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Chapter 6 

Low-temperature crystallization of 
silicate dust in circumstellar disks 

F.J. Molster, I. Yamamura, L.B.F.M. Waters, A.G.G.M. Helens, Th. de Graauw, T. de Jong, A. de Koter, 
K. Malfait, M.E. van den Ancker, H. van Winckel, R.H.M. Voors and C. Waelkens 

Nature 401, 563 

Abstract 

Dust in the interstellar medium with a silicate composition appears in the amor
phous phase (Dorschner & Henning 1995), yet silicate dust in comets (Hanner et 
al. 1994; Crovisier et al. 1997), interplanetary dust particles (Bradley et al. 1999) 
and in the planet forming disks surrounding some young stars (Waelkens et al. 
1998; Malfait et al. 1998) is sometimes partially crystalline. This means that the 
dust must undergo some processing in proto-planetary disks, but the nature and 
extent of this processing remain unknown. Here we report observations of highly 
crystalline silicate dust in the disks surrounding red-giant binary stars. The dust in 
these evolved systems was created predominantly in amorphous form, and there
fore must be processed in the disk to become crystalline. The temperatures are too 
low for the grains to anneal, therefore a low-temperature process is responsible. As 
the disks around young stars and red giants are similar in their physical properties, 
our results suggest that low-temperature crystallization of silicate dust can occur 
in proto-planetary disks. 

6.1 Introduction 

The life cycle of cosmic dust commences w h e n solid particles condense in the outflows 
of evolved red giants. The bulk of the dust grains that form in these outflows have 
a silicate composition whose basic building block is a S i0 4 te trahedra with cations of 
Fe, M g and other refractories. Observations show that these grains have a disordered 
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amorphous lattice structure, with only a minor fraction in an ordered (crystalline) form 
(Waters et al. 1996; Waters & Molster 1999). The grains subsequently enter the inter
stellar medium and finally become the building blocks of a new generation of stars 
and planetary systems. Observations of dust in the interstellar medium and in regions 
of active star formation demonstrate that the structure of silicates in the interstellar 
medium remains essentially amorphous (Dorschner & Henning). 

Silicates with a highly ordered, crystalline lattice structure are known to exist in 
solar system comets (Hanner et al. 1994; Crovisier et al. 1997) and in interplanetary 
dust particles (Bradley et al. 1999 ), and should reflect the composition of dust in 
the primitive proto-solar nebula. In addition, crystalline silicates have been found in 
the dusty disks surrounding young stars (Waelkens et al. 1998; Malfait et al. 1998). 
These disks also contain a population of large dust grains whose size significantly ex
ceeds that of dust in the interstellar medium. These large grains are formed in the disk 
through coagulation of smaller particles. The crystalline dust must have formed in the 
proto-planetary disk, but the physical process responsible for their formation is not 
known. Annealing by means of heating to temperatures above the glass temperature 
(RS 1000 K) requires that the dust grains must have been close to the star. Their inclu
sion in icy comets however implies significant radial mixing of dust in the disk, since 
comets are believed to form in the cool outer regions of the disk. Models for the evolu
tion of the proto-solar cloud indeed suggest that radial mixing may be important (Shu 
et al. 1996; 1997). In this paper we present observations of crystalline dust in disks 
surrounding red giants and related objects demonstrating that crystallization at low 
temperatures also occurs. Such crystallization allows for the inclusion of crystalline 
silicates in comets and interplanetary dust particles (IDPs) without the need for radial 
mixing. 

6.2 Crystalline silicates around evolved stars 

We have investigated the composition of silicate dust in the surroundings of red gi
ants in binary systems and similar evolved stars using 2-45 ^m spectra obtained with 
the Short Wavelength Spectrometer (SWS) (de Graauw et al. 1996) on board of the 
Infrared Space Observatory (ISO; Kessler et al. 1996). The spectrum of the carbon-
rich giant IRAS09425—6040 (figure 1) shows by far the largest percentage of crystalline 
silicates (75 %) ever observed. These silicates are the processed remnants of a previ
ous mass-loss phase when the star was still oxygen-rich. The spectral features of dust 
surrounding the binary AC Her are very similar to those seen in Solar system comets 
(Hanner et al. 1994; Crovisier et al. 1997), such as Hale-Bopp (see figure 1), and to 
those of some proto-planetary disks surrounding young stars (Waelkens et al. 1998; 
Malfait et al. 1998). Based on the compositional similarities of the dust in disks sur
rounding old and young stars, we conclude that the processes which are responsible 
for the crystallization of silicates are likely to be the same. 
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Figure 6.1 ISO-SWS grating scan of the carbon-rich giant IRAS09425-6040 (up
per panel), taken on the 27-th of July 1996, and of the post-AGB star AC Her (bot
tom panel), taken on the 18-th of April 1997. Note the prominent crystalline sil
icate bands. The ISO-SWS spectrum of comet Hale-Bopp (Crovisier et al. 1997) 
is shown for comparison. At short wavelengths (A < 14//m), the spectrum of 
IRAS09425-6040 is characterized by carbonaceous compounds: molecular bands 
of C2H2, HCN, and C3 (not shown, see Molster et al. 2000a) and the SiC dust fea
ture at 11 fim, all originating in the present day C-rich photosphere and outflow 
from this object. At long wavelengths (A > 14/xm) the spectrum is completely 
dominated by emission from cool, highly crystalline oxygen-rich dust, consisting 
for 60-80 % of forsterite and enstatite (Molster et al. 2000a). AC Her is a binary 
of which one component has recently left the red giant phase and is now rapidly 
evolving to higher temperatures (Van Winckel et al. 1998). The silicate features of 
AC Her are a blend of amorphous and crystalline silicates (« 25%) and are very 
similar to those seen in comet Hale-Bopp. 
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6.3 Crystallinity versus large grains 

Several objects in the ISO sample with a high degree of crystallinity show unusually 
high millimeter fluxes compared to their IRAS 60 fim fluxes (figure 2). Cool giants and 
well-known red giants such as OH26.5 +0.6 are characterized by large F6 0 /Fm m ratios. 
A low (F6 0/Fm m) ratio indicates the presence of large, cold grains, since small grains 
(< 10/mi) radiate inefficiently at wavelengths that are large compared to their size. It is 
likely that these large grains have been formed by coagulation in a long-lived circum-
stellar disk. Even in the modest ISO sample we already find several examples of disks 
around evolved stars as evidenced by direct imaging or from the shape of the spectral 
energy distribution. The object AC Her is a member of a class of evolved giants, (some 
and possibly all of which are binaries) with similar circumstellar gas and dust proper
ties. We conclude that the presence of disks surrounding evolved binary stars and the 
formation of planet-like bodies in these disks may be widespread. The sources in our 
sample with a high abundance of crystalline silicates all have a population of large, 
cold grains, and show evidence for a disk. However, coagulation does not necessarily 
imply a high degree of crystallization, since some sources show a high millimeter flux 
level without prominent crystalline silicate emission (van den Ancker et al. 2000). 

6.4 The origin of the high crystallinity 

The high degree of crystallization of the oxygen-rich material in disks surrounding red 
giants is remarkable. The question arises what controls the efficiency of crystallization 
in the disk? It is very unlikely that the present-day dust composition is representative 
for the dust composition when the dust grains formed in the oxygen-rich red giant 
wind, since red giants that are presently observed contain predominantly amorphous 
silicates. All sources with a high abundance of crystalline silicates do show evidence 
for a disk (figure 2). Therefore, we attribute the high degree of crystallinity to process
ing during the long storage time in the stationary disk. Two mechanisms to produce 
highly crystalline dust disks can be considered: selective removal of the small amor
phous grains, and crystallization of the amorphous grains. 

The small amorphous grains may have been selectively removed by processes sim
ilar to those occurring in our Solar system (radiation pressure including Poynting-
Robertson drag in a gas-poor dust disk). However this would require an unrealistically 
high initial mass of the disk (for instance, in the case of IRAS09425-6040 an original 
total disk mass of 0.1 M 0 is estimated, assuming an initially normal amorphous over 
crystalline silicate ratio). Alternatively, most (small) amorphous grains may not have 
been physically removed but rather coagulated into the large grains which are now so 
evident in the millimeter flux. The physical cause for such a preferential coagulation 
of amorphous grains is presently unclear. In the Solar system, inclusions of crystalline 
silicates in IDPs (Bradley et al. 1999, Bradley 1994 ) demonstrate that these grains can 
efficiently take part in the coagulation process of proto-planetary disks. 

Evidence against high temperatures as the cause of crystallization of amorphous 
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Figure 6.2 Correlation between the IRAS 60 (im over 1.1 mm (stars) or 1.3 mm 
(pentagons) flux ratio and crystalline silicate band strength, measured from the 
crystalline forsterite band at 33.6 fim ([F33.8 vm peak - Fcont)/Fcont). The selected 
sources have dust colour temperatures above « 100 K, so that the Planck function 
peaks at wavelengths shorter than 60 //m. The emptiness of the upper right corner 
of this diagram is an indication that the presence of highly crystalline dust is related 
to disks and grain-growth. All stars above the line {F3X6 ^m p e a k- Fcmt)/Fcont = 0.2 
have relatively small 60 fim over mm-flux ratios and have indications for the pres
ence of a disk (e.g. by direct imaging and/or the spectral energy distribution). 
The stars below this line are predominantly normal outflow sources, without any 
evidence for a disk, although exceptions exist (e.g. Roberts 22). NGC 6302 and 
BD+.30 36.39 have been shifted by a factor 2 along the x-axis since only about half 
of the mm continuum flux is due to dust emission while the other half is due to 
free-free emission. 
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silicates in stationary disks can be found from ISO-SWS observations of the carbon star 
V778 Cyg (Yamamura et al. 1997). This object may have a stationary circumstellar disk 
of hot amorphous silicates with a temperature of 600 K. No indication for the presence 
of crystalline silicates was found in the spectrum. Indeed, while circumstellar amor
phous silicates show a range of temperatures up to 1000 K, a low dust temperature (100 
- 250 K) is a general characteristic of all crystalline silicates observed to date. Therefore 
the observational evidence suggests that the crystallization process is not driven by 
the thermal (radiation) temperature of the dust even at relatively high temperatures. 
This conclusion is supported by comparing the age of the dust disks in evolved stars 
with the annealing timescales of amorphous grains assuming thermal processes dom
inate the crystallization: while the age of the disks is estimated to be « 105 years, the 
annealing timescales predicted from kinetic theory at temperatures of 100 - 250 K are 
many orders of magnitude larger (Hallenbeck & Nuth 1998; Gail 1998). Nevertheless, 
longevity seems to be a pre-requisite for crystallization. 

While the origin of the disks around evolved stars (mass loss) and young stars 
(accretion from the interstellar matter) are different, the similarity in their properties 
(i.e. coagulation, gas depletion (Jura et al. 1995; Molster et al. 2000b) and the presence 
of crystalline silicates in a long-lived debris disk) are remarkable. Since radial mixing is 
not expected to occur in the disks around evolved stars, as these are not accretion disks, 
our observations indicate that athermal crystallization (defined here as crystallization 
at temperatures below the glass temperature) may also be responsible for the presence 
of crystalline silicates in planet-forming disks, without the need for radial mixing. 

6.5 Low temperature crystallization 

It is interesting to consider the physical and chemical processes responsible for the 
crystallization at low temperatures. Possibly, crystallization is initiated by an athermal 
process, and the crystallization front is driven either by the release of the latent heat 
of crystallization through the whole grain, or by mechanical energy introduced by this 
energetic event. Both processes are similar to what is seen for silicon (Galvin et al. 1981; 
Grun et al. 1997). Alternatively a local, temporal heating process (e.g. lightning) may 
raise the temperature sufficiently to cause crystallization, followed by slow (« lsec) 
cooling in a highly optically thick and turbulent disk environment: a process which 
may have lead to the production of chondrules in the Solar nebula (Wood 1985) (but 
here for much smaller grains). Grain-grain collisions at relative velocities less than 19 
k m / s will drive a strong shock front in the projectile and target which can cause local or 
complete melting. In principle this can lead to the formation of (new) crystal structures 
as happens for example for carbon-based materials where graphite is transformed into 
diamond by shock loading. However for silicate materials, experiments show that 
upon cooling the material solidifies in an amorphous form (Tielens et al. 1994). 

It is well established that energetic ion and electron beams can induce recrystalliza-
tion of amorphous layers in semiconductors at temperatures well below that possible 
by thermal annealing (Grun et al. 1997; Williams et al. 1985). There are few laboratory 
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studies on this process for the astrophysically more relevant silicate grains. However, 
observations of the impact of Solar flares on the structure of IDPs indeed show ev
idence for recrystallization rims, indicating that these energetic particles can trigger 
local crystallization of the lattice (Thiel et al. 1991). These observations underpin the 
importance of crystallization at low temperatures as an alternative to thermal anneal
ing followed by radial mixing as mechanism for the formation of crystalline silicates 
in circumstellar disks. 

A final consideration is the chemical composition of the crystalline silicates. In all 
our studies we find that these are very Mg-rich with less than 1 % of Fe, Ni and Ca 
(Waelkens et al. 1998; Waters & Molster 1999; Molster et al. 2000b ; Lim et al. 2000). 
To explain the absorption properties of amorphous silicates, it is often assumed that 
they have a significant abundance of metals, like Fe, Ni and Ca (Jones & Merrill 1976). 
The difference in absorption properties is evidenced by the differences in temperature 
for the amorphous and crystalline silicates in e.g. NGC 6302 (Lim et al. 2000) and 
AFGL 4106 (Molster et al. 1999). This implies that during the crystallization process 
also these metals are removed. Although no laboratory studies have been done for sil
icate grains, the process of "impurity" removal together with low temperature crystal
lization has been found in laboratory studies of semiconductors (Elliman et al. 1986). 
Any physical mechanism for crystallization must be able to account for these differ
ences in chemical composition of the amorphous and crystalline silicates. Laboratory 
measurements of the effects of local heating and of irradiation on the crystallization 
process of silicates are highly desirable. 
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