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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




2. Importance (super)giant stars
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3. Stellar wind: from micro-scale chemistry to macro-scale dynamics
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4. Role of Herschel: historical move from 1 to ~50 targets

temperature: ~2000K ~1000K ~100K ~10K
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4. Role of Herschel
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4. Role of Herschel

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




4. Role of Herschel: H,O

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

| tracer of all chemical processes in wind
p.6




4. Role of Herschel: H,O

/ H,O in oxygen-rich winds (C/0<1)
\ H,O in carbon-rich winds (C/0>1)



5. H,0 in oxygen-rich winds

- Gas-dust interaction

distance: 1!?* ~§R* ~1 O_Q R« ~2000‘0 R«

temperature: ~2000K ~1000K ~100K ~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

N LS %ﬁ?

STELLAR WIND

a A I
> d

LA

inner  intermediate outer " bow
wind wind wind shock p.8



5. H,0 in oxygen-rich winds

Example 1
high mass-loss rate: OH/IR 127.8+0.0
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5. H,0 in oxygen-rich winds

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

7 .
6 PACS data
low dust-to-gas, high water abundance
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5. H,0 in oxygen-rich winds

7 .
6 PACS data
low dust-to-gas, high water abundance
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5. H,0 in oxygen-rich winds

7 |
6 PACS data
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5. H,0 in oxygen-rich winds

efficiency ice formation?

> from OH maser
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5. H,0 in oxygen-rich winds

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

high abundance
high bond energy
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5. H,0 in oxygen-rich winds

Goumans et al. 2012
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5. H,0 in oxygen-rich winds

Betelgeuse: Mdot ~ 2x10-¢ Msun/yr
NML Cyg: Mdot ~ 1x10-* Msun/yr
VY CMa: Mdot ~ 3x10-* Msunl/y
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6. H,O in carbon-rich winds

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

distance: 1R« ~5Rx* ~100R« ~20000R

temperature: ~2000K ~1000K ~100K ~10K
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6. H,O in carbon-rich winds

| Melnick et al. 2001, Nature | Decin et al. 2010, Nature; Neufeld et al. 2011

< 200 1,013 K 500 410 K
- a SWAS ‘b 0H0(7,,6,) | ¢ 0-H,08,2,,)
0-H,0(1, -1,,4) [ ] 500¢
1501 )
l : | 400}
x 100 1 300
: 1 200¢
50¢ ]
- 100¢
0k R — . 0 E ]
66.03 66.09 66.15 66.30 66.40 66.50
114 K 194 K 249K
3007 : 100 . 1 30¢ :
o 0-H,02, ,-1,,) - g 0-H,0(2, -2, ) 1 " h 0-H,0(3, ,-3,5)
250+ 1 8ol 1 25¢ ]
200} : :
SN o
= 150 ] i
ER 40}
L 100} [
: 207
50} :
: 0
0 1 [ 1 ] - L 1
179.0 179.5 180.0 180.0 180.5 181.0
data

inner wind origin (T<1500K)

intermediate wind origin (T<150K)
p.17



6. H,O in carbon-rich winds: Origin?

/7 CcoO
-> solving chemical network: no water
() | 9’26
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Before Herschel: origin (cool) water vapour

(1) R>15 R+« sublimation of icy bodies (Melnick et al. 2001)
(2) R>15 Rx: grain surface reactions (Fischer-Tropsch catalysis, Willacy 2004)
(3) R>150 R+«: radiative association O+H, (Agundez et al. 2006)
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6. H,O in carbon-rich winds: Origin?

CcO
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6. H,O in carbon-rich winds: Origin?

/CO

-> solving chemical network: no water j i
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6. H,O in carbon-rich winds: Origin?

/7CO

-> solving chemical network: no water E i
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(1) penetration of UV photons in clumpy wind
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—>reaction with H,: creation OH and H,O
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6. H,O in carbon-rich winds: Origin?
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6. H,O in carbon-rich winds: Origin?
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6. H,O in carbon-rich winds: Origin?
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6. H,O in carbon-rich winds: sample analysis (Lombaert et al. 2013)

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
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6. H,O in carbon-rich winds: sample analysis (Lombaert et al. 2013)

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,O (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




6. H,O in carbon-rich winds: sample analysis (Lombaert et al. 2013)
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7. Conclusion
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