; Lobel et al.
2000). They suggest that dust production itself may indeed be
variable. For the Mira variable IK Tau, theoretical models show
that dust formation is time-dependent and occurs at specific pul-
sation phases in the shocked upper atmosphere, i.e. ϕ = 0.8−1.0
for alumina and ϕ = 0.5−1.0 for silicates (Gobrecht et al. 2016).

Mira variables have been categorized depending on the
type of spectral features observed at mid-infrared (MIR) wave-
lengths. These include: (I) a broad feature of Al2O3 (corun-
dum), (II) a mix of alumina and silicate features, or (III)
a dominant silicate feature (Lorenz-Martins & Pompeia 2000;
Little-Marenin & Little 1990). These three types are thought
to be an evolutionary sequence, where objects with alumina-
dominated dust are less evolved stars with dust production ini-
tiated recently, and group III has a long history of dust produc-
tion. (More recent studies suggest that the three groups reflect
different regimes of mass-loss rates, with group I representing
very low rates (e.g. Karovicova et al. 2013). o-Ceti’s MIR spec-
trum is dominated by the silicate feature (e.g. Lobel et al. 2000),
placing it in the third group, i.e. among the most evolved ob-
jects in the sequence. It is thought that this group of stars, in-
cluding Mira, forms alumina dust at high temperatures close
to the star (2−3.5 R?, ∼30−50 mas in o Ceti, Bester et al. 1991;
Degiacomi et al. 1992; Lopez et al. 1997) but most of the mass
of dust is built up farther from the photosphere, in the form of
silicate grains (≥200 mas in o Ceti); the silicate dust may par-
tially form on the seeds provided by the Al2O3 clusters. There-
fore, although their MIR spectra are dominated by the silicate
feature, Mira variables are still thought to be efficient produc-
ers of alumina-based solids. This is also consistent with popular
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hypotheses on the dust-nucleation sequence in evolved stars. It
has been confirmed observationally by infrared interferometric
techniques that the alumina dust forms closer to the photosphere
than silicates (e.g. Zhao-Geisler et al. 2012; Karovicova et al.
2013). Recent theoretical models agree with those observational
findings and show that alumina dust forms at radii .2 R? and the
silicate dust is present at radii ≥4 R? (Gobrecht et al. 2016).

1.4. Which Al-bearing species are important?

In order to trace the species containing Al in the envelope of
Mira, we first identify the most likely carriers on the basis of pre-
vious observations of cool circumstellar envelopes and chemical
models. Gobrecht et al. (2016) consider Al, AlH, AlO, AlOH,
AlO2, AlCl, Al2, and Al2O to be important species for Al gas-
phase chemistry. In addition, AlF and AlNC were observed
in the carbon star IRC+10216 (Ziurys et al. 1994, 2002), and
AlS and AlCN are potentially interesting carriers as well (cf.
Tenenbaum & Ziurys 2010). Of these, homonuclear Al2 is not
easily observable. Similarly, the main isomers of AlO2 and Al2O
are linear and their rotational lines are not observable. We found
no high-resolution spectroscopic studies of gas-phase forms of
higher Al oxides that would allow us to identify their spec-
tral features. This poses a serious shortcoming for our current
study. Other molecules listed here have been observed at vi-
sual (AlH, AlO) or mm/submm (AlO, AlOH, AlCl, AlF, AlNC)
wavelengths around cool evolved stars. From these, only the op-
tical electronic bands of AlO have been reported to date in Mira.

Atomic aluminum is present mainly in the stellar photo-
sphere where thermal equilibrium holds. For an effective temper-
ature of 2200−3000 K of Mira, equilibrium calculations indicate
that atomic aluminum is mainly in the neutral and singly-ionized
forms (cf. Tenenbaum & Ziurys 2010).

Because Mira is thought to be a low-mass star (∼1 M�,
Ireland et al. 2011), one does not expect the rare unstable isotope
of 26Al to be present in its atmosphere and circumstellar environ-
ment (Karakas & Lattanzio 2003). Therefore, no rare isotopo-
logues were targeted in this study.

2. Millimeter to FIR observations

In search for the Al-bearing species, we observed Mira in a broad
wavelength range, from mm to FIR wavelengths. Additionally,
optical observations are presented in Sect. 4.

2.1. APEX/FLASH

Mira was observed in 13−14 August 2013 and 30 June−8 July
2014 using the dual-band FLASH+ receiver at APEX. Multiple
frequency setups were used with the primary aim to detect ro-
tational transitions of AlO (and lines of CO in the first excited
vibrational state). FLASH+ has two frequency units (covering
the 345 and 460 GHz atmospheric bands) and separates the up-
per and lower side bands (USB and LSB), what produces four
spectra in a single observation. This enabled us to observe ten
different frequency ranges within the 345 GHz and 460 GHz at-
mospheric windows, each 4 GHz wide, at the spectral resolution
of 38 kHz (in the 345 GHz band) and 76 kHz (in the 460 GHz
band). Observational details including central frequencies, inte-
gration times, rms-noise levels, and exact dates of observations
are given in Table A.1.

All observations were performed with a wobbler which was
switched by 1′. The data were calibrated with the default APEX

pipeline (Polehampton & Hafok 2013) and are here presented in
the antenna brightness temperature (T ∗A) or converted to main-
beam brightness temperature (Tmb), as indicated in each case.
Baselines of low order were subtracted from the spectra. All
spectra presented here were smoothed to resolutions which al-
low more readily presentation.

2.2. APEX/HET230

Spectra were also acquired in the 1-mm band with the SHeFI
(HET230) instrument at APEX. These observations were ob-
tained between 3 and 23 December 2013 in two setups and were
intended to detect (i) two lines of TiO centered at 222.7 GHz (in
LSB); and (ii) lines of AlO and vibrationally excited CO, with
the band centered at 229.8 GHz (in USB). The second setup was
re-observed in 9−12 June 2015. The HET230 instrument pro-
duces one single-sideband spectrum. The XFFTS spectrometer
produced spectra at a resolution of 76 kHz.

Two frequency ranges, centered on 229.800 GHz and
344.454 GHz, were each observed twice, 20 and 11 months apart
with APEX (cf. Table A.1). A detailed technical analysis of the
data, summarized in Appendix A.2, have shown that some of the
AlO lines covered are variable.

Herschel/HIFI. In the search for the Al-bearing species, we
browsed the archives of the Herschel Space Observatory (Her-
schel) for observations of Mira obtained with the HIFI instru-
ment. Publicly available observations were mostly performed
within the HIFISTARS project (PI: V. Bujarrabal), but some ad-
ditional data were acquired within the Performance-Verification
(PV) of HIFI. We used the processed data from the HIFISTARS’
User Provided Data Products Release3 or − in the case of the PV
data − the pipeline-processed spectra which were corrected for
baseline and converted to Tmb units. Here, we analyze only one
spectrum which covers the N = 29−28 line of AlO.

2.3. ALMA

The most sensitive submm observations of Mira to date are those
obtained by ALMA at multiple epochs in 2014 and 2015. The
earliest ALMA data for Mira were obtained within the ALMA
2014 Long Baseline Campaign Science Verification (hereafter,
SV data) (ALMA Partnership 2015). The data are described in
detail in Wong et al. (2016)4. One spectrum which covers the
AlO N = 6→ 5 line was observed on 29 October and 1 Novem-
ber 2014 in the “continuum mode”, i.e. with a poor spectral res-
olution of 20.5 km s−1. These high angular-resolution observa-
tions with a beam of about 34 × 24 mas are the most detailed
observations of Mira to date.

The first ALMA observations at submm frequencies were re-
ported in Ramstedt et al. (2014). They covered two frequency
ranges within ALMA Band 7 at about 330.25−334.00 and
342.35−346.09 GHz that included the N = 9 → 8 line of AlO.
From the ALMA archive, we extracted the raw data obtained
with the 12-m array only and reduced them with the standard
pipeline. The observations were obtained twice, on 24 Feb. 2014
and 3 May 2014, in nearly the same frequency setup but with
different array configurations resulting in spatial resolutions

3 http://herschel.esac.esa.int/
UserProvidedDataProducts.shtml
4 See also https://casaguides.nrao.edu/index.php?title=
ALMA2014_LBC_SVDATA
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Table 1. Transitions of AlO and AlOH covered by APEX, Herschel, and ALMA observations.

Transition 〈ν〉a ΣS iµ
2 Eu Date of Vis. Telesc. Beamb I(Tmb)c Flux± 1σ

Nup−Nlow (GHz) (D2) (K) observations phase (′′) (K km s−1) (Jy km s−1)
AlO

6−5 229.67025503 1522.89 38.65 6−23 Dec. 2013 0.5 APEX 27.2 <0.035 <1.02
6−5 229.67025503 1522.89 38.65 29 Oct./1 Nov. 2014 0.5 ALMA 0.029 24591.6d 0.89± 0.02
6−5 229.67025503 1522.89 38.65 9−12 Jun. 2015 0.1 APEX 27.2 0.076 2.21± 0.72
8−7 306.19734234 2030.60 66.20 7−8 Jul. 2014 0.1 APEX 20.4 0.079 2.34± 0.65
9−8 344.45177512 2284.46 82.73 Feb. 2014 0.7 ALMA 0.88 16.79d 1.25± 0.09
9−8 344.45177512 2284.46 82.73 May 2014 0.9 ALMA 0.43 119.28d 2.16± 0.29
9−8 344.45177512 2284.46 82.73 12−15 June 2014 1.0 ALMA 0.33 291.31d 3.05± 0.03
9−8 344.45177512 2284.46 82.73 Aug.2013/Jul.2014 0.1/0.1 APEX 18.1 0.114 3.41± 0.81
9−8 344.45177512 2284.46 82.73 21 July 2015 0.2 ALMA 0.15 1838.58d 3.84± 0.02

11−10 420.93832496 2792.05 121.30 13−14 Aug. 2013 0.1 APEX 14.8 0.408 11.8± 3.0
12−11 459.16920150 3040.87 143.33 14 Aug. 2013 0.1 APEX 13.6 <0.140 <4.03
13−12 497.38987615 3300.05 167.20 1−8 Jul. 2014 0.1 APEX 12.5 0.413 11.9± 2.3
29−28 1106.98018793 7362.47 798.08 20 Jul. 2010 0.7 HSO 19.2 0.160 57.1± 19.0

AlOH
11−10 346.15555028 71.39 99.69 Aug. 2013/Jul. 2014 0.1/0.1 APEX 18.0 0.059 1.77± 0.49
13−12 409.03103805 84.36 137.45 13−14 Aug. 2013 0.1 APEX 15.3 0.105 3.02± 0.97
15−14 471.87557840 97.35 181.23 14 Aug. 2013 0.1 APEX 13.2 0.180 5.18± 1.54
18−17 566.07395655 116.81 258.21 19 Feb. 2010 0.3 HSO 38.3 <0.072 <22.48
21−20 660.17593148 136.28 348.75 20 Jul. 2010 0.7 HSO 32.4 <0.074 <23.10
22−21 691.51905756 142.77 381.93 20 Jul. 2010 0.7 HSO 31.1 <0.128 <39.96
33−32 1035.29846577 214.16 846.08 3 Feb. 2010 0.2 HSO 20.6 <0.275 <85.93
35−34 1097.57173239 227.13 949.93 20 Jul. 2010 0.7 HSO 19.4 0.315 98.4± 22.9

Notes. (a) Weighted mean frequency of the hyperfine components, i.e. 〈ν〉 = ΣνiS i/ΣS i, where S i is the component strength. (b) For non-circular
beams a geometric mean of the minor and major axes is given. (c) Integrated intensity of the line or 3σ upper limit in Tmb or Tb units. (d) Brightness
temperature calculated from flux within the Rayleigh-Jeans approximation.

(synthesized beams) of 1′′.59× 0′′.48 and 0′′.51× 0′′.37, respec-
tively, at the frequency of the AlO line. Unlike in Ramstedt et al.
(2014), we imaged the data from different dates separately. The
flux levels of continuum and line emission differ in both datasets
indicating variability at a level above the flux calibration uncer-
tainties. The first dataset was calibrated using observations of
the primary flux calibrator, Ganymede, with a model flux ac-
curate to <5%, while the second used the secondary calibrator
J0334-401 whose flux is monitored at about 15% accuracy. The
calibration of phase and amplitude in the data used for the anal-
ysis here were further improved by a self-calibration procedure
performed on the cumulative continuum emission. The spectra
were recorded at a resolution equivalent to about 0.43 km s−1.

ALMA observed Mira again in Band 7 on 12, 14, and 15 June
2014 in the same antenna configuration reaching an angular reso-
lution of 0′′.34× 0′′.32 in the combined data. The observations are
described in Planesas et al. (2016). Four spectral ranges were ob-
served: 330.4−330.7 and 345.6−345.9 GHz − at a velocity res-
olution of 0.1 km s−1 − and 331.1−332.8 and 343.7−345.5 GHz,
at a velocity resolution of about 13.6 km s−1. One of the latter
ranges − observed with the low spectral resolution − covers the
N = 9 → 8 line of AlO. We imaged the data combining vis-
ibilities from the three dates. The data were calibrated in flux
using observations of J0334-401, J0238+166, and J2258-279,
whose fluxes are known to within 15%. Further flux equaliza-
tion between the three datasets was performed by setting the
flux of the phase calibrator, J0217+0144, to the same average
level.

Mira was observed by ALMA again in Band 7 on
21 July 2015 reaching the best resolution and sensitivity so far
at these wavelengths. Because these data were originally col-
lected for the purpose of our study here, they are described in
greater detail than the earlier ALMA observations. The spec-
tra cover four ranges, 342.1−344.0, 344.1−346.0, 354.2−356.1,
and 356.1−358.0 GHz at a resolution of 0.98 km s−1. The spec-
trum covers the N = 9 → 8 line of AlO. The observations
with 42 antennas of the 12-m array arranged on baselines be-
tween 15 and 1574 m resulted in an angular resolution of about
0′′.158× 0′′.127 near the line of AlO. The observations were ar-
ranged into two consecutive execution blocks, each ∼1.1-h long.
The calibrators were J0224+0659 for bandpass, J0217+0144 for
phase, and J0238+166 for flux calibration. For the second ex-
ecution, the flux-calibration scan failed and the bandpass cali-
brator was used for flux calibration instead. Its fluxes were as-
sumed to be the same as in the first execution calibrated with
J0238+166. We checked that the flux calibration in the two
blocks was consistent and the data were combined. In order to
improve the complex gain calibration of Mira images, we per-
formed extra optimization of phase and amplitude using an itera-
tive self-calibration procedure performed on channels dominated
by continuum emission. The procedure increased the signal-to-
noise of the data by a factor of a few.

All the ALMA data were imaged with Briggs weighting with
the robust parameter set to 0.5. However, for reference, we also
produced images with uniform and natural weighting to increase
the nominal angular resolution or sensitivity, respectively.
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Fig. 1. Top and middle panels: five lines of
AlO observed in the submm-wave, single side-
band spectra of Mira obtained in 2013−2015
with APEX. The features of AlO are broader
(FWHM) than most other lines owing to unre-
solved hyperfine splitting (the components are
shown as red bars). Bottom: an archival spec-
trum of Mira obtained with Herschel in July
2010, where one other transition of AlO was
observed. This double side-band spectrum con-
tains a large number of emission lines from
different species in two overlapping frequency
ranges. This spectrum is smoothed to a lower
resolution than in the APEX spectra shown in
the upper panels.

3. Results of submm/FIR observations

3.1. Identification of AlO

Most of the APEX spectral ranges were arranged to cover lines
of AlO resulting in observations of six different transitions.
Three transitions were also covered by ALMA and Herschel,
most of them serendipitously. Two lines were observed in multi-
ple epochs each. All the covered lines of AlO, with their spectro-
scopic parameters and measured intensities, are listed in Table 1.
The line frequencies were taken from Yamada et al. (1990).

The N = 6 → 5 line was first covered in 2013 by APEX
spectra but was not detected. When the observation was repeated
with APEX in 2015, the line was detected and the emission peak
was significantly above the corresponding rms noise levels of the
earlier APEX attempt. As argued in Sect. 3.6, the “emergence”
of the line must be due to intrinsic variability of the source. The
line was also observed in 2014 with ALMA within the SV ob-
servations at the high angular resolution but at the poor spectral
resolution. Table 1 presents the line intensities corresponding to
a region where the absolute intensity was above the 3×rms noise
level in the profile-integrated map.

The rotational transitions from Nup = 8, 9, 11, 12, 13 were
observed with APEX in several runs between 2013 and 2014.
All but 12 → 11 were firmly detected. The 9 → 8 line was
observed twice in that period, 11 months apart, and showed

identical intensity in both APEX spectra (and they were com-
bined, Sect. A.2). The same 9 → 8 transition was observed with
ALMA at four different epochs and showed clear changes in
the integrated flux (Table 1). The variability is discussed in later
sections.

One extra transition of AlO, N = 29 → 28, was covered
close to the edge of a spectrum from Herschel/HIFI. This line
was detected using the same instrumental setup as in VY CMa
(Alcolea et al. 2013). The AlO emission is detected in Mira at
a level of about 3σ and is clearly apparent after smoothing the
spectrum to a resolution of a few km s−1. The position of the
feature agrees very well with that of the stellar radial velocity.

Most of the detected lines are shown in Figs. 1 and 2. Be-
cause the rotational lines of AlO have considerable hyperfine
splitting their FWHMs are broader (typically ∆ν = 60 MHz in
the submm region) than those of other thermal lines originating
from the same region of the envelope. This is clearly observed
in our submm spectra of Mira (Fig. 1). The N = 29 → 28 line
in the FIR appears narrower than those at lower frequencies ow-
ing to smaller hyperfine splitting of this high-frequency line. The
positions and widths of lines leave little doubt that they belong
to AlO. Our APEX observations covered a substantial range of
frequencies within the available 345 and 460 GHz atmospheric
windows, which combined with the Herschel FIR spectra en-
abled us to perform a comprehensive identification of spectral
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Fig. 2. Top: AlO N = 9−8 spectrum observed with ALMA on 12 July
2015 (red line). This is the best-quality (S/N and spectral resolution)
spectrum of this transition to date. It was extracted from a region where
profile-integrated flux is above the 3× rms noise level. Our simulation
of the profile is drawn in blue (see text for details). The green vertical
bars mark individual hyperfine components with the height of the bars
corresponding to the relative line strength, S i, at VLSR of 46.9 km s−1.
Bottom: the profiles of the same line in the APEX (magenta) and ALMA
data from Feb. and May 2014 (black). Both spectra were smoothed for
clarity. The APEX spectrum is scaled in intensity units.

features. As a result, we can confidently state that none of the
detected transitions assigned to AlO is significantly contami-
nated by other species observed in Mira.

With the observations in hand, in the following sections we
attempt to characterize the AlO-containing gas that gives rise to
the rotational emission.

3.2. Location and extent of the AlO emission

The high angular resolution of the ALMA SV observations of the
N = 6→ 5 line provide the most detailed view of the AlO spatial
structure. Figure 3 presents a map of the continuum-subtracted
and profile-integrated flux in the line (the appearance of the re-
gion depends on the details of data processing as explained in
Appendix B). These observations resolved the stellar radio pho-
tosphere (Matthews et al. 2015; Wong et al. 2016) and we defi-
nitely observe AlO absorption toward the resolved stellar disk.
It is represented by the negative signal in Fig. 3. The absorption
against the stellar disk must be formed in gas with an excitation
temperature lower than that of the mm-wave photosphere, i.e.
below 2600 K (Wong et al. 2016).

The absorption region is surrounded by patchy emission
with the strongest discrete components located approximately
63 mas east and 42 mas north from the stellar center, i.e. very
near the edge of the mm-wave photosphere (2 Rmm,ph = 51.2 ×
41.0 mas or 2.9−4.4 R?). Toward the southwest, we see only

AlO 6-5AlO 6-5

Fig. 3. Integrated-intensity map of AlO emission in the N = 6 → 5
transition as observed with ALMA with a beam of 34 × 24 mas, shown
as a white ellipse. White contours are drawn at −3 (dashed), 3, 4, 5, 6
times the map rms noise level of 15 mJy/beam km s−1. For comparison,
the continuum emission is shown with a gray contour at 50% of its
peak emission which represents the extend of the beam-smeared radio
photosphere. The dashed lines (magenta) show the directions of spatial
cuts which are presented in Fig. 9. The map was produced by using data
processed in CLEAN after continuum subtraction.

weak AlO emission, if at all. The S/N of the map is not good
enough to state precisely how far from the stellar disk the AlO
emission spreads out but all emission above three times the map
rms noise level is encompassed by a circle of a ∼100 mas radius.

In order to increase the dynamic range of the observations
and infer the overall distribution of the AlO gas, we created a
radial profile of the AlO region by averaging the map in the full
azimuthal angle around the position of the continuum peak. The
profile, shown in Fig. 4, demonstrates that the brightness nearly
follows a power-law distribution and rises just next to the edge
of the radio photosphere (the effect is smeared by the restoring
beam). It can be traced as far as 150 mas (10 R?) from the star
center. Some bumps seen at larger radii are unlikely to be real.

The minimum and maximum fluxes of the AlO(6 → 5)
emission are −73.4 and +153.8 mJy/beam km s−1. The emission
above the 3σ noise level occupies a solid angle about 27 times
larger than that of absorption below the −3σ level. This dom-
inance of emission over absorption should produce a net pure
emission feature if the source was not spatially resolved. Indeed,
the N = 9 → 8 transition of AlO when observed with ALMA at
∼5 times lower angular resolution than the SV data appears as an
emission region, i.e. no negative component is apparent (Fig. 5).
A Gaussian fit to the profile-integrated map of AlO(9−8) gives a
source size of 123× 74 mas (±6 mas) at PA = 95◦.1± 5◦.3. As can
be seen in Fig. 5, the emission center is offset from the center of
the submm-wave continuum by 40.2± 2.3 mas (2.8 R?) toward
the northeast (PA = 45◦ ± 3◦). What we observe in N = 9→ 8 is
likely a combination of emission and absorption similar to that
seen in N = 6 → 5. Indeed, the SV N = 6 → 5 data smoothed
to the resolution of the N = 9 → 8 data from 2015 show al-
most exactly the same morphology and relative offset of the net
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AlO emission with respect to continuum. The AlO peak in the
smoothed data is at an offset of 33.2± 0.9 mas (2.3 R?) along a
PA of 42◦ ± 2◦. This comparison suggests that the overall distri-
bution of the emission clumps did not change considerably over
the nine months between the observations and at the different
phases (0.5 vs. 0.2). We also note that the emission area of the
6→5 line is equivalent to a Gaussian source with a FWHM of
107 mas which is very close to the geometric mean of the size
we determined for the 9 → 8 line, FWHM = 95 mas. The latter
line is observed at a S/N of 140 so we recover essentially all of
its emission. That they cover the same effective area implies that
we recover most of the emission in N = 6→ 5, even though it is
observed at a lower S/N of 20 (when smoothed to the same angu-
lar resolution). The two transitions have Eu values that differ by
only about 44 K and thus should not show drastically different
morphologies.

In the ALMA data for the N = 9 → 8 line from February,
May, and June 2014, the angular resolution is not good enough
to fully resolve the binary and the location of AlO emission with
respect to Mira A alone cannot be investigated in detail. Nev-
ertheless, simple single-component fits to AlO emission and to
the combined continuum of Mira A and B5 imply that the AlO
emission in June 2014 was located 30± 4 mas northeast (PA =
44◦.5± 7◦.2) off the continuum peak. The size of the AlO emis-
sion in this dataset is 149.9(±9.7) × 117.5(±12.5) mas and the
source is elongated along a PA of 129◦ ± 7◦.

5 The cumulative continuum flux is largely dominated by the A com-
ponent as their submm flux ratio is 13.5 (Planesas et al. 2016).

In the data from May 2014, at an even poorer angular resolu-
tion, the offset is also present and is measured to be 51± 28 mas
at PA = 14◦ ± 23◦. The source size is 176(±22) × 85(±29) mas at
PA = 94◦ ± 12◦. The angular resolution and S/N of the data from
February are too poor to put any reliable constraints on the size
and location of AlO.

It can be concluded that the general distribution of the
AlO gas around the stellar disk did not change considerably
over the entire period of the ALMA observations discussed
here (29 Oct. 2014−21 July 2015) with the net emission be-
ing strongest at 30−50 mas (2.0−3.5 R?) northeast from the
star and with its longer axis extending approximately along a
PA of 90◦−130◦. The typical size of the emission region is
(120−175) × (75−120) mas.

Among all the species observed with ALMA longest base-
lines so far (Wong et al. 2016), only one weak line of SO (3Σ−

78−77 with Eu = 81 K near 214.33 GHz) exhibits a morphol-
ogy similar to that of AlO. The similarity of AlO emission to
the spatial distribution of SO might suggest a similar excitation
mechanism.

3.3. Analysis of the spectral profiles of AlO

The spectral resolution of the ALMA SV data of the N = 6→ 5
line is rather poor and the entire line is only covered by seven
resolution elements. Nonetheless, it still reveals interesting infor-
mation about AlO around Mira A. We extracted spectra from the
continuum-subtracted cube within three apertures with the size
of the synthesized beam centered at (i) the absorption minimum,
(ii) maximum emission east from the stellar disk and (iii) north
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AlO 9-8AlO 9-8

Fig. 5. Same as Fig. 3, but for the N = 9 → 8 transition of AlO ob-
served with a lower angular resolution of 163×132 mas. The map shows
a region of the sky ∼4 times larger than in Fig. 3 and also encompases
Mira B (left continnum source). Gray contours show continuum emis-
sion of the binary at levels of 2.5, 5, 10, 30, 60, and 90% of the maxi-
mum. The center of the AlO emission, marked with a black cross, does
not coincide with that of the continuum of Mira A.

from it. The absorption trough and eastern emission reach their
extrema at exactly the same velocity of 53.4± 0.5 km s−1, while
the northern emission peaks at 42.4± 0.4 km s−1. We next find
that in a net spectrum averaged over the entire AlO(6−5) region,
i.e. including emission and absorption, the profile is centered
at the same velocity as the northern emission, 42.0± 0.5 km s−1

(the errors given here are 1σ uncertainties of a Gaussian fit). The
shift between the bulk of emission and the northern emission
with respect to absorption and eastern emission of 11 km s−1 is
much smaller than one resolution element of 20.4 km s−1. With
such a coarse binning and our modest S/N, these results are ten-
tative, but we believe that there is an actual shift.

Our highest-quality spectrum of the N = 9 → 8 line is
the one acquired with ALMA on 12 July 2015 and is shown
in the top panel of Fig. 2. The spectral resolution and S/N ra-
tio are sufficient to observe a multi-peak structure of the AlO
profile imposed by the numerous overlapping hyperfine compo-
nents. The hyperfine structure and intrinsic broadening form a
profile with FWHM of 45 km s−1. We performed a simple sim-
ulation of the profile where each hyperfine component was rep-
resented by a Gaussian of intensity proportional to the compo-
nent’s strength, S i. The central velocity was derived by cross-
correlating the spectrum with the simulation in the rv.fxor task
of IRAF and additional χ2 model testing was performed in CAS-
SIS6. This yielded a radial velocity VLSR = 46.9±0.1 km s−1 and
intrinsic line width (FWHM) in the range 8−14 km s−1. The sim-
ulation reproduces the observed profile satisfactorily as shown
in Fig. 2. The central velocity of N = 9 → 8 is consistent to
within the uncertainties with the center-of-mass velocity of Mira
of VLSR,sys = 46.8 ± 0.5 km s−1.

All other ALMA and APEX spectra of the N = 9 → 8
transition have too poor spectral resolution or S/N for a detailed

6 http://cassis.irap.omp.eu/

analysis. Nevertheless, their positions and widths are generally
consistent with what we have derived from the ALMA 2015
data. Two of the profiles are shown in Fig. 2. The shape of the
profile from combined ALMA observations from February and
May 2014 displays sub-peaks that appear sharper than in 2015.
This may indicate that the intrinsic broadening was smaller in
2014.

3.4. Interpretation

The AlO observations can all be understood in a scenario in
which inhomogeneously distributed AlO gas is infalling on the
star: the strong northern emission component of N = 6 → 5 has
nearly the same radial velocity as the star because it is located
primarily in the plane of the sky and its motions are dominated
by the tangential component. The redshifted absorption must be
in front of the stellar disk and provides the strongest support for
the infall interpretation; the eastern emission of AlO 6 → 5,
which also seems to be redshifted, must then be located closer
to us than the star. However, we cannot entirely exclude here,
that the velocity field may show an irregular pattern and that the
individual clumps move randomly, with some moving out from
the star while others fall on it. Then, the location of the emitting
regions along the line of sight cannot be defined by the radial
motions alone. (The redshifted absorption would, invariably, in-
dicate infall motions in the part of the envelope seen against the
stellar photosphere.)

The large broadening of 8−14 km s−1 is likely related to
the projected velocity dispersion within the AlO envelope. The
maximum radial velocity probed by the emission in a spheri-
cally symmetric infalling (or outflowing) envelope of a radius
r seen partially against a stellar disk of a radius R? is Vr,max =

Vmax

√
1 − sin2(R?/r). The expected projected velocity disper-

sion is twice that figure. We observe the AlO emission at radii of
3−5.5 R? (Sect. 3.2) for which the velocity dispersion simplifies
to Vr,max ≈ Vmax. This means that the observed maximum radial
velocity is already a good measure of the maximum deprojected
velocity. From this, we imply that the AlO gas captured by the
observations is most likely infalling on Mira with a typical ve-
locity of about 4−7 km s−1. If we are only seeing random clumps
which do not reach the maximum possible velocity allowed by
the dynamic process responsible for the motion, then the range
of 4−7 km s−1 is only a lower limit on the maximum velocity.
We note, however, that the detailed model of Mira’s envelope
of Wong et al. (2016), constrained by high-quality ALMA data,
also includes infall motions with an amplitude of 7 km s−1.

3.5. Excitation analysis and abundance determinations

The physical conditions of the AlO-bearing gas were constrained
by using a population-diagram (Goldsmith & Langer 1999). All
our measurements, corrected for the beam filling factor, are
shown in Fig. 6. The scatter in point positions is large even for a
single transition which was measured several times. We interpret
this scatter as a consequence of true variability of the emission
and discuss it in more detail in Sect. 3.6. First, we treat the up-
per limits and the two measurements of N = 9 → 8 with the
lowest fluxes, both from the Ramstedt et al. dataset, as outliers
and ignore them for now. We obtain a linear fit to the remaining
points using a weighted least-square regression procedure. This
yielded the excitation temperature of Tex = 329 ± 51 K and a
column density of N(AlO) = (4.0± 0.6) × 1015 cm−2. The linear
fit is shown in Fig. 6.
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The derived Tex and N(AlO) are subject to many uncertain-
ties (cf. Mangum & Shirley 2015). In our simple excitation anal-
ysis, it was assumed that the lines are optically thin and arise
in isothermal gas under local thermodynamic equilibrium (LTE)
conditions. To correct the measurements for beam filling factors,
we assumed a source size equal to a circular Gaussian of 0′′.12
FWHM. This is the typical size we found in Sect. 3.2.

An important difficulty in analyzing the AlO data is a possi-
ble violation of the Boltzmann distribution in level populations.
Even if only the APEX data collected before 2015 are taken into
account, it is clear that under thermal equilibrium the N = 12→
11 line (Eu = 143.3 K) should have been detected significantly
above the noise level. We can reject any possibility that this line
was not detected owing to instrumental or data-reduction prob-
lems. Because the observation of N = 12 → 11 was nearly si-
multaneous with the observation of the 11 → 10 line, which
has a similar value of Eu and which was detected with the same
instrument, the only explanation of the observations is that the
excitation of the AlO gas violates the assumption of LTE. The
population of rotational levels may be strongly influenced by op-
tical/IR excitation. This scenario is supported by the presence of
AlO bands in optical spectra of Mira and their irregular vari-
ability (Sect. 4). In the face of these arguments, the excitation
temperature we obtain is ill-defined and does not have to be
equal to the local kinetic temperature. Indeed, for the bulk of
AlO gas located within a radius of ∼70 mas (Sect. 3.2), models of
Mira’s envelope predict a kinetic temperature above about 900 K
(Ireland et al. 2011, o54 models ) or above 570 K (Wong et al.
2016).

We tested some of the assumptions of our population-
diagram analysis by performing additional calculations with the
radiative-transfer code RADEX (van der Tak et al. 2007) which
applies the escape-probability formulation to solve the radiative
transfer problem in one dimension under non-LTE conditions
(statistical equilibrium is assumed). It still assumes a homoge-
neous and isothermal medium, but takes into account the line
opacity effects. We used it in a mode that is equivalent to the
large-velocity-gradient (LVG) method for a spherical envelope.

To account for collisions of AlO with molecular hydrogen, we
used the scaled collision-rate coefficients derived for SiO and
He (Dayou & Balança 2006) in the form in which they appear in
the LAMDA database7. All the observed AlO lines become ther-
malized for hydrogen densities exceeding log(n/cm3) = 8. At
higher H2 densities and at the kinetic temperature and column
density derived from the population-diagram analysis, we find
that all the observed lines are optically thin with an optical depth
of τ = 0.1−0.4. In Fig. 6, we present a RADEX model with a
slightly higher column density, N(AlO) = 6 × 1015 cm−2, which
fits the fluxes of our best ALMA measurements very well.

A severe shortcoming of the rotational-diagram analysis
is the sparse coverage of Eu, especially for higher rotational
transitions. Our temperature fit relies strongly on the Herschel
measurement at the high-energy end. Without this single obser-
vational point, the excitation temperature would be poorly con-
strained (194± 143 K) for the selected measurements. Further-
more, if we assume that the line fluxes change regularly with
phase, the Herschel measurement at ϕ = 0.7 does not match
most of the other considered points collected mainly close to the
visual maximum. There is only one other measurement of AlO
emission at ϕ = 0.7 which was obtained with ALMA in February
2014 and was discarded in our earlier analysis because its fluxes
were significantly below all other measurements. Combining the
two measurements yielded an excitation temperature of 857 K
and a column density of 2×1015 cm−2. While the column density
is practically the same as that obtained in our earlier approach,
the excitation temperature is significantly higher and is closer to
the kinetic temperature expected in a region near radii of 3 R?. If
we now naively assume this is the actual excitation temperature
at phase 0.7 and the temperature does not change significantly
with phase, one needs two orders of magnitude higher column
density of AlO to explain most of the measurements obtained
near maximum light in the mm and submm range. This inter-
pretation of our data would indicate significant changes in the
amount of AlO with phase. We, however, disfavor this scenario
because the line variability is not correlated with phase (see be-
low) and hydrodynamic models predict drastic changes in gas
temperature close to the star (e.g. Ireland et al. 2011).

Abundance. The derived AlO column density should be cor-
rected for the effect from absorption (less than 5% of the derived
N(AlO)) and increased by AlO residing behind the radio photo-
sphere (at most 10%). These corrections are much smaller than
the uncertainties in the estimated value of N(AlO). We use the
value of N(AlO) = 5× 1015 cm−2, as the most representative, i.e.
time- and area8-averaged column density. Its full uncertainty −
including that of the source size, actual temperature, radiative
transfer details, data processing − is at least an order of mag-
nitude. A calculation of a realistic abundance of AlO from this
figure requires knowing the distribution and density of hydro-
gen. This information is not available from observations. It is
even unknown whether hydrogen is mainly in the molecular or
atomic form (see discussion in Wong et al. 2016). One can at-
tempt to calculate the abundance using the density profiles of
theoretical and semi-empirical models of Mira’s environment but
those usually assume spherical symmetry and differ in the ab-
solute density scales at a given radius by orders of magnitude.
For instance, for the hydrodynamic CODEX models of the o54

7 http://home.strw.leidenuniv.nl/~moldata/
8 Meaning the area in which S ν is above the 3σ noise level.
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series9 of Ireland et al. (2011), we get average H2 column den-
sities of the order of 1022−1024 cm−2 which give an AlO abun-
dance of the order of 10−7−10−9. Referring to the semi-empirical
model of Wong et al. (2016), we obtain an AlO abundance of
5 × 10−10. These values are significantly lower than the cosmic
elemental abundance of aluminum with respect to hydrogen of
3 × 10−6 (or twice that value with respect to molecular hydro-
gen). If our calculations are correct, a significant fraction of Al,
at least ∼90%, is locked in species other than AlO.

3.6. AlO variability at submm wavelengths

It should be noted that our excitation analysis has the complica-
tion that we combined data from different epochs but we have
provided proof that the emission is likely variable at least in
some of the lines. The current data suggest that the emission
region does not change much in shape and size on a timescale
of years, but the absolute flux in some lines vary considerably.
This is best illustrated in the population diagram in Fig. 6. The
magnitude of the variability indicated by the spread in the mea-
surements of each of the N = 6 → 5 and 9 → 8 transitions is a
factor a few or more, which can strongly influence the tempera-
ture determination. It is not known whether the variability is due
to changes in the excitation temperature or the column density
of AlO.

The variability of AlO lines may be a phenomenon related
to that observed in SiO masers in Mira variables. The two low-
est rotational lines of SiO 3 = 1 and 3 = 2 near 43 and 86 GHz
show variability that correlates closely with phase. The maxi-
mum maser emission occurs near visual phases 0.05−0.2 (0.13
for o Ceti) and thus coincides with the maximum of infrared light
curves (Pardo et al. 2004). This correlation is likely to be related
to radiative pumping through vibrational bands of SiO in the
near-infrared (Martinez et al. 1988; Cho et al. 1996; Pardo et al.
2004). The SiO amplitude changes from cycle to cycle, in partic-
ular for o Ceti. Higher rotational lines of SiO at mm and submm
wavelengths vary strongly with phase too. In the first systematic
study of this phenomenon, Gray et al. (1999) found some lines
to disappear completely for phases in a range 0.4−0.7. Interest-
ingly and contrary to SiO masers, radio maser emission of OH
seems to show variability that anti-correlates with optical light
variations (Gerard & Bourgois 1993) so there may be different
phenomena driving variable line emission.

Our submm observations of AlO provide poor coverage of
the stellar variability phase (see Table 1) because most of the
observations were conducted near optical maxima, i.e. near vi-
sual phase 0.1. All but one spectrum obtained near this phase
resulted in an AlO detection, but the two single-dish obser-
vations obtained at a later phase near 0.5 did not show AlO
emission. At still later phases of 0.7 and 0.9, the very sensi-
tive ALMA observations showed lower intensity than measure-
ments at phases 0.1−0.2. One can claim that there is a general
trend of AlO intensity decreasing with phase which would cor-
respond to what is observed for the mm/submm masers of SiO.
However, the pattern of AlO variability in Mira seems very er-
ratic. There are multiple exceptions that differ from the above
trend: (i) the N = 29 → 28 line observed with Herschel was de-
tected at a very late phase of 0.7 (visual light minimum); (ii) the
N = 12 → 11 line was not detected although it was observed

9 This series was constructed to fit the physical parameters of o Ceti.
We converted the mass densities to number densities assuming a
composition of 30% He and 70% of H2. The H2 column density was
calculated for twice the distance from the radio photosphere to 90 mas.

near infrared maximum (phase 0.1) simultaneously with other
AlO lines which were detected; and (iii) the N = 6 → 5 line
observed with ALMA and APEX shows very consistent inten-
sities although probed at phases of 0.1 and 0.5. Also, the 9→8
line observed in August 2014 (ϕ = 0.1), June 2014 (ϕ = 0.0),
and July 2014 (ϕ = 0.1) shows excellent agreement although it
was measured in different cycles. For comparison, the SiO maser
lines hardly ever have the same flux in different cycles.

Although we took every precaution to use the best possible
data, our picture of the variability in AlO transitions may be
slightly distorted by instrumental and calibration issues. Better
phase coverage and observations in multiple cycles are needed to
obtain more conclusive variability studies of submm AlO lines in
Mira. However, erratic variability is also observed in the optical
bands of AlO discussed in Sect. 4.1.1.

3.7. Identification and analysis of AlOH

Rotational lines of AlOH were measured accurately in the lab-
oratory (Apponi et al. 1993) but it has only been identified
in the circumstellar envelope of the red supergiant VY CMa
(Tenenbaum & Ziurys 2010; Kamiński et al. 2013b). Our APEX
observations covered three transitions of AlOH (J = 11 → 10,
13 → 12, 15 → 14) and the collected Herschel/HIFI spectra
covered five more transitions (18 → 17, 21 → 20, 22 → 21,
33 → 32, and 35 → 34). Only three were found, J = 13 → 12,
15 → 14, and 35 → 34, at an integrated intensity 3σ–5σ above
the corresponding noise levels. The hyperfine splitting in the ro-
tational lines of AlOH is smaller than that of AlO, and the width
of the lines does not provide additional support for the identifi-
cation as it was the case for AlO. Nevertheless, the identification
is likely correct as there are no other good candidate carriers that
would explain these features in a consistent manner. All AlOH
observations are summarized in Table 1. Unfortunately, none of
the sensitive ALMA observations covered AlOH.

Combined into a rotational diagram, the emission features
imply a temperature of 1960± 170 K (assuming a source size
of 0′′.2). Upper limits on the non-detected lines are consistent
with this fit. The derived excitation temperature is high but is
plausible in this source if the gas is located close to the pulsating
photosphere of Mira. The drastically different temperatures for
AlO and AlOH gas (330 K vs. 1960 K) are rather surprising. In
the models of IK Tau of Gobrecht et al. (2016), AlO is converted
in AlOH at late pulsation phases close to the star, making then
AlOH the prevalent Al-bearing species at large radii. The bulk
of gas containing AlOH should therefore appear cooler than the
gas abundant in AlO. Our results suggest this is not the case
in o Ceti but non-thermal level population and line variability
may influence our analysis of AlOH, just as discussed for AlO
in Sect. 3.5.

Because of the many uncertainties in the AlOH excitation
and the unknown spatial origin of its emission, we did not derive
the molecular abundances. It is important for Al chemistry in
Mira, but a quantitative analysis requires more observations.

3.8. Other Al-bearing species in submm spectra

We searched for other Al-bearing species in the submm spectra
of Mira using the standard spectral line catalogs (Pickett et al.
1998; Müller et al. 2005). The only other Al-bearing molecules
observed so far in circumstellar environments are AlCl and AlF.
Multiple transitions with Eu > 162 K of AlCl and Eu > 44 K
of AlF were covered by the most sensitive APEX, ALMA, and
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Herschel observations, but none was firmly detected. We also
covered but did not detect lines of AlCN, AlNC, and AlS. In
Sect. 4.2, we report that AlH was observed in Mira at optical
wavelengths, but no pure rotational transitions were covered
(Goto & Saito 1995). An observation of this molecule at submm
wavelengths is challenging, because the lowest transition near
387 GHz is within a deep telluric water band. In the current data,
AlO and AlOH are the most prominent mm/submm tracers of Al
in o Ceti.

4. Optical spectroscopy of Al-bearing species

The optical spectra of material surrounding cool evolved stars
contain useful information about gas-phase species thought
to be important for dust condensation, as has been shown
in Kamiński et al. (2013c) and Kamiński et al. (2013a) for
VY CMa. In the following, we present results of our search of
those species in multiepoch spectra of Mira.

Of primary interest is AlO because it is the direct gas-phase
precursor of alumina dust, Al2O3 (Sarangi & Cherchneff 2015;
Gobrecht et al. 2016). The electronic 2Σ+B−2Σ+X system of AlO
has been reported to show anomalous behavior in optical spec-
tra of Mira variables. Not only do the strengths of the absorp-
tion bands change with phase and from cycle to cycle, but the
absorption bands were observed to turn into emission features
in several sources, including Mira (Keenan et al. 1969; Garrison
1997, and references therein). Here, we investigate the behav-
ior of the optical bands of AlO in Mira using long-term spec-
troscopic data with the aim of identifying patterns which would
enable us to establish the origin of AlO. We then used the same
observational material to investigate the presence of spectral sig-
natures of other interesting species, including AlOH, AlH, and
Al i−ii.

4.1. Optical observations

In order to investigate the time variation of the optical bands of
AlO in the spectrum of Mira, we performed an extensive search
for archival spectra and literature data. We searched through all
major public archives for optical spectra covering any sequence
of the B–X system. Only spectra at high and intermediate res-
olutions turned out to be useful in our analysis. A resolution
better than R ≈ 5000 was needed to disentangle the bandheads
from nearby spectral features of other species and to investigate
the shape of the rotational profile of the bands. Consequently,
most of the collected data are from echelle spectrographs. The
high-resolution spectra we have collected are listed in Table 2.
A major portion was acquired in spectropolarimetric mode and
in these cases the total-power (Stokes I) data were analyzed.
Whenever possible, we used reduced (“pipelined”) data products
offered by some of the archives, while in the remaining cases
the data reduction was performed manually with IRAF using
standard reduction techniques (e.g. Willmarth & Barnes 1994).
Particular care was taken to obtain good wavelength calibration.
Exposures from the same night were averaged. Most of the spec-
tra in our sample are not calibrated in flux. Although most of
the echelle spectra were corrected for a blaze response func-
tion, the slope of the pseudo-continuum in most of the spectra
is unknown at wavelength ranges covering multiple orders. Vi-
sual magnitudes for each observed spectrum are available from
the densely-spaced observations of the American Association of
Variable Star Observers (AAVSO). The nearest measurement for
the given date is included in Table 2, as well as information on
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Fig. 7. Phased AAVSO light curve of Mira in 1999−2013. The faint-
maximum cycle of 1999 and the two recent cycles with bright maxima
(2007 and 2011) are shown with blue, green, and cyan symbols, re-
spectively. The dates of spectroscopic observations (Table 2) are marked
with verical bars. For some dates, the corresponding bars appear twice
in the graph, i.e. at ϕ and ϕ ± 1.

the spectral coverage (ignoring gaps in some of the echelle spec-
tra) and resolution, references to papers describing the observ-
ing run or the name of the principal investigator of the observing
project if no literature reference could be identified.

The oldest spectra we were able to access in digitized
form are scanned spectral plates from the Dominion Astronom-
ical Observatory. In addition to these, we found reproductions
(scanned GIF files of paper copies) of Mira spectra covering the
AlO band in Joy (1926, later reproduced in Baxandall 1928 and
Merrill et al. 1962) and Keenan et al. (1969), which show two-
dimensional plates. Additionally, Garrison (1997) showed an ex-
tracted one-dimensional spectrum. Further useful information on
the appearance of AlO bands in Mira is found in Keenan et al.
(1969), Kipper & Kipper (1979), and Garrison et al. (1999).

Table 2 also lists the phase corresponding to the given ob-
serving date. Although the shape of the Mira’s visual light
curve deviates strongly from a sinusoidal pattern and its pe-
riod is known to change by a few days on time scales of years
(Templeton & Karovska 2009), we use a simple sine function to
define the phase for data since 1999, with a period of 333 days
(cf. Templeton & Karovska 2009) and date of maximum on JD =
2 452 161.0. The date of maximum was measured for the 2001
cycle which showed a very well defined maximum. Such a
parametrization of the stellar periodicity is also consistent with
our sinusoidal fit to the AAVSO visual data for 1999−2013.
The shape of the phased light curve within that time span to-
gether with the markings representing the coverage of the col-
lected visual spectroscopy (Table 2), are shown in Fig. 7. The
maxima occur close to phase ϕ = 0, while − due to an asymme-
try of the actual light curve − the minima occur at ϕ ≈ 0.33 =
0.67. Using JHKL photometry from Shenavrin et al. (2011) and
Whitelock et al. (2000), we found that the near-infrared fluxes
(JHKL) peak at ϕ = 0.17 ± 0.05 on our periodicity scale.

We also searched through the archives for near-infrared spec-
tra of Mira that covered the A–X band of AlO (cf. Kamiński et al.
2015; Banerjee et al. 2012). We found only one spectrum with a
sufficient spectral resolution, R = 37 600, that was obtained on
26 August 2001 (ϕ = 0.96) with the NIRSPEC instrument on
Keck by A. Nelson. A simulation of the A–X system by a similar
method as in Kamiński et al. (2015) revealed that the (4,0) band
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with heads at 1225 and 1243 nm is the strongest near-infrared
band for a broad range of excitation temperatures. We reduced
and inspected only the part of the Keck spectrum that covers
the (4,0) band. We found no signatures of the electronic system
of AlO. However, we note that the spectrum was acquired only
three days before optical observations with HIDES in which the
AlO bands of the B–X system were very strong. This leads us
to a conclusion that the NIR system is not particularly useful for
studies of AlO in o Cet. Indeed, the NIR band is expected to be
much weaker than the optical bands (Patrascu et al. 2015).

4.1.1. Observed variations in the B-X band of AlO

We were able to identify features in the AlO B–X system involv-
ing the vibrational levels up to at least 3up = 3 in the upper elec-
tronic state in all the collected high- and mid-resolution spectra
of Mira. The main bandheads appear in absorption, occasion-
ally in emission, and as a combination of absorption and emis-
sion features. Examples of emission- and absorption-dominated
spectra are shown in Fig. 8. Independent of whether they appear
in emission or in absorption, the bandheads are rather weak, but
the characteristic shape of the band is readily recognizable in the
spectra.

The collected spectra are sufficient to study the long-term
variability within the bands which is not feasible with the cur-
rent mm and submm data. Results of this analysis are presented
separately for spectra dominated by absorption and emission in
Sects. 4.1.2 and 4.1.2. All spectra covering the AlO sequences
∆3 = 2, 1, 0, −1 are shown in the spectral atlas in Figs. C.2−C.5.

4.1.2. Absorption in AlO

The ∆3 = −2 sequence, located near 5340 Å, and all negative
sequences at longer wavelengths − although covered by many of
our spectra − are too weak for variability studies. The ∆3 = −1
sequence near 5080 Å is dominated by absorption features which
show definite variability. Episodes when AlO absorption be-
comes weaker than normal were identified. The weakest absorp-
tion band was observed on 9 August 2012. The weakening of
those bands is not correlated with phase or time. The apparent
weakening of those absorption features may be due to an overly-
ing AlO emission component of variable intensity. A presence of
such a component is evident in the higher progressions, ∆3 = 0
and 1. Bands within the ∆3 = 0 sequence are weak but still defi-
nitely present.

We used the spectra of the ∆3 = −1 sequence, which is long-
ward of 5080 Å and is not contaminated or just weakly so by
emission, to measure the representative velocities of the absorb-
ing AlO gas. First, we measured the velocity of the spectrum
from 10 February 2010 by cross-correlating it with a simu-
lated spectrum of the absorption. The cross-correlation algo-
rithm rv.fxcor implemented in IRAF was used (e.g. Alpaslan
2009) and the simulated spectrum was calculated in an anal-
ogous way as in Kamiński et al. (2013c). The typical velocity
for our sample of spectra is 57.5 km s−1 with the highest mea-
sured deviations from this value of +2.0 and −1.4 km s−1, and
a standard deviation of 1.0 km s−1. The phases corresponding
to the spectra densely cover the full pulsation cycle and hence
Vh = 57.5 ± 2.0 km s−1 characterizes the full dispersion well.
The central velocity is consistent with the center-of-mass ve-
locity of Mira (Vh,sys = 57.0 ± 0.5 km s−1) and the central ve-
locity of the submm emission of AlO in pure rotational lines

(Vh,sys = 57.1 km s−1, Sect. 3.3). The variations in velocity that
we measured are small but greater than our uncertainties.

A rare event recorded in the AlO spectra is the appearance of
extra absorption components that are strongly redshifted. This is
observed in the (1, 0) and (2, 1) heads of ∆3 = +1 in 24 July,
23 September, and 3 October 2009 (but not 23 days later) − see
Fig. C.3. In the same spectra, the (0, 0) band is unusually broad,
the (0, 1) bands are slightly broader than usual, and there are
no unusual changes in the other sequences. The extra absorp-
tion components therefore involve only 3low = 0 and 1 levels,
suggesting that they arise in material cooler than that producing
usual absorption bands of AlO and observed in progressions in-
volving higher-3low. Similar apparent broadening or splitting of
spectral features is simultaneously observed for other species,
including Al i (Sect. 4.3). In the profile of the AlO (2, 1) band,
we measured that, in addition to the usual component very close
to stellar center-of-mass velocity, there are extra components
at heliocentric velocities of about +95 km s−1 and possibly at
+140 km s−1. Such high velocities reaching 80 km s−1 with re-
spect to the star are surprising, but not impossible in this source.
The motions are likely not associated directly with the usual
pulsation-driven shock wave, because they are absent in most
of the cycles covered by our spectra.

The usual absorption profiles of AlO also show consider-
able variability in their widths. We infer the intrinsic Doppler
broadening as the kernel width that we used to convolve our
simulated spectrum to fit the observed features. When the bands
are strong, their half-width is nearly 30 km s−1, as on 29 Au-
gust 2001 (ϕ = 0.97). Such a high velocity dispersion in Mira
can only be explained as arising in the shock wake. Macro-
turbulence is expected to be greatly enhanced behind a shock
(cf. Gillet et al. 1998), however, the broad profile may also be
an opacity effect which we were not able to simulate with our
simple tools. In a great majority of our spectra the absorption is
narrower, often comparable to the instrumental profile of a few
km s−1. (It cannot be measured accurately owing to a much lower
S/N of these narrow and weak features.) This may indicate that
the AlO absorbing gas is present both in the shocked gas and in
material that had time to dissipate the shock energy.

We could not constrain precisely the rotational temperature
of the gas from the shapes of the bands. The major difficulty is
how to define the level of the local pseudocontinuum underlying
the bands. Another obstacle is the presence of numerous atomic
absorption features that distort the band shape. Our simulation of
the bandheads are nevertheless consistent with the observations
within a broad range of rotational temperatures from a few hun-
dred to ∼1500 K. The vibrational temperature, although variable,
is likely equal to a few hundred K.

Spatial origin of AlO absorption. Because of the complex be-
havior of the AlO features, we shall consider several locations
of the absorbing AlO gas. If the absorption was produced in the
accelerated wind seen in front of the stellar disk, the features
would be blueshifted by the magnitude of the wind terminal
velocity, i.e. by −5 km s−1 from the stellar velocity (Sect. 1.2).
Such a large offset is not observed. In addition, features arising
in a homogeneous, stationary wind would not show temporal
velocity variations contrary to what we have measured. There-
fore, the AlO absorption features do not come from the fully-
accelerated wind, and must arise closer to the star at radii .5 R?

(cf. Nowotny et al. 2010).
We also exclude the possibility that the AlO absorption is

formed in the photosphere on the basis of the low amplitude of
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Fig. 8. Sample optical spectra of AlO in two epochs (red and blue), covering the heads of the (0, 0) and (1, 1) bands and their rotational combs.
Simple simulations (green) illustrate the location of the emission and absorption components. Many spectral features are of atomic origin. The
reason for the poor correspondance of the observation and simulation at the (0, 0) bandhead of AlO is the lack of an underlying absorption feature
in the similation and a limited correction for optical thickness, which is highest near the head. All spectra covering these and other bands of AlO
at different dates are shown in Figs. C.2−C.5.

the velocity variations in the AlO features. Rovibrational lines
∆3 = 3 of CO which are observed in absorption in Mira are be-
lieved to be formed in the stellar photosphere. They show veloc-
ity variations with an amplitude of 24 km s−1 (Hinkle et al. 1984)
which are much higher than what we have measured for the AlO
absorption bands. Similarly, high-excitation atomic lines show
considerable shifts with phase. By cross-correlating the spectra
in the region between 4035 and 4095 Å, that is dominated by nu-
merous sharp absorption lines, we determined that the relative
displacements between different dates reach 9.4 km s−1. (This
value is higher than the maximal displacements found by Joy
1954, but is smaller than those in Joy 1926). The amplitude of
velocity changes for atomic lines is known to be correlated with
the brightness of the cycle’s maximum (Joy 1954) and since we
covered cycles with very bright maxima (e.g. 2007) as well as
faint minima (1998/99), the low amplitude of AlO displacements
indicates that the AlO gas is nearly stationary, independent of
this inter-cycle effect. The AlO-bearing gas therefore must be
located high enough above the pulsating atmosphere to not be in-
fluenced by the regular high-amplitude motions, say at >2.5 R?.

We conclude that the visual absorption features must arise
between the photosphere and the fully accelerated wind, or
roughly between 2.5 and 5 R?. The kinetic temperature in this
region is ∼1000 K (as in the CODEX models of Ireland et al.
2011) which is consistent with our rough constraints on the rota-
tional temperature of AlO as traced by the B–X band. It is very
likely that the electronic bands are formed in the same AlO gas
as that observed in pure rotational transitions at mm and submm
wavelengths. The variable nature of the electronic absorption is
consistent with the observation that the AlO gas is clumpy, as
seen in the N = 6 → 5 line with ALMA. The observed variabil-
ity can arise as clumps of different opacity pass in front of the
stellar disk.

4.1.3. Emission in AlO

Our spectroscopic records contain two episodes of emission-
dominated profiles of AlO on: (i) 1998-11-06 with strong

emission in the ∆3 = 0 and +1 sequences; and (ii) 2007-09-
04 with the strongest emission signatures in the ∆3 = 1 band.
Much weaker, but still easily recognizable emission was seen in
a sequence of spectra registered immediately after the 1998-11-
06 (ϕ = 0.9) flare, i.e. on 1999-02-11 (ϕ = 0.2) and 1999-09-28
(ϕ = 0.9). Chronologically the next spectrum, from 1999-12-16,
shows very weak absorption bands, but the absorption profile is
definitive only in the spectrum from 2001-08-29 (ϕ = 1.0). For
the AlO flaring event which was most evident on 2007-09-04
(ϕ = 0.6), the emission was observed mainly in the ∆3 = +1 se-
quence, and was preceded and followed by spectra with emission
nearly filling the absorption bands. From these two events, we
conclude that bright, easily observable emission in AlO bands
may appear at any phase, may last for at least one year, and is not
necessarily limited to a single cycle. This behavior is different
than that observed in most atomic/ionic lines which show regu-
lar changes in intensity with peaks near ϕ = 0.9−0.1 and minima
near ϕ = 0.6 (Richter & Wood 2001). The two strong emission
episodes took place at phases 0.9 and 0.6, i.e. near maximum and
minimum visual light. This erratic variability resembles that of
pure rotational lines of AlO observed at mm and submm wave-
lengths (Sect. 3.6).

The central velocities of the AlO emission component could
only be measured for the 1998-11-06 and 2007-09-04 spectra.
On the earlier date, not only the bandheads are useful for ve-
locity measurements but also the individual features of the rota-
tional comb far from the head are very well reproduced by our
simulation and constrain the radial velocity (Fig. 8). The velocity
of the band is Vh = 53.8± 0.5 km s−1. The central velocity of the
emission seen on 2007-09-04 is less certain but our best estimate
is 56± 2 km s−1. The AlO emission therefore appears stationary
or blueshifted by at least 3 km s−1 with respect to the stellar ve-
locity (57.0± 0.5 km s−1). We believe that the underlying absorp-
tion is too weak to influence the position measurements we have
performed. Although the AlO-emission episodes are too rare
to form definitive statements, the kinematical characteristics re-
semble that observed in most atomic/ionic optical emission lines
which also always appear blueshifted (Richter & Wood 2001).

A42, page 15 of 90

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628664&pdf_id=8


A&A 592, A42 (2016)

The atomic features are thought to be associated with a shock
propagating outward in the stellar atmosphere. Low-excitation
atomic lines show low velocity displacements of a few km s−1,
while emission features requiring high excitation can be shifted
by as much as 20 km s−1. We conclude that the visual emission
of AlO arises when the shock front reaches the higher parts of
the stellar atmosphere where the shock-imposed gas motions are
small, thereby explaining the small shift of only 3 km s−1.

The intrinsic broadening of the emission features is small. To
reproduce the rotational comb of the AlO emission observed on
06-11-1998, we convolved the simulated spectrum with a Gaus-
sian of FWHM of 8 km s−1, a value that is comparable to the res-
olution of the spectrum. The measured width is also consistent
with that derived for the submm lines of AlO (Sect. 3.3).

4.1.4. Excitation mechanism of electronic AlO bands in Mira

The upper electronic state of the 2Σ+B −2 Σ+X system of AlO
is 28 800 K above the ground and therefore is most likely ex-
cited by shocks. Excitation temperatures of the order of 104 K are
definitely possible in Miras since strong emission in recombina-
tion lines of hydrogen are observed on every cycle. Richter et al.
(2003) were able to model weak and episodic emission of Fe ii
(Eu = 32 570 K) and [Fe ii] (63 950 K) on the assumption that
the upper levels are excited in the shock at a radius ∼1.5 R?. The
gas giving rise to the AlO emission might be excited in a simi-
lar way, but probably at slightly higher distances from the star.
Also, if AlO emission is associated with the shock, then its pres-
ence for more than one cycle, as in 1998/1999, may indicate that
the emission arises in gas of very low density that is not able to
efficiently cool down only through radiation in a single period
(cf. Richter et al. 2003).

Analogous to the shock-excited lines of Fe ii, AlO emission
is sporadic. One may speculate that the AlO bands show an emis-
sion component only when the shock reaches the AlO material
that is usually seen in Mira only in the absorption bands. It is
unclear why this occurs only occasionally. The episodic emis-
sion in Fe ii and [Fe ii] lines was linked to a shock wave that
is stronger than typical and is associated with cycles that show
bright maxima (Richter et al. 2003). However, as we discuss in
Sect. 5.3, it is doubtful whether there is a link between the oc-
currence of AlO emission and bright-maxima cycles. Hydrody-
namic pulsation models calculated for long time series show,
however, that the positions of shock fronts and the extend of
shocked gas change chaotically in Mira stars (Ireland 2011).

The absorption by AlO is most likely a result of resonant
scattering of stellar light off the circumstellar gas. The gas is
clumpy (Sect. 3.2) and the observed variability may be explained
by different clumps passing in front of the stellar disk. Most
of the time, however, the gas is stationary with respect to the
center-of-mass velocity what suggests it may be located in a
region sometimes referred to as a MOLsphere (Tsuji 2000) or
may correspond to the “warm molecular layer” the existence
of which was proposed before e.g. by Willacy & Cherchneff
(1998) and Woitke et al. (1999). Interferometric observations in
the infrared support the existence of such a molecular layer
(Wittkowski et al. 2016, and references therein). The vibrational
temperature derived from the AlO bands in absorption of a few
hundred K is in agreement with such a location. The emis-
sion episodes would then be associated with events when, for
some reason, the volume of AlO gas gets larger than usual so
its apparent size is bigger than the stellar disk and scattered
emission dominates the band appearance. This scenario is more
speculative than direct shock excitation, but if it is correct it

would still indicate that AlO is located in the upper atmosphere
of Mira.

There must be a difference in the vibrational temperature that
characterizes the absorbing and emitting gas because we observe
discrepancies in the relative strengths of emission and absorp-
tion in different sequences and bands. It is also evident that the
excitation conditions of the emitting gas change with time. For
instance, on 2007-09-04 when the ∆3 = +1 bandheads appeared
as strong emission features, the corresponding ∆3 = 0, +2 bands
showed cancel-out bands. On 1998-11-06, in turn, AlO flared in
the ∆3 = 0 and +1 sequences but this time the ∆3 = 0 sequence
was by far the stronger one. In other words, the 3up = 0−3low
progression of the emission system peaked for 3low = 0 on 1998-
11-06, and for 3low = 1 on 2007-09-04, suggesting a higher vi-
brational temperature of the emitting gas in 2007.

We conclude that the most likely excitation mechanism of
the gas that leads to the emission episodes is shocks which occa-
sionally reach the AlO gas which we usually see only in absorp-
tion and in the mm/submm rotational lines, and which resides at
a few stellar radii from the star. We interpret the appearance of
AlO emission as a result of changes in excitation, but changes in
abundance (either due to formation or destruction of AlO) and
relocation of gas within the envelope cannot be excluded.

4.2. Electronic systems of other Al-bearing molecules

AlOH. The submm detection of AlOH in Mira (Sect. 3.7) en-
couraged us to look for electronic transitions of this molecule.
We could not find in the literature the spectroscopic constants
nor even approximate positions of electronic bands of AlOH
in the optical. However, a few electronic systems of AlOH
are known in the ultraviolet, i.e. close to 2395 Å and 2495 Å
(Pilgrim et al. 1993; Li et al. 2003). Spectra of Mira B acquired
by the International Ultraviolet Explorer (IUE) between 1979
and 1983 and by the Hubble Space Telescope (HST) in 1995
(Reimers & Cassatella 1985; Karovska et al. 1997) covered this
wavelength range and show broad absorption features at the ex-
pected location of the AlOH bands. The absorption structures are
not identified in the original studies and are too broad to belong
to atomic transitions. Moreover, they are unlikely to be blends of
known atomic lines as most strong multiplets were identified in
the spectra. Furthermore, we find the same wide features in some
of the archival UV spectra obtained by HST/STIS (1999 and
2004) and Galaxy Evolution Explorer (GALEX; 2006), avail-
able through the MAST archive10. Although both Mira A and B
were located in the instruments apertures, it is the B component
that was thought to be the major source of the continuum at these
wavelengths. If AlOH is the carrier of the broad features, the gas
would have to be located between us and Mira B so at least 0′′.48
or 8×1014 cm away from Mira A. This would indicate that some
aluminum is locked into AlOH at quite large distances from the
pulsating atmosphere. To verify this finding will require a dedi-
cated study of the electronic bands of AlOH in Mira.

AlH. We were surprised to see an identification of an AlH band
near 4242 Å in the historical spectral plates of Mira presented in
Merrill et al. (1962, their Figs. 9 and 10), because hydrides are
generally thought to be rare in spectra of giants. However, AlH
has been reported in emission in another Mira variable, χCyg,
near minimum light (Herbig 1956; Herbig & Zappala 1968). The
emission in the spectral region between 3066 Å and 4412 Å in

10 http://archive.stsci.edu
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χCyg was limited to a specific range of rotational lines belong-
ing to the (0, 0), (1, 0) and (1, 1) bands of the A1Π−X1Σ system.
Many of our spectra of o Ceti cover these three bands and there is
a great number of absorption lines in this spectral region which
coincide with the positions of AlH lines in Szajna & Zachwieja
(2009). A detailed simulation of the A–X band was obtained in
pgopher (Western 2014) using the spectroscopic constants from
Szajna & Zachwieja (2009). Each band consists of well sepa-
rated rotational lines and the shapes of individual lines are nearly
indistinguishable from atomic features in the observed spectra.
The density of lines in this spectral region is very high and, in
principle, chance coincidences may occur for many of the lines.
We found, however, that for each strong transition of AlH there
is a corresponding absorption feature in the spectra of Mira with
a perfectly matching radial velocity, leaving little doubt that AlH
is present in o Ceti. The AlH bands appear in absorption in all our
spectra and the features seem to be slightly stronger with respect
to the local continua near minimum visual light. The AlH bands
were not found to turn into emission features in the 19 spectra
we examined, indicating that Mira is unlikely to undergo AlH-
flaring episodes such as those reported for χCyg.

The line positions of AlH vary slightly with time. We in-
vestigated the temporal variations quantitatively using cross-
correlation techniques and band simulations at different excita-
tion temperatures. The most blueshifted spectrum of the (1,0)
band was observed on 2009-07-24 (ϕ = 0.6) with Vh = 55.2 ±
0.7 km s−1 and the highest velocity of 59.2 km s−1 was measured
in the spectrum from 2009-10-03 (ϕ = 0.9). Such low variations
of the radial motions of ±2 km s−1 with respect to the center-
of-mass velocity, signify that the absorbing gas must be located
in the parts of Mira’s atmosphere that do not participate in the
high-amplitude pulsation motions such as those observed in CO
∆3 = 3 lines (Hinkle et al. 1984). The AlH gas may be partially
placed in the same layer where we observe AlO in absorption.

We were not able to constrain precisely the rotational tem-
perature of AlH, because (i) the line ratios are greatly affected by
the shape of the local pseudo-continua and (ii) of the presence of
other unidentified lines in these spectral regions. However, our
rough estimates suggest a few hundred K, consistent with AlH
being located in the outer atmosphere of Mira, i.e. 2.5−4 R?.

Another known electronic system of AlH, C1Π − X1Σ, is lo-
cated in the UV range near 2240 Å (Szajna & Zachwieja 2010),
but we found no evidence for it in the UV spectra of Mira from
IUE, HST, and GALEX.

4.3. Atomic aluminum

Al i absorption: we examined the behavior of the resonance
doublet 3p2P−4s2S of Al i at 3944.01 and 3961.5 Å (i.e. in be-
tween the two strong H and K lines of Ca ii) which is covered
by many of our spectra. These are shown in a time sequence in
Fig. C.1. Unlike most lines of neutral atoms in Mira’s spectrum,
lines of Al i show strong and very broad absorption profiles. The
large width of these lines in o Ceti and other Mira variables was
noticed previously by Joy (1954) and Merrill et al. (1962). The
profiles change dramatically in shape and depth over time. Typi-
cally, they are triangular in shape and considerably sharper than
a Lorentzian profile; the full base-widths are <2.5 Å, but the ac-
tual width is likely higher as the observed pseudocontinuum is
below the true continuum level. Often, close to minimum light
(ϕ ∼ 0.6), the lines turn into parabolic features which can be
as broad as 10 Å (full width in the stronger λ3961 line). On
occasion (e.g. on 2009-07-24 and 2009-09-23), they appear as

multicomponent irregular absorption features. The blue and red
wings show strong asymmetries independent of the overall shape
of the Al i profile whether parabolic or sharp.

In stars of spectral types G−K, the blue resonance lines of
Al i are formed just above the photosphere (Mauas et al. 2002).
No detailed models exist for stars of later spectral types but one
might expect that in M-type stars the lines form very close to the
photosphere as well. The large apparent width of the lines sup-
port this expectation. The Al i lines are broadened mainly by the
radiative and van der Waals effects (cf. Mauas et al. 2002), where
the latter is dependent on the local density. The large width of the
observed Al i lines in Mira requires high local densities such as
those expected close to the photosphere. The observed absorp-
tion is therefore a signature of photospheric Al i. The occasional
broadening and reshaping of these spectral features may be as-
sociated with a shock passing the photosphere. We were able
to reproduce the observed shape of the Al i features with sta-
tionary model atmospheres of MARCS (Gustafsson et al. 2008)
after increasing the continuum opacity in the spectral range in-
vestigated11, thus assuring us that the Al i features form close to
the photosphere. Although we attempted to derive the Al i abun-
dances with model atmospheres, we encountered problems in the
definition of the true continuum level and all opacity sources in
this spectral region. As a result, we were unable to determine a
reliable quantitative estimate of the Al abundance.

Al i emission: in at least six out of the 23 spectra that covered
the Al i lines, weak emission components in the cores of the
absorption profiles were identified. The emission is blueshifted
with respect to the center of the absorption profile. On dates
when the absorption profiles are very narrow, a separate emission
line is not seen, but an emission component that partially fills the
core of the absorption profile is implied from the asymmetry of
the feature. We measured the location of the emission peaks for
three dates when the emission component was well separated
from the absorption wings, but did not correct for the underlying
and highly asymmetric absorption profile: Vh = +37 km s−1 on
2007-01-30 (ϕ = 0.92); +57 km s−1 on 2007-09-04 (ϕ = 0.57);
and +47 km s−1 on 2008-08-29 (ϕ = 0.65), where the formal un-
certainties in the centroid positions are less than 1 km s−1. The
measurements may be affected by a shift caused by the underly-
ing absorption core. To show displacements of up to 20 km s−1

from the center-of-mass velocity, the blueshifted emission must
arise next to the shock when it is still deep in the stellar atmo-
sphere. The displacements are comparable to or even higher than
the blueshift observed in CO ∆3 = 3 lines (∆Vblue ≈ 13 km s−1)
which is usually associated with the deepest observable layers of
the star (Hinkle et al. 1984; Nowotny et al. 2010). Because the
details of the excitation mechanism that gives rise to the emis-
sion is not known, we are unable to assess the amount of material
responsible for the emission.

We did not identify either absorption or emission features
that might suggest there is a substantial amount of atomic Al
in the outer atmosphere and wind of Mira, implying that Al is
locked in molecules (and dust) above the photosphere.

Al ii and Al iii: we also searched in the optical spectra for ionic
forms of Al. The lowest-excitation line of Al ii covered by our
spectra has Elow = 83 800 K. A very weak absorption line is

11 The extra opacity was introduced to explain the profiles of the H and
K lines of Ca ii. The problem of missing opacity around the lines in G
and K giants was identified by Short & Lester (1994, 1996).
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found at the expected wavelength λlab = 4663.05 Å but shifted
to the stellar radial velocity. This line is expected to be weak ow-
ing to a small Einstein coefficient, Aup,low ≈ 105 s−1, and very
high excitation potential. With the local spectral line density, it
is very likely that the observed feature belongs to another atomic
ion. Indeed, in the atlas of Arcturus (Hinkle et al. 2000), the line
is identified as belonging to Fe ii. The feature changes its ve-
locity systematically with a highest excursion toward the blue
of ∆V = −7 km s−1 near ϕ = 0.6. The next lowest-excitation
line of Al ii covered in our spectra has Elow = 120 000 K and
Aup,low that is two orders of magnitude higher. Despite the much
larger Aup,low, there is nothing conspicuous near its location
(λlab = 4663.05 Å). The line may require too high an excita-
tion to be effectively populated. The best test for the presence
of Al ii would be an observation of the resonance line with the
rest wavelength of 2669.1 Å. Although it was covered in sev-
eral UV spectra in the literature or available in the archives, the
line does not seem to be present. Reimers & Cassatella (1985)
identified one weak emission feature of the resonance doublet
of Al iii, at 1854.7/1862.6 Å, in their IUE spectra. Whether this
feature arises near Mira A or B is questionable and so is the
identification. We conclude that our observational material and
the literature data are not suitable to trace the ionic forms of Al
in Mira, and their contribution to the total aluminum content are
likely insignificant.

5. Summary and discussion

5.1. Currently accessible Al-bearing species

In the previous sections, we have attempted to identify the main
gas-phase carriers of Al in the circumstellar environment of
Mira. We found neutral atomic aluminum, Al i, in the photo-
sphere and occasionally being excited above the photosphere.
The molecules AlH, AlO, and AlOH are present mostly above
the photosphere, in a region where the formation of alumina dust
is thought to take place (&2 R?). There is a tentative indication
that AlOH may extend farther from the star and is present in
the wind seen against the UV continuum of the companion. Of
all these species, we were able to derive quantitative informa-
tion on the amount of AlO. The observed features are variable in
intensity and show modest changes in their Doppler shifts. We
excluded the possibility that other simple Al-bearing species are
easily accessible for mm-wave observations, such as AlF, AlCl,
AlCN, AlNC, and AlS. The contribution of gas-phase Al2, AlO2,
and Al2O to the total content of Al in the envelope of Mira re-
mains unknown.

The observability of a given species alone does not directly
imply that it has a high abundance, especially with data obtained
at different sensitivities. Our observations show, however, that
AlH, AlO, AlOH, and Al i are viable species for tracing gas-
phase aluminum in circumstellar envelopes. Their relative emis-
sion distributions and time variability provide important obser-
vational constraints that can be directly compared to chemical
models. For example, the role of AlH was omitted in some ear-
lier chemical studies (e.g. Gail & Sedlmayr 1998), although it
is an important observable species. The most recent models of
Gobrecht et al. (2016) include AlH in the reaction network and
our observations confirm that it is an important tracer of Al.

5.2. Circumstellar chemistry: observations vs. models

We derive an average AlO abundance of 10−9–10−7 with a high
uncertainty owing to the unknown content and form of hydrogen.

Kamiński et al. (2013c) obtained a similar abundance of ∼10−8

for AlO in the envelope of the red supergiant VY CMa that was
derived from optical emission bands. The agreement between
the two sources suggests that the processes governing aluminum
chemistry in the envelopes of evolved late-type stars of different
masses and different mass-loss rates may be similar.

The non-equilibrium model with condensation of IK Tau
(Gobrecht et al. 2016) show that the abundances of Al-bearing
species vary with the stellar pulsation phase. Our observations
of o Ceti show that the lines are variable but we are unable to
distinguish between the variable excitation conditions and the
change in the column of gas. Also, the variability we observe is
not well correlated with phase, contrary to the key assumption
in the model. The model gives an AlO abundance of 10−6 in the
shocked photosphere which decreases to 10−10–10−8 between 2
and 5 R? for IK Tau (Cherchneff, priv. comm.). The latter abun-
dance is close to 10−9–10−7 we derived for the extended atmo-
sphere of o Ceti (Sect. 3.5). A physico-chemical model of o Ceti
is required to better reproduce the observed characteristics of Al-
bearing species in this object.

The chemical models predict that most Al-bearing molecules
are destroyed above the photosphere by the pulsation shock
and then reformed higher up in the atmosphere (Gobrecht et al.
2016). Therefore, one would expect to see in our best-resolution
data a gap (depletion zone) in the AlO distribution just above
the pulsation shock if the discontinuity is thick enough. The re-
gion from 1 R? to ∼3 R?, where one would expect such a dis-
continuity, is very difficult to interpret in our data. The pres-
ence of absorption toward the stellar photosphere complicates
the picture at angular scales comparable to the ALMA restor-
ing beam, because emission and absorption are indistinctly con-
volved and mutually affect the image reconstruction of each
other (Appendix B). Another complication is the patchy struc-
ture of the emission at angular scales comparable to the stellar
size. Our data do not allow us to verify the presence of such a
gap and it may well be that this region is within the radio pho-
tosphere, at r<1.6 R?, where we had no access with the current
ALMA observations. Since the ALMA observations were ob-
tained at a visual phase of about 0.5, near minimum light when
the star is expected to be largest, corresponding observations
closer to maximum light would peer deeper into the material sur-
rounding the star.

Much more astronomical spectroscopic observations (prefer-
ably taken with a high angular resolution), more physically real-
istic models, and supporting laboratory spectroscopic measure-
ments are needed to advance our understanding of the complex
chemistry of AGB stars.

5.3. AlO and alumina dust formation in Mira

AlO is the crucial gas-phase Al-bearing species for alumina dust
formation, because the dimerisation of AlO followed by the
oxygenation of the AlO dimers produce Al2O3, which in turn
forms dimers and small alumina clusters (Sarangi & Cherchneff
2015). Therefore, the chemical production of AlO determines
the efficiency of alumina-dust formation and, consequently, is
also linked to the gas-to-dust mass ratio. The formation of alu-
mina dust is expected mainly at very high dust temperatures
of about 1700 K. Interferometric observations in the MIR show
that the alumina dust indeed forms very close to the photo-
spheres of AGB stars, i.e. at r ≈ 2 R? (e.g. Karovicova et al.
2013). In o Ceti, the hottest dust is observed as close as 30 mas =
2 R? (Lopez et al. 1997; Degiacomi et al. 1992), but it has not
been definitely established whether it is alumina or silicate dust.
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Here we assume that at such close proximity to the star the
hot dust is Al2O3. Silicates are unlikely to condense there be-
cause Wong et al. (2016) have recently shown that considerable
depletion of SiO takes place in Mira at radii above 4 R?. It is
important to note here that 2 R? is only the inner radius at which
the alumina condensation and AlO depletion starts and that the
process may continue farther from the star.

Our high-resolution ALMA data provide a view of the AlO
distribution in unprecedented detail with the beam correspond-
ing to approximately 2 R?. Here we discuss how these obser-
vations can be understood within the context of alumina dust
formation.

Average AlO abundance as a function of radius for r & 3 R?.
As mentioned in Sect. 3.2, the azimuthally-averaged brightness
of AlO emission follows approximately a power law at radii
&2 Rph,mm or &3 R? (Fig. 2). The observed brightness profile re-
flects the total density changes, excitation conditions, and pos-
sible abundance variations of AlO. The emission brightness
changes only slowly with temperature because the brightness
is proportional to exp(−1/Tex) and the temperature changes ap-
proximately as r−0.3 (Wong et al. 2016). Although the envelope
is inhomogeneous and the velocity field is complicated, to a first
approximation one might expect that the total density decreases
as r−2. The models of Mira’s envelope suggest even steeper
power laws of r−3 (Wong et al. 2016; Ireland et al. 2011) while
NIR observations of dust in o Ceti require the dust density to de-
crease as r−1.5 (Lopez et al. 1997). The data can be reproduced
by all these power laws equally well owing to the large scatter
caused by local inhomogenities (Fig. 4). As a result, the average
profile suggests that no significant AlO depletion takes place at
radii &3 R?.

AlO radial profiles in specific directions–a proof for depletion?
If we ignore the brightest emission clumps east and north/north-
west from the star in Fig. 3, the AlO emission is limited to a
horseshoe-shaped ring of radius 2 R?. The emitting material is
likely located in the plane of the sky. In Fig. 9, we show three
spatial cuts through this structure along three position angles of
54◦ (nearly northeast), 133◦ (south-east), and −90◦ (west) and
extending from the absorption center (Fig. 3). While two of those
spatial cuts are in qualitative agreement with the average radial
profile, the southeast cut shows distinctively a narrow feature
with the line flux that practically disappears at a radius of 3.5 R?,
i.e. exactly in the region where hot dust has been observed in
Mira. If we interpret the emission intensity as corresponding di-
rectly to the column density of AlO (i.e. the excitation conditions
do not change much with radius), then this profile is exactly what
one would expect if substantial depletion of AlO began at about
2 R?. It is tempting to interpret this AlO deficit as depletion onto
dust. It would be interesting to verify this depletion scenario by
checking whether there is a dust-rich clump at the radial exten-
sion of this spatial cut beyond 3 R?, but it is not possible to per-
form this test with the currently available data. Although there
is no strong proof in our data for global AlO depletion, it may
be that the gas-phase AlO is consumed by other species only in
particular directions.

AlO variability and clumpiness vs. episodic dust production.
The ALMA maps of the N = 6 → 5 transition (Fig. 3) pro-
vide a detailed glimpse of the clumpy distribution of AlO gas
very close to the photosphere. Together with data presented in
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Fig. 9. Spatial cuts of the AlO 6 → 5 emission imaged by ALMA. The
radial profiles extend from the center of the star and represent three po-
sition angles: 54◦ (nearly northeast), 133◦ (south-east), and −90◦ (west),
shown in Fig. 3. Marked in green are characteristic locations within the
envelope: the region closest to the star where hot dust has been observed
in minimum/maximum light (inner/outer edge) (light green); the range
of SiO maser rings (dark green); and the innermost radius where silicate
dust is thought to condense in Mira stars (marked as “silicates”).

Wong et al. (2016), they provide the first direct view of the inho-
mogenities in the cool molecular layer at about 2 R?. The exis-
tence of such inhomogenities has been implied in o Ceti before
(e.g. Wittkowski et al. 2016, and references therein) and in other
oxygen-rich AGB stars (e.g. Haubois et al. 2015; Ohnaka et al.
2016). The clumps are close to the star and are likely to be
transient, which is strongly supported by the variability of
AlO observed in the rotational and electronic lines reported
here.

The question which naturally arises is whether the complex
spatial and temporal characteristics of AlO can influence the
dust production. The dust produced around Mira has a very in-
homogeneous distribution and its spectral features change with
time (Lopez et al. 1997; Lobel et al. 2000). Mira’s flux vari-
ability in the range 8−11 µm cannot be explained by the light
changes of the star alone, rather some variations of the dust
density must also occur (Lopez et al. 1997). It has been sug-
gested in the literature that the dust production in AGB stars
is in fact episodic and may occur during some phases or only
in some cycles (cf. Lopez et al. 1997, and references therein).
Because the production of alumina dust is chemically directly
linked to the production of AlO, the clumpy distribution and
time variability of AlO emission presented here may be the di-
rect cause of the observed spatial and temporal characteristics
of dust. Identifying the process that makes the molecular emis-
sion clumpy is beyond the scope of this paper but it is very
likely linked to phenomena in the stellar photosphere. Local-
ized shocks related to convection (Schwarzschild 1975) are good
candidates to explain the observational features of some AGB
stars (e.g. Ohnaka et al. 2016; Haubois et al. 2015) and red su-
pergiants (e.g. Ohnaka et al. 2009). The episodic appearance of
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visual emission bands of AlO requiring shock excitation sup-
ports such an interpretation.

Link of the AlO emission to faint-maxima cycles?. The occur-
rence of emission in electronic bands of AlO in Mira is very rare.
It was reported for the first time in 1924. The first identification
of AlO bands was made by Baxandall (1928), who used spec-
tra of Joy (1926) (these authors assigned the features to Al2O3).
Emission was also reported for the 1964 maximum of Mira by
Keenan et al. (1969). The search for AlO emission in Mira was
continued by Kipper & Kipper (1979), but their observation of
the ∆3 = 0 sequence in 1978 did not reveal any emission12. Our
observational data add two more episodes of AlO emission to
the record.

The occurrences of AlO bands in emission were reported
to proceed cycles with fainter-than-average visual maxima
(cf. Fig. 7) which are rare. In the last century, maxima with
Vis. &4 mag occurred only 5−8 times: in 1924, 1976, 1978,
1984, 1998/99, and possibly also in 1912, 1913, and 1931 (the
photometric coverage is incomplete near these maxima). Emis-
sion was observed in 1924 over a few weeks (Keenan et al.
1969). Garrison (1997) observed Mira during most maxima in
1916−1997 and noticed that AlO emission appears in weak cy-
cles. Our 1998/1999 observation of the AlO emission also coin-
cided with a faint maximum. However, the 2007 observation of
the AlO emission event preceded a normal cycle. This raises the
question as to whether there is a direct correspondence between
AlO emission and faint maxima.

The existence of such a correlation would be very intrigu-
ing in the context of metal-oxide formation and variable dust
production of Mira. One possibility is that faint maxima occur
owing to enhanced dust production which would increase the
extinction and reduce the optical fluxes of the star. Alternatively,
some cycles may be dimmer due to increased production of TiO
and other metal oxides which constitute the main opacity source
in Miras and are directly responsible for their high-amplitude
light variations in the visual (Reid & Goldston 2002). However
the literature and our observations of AlO (and TiO) emission
show that there is no established direct link between the occur-
rences of molecular emission and faint maxima.

Here, we prefer an interpretation in which the emission
episodes in the electronic features of AlO and Al i are associated
with shocks which are stronger than average and were also pro-
posed to explain other inter-cycle phenomena in Mira variables
(e.g. Richter et al. 2003; Lopez et al. 1997).

5.4. Final words and prospects

The challenges in tracing gas-phase species important for dust
formation are identified in the current study. We have demon-
strated that the complex excitation of gas very near the stellar
photosphere − influenced strongly by repetitive, irregular, and
merging shocks − is the main obstacle in deriving abundances
and more sophisticated analysis tools are necessary to interpret
the data. A conclusive test of dust nucleation in stellar envelopes
is possible but it will require a substantial observing effort. In
particular, the most fruitful would be observations of a multi-
tude of spectral lines with the highest angular resolution (as af-
forded primarily with the most extended ALMA configurations)

12 Their spectral resolutions (dispersions of 24 and 12 Å/mm) might
have been too low to detect weak emission, especially when mixed with
an absorption profile.

conducted nearly simultaneously with IR/MIR interferometric
observations of dust features.
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Appendix A: Details of the APEX observations

A.1. The spectral setups

The spectral setups used in the APEX observations are listed in
Table A.1.

A.2. Spectral variability in the APEX data

Spectral variability of stellar sources at submm wavelengths
has been rarely reported in the literature. It has been convinc-
ingly shown for O-rich Mira variables, including o Ceti, but only
for maser species such as SiO (e.g. Gray et al. 1999) and OH
(Gerard & Bourgois 1993) and no convincing evidence has been
presented so far for other molecules. This is partially so, because
investigation of variability, especially at submm wavelengths, is
challenging for technical reasons. In particular, apparent inten-
sity changes can often be explained by imperfect focus, pointing,
and flux calibrations, uncertainties of which are usually difficult
to assess quantitatively. Our APEX observations do not have
those usual shortcomings. All the observations presented here
were obtained after applying focus calibration which was per-
formed on o Ceti using its bright CO emission. Similarly, point-
ing was calibrated on the Mira’s CO lines and it did not show de-
viations from the source position greater than 2′′ (usually much
less), which is insignificant compared to the telescope beam of
18′′ or 27′′ at our frequencies. Overall, the pointing model and
tracking performance at APEX was excellent in the years cov-
ered by our observations. We are confident these basic calibra-
tions do not affect the derived intensity of the spectral features.

The flux calibration can be tested directly in our observa-
tions. It can be safely assumed that the rotational transitions of
CO at 3 = 0, J = 2−1 and 3−2, covered in two different epochs
do not vary on the time scales of years (Cernicharo et al. 2014).
Taking the large size of the envelope producing these lines of
r ∼ 1016 cm and the corresponding wind crossing time of the
order of 105 yr, any short-scale change in Mira’s wind, e.g. due
to a potentially variable mass-loss rate, cannot effectively influ-
ence the total flux of those lines. Additionally, the lines arise in
gas that is collisionally excited and none of the main gas heating
terms can be significantly affected by stellar light variability for
these low-J lines. We can therefore use them as a benchmark for
relative-intensity calibration of the instrument at different dates.

The band centered at 229.8 GHz was observed in 2013 and
2015 using exactly the same configuration. The same sensitivity
levels were reached. This band covers the CO(2−1) line which
was observed at a signal-to-noise ratio (S/N) of 4700 (line peak
to rms noise level). The line profiles are identical in both spectra
and the line flux is consistent to within 1.12% on both dates.
Other lines covered in the spectrum were the CO(2−1) line at

3 = 1 and AlO N = 6 → 5. The two lines were not detected in
2013 but are definitely present in 2015. On the basis the excellent
consistency in the observations of the CO(2−1) line, the change
in the appearance of the CO 3 = 1 and AlO features in 2015 must
be due to the intrinsic source variability in those lines, where
both are expected to arise in the innermost envelope.

The band centered at 344.454 GHz was observed in the USB
in August 2013 and in the LSB in July 2014. The strongest
line covered by these spectra, CO(3−2), has a measured flux
1.07 times higher on the earlier date. Two other strong lines
covered, 29SiO(8−7) and SO(88–77), show very similar inten-
sity ratios, i.e. consistent to within 1% with what was measured
for the CO(3−2) line. The effect is therefore systematic and we
corrected the later spectrum by the calculated factor. (The most
likely source of this slight inconsistency is an error in the side-
band rejection factors of FLASH+, as the sideband was the only
different aspect in the instrumental configuration. A few % un-
certainty in the sideband ratio is well within the performance
specifications of FLASH+.) In the corrected spectra, the flux of
the maser emission of the SiO(8−7) 3 = 1 line decreases by a
factor of 2.1 from 2013 to 2014. This decrease is physical (cf.
Gray et al. 1999). For other weaker lines covered, including the
species of our interest, CO(3−2) at 3 = 1 and AlO N = 9 → 8,
the fluxes are consistent with the rms noise levels on the two
dates. We therefore combined the data to increase the S/N for
these weak lines.

Appendix B: Processing of the interferometric data
for the AlO 6→ 5 line

While processing the ALMA data for the AlO 6 → 5 transition,
we encountered a similar problem with the CLEAN procedure as
that described in detail in Wong et al. (2016, their Appendix B).
That is, we found significant differences in the depth and shape
of absorption features when processed in CLEAN with contin-
uum and after continuum subtraction. This data-processing prob-
lem is closely related to the relative distribution of the emis-
sion and absorption regions and their relative strengths. In our
work, we present only the data processed in CLEAN after con-
tinuum subtraction which have a better S/N and all absorption
features are deeper than in the data processed with the alter-
native method. The emission regions one beam size away and
farther from the strongest absorption feature appear exactly the
same after applying each of the processing schemes. Unlike in
Wong et al. (2016), where data of much higher S/N are ana-
lyzed and the processing procedure does not influence the data
interpretation, we do not analyze in detail the region within
2 R? because the two processing schemes may lead to different
interpretations.
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Table A.1. Log of APEX observations of Mira.

Frequency Central Noise rms Integr. Observation
setup frequency per 3.8 MHz time ON dates

(MHz) (T ∗A mK) (min)

HET230
TiO-222L 222 700.000 1.3 203.4 03,17,18,19,20-12-2013
vCO21-AlO 229 800.000 1.3 186.9 06,15,16,18,23-10-2013
vCO21-AlO 229 800.000 1.2 213.9 09,10,11,12-06-2015

FLASH+

AlO306_OSB 294 698.830 1.4 99.2 07, 08-07-2014
AlO306 306 700.000 1.4 99.2 07, 08-07-2014
AlO344_OSB 332 452.819 1.9 78.9 13, 14-08-2013
AlO344 344 454.000 1.8 80.4 13, 14-08-2013
AlO344TiO 344 454.000 1.7 84.8 30-06-2014; 01, 02, 06-07-2014
AlO344TiO_OSB 356 455.219 2.0 84.8 30-06-2014; 01, 02, 06-07-2014

AlO420_OSB 408 898.804 4.2 51.7 13, 14-08-2013
AlO420 420 900.000 10.5 51.7 13, 14-08-2013
AlOvCO458 458 020.000 5.1 27.3 14-08-2013
AlOvCO458_OSB 470 021.181 6.2 27.3 14-08-2013
AlO497_OSB 485 398.793 24.0 168.7 01, 02, 06, 07, 08-07-2014
AlO497 497 400.000 4.3 168.7 01, 02, 06, 07, 08-07-2014
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Appendix C: Optical spectra of Mira
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Fig. C.1. High-resolution optical spectra of Mira covering the resonance lines of Al i and Ti i. The date of observations and the corresponding
phase and visual magnitude are specified in the upper right corner of each panel. All spectra were normalized with high-order polynomials. The
pseudo-continuum in this spectral region is dominated by broad wings of the Ca ii doublet and the normalization partially removed its absorption.
The normalization was optimised to better illustrate the shape of the Al i lines and to limit the scale of the figure. The imperfect normalization
affects the apparent intensity ratio of the two lines of Al i. Some spectra were smoothed. Identification labels are shown for selected features at
their approximate locations.
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Fig. C.1. continued.
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Fig. C.2. High-resolution optical spectra of Mira covering the ∆3 = +2 sequence of the AlO B − X system. The AlO bands are marked with blue
labels. Locations of the identification markings are only approximate. The date of observation and the corresponding phase and visual magnitude
are specified in the upper reight corner of each panel. Some spectra were smoothed. Spectra from Narval are affected by an imperfect combination
of different echelle orders in the 4485−4495 Å range.
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T. Kamiński et al.: Al-bearing species in Mira

 4460  4470  4480  4490  4500  4510  4520  4530  4540  4550

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

F
e

 I

F
e

 I

F
e

 I

T
iO

 α
 (

5
,1

)  
R P

TiO α (6,2)

R2,P2,R1,P1

T
iO

 α
 (

7
,3

)  
R P

A
lO

 (
2
,0

)

A
lO

 (
3
,1

)

A
lO

 (
4
,2

)

2007-01-20 ϕ=0.89 Vis.=4.3
m

 4460  4470  4480  4490  4500  4510  4520  4530  4540  4550

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

F
e

 I

F
e

 I

F
e

 I

T
iO

 α
 (

5
,1

)  
R P

TiO α (6,2)

R2,P2,R1,P1

T
iO

 α
 (

7
,3

)  
R P

A
lO

 (
2
,0

)

A
lO

 (
3
,1

)

A
lO

 (
4
,2

)

2007-01-30 ϕ=0.92 Vis.=3.3
m

Fig. C.2. continued.

A42, page 39 of 90

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628664&pdf_id=25


A&A 592, A42 (2016)

 4460  4470  4480  4490  4500  4510  4520  4530  4540  4550

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

F
e

 I

F
e

 I

F
e

 I

T
iO

 α
 (

5
,1

)  
R P

TiO α (6,2)

R2,P2,R1,P1

T
iO

 α
 (

7
,3

)  
R P

A
lO

 (
2
,0

)

A
lO

 (
3
,1

)

A
lO

 (
4
,2

)

2007-07-30 ϕ=0.46 Vis.=8.5
m

 4460  4470  4480  4490  4500  4510  4520  4530  4540  4550

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

T
i  
I

F
e

 I

F
e

 I

F
e

 I

T
iO

 α
 (

5
,1

)  
R P

TiO α (6,2)

R2,P2,R1,P1

T
iO

 α
 (

7
,3

)  
R P

A
lO

 (
2
,0

)

A
lO

 (
3
,1

)

A
lO

 (
4
,2

)

2007-08-20 ϕ=0.52 Vis.=8.8
m

Fig. C.2. continued.

A42, page 40 of 90

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628664&pdf_id=26
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Fig. C.3. The same as Fig. C.2 but for the ∆3 = +1 sequence of AlO B − X. Spectra from Narval are affected by an imperfect combination of
different echelle orders in the 4665−46755 Å range.
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T. Kamiński et al.: Al-bearing species in Mira

 4820  4830  4840  4850  4860  4870  4880  4890  4900  4910  4920

Hβ

S
c
O

 B
-
X

T
iO

 α
 (

4
,2

)  
R P

A
lO

 (
0
,0

)

A
lO

 (
1
,1

)

A
lO

 (
2
,2

)

A
lO

 (
3
,3

)+
F

e
I

T
iO

 α
 (

5
,3

)

F
e
I

F
e
I

T
i  
I

2007-01-12 ϕ=0.86 Vis.=5.6
m

 4820  4830  4840  4850  4860  4870  4880  4890  4900  4910  4920

Hβ

S
c
O

 B
-
X

T
iO

 α
 (

4
,2

)  
R P

A
lO

 (
0
,0

)

A
lO

 (
1
,1

)

A
lO

 (
2
,2

)

A
lO

 (
3
,3

)+
F

e
I

T
iO

 α
 (

5
,3

)

F
e
I

F
e
I

T
i  
I

2007-01-20 ϕ=0.89 Vis.=4.3
m

Fig. C.4. continued.

A42, page 67 of 90

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628664&pdf_id=53


A&A 592, A42 (2016)

 4820  4830  4840  4850  4860  4870  4880  4890  4900  4910  4920

Hβ

S
c
O

 B
-
X

T
iO

 α
 (

4
,2

)  
R P

A
lO

 (
0
,0

)

A
lO

 (
1
,1

)

A
lO

 (
2
,2

)

A
lO

 (
3
,3

)+
F

e
I

T
iO

 α
 (

5
,3

)

F
e
I

F
e
I

T
i  
I

2007-01-30 ϕ=0.92 Vis.=3.3
m

 4820  4830  4840  4850  4860  4870  4880  4890  4900  4910  4920

Hβ

S
c
O

 B
-
X

T
iO

 α
 (

4
,2

)  
R P

A
lO

 (
0
,0

)

A
lO

 (
1
,1

)

A
lO

 (
2
,2

)

A
lO

 (
3
,3

)+
F

e
I

T
iO

 α
 (

5
,3

)

F
e
I

F
e
I

T
i  
I

2007-08-15 ϕ=0.51 Vis.=8.3
m

Fig. C.4. continued.

A42, page 68 of 90

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628664&pdf_id=54
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