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1. Introduction

Orion Nebula . * 97% of all stars evolve through
| (super)giant phase Mg,SiO,

Betelgeuse

* old giant stars: lose mass via stellar wind

* wind: molecules (>70) + dust (>15)
- unique chemical laboratories




1. Importance (super)giant stars
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1. Stellar wind: from micro-scale chemistry to macro-scale dynamics
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1. Stellar wind: from micro-scale chemistry to macro-scale dynamics
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1. Stellar wind: from micro-scale chemistry to macro-scale dynamics
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2. Ingredients

A. Observations

IOTA/IONIC 1.6 pm

VLT/NACO 1.0-22 ym

B. Chemistry

VLT/VISIR 10.5 um 558
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C. Theoretical models
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2. Ingredients: Observations

temperature: ~2000K ~1000K

vV N

intermediate
wind wind



2. Ingredients:

12C160(1-0) (0S0)

12C160(1-0) (IRAM)
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2. Ingredients: Chemistry: from atoms to molecules and grains

B ? O-rich giants

| atoms == molecules = clusters==) dust grains I silicates: MgSiO,, Mg,SiO,
U u alumina: Al,O,
silica: SiO,

nucleation condensation

>

TiO, 3 10,
TiO % MO 38
X

. low abundance
-high abundance -no stable cluster

-high bond energy -nucleation rate too low




2. Ingredients: Chemistry: from molecules to grains

? ? O-rich giants
atoms == molecules = clusters==) dust grains silicates: MgSiO,, Mg,SiO,

U u alumina: Al,O,
silica: SiO,

nucleation condensation
Goumans et al. 2012
oy —> _-->
SiO _
Si,0,
A 4 (MgSiO.),
bottleneck
TiO, 3 SiO, | BUT:
TiO MgO SiO | - new SiO vapour
| > pressure
_ Yo Elsu el eE X measurements
-high abundance -no stable cluster (2006,2013)
-high bond energy -nucleation rate too low - details nucleation
not yet understood

p.8



2. Ingredients: Chemistry: from molecules to grains

Goumans et al. 2012

Mg,Si,0,
11.2

Mg,Si,0.  Mg,Si,0,
-220.4 69.7

MgSi,0H, (Mg.,51,0,) Mg,$i,0, Mg,Si,0,
-219.8 94, -254.7 .288.1

Mg,Si,0, Mg,Si,0, bottleneck

-423.0 -357.8
Mg,Si,O,H, Mg,Si.0,
-420.9 -553.5

200 ~: Mg,Si.0,H, .
Gibbs free energy e ‘cruc|al role of H,O ‘

p.9




2. Ingredients: Theoretical models

|. Radiative transfer models

di/dr, =S, - 1,

- need collisional rates, Einstein coefficients, temperature, density, ...
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2. Ingredients: Theoretical models

l. Radiative transfer models |dl /dT, =S, - |

\"

ll. Chemical network car — oy

k(T)
A+B—-C+D

- Dominant chemical pathways

hv i p11




2. Ingredients: Theoretical models

|. Radiative transfer models

ll. Chemical network

di/dr, =S, - |

\"

lll. (Magneto-)hydrodynamical models

conservation of mass, momentum, energy - temperature, velocity, density

Rayleigh-Taylor +
Kelvin-Helmholtz instabilities

p.12



3. Some Herschel results

/CO, H,0, HCN, SiO, OH, SiS, C,H, ...
/Mg,SiO,, ...




3. Some Herschel results: H,O

/CO, H,0, HCN, SiO, OH, SiS, C,H, ...
/Mg,SiO,, ...

| tracer of all chemical processes in wind

p.13



3. Some Herschel results: H,O

/ H,O in oxygen-rich winds (C/O<1)
\ H,O in carbon-rich winds (C/O0>1)



3.1. H,0 in oxygen-rich winds

- Gas-dust interaction

distance: 1!?* ~§I3* ~1 O‘Q R« ~2000‘0R*

temperature: -:2000K ~1'O‘OOK ~1 O'dK ~10K

non- adsorption photo-dissociation
equilibrium | Molecules | neutral-neutral reactions
nucleo- . chemistry on fragmentation dust
synthesis dust
convection [pylsations wind wind
dredge-ups/ shocks | acceleration driven
< > 5
STAR ) STELLP:R‘ WIND - ISM
" inner intermediate outer " bow

wind wind wind shock p.15



3.1. H,0 in oxygen-rich winds

Example 1

high mass-loss rate: OH/IR 127.8+0.0
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3.1. H,0 in oxygen-rich winds

-1

PACS data
low dust-to-gas, high water abundance
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3.1. H,0 in oxygen-rich winds

|

PACS data
low dust-to-gas, high water abundance
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3.1. H,0 in oxygen-rich winds

7 .
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3.1. H,0 in oxygen-rich winds

|

PACS data
low dust-to-gas, high water abundance
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3.1. H,0 in oxygen-rich winds

efficiency ice formation?

¥ from OH maser

Nmolee / TH,

H,O — OH+H
" ' i
H,O iceE OH maser
condensation shell
\ i ]25-50%
— CO :
— O-Hgo E
— p‘H'_'_)O i
----- Condensation radius H-O ice
— Location OH maser
L 1 A R Lol
1015 1016 1017 1018
r (cm)

p.18



3.2. H,0 in oxygen-rich winds

Example 2 O-rich giants
? ? silicates: MgSiO,;, Mg,SiO,
: alumina: Al,O4
|atoms=} molecule\s=>_/c|usters\=>}ust grains | silica: SiO,
nucleation condensation
Goumans et al. 2012
oy —> ——— )@
Si,0,
(MgSiO;),
TiO, SiO,
TiO SiO

high abundance
high bond energy

p.19



3.2. H,0 in oxygen-rich winds

Goumans et al. 2012

Mg,Si,0,
11.2

Mg,Si,0,
-220.4

MgSi,OH,
-219.8
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-254.7
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Mg,Si,0,
-423.0
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Mg, Si,0, . . .
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553.5

B crucial role of H,0

-607.5
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3.2. H,0 in oxygen-rich winds

Betelgeuse: Mdot ~ 2x10 Msun/yr Role of H,0 ‘
NML Cyg: Mdot ~ 1x10-4 Msun/yr
VY CMa: Mdot ~ 3x104 Msunly
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3.3. H,0 in carbon-rich winds

— Formation of warm H,O-vapour in the sooty outflow of giant stars

distance: 1B* ~§R* ~1 O‘Q R« ~2000‘0R*

temperature: -:2000K ~1'O‘OOK ~1 OvdK ~10K

non- adsorption photo-dissociation
equilibrium \ mMolecules  |neutral-neutral reactions
nucleo- chemistry on fragmentation dust
synthesis dust
convection |pylsations wind wind
dredge-ups/ shocks acceleration driven

STELLAR WIND

hJ LA J LA J

inner intermediate outer " bow
wind wind wind shock p.22




3.3. H,0 in carbon-rich winds

| Melnick et al. 2001, Nature | Decin et al. 2010, Nature; Neufeld et al. 2011
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3.3. H,0 in carbon-rich winds: Origin?

A coO

- solving chemical network: no water O ~

A I 9’26
» 104 |~ [
Q |
c
|
c
2 I.:> __ old non-TE
© S
8 10-10— —t predictions
g |

10-13 | L | |
1500K = 150K 25K
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+H, (Agundez et al. 2006)

p.24



3.3. H,0 in carbon-rich winds: Origin?

cO
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PR

-> solving chemical network: no water
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p.25



3.3. H,0 in carbon-rich winds: Origin?

/rCO

- solving chemical network: no water O \j i

old non-TE

predictions
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After Herschel: origin warm water vapour

(1) penetration of UV photons in clumpy wind
= photo-dissociation of CO, SiO: free O

—>reaction with H,: creation OH and H,O
(Decin et al. 2010, Agundez et al. 2010)

p.25
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3.3. H,0 in carbon-rich winds: Origin?

cO
o/7

PR

-> solving chemical network: no water

o104 |—

(@)

(-

g \

2107 [~

2 \ | old non-TE

g 10101 -— \ predictions

210_13 | \ retrieved
1R: 1.5R= 2R+ | 100R~ 5000R. from Herschel

1500K " 150K 25K
region wind

.

Herschel/PACS
s

After Herschel: origin warm water vapour

(1) penetration of UV photons in clumpy wind
= photo-dissociation of CO, SiO: free O

—>reaction with H,: creation OH and H,O
(Decin et al. 2010, Agundez et al. 2010)

p.25 Decin et al



3.3. H,0 in carbon-rich winds: Origin?

new non-TE
predictions
__ old non-TE
\ predictions
\ clumpy wind
= del
1R+ 1.5R+ 2R« 100R« 2000R« moae
1500K " 150K 25K
region wind

After Herschel: origin warm water vapour

(1) penetration of UV photons in clumpy wind\ HOW TO

(2) shock-induced non-equilibrium chemistry/
DISTINGUISH?

- manually adapt Si + OH— SiO + H
(Cherchneff 2011, 2012)

p.25



3.4. H,0 in carbon-rich winds: Origin?

new non-TE
predictions

old non-TE

water abundance

1R+ 1.5R+ 2R« | 100R« 2000Rx
1500K " 150K 25K
region wind

After Herschel: origin warm water vapour

vALMA
visotopic ratios
v/sample analysis

predictions

clumpy wind
model

HOW TO

DISTINGUISH?

p.25



3.4. H,0 in carbon-rich winds: Origin?

new non-TE
predictions

old non-TE

water abundance

1R+ 1.5R+ 2R« | 100R« 2000Rx
1500K " 150K 25K
region wind

After Herschel: origin warm water vapour

vALMA
visotopic ratios
v/'sample analysis (Lombaert et al. 2015)

predictions

clumpy wind
model

HOW TO

DISTINGUISH?

p.25



3.4. H,0 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 H,O lines and 6 CO lines

Result: (1) H,O (up to E,, = 200K) detected in all carbon stars
(2) H,O (E,, > 200K) detected for all low mass-loss rate stars
(3) opposite trend H,O strength with mass-loss rate, except SRb

= | | | ' - -
0 huge change £(H,0)
| o ]
_— ~ .
B high M, high P,
T 2= high shock velocity
o ol- « ; Miras
~| 2 : .
L I |9 S | |SRa
S T | SRb
=
% + | low M,
= low (multiple) P,
S5 —to  —ts5  —ho i low shock velocity

M p.26



3.4. H,0 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 H,O lines and 6 CO lines

Result: (1) H,O (up to E,, = 200K) detected in all carbon stars
(2) H,0 (E,, > 200K) detected for all low mass-loss rate stars
(3) opposite trend H,O strength with mass-loss rate, except SRb
- change H,0 abundance with 3 orders of magnitude

(4) increase H,0 abundance (r<50Rx) — outside acceleration zone
from line excitation analysis




3.4. H,0 in carbon-rich winds: sample analysis (Lombaert et al. 2014)

Model 1: Model 2:
UV photons 4 constraints: shock-induced
penetrate in non-equilibrium
clumpy wind [\/] I in all carbon stars I y/|  chemistry

V] | £(H,0)¥ when M |

! except SRb I

x

no models
difficult to predict

wxl &

zl g(H,O) up to ~50 R«
outside acceleration region

a3l kal

+ Fischer-Tropsch
catalysis on grains

+ isotopic
constraint on

selective photo-
dissociation Note: SRb: solar-like oscillations

(Neufeld et al. 2012) (Mosser et al. 2013) p.27



4. The future - ALMA

temperature: ~2000K ~1000K

vV N

intermediate
wind

outer
wind

shock

p.28



From observations to chemical abundance pattern

beam: 30” “

CW Leo
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From observations to chemical abundance pattern

beam: 30”
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From observations to chemical abundance pattern

beam: 30”
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CW Leo as seen through different ‘eyes’... [199x]
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CW Leo as seen through different ‘eyes’... [199x]

ol ok L

B: arc ejected 16000 yr ago

hydrodynamical models: complex dust formation process

C: 12750 yr ago
D: 3000 yr ago

Decin et al. 2011

Simis et al. 2003

p.31




Relative Dec. (arcsec)

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

Mauron et al. 2000
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CW Leo as seen through different ‘eyes’... [2000 - ...]
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CW Leo as seen through ‘ALMA’...

[2012 - ..
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CW Leo as seen through ‘ALMA’... [2012 - ...]
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CW Leo as seen through ‘ALMA’... [2012 - ...]
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CW Leo as seen through ‘ALMA’... [2012 - ...]
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CW Leo as seen through ‘ALMA’... [2012 - ...]
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CW Leo as seen through ‘ALMA’... [2012 - ...]
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CW Leo as seen through ‘ALMA’... [2012 - ...]
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Qualitative interpretation: binary-induced spiral structure
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Qualitative interpretation: binary-induced spiral structure

- 2 ‘types’ of spiral structure

1. Gravitational wake of the companion

—> focus of material toward orbital plane
Kim et al. 2012

-0.4
1—-0.6

|—-0.8

p.38



Binary-induced spiral structure

- 2 ‘types’ of spiral structure

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

40 —-16.4
unseen astrometric
companion - 1 6 ' 8
Reflex motion of the
stellar component due to
the unseen astrometric
companion &R — ]_ 7 z 2
N 0
................................ = ) —17.6
----------- ~18.0
Binary separation with an astrometric
companion (changes periodically) Binary separation without an . 40 - 1 8 4
astrometric companion :
-40

Binary - Orbit ——

p.39



Binary-induced spiral structure: impact inclination

‘Narrow spiral’ due to gravitational wake
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Binary-induced spiral structure: impact inclination

‘Shell spiral’ due to reflex motion AGB star
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Binary-induced spiral structures in AGB winds
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CW Leo: binary-induced spiral structure seen almost edge-on

tens of arcs detected in

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

variable Mdot basic model

c=3 x1012 cm

|

p.44



Binary-induced spiral structure in ALMA data of CW Leo

PA=112.5°

i=60-80°
a=1.12" (spiral arm spacing)

AT arm = (<Vw> + z p) <

orbital period: P=55 yr



Binary-induced spiral structure in ALMA data of CW Leo

PA=112.5°

i=60-80°
a=1.12" (spiral arm spacing)

AT = ((Vw> — g p)

orbital period: P=55 yr

mean orbital separation: d~25+2 au (~8.2R%*=0.177)
(Mg ~0.6-1Mg,,, = unevolved M-dwarf) 0.45



tens of arcs detected in

1 . - 2, _ optical and IR images
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PACS data: limb-brightened (latitudinal) bands

binary-induced 2 spirals at i=85 deg

Herschel/PACS
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