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1. Introduction 

Orion Nebula 

Betelgeuse 

Mg2SiO4 

* 97% of all stars evolve through  
  (super)giant phase 

    
 * old giant stars: lose mass via stellar wind 
                                 

 * wind: molecules (>70) + dust (>15) 
              à unique chemical laboratories 
 p.2 

Orion Nebula 

    
  
 
 
 
 
 
 



1. Importance (super)giant stars 
 ✓most important sources for enrichment ISM 

 ✓dynamically quite `simple’ 
    molecules + dust 

astrochemistry in giant winds à more complex systems 
p.3 

gas dust 
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1. Stellar wind: from micro-scale chemistry to macro-scale dynamics 
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2. Ingredients 

A. Observations 

B. Chemistry 

C. Theoretical models 

p.5 



2. Ingredients: Observations 

2009-2013 

2011-… 
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2. Ingredients: Role of Herschel 

→ 12 molecular line transitions: ~40hr  

Decin et al. 2010 

APEX HERSCHEL 

→ 930 molecular line transitions: 2hr  
    

Royer,Decin et al. 2010 

2009-2013 

>50 targets p.7 



? ? 
atoms        molecules        clusters        dust grains 

         O-rich giants 
silicates: MgSiO3, Mg2SiO4 
alumina: Al2O3 
silica: SiO2 nucleation condensation 

-high abundance 
-high bond energy 

              X 
-no stable cluster 
-nucleation rate too low 

low abundance 

2. Ingredients: Chemistry: from atoms to molecules and grains 
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? ? 
atoms        molecules        clusters        dust grains 

         O-rich giants 
silicates: MgSiO3, Mg2SiO4 
alumina: Al2O3 
silica: SiO2 nucleation condensation 

Goumans et al. 2012 

SiO 
Si2O2 

(MgSiO3)2 
bottleneck 

TiO2 
TiO 

Al2O3 
AlO MgO 

SiO2 
SiO 

-high abundance 
-high bond energy 

              X 
-no stable cluster 
-nucleation rate too low 

low abundance 

BUT: 
-  new SiO vapour 
   pressure 
   measurements 
    (2006,2013) 
-  details nucleation 
   not yet understood 

2. Ingredients: Chemistry: from molecules to grains 
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Gibbs free energy 

Si,Mg,O,H 

SiO →  

→ Mg2Si2O6 

enstatite dimer Mg2Si2O6 

crucial role of H2O 

Goumans et al. 2012 

2. Ingredients: Chemistry: from molecules to grains 
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SiO 

bottleneck 

Si2O2 



2. Ingredients: Theoretical models 

I. Radiative transfer models 

dIν/dτν = Sν - Iν  

à need collisional rates, Einstein coefficients, temperature, density, … 

10-13 

10-10 

10-7 

10-4 
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2. Ingredients: Theoretical models 

I. Radiative transfer models dIν/dτν = Sν - Iν  

II. Chemical network 

A + B → C + D 
 
 
 

k(T) 

p.11 

à Dominant chemical pathways 



2. Ingredients: Theoretical models 

I. Radiative transfer models dIν/dτν = Sν - Iν  

II. Chemical network 

III. (Magneto-)hydrodynamical models 

conservation of mass, momentum, energy à temperature, velocity, density 

p.12 



3. Some Herschel results 

✓CO, H2O, HCN, SiO, OH, SiS, C2H, …  
✓Mg2SiO4, … 

p.13 



3. Some Herschel results: H2O 

✓CO, H2O, HCN, SiO, OH, SiS, C2H, …  
✓Mg2SiO4, … 

tracer of all chemical processes in wind 
p.13 



3. Some Herschel results: H2O 

H2O in oxygen-rich winds (C/O<1) 

H2O in carbon-rich winds (C/O>1) 

p.14 



3.1. H2O in oxygen-rich winds 

à Gas-dust interaction 

p.15 



3.1. H2O in oxygen-rich winds 

Lombaert et al. 2013 

high mass-loss rate: OH/IR 127.8+0.0 
Example 1 

p.16 



3.1. H2O in oxygen-rich winds 

PACS data 
low dust-to-gas, high water abundance 
high dust-to-gas, low water abundance 
 
 
 
 

Lombaert et al. 2013 water abundance p.17 



3.1. H2O in oxygen-rich winds 

PACS data 
low dust-to-gas, high water abundance 
high dust-to-gas, low water abundance 
 
 
 
 

Lombaert et al. 2013 

water-ice 
n(H2O-ice) à nmin(H2O-gas) 
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3.1. H2O in oxygen-rich winds 

PACS data 
low dust-to-gas, high water abundance 
high dust-to-gas, low water abundance 
 
 
 
 

Lombaert et al. 2013 

water-ice 
n(H2O-ice) à nmin(H2O-gas) 

water abundance p.17 



3.1. H2O in oxygen-rich winds 

PACS data 
low dust-to-gas, high water abundance 
high dust-to-gas, low water abundance 
 
 
 
 

Lombaert et al. 2013 

water-ice 
n(H2O-ice) à nmin(H2O-gas) 

efficiency ice formation? 

p.17 



3.1. H2O in oxygen-rich winds 

efficiency ice formation? from OH maser 
 

H2O      OH+H 

OH maser 
shell 

H2O ice 
condensation 

25-50% 

p.18 



         O-rich giants 
silicates: MgSiO3, Mg2SiO4 
alumina: Al2O3 
silica: SiO2 

? ? 
atoms        molecules        clusters        dust grains 

nucleation condensation 

Goumans et al. 2012 

SiO 
Si2O2 

(MgSiO3)2 

TiO2 
TiO 

SiO2 
SiO 

high abundance 
high bond energy 

3.2. H2O in oxygen-rich winds 

Example 2 

p.19 



3.2. H2O in oxygen-rich winds 

Gibbs free energy 

Si,Mg,O,H 

SiO →  

→ Mg2Si2O6 

enstatite dimer Mg2Si2O6 

crucial role of H2O 

Goumans et al. 2012 

p.20 



3.2. H2O in oxygen-rich winds 

Betelgeuse: Mdot ~ 2x10-6 Msun/yr 
 

NML Cyg: Mdot ~ 1x10-4 Msun/yr 
 

VY CMa: Mdot ~ 3x10-4 Msun/yr 

Role of H2O 

p.21 



3.3. H2O in carbon-rich winds 

      Formation of warm H2O-vapour in the sooty outflow of giant stars 

p.22 



3.3. H2O in carbon-rich winds 
Decin et al. 2010, Nature; Neufeld et al. 2011 

data 
inner wind origin (T<1500K) 
intermediate wind origin (T<150K) 
outer wind origin (T<40K) 

Melnick et al. 2001, Nature 

p.23 
CW Leo – most nearby C-rich AGB 



3.3. H2O in carbon-rich winds: Origin? 

à solving chemical network: no water O 
CO 

H2O 
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region wind 

Before Herschel: origin (cool) water vapour 
 

(1) R>15 R*: sublimation of icy bodies (Melnick et al. 2001) 
(2) R>15 R*: grain surface reactions (Fischer-Tropsch catalysis, Willacy 2004) 
(3) R>150 R*: radiative association O+H2 (Agúndez et al. 2006) 

SWAS 

old non-TE 
predictions 
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à solving chemical network: no water O 
CO 

H2O 

10-13 

10-10 

10-7 

10-4 
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region wind 

! 

After Herschel: origin warm water vapour 
 

old non-TE 
predictions 

retrieved 
from Herschel 

3.3. H2O in carbon-rich winds: Origin? 
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à solving chemical network: no water O 
CO 

H2O 

10-13 

10-10 

10-7 

10-4 
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region wind 
After Herschel: origin warm water vapour 
 

! 

(1) penetration of UV photons in clumpy wind 
    àphoto-dissociation of CO, SiO: free O 
    àreaction with H2: creation OH and H2O 
      (Decin et al. 2010, Agúndez et al. 2010) 

old non-TE 
predictions 

retrieved 
from Herschel 

3.3. H2O in carbon-rich winds: Origin? 
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à solving chemical network: no water O 
CO 

H2O 

10-13 

10-10 

10-7 

10-4 
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region wind 
After Herschel: origin warm water vapour 
 

! 

Decin et al. 2011 

old non-TE 
predictions 

retrieved 
from Herschel 

(1) penetration of UV photons in clumpy wind 
    àphoto-dissociation of CO, SiO: free O 
    àreaction with H2: creation OH and H2O 
      (Decin et al. 2010, Agúndez et al. 2010) 

3.3. H2O in carbon-rich winds: Origin? 
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Herschel/PACS 



à solving chemical network: no water O 
CO 

H2O 

10-13 
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10-7 
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region wind 
After Herschel: origin warm water vapour 
 

clumpy wind 
model 

new non-TE 
predictions 

old non-TE 
predictions 

3.3. H2O in carbon-rich winds: Origin? 

(1) penetration of UV photons in clumpy wind 
 

(2) shock-induced non-equilibrium chemistry 
  à manually adapt Si + OH     SiO + H  
     (Cherchneff 2011, 2012)   

 
HOW TO 

 

DISTINGUISH? 
 

p.25 
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region wind 
After Herschel: origin warm water vapour 
 

clumpy wind 
model 

✓ALMA 
✓isotopic ratios 
✓sample analysis  

new non-TE 
predictions 

old non-TE 
predictions 

 
HOW TO 

 

DISTINGUISH? 
 

3.4. H2O in carbon-rich winds: Origin? 
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region wind 
After Herschel: origin warm water vapour 
 

clumpy wind 
model 

✓ALMA 
✓isotopic ratios 
✓sample analysis (Lombaert et al. 2015)  

new non-TE 
predictions 

old non-TE 
predictions 

 
HOW TO 

 

DISTINGUISH? 
 

3.4. H2O in carbon-rich winds: Origin? 
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Result: (1) H2O (up to Eup = 200K) detected in all carbon stars 
            (2) H2O (Eup > 200K) detected for all low mass-loss rate stars  
            (3) 
            (4) 

3.4. H2O in carbon-rich winds: sample analysis (Lombaert et al. 2014) 

 Method: * observe 18 carbon stars with PACS (MESS GTKP + OT2) 
                 * different mass-loss rate, variability type, expansion velocity,  … 
                 * select 7 unblended H2O lines and 6 CO lines 

Miras 
SRa 
SRb 

R. Lombaert et al.: H2O emission from carbon-rich AGB envelopes
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Fig. 2. The line-strength ratio of the H2O JKa ,Kc = 21,2 � 10,1 transition
versus the CO J = 15 � 14 transition with respect to the mass-loss
rate Ṁg. The data points are color-coded according to the pulsational
variability type: Miras in red, SRa sources in blue and SRb sources in
black. A black cross super-imposed on a point indicates that the H2O-
line strength is flagged as a blend. The gray lines show the individual fit
results of IoH2O/ICO = a+bṀg to a large number of guesses drawn from
the Ṁg and IH2O/ICO distributions of each data point for Miras and SRa
sources. The green arrow indicates the mean linear relation, for which
the coe�cients ā and b̄ are given in Table 3.

3.1. The observed CO-line strength as an H2-density tracer

Because one of the ultimate goals of this study is to constrain
the H2O abundance in the sample sources, the ratio IH2O/Ṁg is
of great interest because nH2 / Ṁg. However, large uncertain-
ties a↵ect this ratio, owing to the uncertainties on the mass-loss
rate itself and to the distance-scaling that is necessary to com-
pare the measurements within the sample. As such, consider-
ing line-strength ratios rather than line strengths is preferred, be-
cause then only the signal-to-noise ratio of the measurements
plays a role. An interesting line-strength ratio can be provided
by H2O/CO, which leads to an H2O-abundance proxy via

IH2O/ICO ⇠ nH2O/nCO = nH2O/nH2 ⇥ nH2/nCO,

assuming that CO has a constant molecular abundance with re-
spect to H2 throughout the entire envelope, up to the photodisso-
ciation radius.

Seven CO transitions and one 13CO transition have been ob-
served in the wavelength ranges of the OT2 line scans. We limit
our study to these transitions, because a maximum of only six
detections are available for the other transitions from the MESS
data, and some of those lines may be a↵ected by line blend-
ing. An overview of the relevant CO transitions is given in Ta-
ble 2. Fig. 1 shows the distance-scaled measured line strengths
of the CO J = 15 � 14 transition. A clear correlation between
line strength and mass-loss rate is present, and as such, CO can
be used as a tracer for nH2 . At the high end of the mass-loss-
rate range, the trend flattens o↵ and the sensitivity decreases. In
Sect. 4.2, we show that theoretical models predict this as well,
owing to the high optical depth in this mass-loss-rate range. For
higher-J levels the linear trend flattens o↵ sooner, because the
lines become optically thick at lower mass-loss rate. Therefore,
the J = 15 � 14 transition is best suited to act as an H2-density
tracer. CO J = 15 � 14 has been detected in all objects in the
sample, and none of them are flagged as a line blend.

As shown in Fig 1, the Miras and SRa sources cannot be dis-
tinguished based on CO-line strength. The SRb sources clus-
ter at the low end of the mass-loss-rate range, but still seem
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m̄ < 0.07 g/cm2

0.07 g/cm2 � m̄ < 0.15 g/cm2

0.15 g/cm2 � m̄ < 0.4 g/cm2

m̄ � 0.4 g/cm2

Blended

Fig. 3. The line-strength ratio of the H2O JKa ,Kc = 21,2 � 10,1 tran-
sition versus the CO J = 15 � 14 transition with respect to the pulsa-
tional period. The points with error bars give the measured H2O/CO
line-strength ratios, color-coded according to the value of the column-
density proxy m̄, indicated in the legend. Black crosses super-imposed
on the points indicate that the H2O line is flagged as a blend. The green
arrow indicates the average trend of increasing outflow density with in-
creasing period for Miras and SRa sources.

to follow the linear trend set by the Miras and SRa sources.
Studies on large populations have shown that Miras are consid-
ered to be fundamental-mode pulsators, while semi-regulars are
overtone pulsators or low-period fundamental-mode pulsators
(Wood et al. 1999; Wood 2010). The di↵erentiation between
SRa and SRb variables is based on the regularity of the light
curves of these sources, but no definite conclusion can be made
about the pulsational mode they exhibit. As shown by Bowen
(1988), overtone pulsators are significantly less e�cient at driv-
ing a stellar wind than fundamental-mode pulsators. If one as-
sumes SRa sources pulsate in a low-period fundamental mode,
and SRb sources in a first or second overtone, this could explain
the clear di↵erence in terms of mass-loss rate between these two
variability classes. Another suggestion is that SRb sources are
unstable in more than one pulsation mode, and thus experience
more than one pulsation period characteristic of each mode, ex-
plaining the lower periodicity of their light curves (Soszyński &
Wood 2013). This may also decrease the e�ciency with which
a wind is driven.

3.2. The H2O/CO line-strength ratio versus Ṁg

Only the H2O transitions in the wavelength ranges of the OT2
line scans are taken into account in this study. Their cen-
tral wavelengths and upper-level energies are listed in the first
columns of Table 3. Two additional transitions, with higher
upper-level energies, are included in Table B.2 and B.3, but both
occur in a blend with another H2O transition listed in Table 3
and do not contribute significantly to the emission line. We do
not consider them in the remainder of this study.

Fig. 2 shows the line-strength ratio of H2O JKa,Kc = 21,2�10,1
and CO J = 15 � 14 with respect to the mass-loss rate. Several
qualitative conclusions can be drawn. A downward trend toward
higher mass-loss rate is present in the H2O/CO line-strength
ratios, indicated by the green arrow superimposed on the data
points. This suggests that the H2O abundance also decreases in
the same fashion. Though Fig. 2 shows the line-strength ratios
for only one H2O line, the trend exists for other H2O lines as
well. However, contrarily to the CO-line strengths, the H2O/CO
line-strength ratios of the SRb sources do not follow the trend set
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M 
. 

      opposite trend H2O strength with mass-loss rate, except SRb 

high M, high P,  
high shock velocity 

. 

low M,  
low (multiple) P, 
low shock velocity 

. 

huge change ε(H2O) 
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3.4. H2O in carbon-rich winds: sample analysis (Lombaert et al. 2014) 

 Method: * observe 18 carbon stars with PACS (MESS GTKP + OT2) 
                 * different variability type, mass-loss rate, expansion velocity,  … 
                 * select 7 unblended H2O lines and 6 CO lines 

Result: (1) H2O (up to Eup = 200K) detected in all carbon stars 
            (2) H2O (Eup > 200K) detected for all low mass-loss rate stars   
            (3) opposite trend H2O strength with mass-loss rate, except SRb 
               à change H2O abundance with 3 orders of magnitude 
            (4) increase H2O abundance (r<50R*) – outside acceleration zone 
                 from line excitation analysis 

p.26 



+ isotopic 
constraint on 
selective photo- 
dissociation 
(Neufeld et al. 2012) 

3.4. H2O in carbon-rich winds: sample analysis (Lombaert et al. 2014) 

Model 1: 
 

UV photons 
penetrate in 
clumpy wind 

Model 2: 
 

shock-induced 
non-equilibrium 

chemistry 

4 constraints: 

ε(H2O)ê when Mé 

except SRb 

ε(H2O)é up to ~50 R* 
outside acceleration region 

in all carbon stars 

. 

þ 

þ 

þ þ 

þ 

ý ý 

ý 
ý + Fischer-Tropsch 

catalysis on grains 

ý no models 
difficult to predict 

Note: SRb: solar-like oscillations  
(Mosser et al. 2013) p.27 



4. The future - ALMA 
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beam: 30” 

From observations to chemical abundance pattern 

Herschel: 2009-2013 
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CW Leo 
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From observations to chemical abundance pattern 
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From observations to chemical abundance pattern 

CW Leo 

p.29 



CW Leo as seen through different ‘eyes’… [199x] 

Guélin et al. 1993 
’’ ’’ 

Groenewegen, 1997 

2’.5 

Mauron & Huggins, 1999 

200’’ 
p.30 



CW Leo as seen through different ‘eyes’… [199x] 

Simis et al. 2003 

hydrodynamical models: complex dust formation process 

Decin et al. 2011 p.31 



CW Leo as seen through different ‘eyes’… [1998 - …] 

Skinner et al. 1998 

bipolar morphology 

Murakawa et al. 2005 Jeffers et al. 2014 

Mauron et al. 2000 

10” ~ 500 R* 

40” 5” 



CW Leo as seen through different ‘eyes’… [2000 - …] 

clumps 

600 mas 

40
0 

m
as

 

Tuthill et al. 2000, Weigelt et al. 2002, 
Menut et al. 2007 p.33 



beam: 30” 

beam: 0.23” 

beam: 0.24’’x0.43” 

Cernicharo et al. 2010 

Si34S v=2 

Decin et al. 2014 

Herschel: 2009-2013 

ALMA: 2011 - … 

CW Leo 
(IRC+10216) 
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CW Leo as seen through ‘ALMA’… [2012 - …] 



CW Leo 

CW Leo as seen through ‘ALMA’… [2012 - …] 

p.35 



CW Leo blue-shifted 

13CO J=6-5 

CW Leo as seen through ‘ALMA’… [2012 - …] 

p.35 ALMA (Decin et al. 2014) 



CW Leo line center 

ALMA (Decin et al. 2014) 

13CO J=6-5 

CW Leo as seen through ‘ALMA’… [2012 - …] 
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CW Leo red-shifted 

ALMA (Decin et al. 2014) 

13CO J=6-5 

CW Leo as seen through ‘ALMA’… [2012 - …] 

p.35 



PV-diagram 

CW Leo as seen through ‘ALMA’… [2012 - …] 
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CW Leo as seen through ‘ALMA’… [2012 - …] 

p.37 Decin et al. 2015 



Qualitative interpretation: binary-induced spiral structure 

p.38 



à 2 ‘types’ of spiral structure 

1.  Gravitational wake of the companion  
      à focus of material toward orbital plane 

Kim et al. 2012 

Qualitative interpretation: binary-induced spiral structure 

p.38 



Binary-induced spiral structure 

à 2 ‘types’ of spiral structure 

2. Orbital motion of mass-losing AGB star around center of gravity 
   àspiral structure reaching almost orbital axis       Kim et al. 2012 

p.39 



‘Narrow spiral’ due to gravitational wake 

Binary-induced spiral structure: impact inclination 

Homan et al. (2015) 

p.40 



‘Shell spiral’ due to reflex motion AGB star 

Binary-induced spiral structure: impact inclination 

Homan et al. (2015) 

p.41 



Binary-induced spiral structures in AGB winds 

AFGL 3068 R Scl 

Maercker et al. 2012 Mauron et al. 2006 

à spiral structures seen (almost) face-on 
p.42 



CW Leo: binary-induced spiral structure seen almost edge-on 

p.43 



Archimedean spiral with 3D non-LTE radiative transfer (Shape, Steffen et al) 

p.44 



Binary-induced spiral structure in ALMA data of CW Leo 

i=60-80° 
a=1.12” (spiral arm spacing) 

orbital period: P=55 yr 

p.45 



Binary-induced spiral structure in ALMA data of CW Leo 

i=60-80° 
a=1.12” (spiral arm spacing) 

orbital period: P=55 yr 
mean orbital separation: d~25±2 au (~8.2R*=0.17”) 
(Ms ~0.6-1Msun à unevolved M-dwarf) p.45 
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ExPO data: scattered light at optical wavelengths 

binary-induced 2 spirals at i=85 deg 



PACS data: limb-brightened (latitudinal) bands 

binary-induced 2 spirals at i=85 deg 

Herschel/PACS 
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