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Evolved stars with band 5 — outline

Evolved stars 

• which? 
• what? 

… with SEPIA/band 5 

• spectral lines 
• spectral surveys 
• line polarisation 

… with ALMA/band 5 

• size scales 
• dust polarisation 
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Evolved stars at long wavelengths

• Gas 
• enrichment in e.g. s-process/r-process elements —> chemical evolution of galaxies  
• CO, HCN, C, SiO, H2O   

carbon chains, ions, metals, isotopes 

• Dust 
• key role in the formation of dust 

• Low-/intermediate mass 
• Red giant stars 
• Asymptotic giant branch (AGB) stars 
• Post-AGB stars 
• Planetary nebulae (PNe) 
 

• High mass  
• Red supergiant stars 
• Yellow hypergiant stars 
• Wolf Rayet stars 
• SN remnants



Evolved stars at long wavelengths

STEADY   STELLAR   WIND

Winds
AGB / RSG circumstellar envelope  (also YHG?)  

• dust budget 

• CO [not band 5] 
• mass-loss rate 
• T(r) 
• ρ(r) 

• chemistry in the                   inner,            intermediate,         outer                 wind regimes
dust, 
interaction?

parent 
species

ions, 
complexity



Evolved stars at long wavelengths

OH 231.8 +4.2 [AGB?], HST

• Post-AGB/PNe circumstellar environment 

• dust budget 
• gas chemistry 
• deviations from spherical symmetry 

• binarity  
• AGB stage: spirals (R Scl, LL Peg, …), bubbles (Mira), … 
• post-common envelope: jets (HD101584), … 

• magnetic fields  

• SN remnant 

• dust formation/destruction 
• gas chemistry (—> talk I. De Looze)

Winds

η Carinae, HST Boomerang Nebula, HST + ALMA Red Rectangle, Keck



Evolved stars with SEPIA/band 5
Lines

• H2O maser at 183.3 GHz  
—> talks E. Humphreys, A. Richards 

• SiO (J=4-3) 
• multiple v states 
• multiple isotopologues 
• maser in v > 0  

—> talk E. Humphreys 

>> simultaneous observations of H2O and SiO masers!!

W Hya



Evolved stars with SEPIA/band 5
Lines

• H2O maser at 183.3 GHz  
—> talks E. Humphreys, A. Richards 

• SiO (J=4-3) 
• multiple v states 
• multiple isotopologues 
• maser in v > 0  

—> talk E. Humphreys 

>> simultaneous observations of H2O and SiO masers!!

Humphreys et al., in prep.

200 A. M. S. Richards

Figure 1. The inset shows the stellar disc of VX Sgr, resolved at 2µm by Chiavassa et al. (2010)
overlaid with SiO masers mapped by Chen et al. (2006). The larger-scale structure traced by
H2O (Murakawa et al. 2003) and OH masers is shown on the left. The angular separation of the
H2O and OH masers from the assumed stellar position, as a function of VLSR , is shown on the
right.

2. The origin and acceleration of stellar winds

2.1. Acceleration

Bowen (1988) modelled the AGB mass loss process initiated by the levitation of material
by stellar pulsations, to the point where dust forms and radiation pressure on grains
accelerates the wind away from the star, imparting momentum to the gas by collisions.
However, Woitke (2006) cast doubt on whether silicate-based grains could form close
enough to the star for this process to be effective in O-rich stars. IR interferometry (e.g.
Danchi et al. 1994) showed the inner rim of the silicate dust shell is typically at ! 5
stellar radii (R⋆). The dust must form promptly, since the collision rate is too slow for
grains to grow outside this radius, but Chapman & Cohen (1986) found that the wind
traced by all maser species accelerates gradually out to ∼ 100R⋆ in VX Sgr (Fig. 1). This
was also seen for e.g. S Per (Richards et al. 1999a), IK Tau, RT Vir, U Her and U Ori
(Bains et al. 2003). The wind is accelerated through escape velocity as it traverses the
H2O maser shell (Yates & Cohen 1994) and larger shells have higher velocities but follow
a similar gradient, Fig. 2. Herschel results also provide evidence for gradual acceleration.
Lines from higher excitational states, emanating from closer to the star, have narrower
velocity widths than those produced under cooler conditions (Decin et al. 2010).

2.2. Maser beaming

The position and size of individual maser spots is measured by fitting 2-D Gaussian
components, uncertainty proportional to (beamsize)/(signal-to-noise ratio), and hence
can achieve sub-mas (often sub-AU) accuracy for bright masers. The measured size is
often much smaller than the true size of the emitting region. The spots often form series,
with a Gaussian spectral profile and systematic position increments. If the spot positions
are spatially resolved (as is the case for MERLIN observations of 22-GHz H2O masers)
the total extent of such features represent the physical size of maser clumps. In such
cases, (component size)/(feature size) gives a direct estimate of the maser beaming angle
(Strelniskii these proceedings; (Richards et al. 2011)). The arrangements of components
within clouds can sometimes be traced from epoch to epoch in proper motion studies
(Richards et al. 1999b; 2012), twisting and distorting at approximately the local sound
speed.

VX Sgr  
Richards et al., 2012 

“Cosmic Masers — from OH to H0”



Evolved stars with SEPIA/band 5
Lines

• H2O maser at 183.3 GHz  
—> talks E. Humphreys, A. Richards 

• SiO (J=4-3) 
• multiple v states 
• multiple isotopologues 
• maser in v > 0  

—> talk E. Humphreys 

>> simultaneous observations of H2O and SiO masers!!
• traced throughout outflow 

• physical conditions 
• dynamics 
• magnetic field: strength and morphology 

• ALMA needed for imaging at high angular resolution  

• Oxygen isotopes:  17O/18O gives initial mass for AGB stars   (Karakas & Lugaro, 2016; Cristallo et al., 2015) 
• R Dor:  1.3 - 1.4 Msun   (De Beck et al., in prep.; J = 4-3, … , 8-7)



Evolved stars with SEPIA/band 5
Lines

• HCN (J=2-1; v=0,1) 
• HCN around all chemical type AGB stars 

brightest for C-type 
    —> talk K. Menten  

• individual stars: 
adding low-excitation constraints for RT models, e.g. R Scl 
       (Saberi et al., 2017, A&A, in press) 

• CN/HCN constrains stellar UV field strength —> age of PNe 

• HNC at 181.3 GHz

Fig. 6. Line emission of H13CN towards R Scl (black) overlaid with the
best-fitting model (blue) which has values of f0 = 1.9 ⇥ 10�6 and R

e

=
2.0 ⇥ 1015 cm. Molecular transitions and the telescope used to get data are
written in each panel. The H13CN(4-3) ALMA spectrum is extracted with
200 beam size.

Fig. 7. Comparison between the average of integrated intensities
of the H13CN(4-3) at radial o↵set positions with best-fitting model
which has values of f0 = 1.9⇥10�6 and R

e

= 2.0⇥1015 cm. The grey
region shows 1 � confidence level for R

e

.

lope with less abundance to fit the spatially-resolved H12CN(1-0)
ATCA observations, while they can not fit the single-dish spectra
using the same condition (see figures 7 and 8 in W04).

A possible explanation for this discrepancy might be the
spherically symmetric molecular distribution considered in our
models, especially considering R Scl is known to have a binary
companion whose influence gives rise to the spiral pattern ob-
served in CO (Maercker et al. 2012). Constraining this asymme-
try in the inner wind is, with the currently available observations,
not yet possible. However, while the asymmetry could a↵ect the
derived abundances, it does not a↵ect our determination of the
isotopologue ratio, which is the main aim of this work.

6.2. Asymmetry in the CSE

Our modelling is based on assuming a spherically symmetric en-
velope around R Scl. This is a first order approximation, and the
east-west asymmetry in the CSE as seen in Fig. 1 possibly due

Fig. 8. Line emission of H12CN towards R Scl (black) overlaid with the
best-fitting model (blue). Molecular transitions and the telescope used
to get data are written in each panel. Second peaks in J =2-1, 3-2, 4-3
transitions are due to maser emission in the (011c0) vibrational state.

Fig. 9. Comparison between four �2
red

maps derived using the intensities
of H13CN(4-3) at radial o↵set positions towards the east, west, north and
south. The min �2

red

values and the number of observational constraints
that are used in the calculations are written in each panel.

to the binary companion is not taken into account. Indeed, we
are not able to precisely constrain the additional free parame-
ters required to fully describe the physical condition such as the
molecular distribution profiles from the available data. To find
out the e↵ect of this asymmetry in determining the adjustable
parameters, we calculate the �2

red

statistic in four directions from
the central star. As seen in Fig. 9, �2

red

in west, north and south
lead to approximately the same range of adjustable parameters,
while the contour map from the east shows a larger R

e

, which is
expected to be due to the elongation of the molecular gas towards
the east as seen also in Fig. 1.

The east-west elongation of the molecular distribution could
also be an explanation of the underestimate of the lower-J HCN
emission. Assuming that the lower-J transitions are predomi-
nantly excited in the more extended aspherical region, a spheri-
cal symmetric model will either overestimate the lower-J transi-
tions when adopting the large R

e

found in the east-west direction,
or underestimate them when adopting a smaller average R

e

.

6

R Scl, carbon-rich 
Saberi et al. (2017, in press) 

II Lup, high mass-loss rate, carbon-rich 
De Beck et al. (in prep.) 
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JKa,Kc = 11,0 - 10,1 

———— H232S     ———— H234S 

Danilovich et al.,in prep.

Evolved stars with SEPIA/band 5
Lines

• ions, e.g. HCO+ 

• carbon chains, e.g. HC3N, C2H  

• CS 
 
H2S    —> talk T. Danilovich  
> parent species, i.e. close to AGB star 
> high mass-loss rate (>10–6 Msun/yr) 
> 168.8 GHz line best tracer  
> chemistry?  
   ALMA (band 5) essential for spatial information  



Evolved stars with SEPIA/band 5
Lines

• H2S 
>  … AGB … 
 
> HD 101584, post-AGB, post-common envelope  
   ALMA —> 12CO, 13CO, H232S, H233S, H234S
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Olofsson et al., 2015, A&A, 576, L15

———— H232S    ———— H232S     ———— H234S 

Olofsson et al.,in prep.

JKa,Kc = 11,0 - 10,1 
168.8 GHz

JKa,Kc = 11,0 - 10,1 
168.8 GHz

JKa,Kc = 22,0 - 21,1 
216.7 GHz

JKa,Kc = 33,0 - 32,1 
300.5 GHz



15The Messenger 165 – September 2016

head compressor installed. The integrity 
of the whole system was tested and the 
alignment of the optics was verified with 
small nitrogen-cooled absorbers.

Sky commissioning
A number of on-sky tests have to be 
 conducted before a new instrument can 
be offered for observing time. By tuning 
Band 5 every 0.5 GHz, we confirmed  
that the whole tuning range from 157.36–
211.64 GHz is accessible. Observing 
strong water masers as part of the Sci-
ence Verification, Humphreys et al. (in 
prep), determined the sideband suppres-
sion level to be 17.7 dB from comparing 
the water line in the upper sideband to  
its ghost line in the lower sideband. From 
a preliminary analysis of planet obser-

vations (for Jupiter, Uranus and Mars), we 
determined an average main beam effi-
ciency ηmb = 0.68 at 208 GHz, corre-
sponding to a Jy/K conversion factor of 
38. A more detailed analysis, examining 
the frequency dependence over the 
entire band, will be published in Belitsky 
et al. (in prep), and the resulting values 
will be given on the APEX webpage3.

Pointing and focus observations at  
APEX are conducted towards compact 
sources with either strong continuum  
or line emission. For the other APEX het-
erodyne instruments, these observations 
are often done in the main transitions  
of the CO molecule. Since the Band 5 
frequency range does not contain a CO 
transition (Table 1), we had to find sources 
that strongly emit in other molecular 
 transitions. We chose evolved stars that 
are bright in HCN or SiO. After testing 

their quality as pointing sources, we con-
structed a pointing catalogue which 
 covers the whole local sidereal time (LST) 
range. The positions of the sources are 
plotted in Figure 4. The pointing sources 
are being used to compile a good point-
ing model for Band 5 (more details will  
be provided in Belitsky et al., in prep.). 
With this receiver, pointing accuracies of 
2.5 arcseonds are achieved.

Recalibration of Band 5 data

The online calibration of spectral line 
observations at the APEX telescope is 
based on SKY-HOT-COLD calibration 
scans immediately before the spectral 
line data are taken. During these scans, 
observations of blank sky, a hot load  
at ambient temperature and a cold load 
at liquid nitrogen temperature are con-
ducted. From the HOT and COLD signal, 
the online calibrator determines the 
receiver temperature. From the SKY 
phase, it calculates the sky temperature, 
correcting for spillover and forward effi-
ciency. Based on the elevation of the 
SKY observations and a sophisticated 
atmospheric model (ATM: Pardo et al., 
2001), the opacity in image and signal 
band is determined.

 In the online calibration, only one opacity 
value is calculated for the whole 2.5 GHz 
sub-band. This is sufficient if the atmos-
pheric opacity is reasonably flat. How-
ever, in Band 5, due to the water absorp-
tion of the atmosphere, this approach is 
insufficient for observations close to 
183.3 GHz. This type of data needs to be 
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Figure 3. SEPIA Band 9 H2O spectrum of AH Sco at 
658 GHz (Baudry et al., in prep.).
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Figure 4. Local Siderial 
Time (LST) distribution 
of Band 5 pointing 
sources (HCN [blue], 
SiO [red] and continuum 
[green]). The size of 
each symbol is propor-
tional to the logarithm  
of the integrated flux 
(K km/s). The dotted line 
indicates the latitude of 
the APEX telescope.

Pointing sources in HCN (J=2-1) and/or SiO(v=0,1,2; J=4-3)  
—> 2.5” accuracy

Evolved stars with SEPIA/band 5
Lines

Immer et al. (2016), ESO Messenger 165



Evolved stars with SEPIA/band 5
Spectral surveys

• unbiased coverage —> towards full inventory of circumstellar gas  
 

• cover gap between IRAM/EMIR receivers E1 and E2 (184 - 202 GHz)  
e.g. SO2, SiO isotopologues, PN, PO, C4H, CS, SiS  
 

• AGB stars 

• R Dor [OSO; P.I. H. Olofsson; P95; 9hrs] — ~70 lines  (~300 in full range)  
II Lup [OSO; P.I. E. De Beck; P98; 5hrs]  
upcoming: sample covering different 

• chemical types (3M, 1S, 3C-type) 
• density regimes 
• P.I. T. Danilovich [ESO; P99; 36hrs]  

P.I. E. De Beck [OSO; P99; 41hrs]
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Evolved stars with SEPIA/band 5
Polarisation

… of molecular line emission 

• pumping mechanism of masers 
• magnetic field strength 

… of dust emission  

>>> ALMA
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Evolved stars with ALMA/band 5
Size scales

1” = 300 AU at 300 pc  
    ~ 100-300 R* 

ALMA has previously resolved the  
stellar surface of the AGB star Mira 

Vlemmings et al., 2015, A&A, 577, L4 
Matthews et al., 2015, ApJ, 808 

Approximate angular scales in band 5 

• ACA 
• resolution: 6 - 8” 
• MRS: 30” - 45”    [most of the CSE] 

• 12m array 
• 16 km max baseline with angular resolution:  0.020 - 0.035” [(sub-)stellar scales for d < 300pc]
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• H2O maser at 183.3 GHz —> talk A. Richards 
SiO J=4-3 
HCN J=2-1, v=0,1  
H2S 
…   
e.g. cherrypicking from spectral scans 

Resolvable at high angular resolution 
• dynamics, kinematics 
• morphology 
• constrain T(r), ρ(r), v(r), radiation field 
• variability 
• abundances on AU scales —> chemical networks

Evolved stars with ALMA/band 5
Lines



Evolved stars with ALMA/band 5
Polarisation

Band 5 SV data  
VY CMa, red supergiant 
ALMA: SiO (J=4-3) & continuum 
~ 0.25” x 0.5” resolution 
Vlemmings et al., in prep.  

Constraints on 

• Magnetic fields 
• Dust grain properties

… of dust emission… of line emission

 —> talk W. Vlemmings 



Evolved stars with band 5 — summary
• Gas  —  APEX & ALMA 

• efficient full-band scans (8 settings, 0.5GHz overlap) 
• simultaneous coverage of H2O, SiO masers 
• HCN, H2S, carbon chains, … 
• down to (sub-)stellar scales for nearby objects 
• abundance structure at high resolution —> chemical networks 
• magnetic field strength & structure 

• Dust  —  ALMA 

• Polarisation 
• magnetic field  

• strength & morphology 
• role in wind acceleration and shaping (also PNe!) 

• dust grain properties


