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MINERALOGY OF THE 
OH/IR SUPERWIND 
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OH/IR STARS 
 



5 Msol ≲ MS mass ≲ 8 Msol 

MIRA & LONG-P PULSATIONS 
 

2 Engels Etoka, Gérard and Richards

With the Nançay Radio Telescope (NRT) we monitored a sample of 20 OH/IR
stars to measure their phase-lags. For about half of the sample, phase-lags had been
determined by Herman & Habing (1985) and van Langevelde et al. (1990). Some of
the stars served as comparison stars to verify the reported phase-lags. For others a
re-determination was the goal, as the reported phase-lags were inconsistent with each
other. For the remaining stars, phase-lags were determined for the first time. We have
also started to image stars at 1612 MHz with the eVLA and e-MERLIN near maximum
light to determine the angular diameters. We report here on the status of the program
and give preliminary results.

Figure 1. Sample light curves of the OH maser flux integrated over the full velo-
city profile for IRAS 20234–1357 (P = 1.16 yr) and OH 30.1–0.7 (P = 5.95 yr).

2. Light Curves and Phase-lag Determinations

The sample of OH/IR stars was observed with the NRT in the 1612 MHz OH maser
line once every month over 5 years (2008–2012). For several sources with insufficient
coverage of the variation cycle, the monitoring is continuing. Typical integration times
on source were 5–10 minutes, yielding a typical noise level of 100 mJy. The spectra
were baseline fitted and calibrated (nominal error ∼ 5%) and have a velocity resolution
of 0.035–0.070 km s−1. Representative light curves of the integrated flux are shown in
Figure 1. All stars are large-amplitude variables with periods P ≈ 1 − 6 years. The
light curves are smooth with some month-to-month scatter. This scatter is not due to
secular variations of individual maser features in the spectral profile, superposed on the
smooth variation of the flux integrated over all features. Indeed, dividing spectra of
adjacent months showed that any variations affected the full profile, and not individual
features only. We therefore conclude that the month-to-month scatter is dominated by
calibration errors.

The light curves of objects with periods < 2 years are well represented by a sine
curve, except that the level of maximum light is not necessarily recovered in each cycle.
The light curves become increasingly asymmetric with longer periods, with a steeper
rise towards maximum (duration 0.3 − 0.4 · P ) and a gentle decline towards minimum.
Simple analytical functions, such as an asymmetric sine function, are not able to repro-
duce the detailed shapes of these light curves.

ENGELS ET AL. 2015
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⤶5 Msol ≲ MS mass ≲ 8 Msol 

INTERMEDIATE INITIAL-MASS STARS   
 

BUSSO ET AL. 1999

     
Evolution on the AGB
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Dust forms
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5 Msol ≲ MS mass ≲ 8 Msol 

SUPERWIND: SHORT DURATION 
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SUPERWINDS: WHAT WE DON’T KNOW 
 

1. Superwind duration: short  
Losing another 3 Msol

2. How is a superwind driven?  
Grain size and role of scattering, dust properties

3.  Effect of asymmetries in the wind
          Assumption of 1D spherically symmetric winds still reasonable?

One way to provide constraints:

Mineralogy. 
(in 1D)
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DUST RADIATIVE TRANSFER 
 

1) Monte Carlo radiative transfer code 2) Dust optical properties

3) Dust shape model & grain size distribution
R. Lombaert et al.: Observational evidence for composite grains in an AGB outflow

We quantified our results by calculating the atomic num-
ber abundance with respect to H2 of sulfur needed for the MgS
dust mass in our models. We only considered sulfur, since it is
the least abundant component with a solar atomic abundance of
(2.6 ± 0.2) × 10−5 (Asplund et al. 2009). Two models were cal-
culated, one assuming thermal contact between dust species (see
the dashed red curve in Fig. 1), and one assuming no thermal
contact (see the dashed blue curve in Fig. 3 for the continuum-
divided 30 µm feature). In both models, the dust composition
and dust-mass-loss rate were adapted such that the 30 µm fea-
ture is reproduced with a similar equivalent width. The model
assuming thermal contact yields an atomic number abundance
of 2.5 × 10−5 for sulfur. The model without thermal contact re-
quires an abundance of 1.2 × 10−4. Given the potentially vari-
able mass loss of LL Peg (e.g. Mauron & Huggins 2006), we
estimate the uncertainty on these values to be a factor of two.
In the case of thermal contact, the required amount of MgS to
reproduce the 30 µm feature is within the limits imposed by a
solar sulfur abundance, independent of the particle shape model.
Without assuming thermal contact, the required amount of MgS
would significantly exceed a solar atomic sulfur abundance.

5. Discussion

5.1. Homogeneous versus composite grains

The above motivated need for thermal contact between the dust
species implies that they must be included in some kind of het-
erogeneous composite grain structure. Recently, Zhukovska &
Gail (2008) discussed the possibility of forming MgS dust in
carbonaceous environments through precipitation on SiC precur-
sor grains, which would be a plausible way to achieve compos-
ite grains. These authors showed that the formation of MgS is
strongly coupled to that of SiC, a process in which sulfur is being
freed by breaking up SiS molecules. This sulfur is stored in H2S,
which can react with freely available magnesium to condense
into MgS. A connection between molecular SiS and the forma-
tion of MgS is also supported by Smolders et al. (2012), who
found a strong correlation between the presence of SiS molecu-
lar bands and a 30 µm feature in their sample of S-stars. SiC is
not formed in these stars, but SiS can react directly with Mg to
form MgS, albeit less efficiently. This scenario agrees with the
significantly lower MgS abundance that is needed to explain the
typically weak 30 µm feature in S-stars.

Additional support for the above hypothesis was given by
Leisenring et al. (2008), who compared galactic carbon stars
with a sample in the LMC, in which all sources show an SiC fea-
ture at 11 µm, while only half of the sources show emission at
30 µm. Stronger 30 µm features are found together with weaker
SiC features, which led Leisenring and collaborators to suggest
that MgS forms as a coating on top of SiC grains. In galactic
AGB stars, a-C is expected to form first, followed by SiC. If it is
energetically beneficial for SiC to form on top of a-C grains in a
core-mantle structure, or for homogenous a-C and SiC grains to
stick together in an aggregate structure, it is likely that compos-
ite grains are formed. For core-mantle grains, Zhukovska & Gail
(2008) showed that a resonance effect caused by such a structure
induces a second peak at ∼35 µm in the absorption efficiency
profile of spherical MgS grains. However, an ensemble of non-
spherical grains will likely not produce such a resonance effect,
see Sect. 5.2.

MgS formation directly from the gas-phase – without any
kind of precursor grain of different composition – would pro-
vide a mechanism to produce chemically homogeneous grains.
However, several studies have indicated that this process is

Fig. 3. Continuum-divided 30 µm feature with the SWS data of LL Peg
shown in full black. The CDE model in full red assumes thermal contact
and requires a sulfur abundance of about the solar value. In the model
represented by the dashed blue line the CDE particles are not in thermal
contact. To fit the strength of the feature sulfur needs to be ∼5 times the
solar value. A DHS (full yellow line) and MIE (dashed green) model
represent alternative shape distributions of particles in which the dust
components are in thermal contact. The sulfur abundance in the MIE
model has been adjusted to match the equivalent width of the observed
feature.

not sufficiently efficient to explain the large amounts of MgS
needed to produce a strong 30 µm feature (Kimura et al. 2005;
Zhukovska & Gail 2008; Cherchneff 2012). In their study of
carbon-rich AGB stars and planetary nebulae, Hony et al. (2002)
adopted chemically homogeneous grains and derived a temper-
ature for the MgS particles by fitting the 30 µm feature after
subtraction of a smooth continuum. For LL Peg, they found
a continuum (i.e. essentially a-C) temperature of 340 K and a
MgS temperature of 120 K. They ascribed the difference to the
chemical homogeneity of the grains. However, the authors as-
sumed that MgS is formed in an optically thin medium and can
be characterized by a unique temperature. Our radiative trans-
fer calculations show that both these assumptions are not valid
for LL Peg. Moreover, the low temperature of MgS found by
Hony et al. leads to the MgS mass problem. We conclude that
a population of chemically homogeneous grains, and hence no
thermal contact between dust species, cannot be reconciled with
the spectrum of LL Peg.

5.2. Particle shape and size

The spectral shape of a dust emission feature may strongly de-
pend on the model that is used to describe the particle shapes
(Hony et al. 2002; Mutschke et al. 2009). The continuum-divided
MgS features for several particle models are shown in Fig. 3. Mie
particles clearly cannot reproduce the spectral profile around
30 µm in LL Peg. Several studies (e.g. Hony et al. 2002; Min
et al. 2003) have indicated that Mie particles in any grain-size
distribution cause narrow features and certain resonances, which
have not been observed in the thermal continuum emission of
AGB stars. It is generally better to use an ensemble of par-
ticle shapes, such as given by a CDE or DHS (see Mutschke
et al. 2009 for an overview of these and more advanced particle
shape models), because they more accurately represent features
caused by a collection of irregularly shaped dust particles. Note
that for both the CDE and the DHS model the extinction proper-
ties are independent of our single grain-size assumption as long
as the Rayleigh limit holds. The assumption of homogeneous
or composite grains also impacts the shape of the MgS feature,
because the dust temperature profile is affected. If one assumes
homogeneous grains (i.e. no thermal contact) and increases the
MgS-dust mass such that the strength of the feature is approxi-
mated, one finds that the 30 µm feature shape is rather poorly re-
produced by a CDE model (see the dashed blue curve in Fig. 3).
However, this poor agreement cannot be used as an argument
for the need of thermal contact because CDE is quite a simple
grain shape model. A comparative study between particle shape

L18, page 3 of 4

4) And a number of caveats…

• 1D spherically symmetric
• Phase dependence
• Interstellar reddening
• ISO SWS data reduction
• Short superwind duration
• …

LOMBAERT ET AL. 2012
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MINERALOGY: DOWN THE RABBIT HOLE 
 

WORK-IN-PROGRESS  
WARNINGISO SWS

Herschel 
PACS

Mineralogy must be understood to constrain
the superwind properties reliably from SEDs

Pyroxene

Olivine

Forsterite

And a “continuum opacity source”…

Al2O3
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MINERALOGY: METALLIC IRON 
 (SEE ALSO KEMPER ET AL. 2002)

0% 
2.5% 
5% 
10%

Metallic Fe contribution to
“continuum opacity source”
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METALLIC IRON VS. MASS LOSS 
 

Mass loss

Fe content
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MINERALOGY: METALLIC IRON 
 

JUSTTANONT ET AL. 2006
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Metallic Fe: only a single opacity “slope”
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Small dust grains only!
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MINERALOGY: GRAIN SIZE DISTRIBUTION 
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amin = 0.01 𝝻m
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MINERALOGY: GRAIN SIZE 
 

Micron-size grains contribution to
“continuum opacity source”



Scattering on grains: 
required to have enough momentum to drive the stellar wind

MINERALOGY: GRAIN SIZE 
 

For AGB stars: 
~ 0.2 micron or larger

HÖFNER 2012



MINERALOGY: CONCLUSIONS 
(PRELIMINARY!)

1. Fe in continuum and in olivine  
Small abundance of pure Mg olivine needed for mid-IR fit

2. (Sub-) Micron-size dust grains required 
Important contribution to the “continuum opacity source” 

3. Require near 100% condensation of Fe, Mg, and Si  
Assuming Solar abundance

4. No alumina or other signs of early dust formation  
They may still function as seed grains, but no sign of them is visible in present-day mass loss

5.  Pyroxene required 
Agrees with dust formation sequence and finding Fe in the silicate

!! Under assumption of wind spherical symmetry !!      
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