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A. Goals:

(i) Morpho-Kinematical and Chemical properties of the winds

(ii) Density Structures / Wind Structures

(iii) Reciprocal Dynamical and Chemical Properties of the Winds

(iv) Gas — Dust phase change

(v) Chemical Pathways

B. Specications:

14 AGBs and 3 RSGs → 12 oxygen rich AGBs, 3 oxygen rich RSG, and 2 S-type AGBs

6 Pulsation types

• 27 GHz wide homogeneous spectral line surveys

• ∼50 antennas

• 3 congurations of the ALMA array: Compact (∼1′′), Mid (0.20′′), and Extended (25 - 50 mas)

• MAS: ∼25 mas — 8′′

Cycle 6

Alotted time: 113 hours

Band 6 (214− 270GHz)

Spectral resolution 1.3 km/s

Sensitivity 1.5− 5mJy/beam

Angular resolution 50 mas—10′′

Carl Gottlieb

17 April 2024

1 CGOTTLIEB@CFA.HARVARD.EDU
2 The atomium team consists of about 45 scientists: most are in Europe except 4 in the US.
3 The exact link depends on which region you are in as it points to the local archive mirror.
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C. Background:

C.1: The example of the Mira variable IKTau Abridged Reference list

Reference Angular Frequency

Resolution Band

SINGLE ANTENNA:

Kim et al. (2010) 18′′ − 20′′ 7

Decin et al. (2010) 10′′ − 25′′ 6 & 7

De Beck et al. (2013) 16′′ − 26′′ 6 & 7

SMA:

De Beck et al. (2013) 0.9′′ 7

ALMA:

Decin et al. (2017) 150 mas 7

Decin et al. (2018) 150 mas 7

VLT/SPHERE-ZIMBOL:

Adam & Ohnaka (2019) 20 - 30 mas & 646 nm

References:

Kim et al. (2010)

Decin et al. (2010)

De Beck et al. (2013)

Decin et al. (2017, 2018)

Adam & Ohnaka (2019)

Foundational:

RDor and IKTau in Band 7 (335− 360GHz) Decin et al. (2017, 2018)

ATOMIUM:

Overview: Gottlieb et al. (2022)

General summary: Decin et al. (2022)

VLT/SPHERE: Montargès et al. (2023)



3
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Figure 1. Gallery of AGB winds derived from the channel maps of the 12CO J = 2 → 1 emission in
the 14AGB stars and 3RSG stars observed in atomium which is separated into three velocity intervals.
Emission that is redshifted with respect to the LSR is in red, blueshifted emission is in blue, and emission
centered on the systemic velocity is in white. The scale bars denote an angular extent of 1′′.

A. Method:

The prevailing wind morphology of each star was the classied in a stepwise approach

described in the Supplementary Materials in Decin et al. (2020)

B. Observation: (Decin et al. 2020)

• Observed morphologies are best described as: Spiral-like, Bipolar, or an EDE/Disk

• Morphologies of the AGB stars mirror the shape(s) of the PNe

C. Hypothesis: (Sub)stellar companions shape the winds of evolved stars

C.1 Hydrodynamical simulations:

(El Mellah et al. 2020; Maes et al. 2021; Malfait et al. 2021; Esseldeurs et al. 2023)

Binary separation, wind velocity, companion mass

C.2 In-depth studies of the morphology:

(i) S-type star π1Gru (Homan et al. 2020)

(ii) Semiregular variable RHya (Homan et al. 2021)
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Figure 2. Upper: Schematic diagram illustrating the steps entailed in classifying the morphologies of the
atomium sources by Decin et al. (2020). Lower: Diagram illustrates the evolution of the wind morphology
during the AGB phase.



5Chemistry:

A. General

Wallström et al. (2024) : 24 molecules, ∼300 rotational lines, ∼30 lines unassigned

Source Ubiquitous SO, SO2 S bearing H2O, OH Dust precursors Halides

Semiregular variable stars:
R Dor CO, HCN, SiO SO, SO2 SiS, CS H2O, OH · · ·, TiO, AlO, AlOH, TiO2 AlCl

U Del CO, HCN, SiO H2O

V PsA CO, HCN, SiO SO, SO2 H2O

T Mic CO, HCN, SiO SO, SO2 CS H2O, OH PO, TiO, AlO

S Pav CO, HCN, SiO SO, SO2 H2O, OH PO, TiO, AlO

Mira variable stars:
R Hya CO, HCN, SiO SO, SO2 CS H2O, OH PO, TiO, AlO

U Her CO, HCN, SiO SO, SO2 SiS, CS H2O, OH PO, TiO, AlO, AlOH AlF

R Aql CO, HCN, SiO SO, SO2 H2O, OH PO, TiO, AlO

GY Aql CO, HCN, SiO SO, SO2 SiS, CS, H2S H2O PO, TiO, AlO, AlOH AlCl

IK Tau CO, HCN, SiO SO, SO2 SiS, CS H2O, OH · · ·, TiO, AlO, AlOH, TiO2 NaCl

OH/IR stars:(b)

RW Sco CO, HCN, SiO SO, SO2 SiS, CS H2O PO

IRC-10529 CO, HCN, SiO SO SiS H2O PO, TiO, AlO, AlOH KCl, NaCl, AlF

IRC+10011 CO, HCN, SiO SO, SO2 SiS H2O PO, TiO, AlO, AlOH KCl, NaCl, AlF

Long period variable LPV:
SV Aqr CO, HCN, SiO SO, SO2 H2O

S-Type stars:
π1 Gru CO, HCN, SiO SiS

W Aql CO, HCN, SiO SiS, CS [CN, HCCCN, SiN, SiC, SiCC ](a) AlCl, AlF

Red supergiants RSG:
AH Sco CO, HCN, SiO SO, SO2 SiS, CS, H2S H2O, OH PO, TiO, AlO, AlOH AlF

KW Sgr CO, HCN, SiO SO H2O

VX Sgr CO, HCN, SiO SO, SO2 SiS, CS, H2S H2O, OH PO, TiO, AlO, AlOH, TiO2 AlF, NaCl ?
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Figure 3. The Table lists the number of rotational lines that were detected in each molecule in the
17 atomium sources. The sources are listed in order of increasing mass loss rate (Ṁ). The Table
does not include molecules which were identied in only a single source (Wallström et al. 2024).

B. Outowing Wind:

Tom Millar (Queens Univ. Belfast UK), Marie Van de Sande (Leiden NL)

References:

Van de Sande & Millar (2022) Aect of UV radiation from a stellar companion on the abundances

of carbon bearing and oxygen bearing species in outowing winds

Maes et al. (2023) Abundances of 12 parent species in oxygen rich sources, and 13 species

in carbon rich sources as a function of temperature & density in the

outowing winds



7C. Constraints on the physicochemistry of the Inner Wind

C.1 Observations:

TiO and OH maps (see Fig. 6)

TiO + OH → TiO2 Plane (2013)

Abundance ratios:

OH/H2O ∼ (0.7− 2.8× 10−2) Baudry et al. (2023)

OH/TiO ∼ (1× 103 − 1× 104) Baudry et al. (2023); (This work)

TiO ∼photospheric abundance at r . (2− 3)R? in RDor

(Danilovich et al. 2020)

Column densities general:

TiO/OH ratio: Comparable in 2 SRs (RDor & SPav) & 2Miras (RHya & RAql)

TiO and AlO: Comparable in RDor, RHya, and RAql

AlO/TiO . 3 This work

AlOH/AlO ∼3 in RDor This work (sensitive to H/H2 ratio, Gobrecht et al. 2022)

Figure 4. Spectrum of R Hya in Cube 10 observed in the Extended conguration. Present in the spectrum are

lines of: AlOH J = 8 − 7 + TiO v = 1 3
∆1 J = 8 − 7; SO (v = 0) N, J = 6, 5− 5, 4; 29SiO (v = 3) J = 6− 5;

OH (v = 0) 2
Π3/2 J, F = 29/2, 14−29/2, 14; OH (v = 0) 2

Π3/2 J, F = 29/2, 15−29/2, 15; H2O (100−020) 74,3−85,4;
30SiO (v = 1) J = 6− 5; SO2(v = 0) JKa,Kc

= 324,28 − 315,27; SO2(ν2 = 1) JKa,Kc
= 152,14 − 151,15;

34SO (v = 0) N, J = 6, 6− 5, 5; TiO (v = 2) 3
∆2 J = 8− 7; TiO (v = 0) 3

∆1 J = 8− 7; and SiO (v = 4) J = 6− 5.
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Figure 5. Vibrational temperature (VT) diagram of TiO derived from observations of R Hya in the Extended

conguration extracted with an aperture of 80mas diameter. The VT diagram was constructed with lines of TiO in

the N = 7− 6 and 8− 7 transitions observed in spw 02, 03, 10, and 11. The rotation-vibration partition function (Z)

of TiO at Tvib is from McKemmish et al. (2019, and references therein).

Figure 6. Moment 0 maps of TiO (left) and OH (right) observed in R Hya (R? = 23mas) in the extended
conguration and extracted with an aperture of 20 mas. The maps were computed from the combined
dataset (Decin et al. 2022). The white contours are 3, 10, and 30 times the noise in the integrated intensity
maps. The J = 8− 7 transition in the 3

∆1 state of TiO at 253,229.033 MHz is 22 MHz higher in frequency
than the much weaker NJ = 66 − 55 transition of 34SO at 253,207.017 MHz (see Fig. 4).



9

C2. Chemistry

John Plane (Leeds UK)

Plane (2013)

Plane & Robertson (2022)

David Gobrecht (Gothenburg Sweden)

Gobrecht et al. (2022) Al2O3 clusters in RDor: AlO + H2 ←→ AlOH + H; H/H2 ratio

Gobrecht et al. (2023) Mg and Ca aluminate clusters: MgAl2O4 and CaAl2O4

AlOH/AlO ratio predicted by Gobrecht et al. (2022) is comparable to the (revised) measured ratio

(This work).

C3. Gas-Dust interaction

Shown here are the images of the dust observed with VLT/SPHERE by Montargès et al. (2023)

in SPav and RAql on this page, and RHya in Fig. 8. A detailed comparison of the TiO emission

observed in atomium with these images of the dust is in progress (This work).

Figure 7. DoLP (degree of linear polarization) of the dust in SPav (R? = 6mas) and RAql (R? =
6mas) observed at an angular resolution of 25−30 mas with VLT/SPHERE-ZIMBOL by Montargès
et al. (2023). The observations of the dust here, the one in RHya in Fig. 8 also by Montargès et al.,
and prior onbservations by others establish that dust formation occurs at very specic sites in the
inner wind. The dashed circles refer to the distances of 20R? and 10R? from the star. The white
contours correspond to the 5 σ level of the DoLP.
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Figure 8. See the Fig. 7 caption. The scales in the two plots are similar, but they are not identical:
20R? in the Lower plot is ≈230mas in the Upper plot.
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C3.1 The Sloan-Price Silicate Dust index (SE) (Sloan & Price 1995, 1998)

The parameter β in the velocity law (Lamers & Cassinelli 1999)

v(r) = v0 + (v∞ − v0)
(

1−
rdust

r

)β

(1)

is empirically constrained, although β has some theoretical support (see Sect. 5.1 in Gottlieb et al. 2022, and

references therein). The dust condensation radius (rdust) is 2 − 3 R? in most of the stars in the atomium

survey. The only exceptions are UDel (rdust = 5.1 R?); and IKTau with either rdust = 6.3 R? in Decin et al.

(2018), or rdust = 8.6 R? in Gottlieb et al. (2022). The possible connection between the velocity parameter

β and the composition of the dust in the inner wind (via the SE index) had been considered previously (see

Höfner & Olofsson 2018; Decin 2021, and references therein), and is discussed in some detail.

This work: SE ≤ 2 and β ≤ 1 in RDor, TMic, SPav, and RHya.
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Figure 9. The Plots and the Figure captions are from Egan & Sloan (2001).
Left: Sample spectra for classic silicate emission (top), structured silicate emission (middle), and broad
oxygen-rich dust emission (bottom). In each panel, the open circles refer to the total spectrum (star +
dust), the dashed line is the tted stellar continuum, and the lled circles refer to the dust emission after
subtracting the stellar continuum. The shaded vertical bars indicate the wavelengths used to determine the
ux ratios F10/F12 and F11/F12.
Right: Flux ratios from the dust obtained after subtracting an estimated stellar contribution for the brightest
sources in the AGB sample in Sloan & Price (1998). The derived ux ratios dene the Silicate Dust Sequence

(SE).
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