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FORMATION OF STELLAR WIND: MASS LOSS 
 

Höfner 2012
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STRUCTURE OF THE STELLAR WIND 
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Outer WindIntermediate Wind
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B

1 R★ 10 R★ 100 R★ 1000 R★

Inner Wind
✓ Dust seed    

formation
✓ Wind 

acceleration
✓ Stellar 

pulsation
✓ Shocks

✓ Continued dust growth
✓ Wind reaches terminal velocity
✓ Grain-surface reactions

✓ Chemical fractionation
✓ UV photodissociation
✓ Ion-molecule reactions

IS UV

1 R★ ≈ 3 x 1013 cm ≈ 2 AU
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HERSCHEL CO AND H2O EMISSION 
(LINE FORMATION REGION)
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TWO CHEMICAL TYPES 
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C/O < 1

CO, SiS, HCN, 
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1 R★ ≈ 3 x 1013 cm ≈ 2 AU
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CARB0N STARS SPECIFICALLY 
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1 R★ 10 R★ 100 R★ 1000 R★

CO, SiO, SO, 
SO2, H2O, …

Carbon stars: 
C/O > 1

M-type: 
C/O < 1

CO, SiS, HCN, 
CS, Hydrocarbons, …

H2O not expected.

Melnick et al. 2001 (H2O with SWAS) 
Nordh et al. 2003 (H2O with ODIN) 
Ford et al. 2003 (OH Masers) 
Hasegawa et al. 2006 (H2O with ODIN)

H2O (and OH) 
observed!

1 R★ ≈ 3 x 1013 cm ≈ 2 AU



HERSCHEL: H2O IN INNER WIND OF CW LEO 
CHALLENGE FOR ALL PROPOSED FORMATION MECHANISMS

Water in the Universe: from clouds to oceans - Noordwijk - Apr 2016

regions9 of the envelope is pulsationally induced shocks that result in a
chemical stratification different from thermodynamic equilibrium
chemistry. However, IRC 110216 has a C/O abundance ratio of 1.4
(ref. 14). Recent non-thermodynamic-equilibrium calculations15 have
shown that for a carbon-rich star with an even lower C/O ratio of 1.1,
water should be almost completely absent in the inner wind, and might
only exist between 1R? and 1.4R?, with a H2O/H2 peak abundance
around 5 3 1025. Simulating this situation, and assuming the (too
high) water abundance of 5 3 1025 over the full region between 1
and 1.4 R?, we predict water line intensities a factor of 3–10 lower than
the PACS and SPIRE observations, ruling out the shock-induced non-
thermodynamic-equilibrium chemistry as possible cause of water.

An alternative origin for the warm water vapour could be provided
by photochemistry in the inner regions of the sooty circumstellar envel-
ope (CSE) of IRC 110216. For a strictly isotropic and homogeneous
mass loss process, the inner regions are well protected against the
interstellar ultraviolet (UV) radiation by the circumstellar material
located outwards (the visual extinction of interstellar light is more than
100 mag for the innermost regions in IRC 110216; ref. 4). Circum-
stellar envelopes are, however, not perfectly spherical but have inhomo-
geneities and a more or less clumpy structure. Observational evidence

for the clumpy structure of the envelope around IRC 110216 has been
found both at small and large scales through observations at near-
infrared and visible wavelengths16,17, as well as through millimetre-wave
observations of different molecules18–20 (Supplementary Information).
The existence of a clumpy structure allows for a deeper penetration of a
fraction of interstellar UV photons into the inner circumstellar layers,
thus promoting dense and warm UV-illuminated inner regions. In
such an environment, water could be formed from the photodissocia-
tion of the major oxygen-carrier molecules, mostly 13CO and SiO
(12CO is hard to photodissociate due to self-shielding effects), and
the subsequent liberation of atomic oxygen, which then converts into
water through the chemical reactions (1) and (2):

OzH2?OHzH ð1Þ

OHzH2?H2OzH ð2Þ

which are only rapid enough at temperatures above ,300 K. We stress
that this mechanism does not necessarily extend to the whole inner CSE
but only to those inner clumpy regions which are more exposed to the
interstellar UV field. For the case where 10% of the total circumstellar
mass is illuminated by interstellar UV photons through a cone where
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Figure 1 | Unblended ortho- and para-water lines detected with Herschel in
IRC 110216. 39 ortho-H2O and 22 para-H2O lines are identified, including
low- and high-excitation lines (see also Supplementary Figs 1–5). a, Ground-
state ortho-H2O line as observed with SWAS1. Units of intensity, T#A, are in K;
vLSR, velocity with respect to the local standard of rest (226 km s21 for IRC
110216). b–i, Continuum subtracted flux (in Jy) versus wavelength of
observation for ortho-H2O lines; j–m, para-H2O lines. The HCN v2 5 4
contribution to the ortho-H2O(42,3–31,2) line in d is ,15 Jy. At the top of all
panels, the upper energy level, Eupper, is given. The coloured lines show the
non-local thermodynamic equilibrium predictions (Supplementary
Information) for the different chemical mechanisms proposed as cause of
water vapour in the envelope of IRC 110216. For the red and orange lines,
the predictions of ortho-H2O represent envelope models with a constant
fractional abundance of ortho-H2O (relative to H2) out to 4 3 1017cm, where

it is photodissociated9. The abundance of ortho-H2O was derived from the
SWAS observations (a). The red model simulates ortho-H2O originating in
the intermediate envelope, with inner envelope radius, Rint, of 2.1 3 1015 cm
and the derived abundance, [ortho-H2O/H2], of 2.5 3 1027. This model
applies both for the hypothesis of the vaporization of icy bodies and the
Fischer-Tropsch catalysis mechanism, predicting water around a few times
1015cm. The orange model assumes ortho-H2O to be generated in the outer
envelope, with Rint of 4.3 3 1016 cm and [ortho-H2O/H2] equal to
6.7 3 1027. Finally, the green model shows the model predictions for ortho-
H2O present in the inner envelope, with a radial distribution of the fractional
abundance as shown in Fig. 3. j–m, Four para-H2O lines, where the blue line
is based on the fractional abundance distribution as shown in Fig. 3, using an
ortho-to-para H2O ratio of 3:1.
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Decin et al. 2010: 
PACS & SPIRE



H2O IN MANY CARBON STARS! 
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Followed by lots of HIFI H2O detections:

1. CW Leo   (Neufeld et al. 2010a)

2. V Cyg   (Neufeld et al. 2010b)

3. Widespread occurrence of H2O in 8 carbon stars 
(Neufeld et al. 2011)

4. H2O isotopologues in CW Leo (Neufeld et al. 2013)
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DEEP-ENVELOPE PENETRATION OF INTERSTELLAR UV 
(MECHANISM I)

Outer WindIntermediate Wind

A 
G 
B

IS UV
1 R★ 10 R★ 100 R★ 1000 R★

matter only fills 70% of the solid angle of arrival of interstellar light, we
predict that water would be formed in the inner envelope with a maxi-
mum abundance relative to H2 in excess of 1027 (Fig. 3 and the
Supplementary Information). The predicted water line strengths for
the case of a minor UV-illuminated component are shown in green in
Fig. 1. The deduced amount of water is 0.003 Earth masses.

AGB stars also have a soft UV stellar radiation field21,22.
Pulsationally induced shocks might generate a surplus of UV photons
close to the stellar photosphere. However, even for a clumpy inner
envelope, the densities just above the stellar photosphere are so high
that the UV photons will be severely attenuated in the first few
1014 cm, in contrast to the outer envelope, where the material is much
less dense.

The penetration of interstellar UV photons will result in the forma-
tion of hydrides, other than H2O, in the inner envelope through
successive hydrogenation reactions of heavy atoms (nitrogen, carbon
or sulphur). Ammonia (NH3, see Fig. 3) is an interesting example, as
it has been observed in IRC 110216 and also in the CSEs of oxygen-
rich AGB stars with abundances relative to H2 in the range 1027–1026

(refs 6, 23), much larger than the 1 3 10212 predicted by thermoche-
mical models7,24. Other molecules, such as HC3N, which are typically
formed by photochemistry in the outer layers, also have increased
abundances in the inner regions, as seen in Fig. 3. The predicted higher
abundance of HC3N in the inner regions is confirmed by our recent
observations of HC3N (Fig. 4) with the IRAM 30-m telescope at Pico
Veleta, for which the line profiles point towards the existence of a
warm inner component. The discovery of high-excitation H2O lines
in the inner warm and dense envelope of an evolved carbon-rich star
causes us to question our knowledge of the envelope chemistry, and
outlines the importance of UV-induced photochemistry in the CSEs
of evolved stars. In the case of oxygen-rich environments, the same
mechanism predicts high abundances of carbon-rich species, such as
HCN, CH4 and CS (ref. 25), as has already been observed in several
evolved stars26,27.
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Figure 2 | Schematic overview of the envelope around a carbon-rich AGB
star. Several chemical processes are indicated at the typical temperature and
radial distance from the star in the envelope where they occur (not to scale).
Thermodynamic equilibrium (TE) chemistry defines the abundances in the
stellar atmosphere; shock-induced non-equilibrium chemistry takes place in
the inner wind envelope28; dust–gas and ion–molecule reactions alter the
abundances in the intermediate wind zone; molecules such as CO and HCN
freeze out at intermediate radii29; and the penetration of cosmic rays and UV

photons dissociates the molecules and initiates an active photochemistry
that creates radicals in the outer wind region30. The different mechanisms
hitherto proposed as origins of water in a carbon-rich environment are
indicated at the bottom of the figure in grey at the typical distances where
they occur. The penetration of the interstellar UV photons in a clumpy
circumstellar environment is shown in blue. The resulting chemical
processes important for the creation of H2O and HC3N are indicated in red.
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Figure 3 | Fractional abundances in the clumpy circumstellar environment
of IRC 110216. The chemical model simulates a clumpy envelope structure,
where a fraction of the interstellar UV photons is able to penetrate deep into
the envelope (Supplementary Information). a–c, Predictions for the radial
distribution of the fractional abundances relative to H2 of H2O (a), NH3

(b) and HC3N (c) for a model with a minor UV-illuminated component
superposed on a major UV-shielded component. The minor component
shown in this figure contains 10% of the total circumstellar mass (fM 5 0.1),
which is illuminated by interstellar UV photons through a cone where matter
fills 70% of the solid angle of arrival of interstellar light (fV 5 0.3). Dashed
black lines correspond to the minor UV-illuminated component, continuous
black lines to the major UV-shielded component, and thick grey lines to the
weighted average abundance over the two components. The weighted average
abundance is computed as !XXi rð Þ~ 1{fMð ÞXmajor

i rð Þz fMð ÞXminor
i rð Þ, where

Xmajor
i rð Þ and Xminor

i rð Þ are the abundance of the species i in the major UV-
shielded and minor UV-illuminated component, respectively, as a function of
radius r. Note that for H2O and NH3 the contribution from the major UV-
shielded component is negligible, and the dashed and thick grey line coincide.
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matter only fills 70% of the solid angle of arrival of interstellar light, we
predict that water would be formed in the inner envelope with a maxi-
mum abundance relative to H2 in excess of 1027 (Fig. 3 and the
Supplementary Information). The predicted water line strengths for
the case of a minor UV-illuminated component are shown in green in
Fig. 1. The deduced amount of water is 0.003 Earth masses.

AGB stars also have a soft UV stellar radiation field21,22.
Pulsationally induced shocks might generate a surplus of UV photons
close to the stellar photosphere. However, even for a clumpy inner
envelope, the densities just above the stellar photosphere are so high
that the UV photons will be severely attenuated in the first few
1014 cm, in contrast to the outer envelope, where the material is much
less dense.

The penetration of interstellar UV photons will result in the forma-
tion of hydrides, other than H2O, in the inner envelope through
successive hydrogenation reactions of heavy atoms (nitrogen, carbon
or sulphur). Ammonia (NH3, see Fig. 3) is an interesting example, as
it has been observed in IRC 110216 and also in the CSEs of oxygen-
rich AGB stars with abundances relative to H2 in the range 1027–1026

(refs 6, 23), much larger than the 1 3 10212 predicted by thermoche-
mical models7,24. Other molecules, such as HC3N, which are typically
formed by photochemistry in the outer layers, also have increased
abundances in the inner regions, as seen in Fig. 3. The predicted higher
abundance of HC3N in the inner regions is confirmed by our recent
observations of HC3N (Fig. 4) with the IRAM 30-m telescope at Pico
Veleta, for which the line profiles point towards the existence of a
warm inner component. The discovery of high-excitation H2O lines
in the inner warm and dense envelope of an evolved carbon-rich star
causes us to question our knowledge of the envelope chemistry, and
outlines the importance of UV-induced photochemistry in the CSEs
of evolved stars. In the case of oxygen-rich environments, the same
mechanism predicts high abundances of carbon-rich species, such as
HCN, CH4 and CS (ref. 25), as has already been observed in several
evolved stars26,27.
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Figure 2 | Schematic overview of the envelope around a carbon-rich AGB
star. Several chemical processes are indicated at the typical temperature and
radial distance from the star in the envelope where they occur (not to scale).
Thermodynamic equilibrium (TE) chemistry defines the abundances in the
stellar atmosphere; shock-induced non-equilibrium chemistry takes place in
the inner wind envelope28; dust–gas and ion–molecule reactions alter the
abundances in the intermediate wind zone; molecules such as CO and HCN
freeze out at intermediate radii29; and the penetration of cosmic rays and UV

photons dissociates the molecules and initiates an active photochemistry
that creates radicals in the outer wind region30. The different mechanisms
hitherto proposed as origins of water in a carbon-rich environment are
indicated at the bottom of the figure in grey at the typical distances where
they occur. The penetration of the interstellar UV photons in a clumpy
circumstellar environment is shown in blue. The resulting chemical
processes important for the creation of H2O and HC3N are indicated in red.
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Figure 3 | Fractional abundances in the clumpy circumstellar environment
of IRC 110216. The chemical model simulates a clumpy envelope structure,
where a fraction of the interstellar UV photons is able to penetrate deep into
the envelope (Supplementary Information). a–c, Predictions for the radial
distribution of the fractional abundances relative to H2 of H2O (a), NH3

(b) and HC3N (c) for a model with a minor UV-illuminated component
superposed on a major UV-shielded component. The minor component
shown in this figure contains 10% of the total circumstellar mass (fM 5 0.1),
which is illuminated by interstellar UV photons through a cone where matter
fills 70% of the solid angle of arrival of interstellar light (fV 5 0.3). Dashed
black lines correspond to the minor UV-illuminated component, continuous
black lines to the major UV-shielded component, and thick grey lines to the
weighted average abundance over the two components. The weighted average
abundance is computed as !XXi rð Þ~ 1{fMð ÞXmajor

i rð Þz fMð ÞXminor
i rð Þ, where

Xmajor
i rð Þ and Xminor

i rð Þ are the abundance of the species i in the major UV-
shielded and minor UV-illuminated component, respectively, as a function of
radius r. Note that for H2O and NH3 the contribution from the major UV-
shielded component is negligible, and the dashed and thick grey line coincide.
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OH/IR STAR!

The Physics of Evolved Stars - Nice, June 2015

Camp Interstellar UV: Camp Shocks:
According to:

Cherchneff 2011 
According to:

Decin et al. 2010 
Agùndez et al. 2010

CHOOSE 
NOW!

(Neufeld et al. 2013)



HERSCHEL OBSERVATIONS 
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GTKP: MESS 
P.I.: M. Groenewegen 

OT2: 
P.I.: L. Decin

Spectral scans Line scans focused on H2O

4 Miras 7 Miras + LL Peg

2 SRa variables 1 SRa variable (?)

0 SRb variables 4 SRb variables

Approach:
1. Trend analysis of distance-independent       

observed line-strength ratios
2. Theoretical model grid for qualitative 

comparison

Total: 18 sources



AFGL 3068 AKA LL PEG 
 FROM ENIGMA TO JUST ANOTHER CARBON STAR… AS FAR AS H2O IS CONCERNED
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Fig. B.25. Line scans of LL Peg. The line types are the same as Fig. B.13.
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H2O DEPENDENCE ON MASS LOSS 
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Assumption: H2O abundance ~ IH2O / ICO ~ (IH2O / IH2) x (IH2 / ICO) if Ṁ ~ ICO



COMPARISON WITH RADIATIVE-TRANSFER MODELS 
 IN NON-LTE!
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R. Lombaert et al.: Constraints on the H2O formation mechanism in the wind of carbon-rich AGB stars
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Fig. 7. Line-strength ratio of two H2O transitions and the CO J = 15�14 transition as a function of Ṁg/31,g: the cold JKa ,Kc = 21,2 � 10,1 line
on the left, and the warm JKa ,Kc = 33,0 � 22,1 line on the right. The points with error bars give the measured H2O/CO line-strength ratios, color
coded according to the variability type: Miras in red, SR/Mira sources in blue, the SRa source in green, and SRb sources in black. A black cross
superimposed on the data point indicates that the H2O line is flagged as a blend. The curves show the predicted H2O/CO line-strength ratios for
various values of nH2O/nH2 as indicated in the figures. Adopted values for other parameters are listed in Table 4.
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Fig. 8. Line-strength ratio of the cold H2O JKa ,Kc = 21,2 � 10,1 transition and the CO J = 15�14 transition as a function of Ṁg/31,g. The points with
error bars give the measured H2O/CO line-strength ratios, color coded according to the values of 31,g (left panel) or according to the variability
type (right panel). A black cross superimposed on the data point indicates that the H2O line is flagged as a blend. The black curves show the same
predicted H2O/CO line-strength ratios as Fig. 7 with nH2O/nH2 as indicated in the figures, 31,g = 10 km s�1 and  = 1 ⇥ 10�3. In the left panel, the
green curves show the predicted H2O/CO line-strength ratios for 31,g = 25 km s�1. In the right panel, predictions for  = 0.5 ⇥ 10�3 in red and
 = 2 ⇥ 10�3 in green are shown. Adopted values for other parameters are listed in Table 4.

4.4. H2O/CO line-strength ratios

Following the approach for CO lines from the previous section,
we now use the standard model grid in Fig. 7 to probe the in-
fluence of Ṁg and nH2O/nH2 on the H2O/CO line-strength ratio.
Figure 8 shows the model grids in which the gas expansion ve-
locity and the dust-to-gas ratio are allowed to vary in addition to
the mass-loss rate. Varying the gas expansion velocity implies
that changes in Ṁg/31,g are not exclusively due to the mass-
loss rate. Figure 7 shows the measured H2O/CO line-strength
ratios for a cold ortho-H2O transition (JKa,Kc = 21,2 � 10,1 with
Eu = 114.4 K) on the left and a warm ortho-H2O transition
(JKa,Kc = 33,0�22,1 with Eu = 410.6 K) on the right. Additionally,
predicted line-strength ratios from the standard model grid with
adopted parameters given in Table 4 are superimposed on the
data points. The observed line-strength ratios span more than
two orders of magnitude in H2O vapor abundance. This is the

case for all H2O lines in the sample, i.e. for both cold and warm
H2O emission. For the cold emission line, the H2O abundances
range from 10�6 up to 10�4 for the Mira and SRa sources, and
cluster around 10�6 for the SRb sources with the exception of
Y CVn, which requires an abundance of ⇠5⇥10�6. For the warm
emission line, the same range of H2O abundances is found for
the Mira and SRa sources, while the abundance is an order of
magnitude lower for the SRb sources.

As discussed in Sect. 3.2, the model predictions confirm that
SRb sources show lower H2O abundances overall. The abso-
lute values should be considered tentatively because the CO line
strengths of the SRb sample are not very well reproduced by
our chosen model (see Sect. 4.3), but the di↵erence between
the SRb sample and the Mira/SRa sample is large enough to be
significant. The tentative upward trend with respect to Ṁg re-
vealed in Sect. 3.2 is less convincing with respect to Ṁg/31,g,
which is really a testament to the small sample size and the
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Account for effects of dust (radiative pumping), velocity & temperature profile,  …

Non-LTE radiative-transfer code:
GASTRoNOoM
embedded in interface
ComboCode



H2O IN CARBON STARS: CONSTRAINTS 
CONCLUDING…

1. H2O is present in the inner and 
intermediate wind 

Confirmed for full sample of 18 carbon stars

2. H2O abundances ~ 10-6 - 10-4  
Depending on wind density

3.  Formation mechanism less efficient  
with increasing wind density

4. Correlation breaks down for SRb stars: 
dependence on pulsation type?

Water in the Universe: from clouds to oceans - Noordwijk - Apr 2016

Shocks Interstellar 
UV

✔ ✔

(✔) ✗

(✔) ✔

(✔) ✗



IMPLICATIONS AND PROSPECTS 
CONCLUDING…

1. Expand parameter space for chemical models 
Can we reach higher abundances?

2. H2O important coolant, when abundant  
Energy balance in carbon-rich AGB winds?  

Self-consistent H2O cooling currently does not work!

3. Resolve clumpy winds with ALMA  
We need constraints for the interstellar UV mechanism.

4. In-depth RT modeling of individual sources 
What about 1D versus 3D? 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THANK YOU!




