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Overview
• intro, silicates 
• origin & initial composition 
• main processes at play 
• composition from IR 

spectroscopy 
• observable dust in HAe disks: 

- Silicates 
- Carbonaceous species / PAHs
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Diagnostics
• “direct” analysis: 

- Earth, Moon, Mars 
- meteorites 
- comets 
- IDPs 
- pre-solar grains (“stardust”) 

• Spectroscopy: 
- optical: absorption 
- near/mid/far-IR: many spectral 

features, absorption & emission 
- mm: spectral slope 

• Scattering properties: 
- Disk surfaces 
- clouds/cores

Subaru/SEEDS, NAOJ

Philae / Rosetta, ESA
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Main dust components
• Silicates 

- Mg/Fe, Si, O 
- amorphous / crystalline forms  

• Carbonaceous 
- hydrogenated amorphous C 
- “CHON” material (?) 
- graphite, diamonds 
- PAHs 

• Others 
- Fe, FeS, NiS, SiC 
- Al2O3, MgAl2O4 
- …

Enstatite

FeS

amorphous Carbon
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Figure 1
A SiO4 tetrahedron
as the basic structural
unit of silicates. The
silicon (red sphere)
sits in the center of
the structure and is
surrounded by four
oxygen atoms (blue
spheres).

of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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Olivine-type 
Mg2xFe2-2xSiO4  

Pyroxene-type 
MgxFe1-xSiO3 

Amorphous

ISM: 
Ol-type:Py-type ≈1:1 
x≈0.5, x≈0.1 
Min et al. (2007)
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of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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Figure 1
A SiO4 tetrahedron
as the basic structural
unit of silicates. The
silicon (red sphere)
sits in the center of
the structure and is
surrounded by four
oxygen atoms (blue
spheres).

of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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Figure 1
A SiO4 tetrahedron
as the basic structural
unit of silicates. The
silicon (red sphere)
sits in the center of
the structure and is
surrounded by four
oxygen atoms (blue
spheres).

of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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unit of silicates. The
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the structure and is
surrounded by four
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spheres).

of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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unit of silicates. The
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sits in the center of
the structure and is
surrounded by four
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spheres).

of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.

www.annualreviews.org • Cosmic Silicates 23

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

01
0.

48
:2

1-
46

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 W
IB

64
17

 - 
M

ax
-P

la
nc

k-
G

es
el

ls
ch

af
t o

n 
02

/2
1/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Silicates

Olivine-type 
Mg2xFe2-2xSiO4  

Pyroxene-type 
MgxFe1-xSiO3 

7

Amorphous



Crystalline

Olivines 
x=1 forsterite  (Mg only) 
x=0 fayalite      (Fe only) 

Pyroxenes 
x=1 enstatite 
x=0 ferrosilite

T=1500 K
evapor. & recondens.

evapor. & recondens.

AA48CH02-Henning ARI 23 July 2010 15:10

Si

O

O

O

O

Figure 1
A SiO4 tetrahedron
as the basic structural
unit of silicates. The
silicon (red sphere)
sits in the center of
the structure and is
surrounded by four
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of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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the structure and is
surrounded by four
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of complexity. These different states of polymerization can range from isolated tetrahedra to
chains, sheets, and finally complicated 3D frameworks.

The negative net electrical charge of the ion group must be compensated by cations to produce
an electrically neutral compound. Constrained by the cosmic abundance of elements, these cations
should be mostly Mg and Fe for silicates in space. The cations are dispersed between the individual
tetrahedra or the tetrahedra arrays. Mineral structures that have been extensively discussed in the
context of cosmic dust are nesosilicates (isolated tetrahedra, [SiO4]4− anion), inosilicates (single
chain, [SiO3]2− anion), and phyllosilicates (sheets, [Si2O5]2− anion). In the case of inosilicates, the
tetrahedra share two O atoms, whereas the tetrahedra in the continuous sheets of phyllosilicates
share three O atoms.

The astrophysically interesting groups of olivine and pyroxene minerals belong to the silicate
classes of nesosilicates and inosilicates, respectively. Olivines are characterized by isolated [SiO4]4−

tetrahedra that are linked by divalent cations. Pyroxenes are formed by single chains of such tetra-
hedra. According to their lattice symmetry, the olivines belong to the rhombic crystal system. In
contrast to olivines, pyroxenes can occur in two different main crystallographic systems. The lattice
can be of rhombic or monoclinic structure. An image of an olivine crystal is shown in Figure 2.

The general sum formula of olivines is Mg2xFe2−2xSiO4 with x between 1 and 0. The Fe and Mg
cations can replace each other in the crystal structure. This means that olivines can be considered as
solid solutions of Mg2SiO4 and Fe2SiO4. The two end members of these isomorphous crystalline
compounds are forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic structure of olivine is
best described as a hexagonal close-packed arrangement of O ions with octahedral sites occupied
by Mg or Fe ions (see Figure 3).

Pyroxenes have the symbolic formula MgxFe1−xSiO3 with x between 1 and 0. The metal ions,
which link the chains, are coordinated by six O atoms. The Fe-free and Mg-free end members of
this group are enstatite and ferrosilite.

Another interesting group of crystalline silicates are hydrous silicates, mostly crystallizing in
the form of layer-lattice silicates. In the case of phyllosilicates, layers of silicate tetrahedra are
combined with OH layers. The crystal layers can be linked through interlayer cations, H bonds,
interleaved hydroxides, or van der Waals forces. An example is the hydrous silicate talc with the
chemical formula Mg3(OH)2[Si2O5]2. In this case, brucite (Mg(OH)2) layers are inserted between
the silicate planes. Such silicates can only form in aqueous environments.
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Origin & initial composition

image credit: Bill Saxton, NRAO/AUI/NSF
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Origin & initial composition

image credit: Bill Saxton, NRAO/AUI/NSF
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Main processes
illustration by Kama
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Spectral de-composition
• Opacities of dust species 

- lab measurements of λ-dependent 
opacities or optical constants 

- optical constants ➔ opacities  

• Model to calculate spectra 
- single/two temperature model (e.g. 

van Boekel et al. 2004, 2005; 
Bouwman et al. 2008) 

- two-layer Temperature Distribution 
(Juhasz et al. 2007) 

- full Radiative Transfer disk model 
(e.g. Mulders et al. 2013)

illustration from Sitko et al. (2011)
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Lab measurements are important!
• Opacities depend on 

- exact composition / impurities 
- particle size / shape / structure 
- temperature 

• elaborate measurements! 
- large wavelength range 
- wide range of techniques 
- representative conditions 
!

- Heidelberg-Jena-St. Petersburg database 
(Huisken , Jaeger, Dorschner, Mutschke, 
Henning, et al.) 

- Koike, Suto, Sogawa, Murata, et al.

from Henning (2010, ARAA, 48, 21)

316 T. Henning

Production methods for refractory solids, applied in laboratory astrophysics,
include: laser ablation and thermal evaporation and subsequent condensation in an
inert (Ar, He) or reducing (H2) atmosphere, infrared laser-induced and microwave-
induced gas pyrolysis, arc discharges under various atmospheric conditions, burning
of hydrocarbons, plasma deposition techniques, and sol-gel reactions in the case
of silicatic materials [6, 10]. As an example Fig. 1 shows the Jena laser pyroly-
sis system which has been used for the production of carbide, nitride, and silicon
nanoparticles. Here, one has to keep in mind that “good” cosmic dust analogues
may considerably deviate in stoichiometry and crystallinity from materials which
are easily available for laboratory analysis. Therefore, dedicated preparative work is
often required for producing cosmic dust analogues.

To understand the relation between structural and optical properties of dust
grains, they have to be thoroughly characterized. Depending on the material, dif-
ferent methods have been used. Table 1 summarizes the different structural char-
acterization techniques for silicates and their pros and cons. For carbonaceous
grains, we refer the reader to the reviews by Henning et al. [11] and Henning
and Schnaiter [12]. Here it is especially the hybridization state which is of interest
in determining the optical properties of the particles. As examples for the char-
acterization of silicon-based materials, Fig. 2a shows an SEM (scanning electron
microsocopy) image of an inhomogeneous silicate of average pyroxene stoichiome-
try (Mg0.4Fe0.6SiO3) and Fig. 2b some SiO2 particles. The pyroxene has been pro-
duced by melting SiO2, MgCO3, and FeC2O4 ·6H2O in the right stoichiometric ratio
and subsequent slow cooling of the melt [13]. The sample is characterized by phase
separation which can be traced by the backscattering electron image. The dark gray
phase is a SiO2 component, the gray phase is made of a Mg-rich pyroxene and the
light phase is an Fe-rich pyroxene. The chemical composition of the different phases
could be determined by Energy Dispersive X-ray (EDX) analysis. Any determina-
tion of optical data of such a sample has to take into account that the measurement is
an average over different phases with different optical properties. SEM images can

Fig. 1 Jena laser pyrolysis
system for the production of
small particles
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Figure 1. Comparison of scattering theories and different sets of optical constants for crystalline forsterite (Servoin & Piriou 1973; Sogawa et al. 2006; Suto et al.
2006). The applied scattering theories were (a) Mie theory, (b) CDE, and (c) DHS with a maximum volume filling factor of 1.0. For comparison the optical efficiencies
of forsterite measured on free-flying particles (Tamanai et al. 2009) are shown.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1, but for longer wavelengths.
(A color version of this figure is available in the online journal.)

fulfilled, and furthermore it is a fast computational method. We
used, therefore, the DHS theory to calculate the MACs from the
optical constants for our analysis. MACs of each dust species
were calculated for three discrete grain sizes (0.1 µm, 2.0 µm,
and 5.0 µm). For forsterite and enstatite we used only two grain
sizes (0.1 µm and 2.0 µm) as we did not find any evidence for
large (>2.0 µm) crystals. Silicate grains larger than ∼5 µm are
not considered, since they do not show feature in the studied
wavelength range (5–35 µm).

In DHS, one computes the scattering/absorption cross section
of hollow spheres with a volume fraction f = Vtot/Vvac, where
Vtot is the total volume of the grain and Vvac is the volume of the
vacuum inclusion. The final MACs will then be an average over
a whole hollow sphere distribution with different values of f. It
has already been shown that for crystalline silicates one should
average over all possible values of f (from 0 to 1.0) to get the
best agreement with the observed positions of crystalline bands
(see, e.g., Min et al. 2003). In Figure 3, we show the absorption
efficiencies of amorphous silicates with olivine and pyroxene
stoichiometry calculated using DHS theory. It can be seen that
the higher the upper boundary for the hollow sphere distribution
(fmax) is chosen the broader the feature becomes. By increasing
the value of fmax, the peak position of the feature shifts toward
longer wavelengths. For the amorphous silicates we found that
the best agreement with the observed spectra is obtained if one
uses fmax = 0.7. For the details, see Section 4.2.

3.2. PAH Band Profiles

All sources discussed in this paper show emission from
PAHs. PAHs are also included in the spectral decomposition
procedure in order to avoid systematic biases in the estimated
dust parameters due to the PAH emission. PAH emission at

11.3 µm, 8.6 µm, and 12.7 µm can cause confusion in the
estimated forsterite and silica content, respectively. In order
to get the most realistic intensity profile for the observed PAH
features, band profiles have been extracted from the spectra of
sources with PAH emission only. These sources were HD34282,
RR Tau, HD97048, HD135344B, HD141569, and HD169142.
Five band profiles have been derived from the spectra of each
source separately. We denote a set of profiles belonging to one
source X1,..., X6, corresponding to HD34282,..., HD169142,
respectively, and we call the individual profiles after the central
wavelength position as 6.2 µm, 7.7 µm, 8.6 µm, 11.3 µm, and
12.7 µm profiles (see Figure 4). The X1-6.2 µm profile is
therefore derived from HD34282 and its central wavelength
is about 6.2 µm. For further details of the derivation of the band
profiles we refer to Acke et al. (2010).

3.3. Spectral Analysis

In order to analyze the dust composition in the disk atmo-
sphere, the radiation of which dominates the IRS spectrum,
we used the two-layer temperature distribution (TLTD) method
described in Juhász et al. (2009). This method uses a multi-
component continuum (star, inner rim, disk midplane) and it
assumes that the region where the observed radiation originates
(both optically thin and thick) has a distribution of temperatures
instead of a single one. In this fitting method, the observed flux
density at a given frequency is given by

Fν = Fν,cont +
N∑

i=1

M∑

j=1

Di,jκi,j

∫ T a,min

T a,max

2π

d2
Bν(T )T

2−qa
qa dT

+
NP∑

i=1

CiI
PAH
i , (1)
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Mass absorption
coefficients for small
forsterite grains with
different shape
distributions.
Abbreviations: DHS,
distribution of hollow
spheres; CDE,
continuous
distribution of
ellipsoids; MIE,
spherical particles.
The optical constants
for the calculations are
taken from Servoin &
Piriou (1973).

Petersburg database [described by Henning et al. (1999) and Jäger et al. (2003c); the database can
be accessed via http://www.mpia-hd.mpg.de/HJPDOC]. Valuable data sets have been published
by the Jena Laboratory Astrophysics Group in a whole series of papers, both for amorphous and
crystalline silicates (e.g., Dorschner et al. 1995, Jäger et al. 1998, Fabian et al. 2001), as well as by
various groups in Japan, especially for very clean crystals (e.g., Koike et al. 2003; Suto et al. 2002,
2006; Sogawa et al. 2006) and for hydrosilicates (Hofmeister & Bowey 2006; Glotch, Rossman &
Aharonson 2007; Mutschke et al. 2008). For forsterite a frequently used set of optical constants
has been published by Servoin & Piriou (1973). Data for α-quartz can be found in Spitzer &
Kleinmann (1961) and Gervais & Piriou (1975).

Here we note that the optical data provided for crystals of the same composition may differ
because of stacking faults, defects, and impurities (e.g., Murata et al. 2009). This may allow us to
distinguish between spectra produced by pure crystals and annealed amorphous silicates, which
may still contain stacking faults (Molster et al. 2002b).

Crystals often show different optical constants along the different crystal axes so that more
than one set of optical constants has to be used and the absorption and scattering efficiencies have
to be properly averaged for an ensemble of particles. We refer to Bohren & Huffman (1983) for
an excellent textbook describing the fundamentals of scattering theory and the tools to calculate
the absorption and scattering properties for small particles.

We also note that the shape of silicate emission features does not only depend on the absorption
and scattering efficiencies, but also on the temperature of the grains via the Planck function. These
dust temperatures can be computed with radiative transfer calculations if the external stellar or
interstellar radiation fields and the geometry of the dust configurations are known. In addition,
the optical constants must be available over a wavelength range relevant for the calculation of the
energy balance.

2.3. Processing of Cosmic Silicates
During the life cycle of silicates, a variety of processes will modify the structure of this dust
component. The annealing of freshly formed dust grains may already occur in the envelopes
around AGB stars. Collisional grain destruction is certainly a limiting factor for the supernova
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Composition from spectra: 
CAVEATS !!!

• Uncertainties in opacities 

• Dust properties vary with location in disk 

• Need to know/model density + Temperature Structure 

• We “see” only minor fraction of dust mass
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Silicates spectroscopy

Min et al. (2007)

Image Credit: STSCI
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Silicates - grain growth
e.g. Bouwman et al. (2001) 

Voschinnikov & Henning (2008) Lommen et al. (2010, A&A, 515, 77)
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Observed correlation between growth signatures at 10 μm and mm! 
Acke et al. (2004, A&A, 422, 621)



Silicates - grain growth
e.g. Bouwman et al. (2001) 

Voschinnikov & Henning (2008) Lommen et al. (2010, A&A, 515, 77)

or porosity / shape irregularities ?

16

Observed correlation between growth signatures at 10 μm and mm! 
Acke et al. (2004, A&A, 422, 621)



mm slope, porosity, ice mantles
Min et al. (2006, 2014 in prep)

shape irregularities
Ossenkopf & Henning (1994)
Porosity, ice mantles

porous

compact
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disk surface vs. midplane

wavelength [micron]

surface layer:!
particles ≲ 1 μm

mid-plane:!
particles ≳ 105 μm

Testi et al. (2001)

UX Ori αmm=2.03±0.26

small grains

18



Silicates - crystallisation

Min et al. (2007, A&A, 462, 667) Murata et al. (2009, ApJ, 696, 1612)

Amorphous Crystalline
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ISO: “the big punch”
Meeus et al. (2001, A&A, 365, 476)478 G. Meeus et al.: ISO spectroscopy of 14 Herbig Ae/Be stars

Fig. 2. The ISO-SWS spectra of our programme stars. Together with HD 100546, we also show the spectrum of comet Hale-Bopp
(Crovisier et al. 1997) for comparison

together with a description of the Spectral Energy
Distributions (SED) and we propose a global model to
explain the SEDs. In Sect. 2, we describe our sample
stars and their observations. We also present the SEDs
(see Fig. 1) and indicate observational trends. ISO-SWS
spectra and an inventory of solid state and PAH bands
are shown in Sect. 3, where the individual sources are
discussed as well. In Sect. 4 we propose a global model,
and discuss grain processing. Our conclusions are summa-
rized in Sect. 5. In a forthcoming paper, detailed radiative

transfer models of some of the sources will be presented
(Bouwman et al. in preparation).

2. Targets and observations

The objects we selected are fourteen so-called isolated
HAEBE stars. These HAEBE stars are not located inside
a star-forming region, but show all the other characteris-
tics of a HAEBE star and are presumably the somewhat
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Disk Geometry
Maaskant et al. (2013, A&A, 555, 64)

K. M. Maaskant et al.: Identifying gaps in flaring Herbig Ae/Be disks using spatially resolved mid-infrared imaging

however, no gaps are reported. Since they show the highest sub-
mm excess among flat objects and show CO gas lines in the sub-
mm (Dent et al. 2005; Mannings & Sargent 1997; Qi et al. 2011),
they are considered as transitional between flaring and flat.
UV observations of HD 104237 point also indirectly, towards a
small disk; for example, obscuration of a background microjet in
the UV constrained the circumstellar disk to r < 0.600 (70 AU).
There are no other flat disks identified in the literature with ob-
servational evidence of the disk structure beyond >⇠50 AU.

It is still an open question whether the inner disk structures
of flaring group I and flat group II disks are di↵erent. How-
ever, there are observations that may indicate that flat group
II sources could have optically thicker inner disks. First, there
are no group II objects without silicate features. Thus, group II
sources do not seem to have large gaps in the temperature range
of ⇠200–400 K (see Sect. 7.1). Second, a photometric study of
Acke et al. (2009) demonstrated a correlation between higher op-
tically thick inner rims which resulted in lower outer disk bright-
ness due to shadowing e↵ects. This correlation is strongest in
flat group II sources suggesting that their inner disks are opti-
cally thicker than in flaring group I objects. Third PAH and other
gas lines in flat group II sources, such as FIR CO (Meeus et al.
2012), milimeter CO (Dent et al. 2005) and NIR H2 (Carmona
et al. 2011) emission are much weaker or not present. While a
lower far-IR continuum flux can be ascribed to dust settling, it
is not yet understood why gas lines are much weaker in group II
sources. Opposite to what is observed, modeling by Dullemond
et al. (2007) predicts that PAH features become stronger as the
dust settles down to the mid-plane. A possible solution may be
that group II sources have optically thicker inner disks casting a
greater shadow on the outer disk, thereby reducing the strength
of the gas lines and the FIR continuum flux even more.

7.3. Consequences for the evolutionary link between group I
and group II

While gaps are found in an increasing number of group I Herbig
stars, there is no evidence of gaps in group II sources. Since it
is likely that the gap is formed by a low mass companion, which
is probably a planet (Pollack et al. 1996), this planet will main-
tain the gap throughout the further evolution of the disk (e.g.
Armitage 2007). If group II objects do not have gaps then the
evolutionary link from group I to group II is no longer evident.
As a solution to this problem, we suggest that a typical “primor-
dial flaring disk” with a continuous density distribution (i.e. no
gaps) in the disk may be a “common ancestor” for transitional
group I and flat group II objects (see the sketch in Fig. 11). From
that starting point, a flaring disk can evolve into transitional
group I objects by gap-formation or a self-shadowed group II
source in which the outer disk has collapsed. We stress that this
scenario is very speculative but may however help to redefine the
evolutionary link between Herbig group I and II sources. A
similar scenario for T Tauri stars has been proposed by Currie
(2010).

Not included in Fig. 11 is the hypothetical possibility of a
disk in which both e↵ects are present (planet formation and the
collapse of the outer disk). New key questions need to be ad-
dressed to understand any putative evolutionary link between
group I and group II objects. Can transitional group I sources
with large gaps still evolve to flat group II? Or reversely, can
flat group II objects become group I sources when/if gaps form?
Better constraints on the structure of group II disks by direct
imaging are essential to address these issues.

gr

gr

Fig. 11. Sketch of an evolutionary scenario for disk evolution in Herbig
Ae/Be objects (after Currie 2010). Both groups have evolved from
a common ancestor (i.e. primordial, possibly embedded, flaring disk
structure). In transitional group I objects, gap formation proceeds the
collapse of the outer disk. In group II objects, grain growth and dust
settling have flattened the outer disk.

The SED and spectral characteristics of group I sources seem
to indicate the dominant presence of a high wall irradiated by the
star. As more and more Q-band observations have become avail-
able, it has become clear that these walls are indicative of gaps in
the disk structure. As we do not observe similar characteristics
of walls in group II sources, we infer that these sources do not
have disks with gaps.

More insight into the di↵erent evolutionary pathways of
Herbig stars can be obtained by examining the color-magnitude
diagram on Fig. 12. The objects are taken from the sample of
Acke et al. (2010) for which sub-mm photometric data was avail-
able. The filled symbols indicate the Herbig stars for which gaps
have been reported in the literature. This diagram can be used
to compare the inner and outer disk evolution among Herbig
stars. The y-axis shows the flux at 1.3 mm that is widely used
in estimates for the total disk mass in milimeter grains (e.g.,
Andrews & Williams 2005, 2007). As disks lose their mass dur-
ing their evolution, they will move down in this diagram. There
is no significant di↵erence between group I (red dots and orange
triangles, F30/F13.5 >⇠ 2.2) and group II (blue squares) in disk
mass. On the x-axis however, the absence of silicate features (or-
ange triangles) is strongly correlated with the MIR spectral index
(F30/F13.5 >⇠ 5.1), as expected for a disk with a large gap and a
vertical wall of T ⇠ 100–150 K at the inner edge of the outer
disk. Since no gaps have yet been observed in group II objects,
it seems unlikely that group Ib objects (with large inner cavities
and no silicate features) continue their evolutionary path on this
diagram as group IIa objects (with silicate features). Instead, the
end-stage of the evolution of a group Ib object is likely to be
represented by a group IIb object (though group IIb objects have
so far not been identified in infrared spectral surveys of Herbig
Ae/Be stars) or a disk/debris system, such as HD 141569.

Candidates for the “common ancestor” group may be Herbig
group Ia objects without gaps. Since many group I objects are too
far away to be spatially resolved, improved spatial resolution is
needed to identify whether these objects are transitional or have
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however, no gaps are reported. Since they show the highest sub-
mm excess among flat objects and show CO gas lines in the sub-
mm (Dent et al. 2005; Mannings & Sargent 1997; Qi et al. 2011),
they are considered as transitional between flaring and flat.
UV observations of HD 104237 point also indirectly, towards a
small disk; for example, obscuration of a background microjet in
the UV constrained the circumstellar disk to r < 0.600 (70 AU).
There are no other flat disks identified in the literature with ob-
servational evidence of the disk structure beyond >⇠50 AU.

It is still an open question whether the inner disk structures
of flaring group I and flat group II disks are di↵erent. How-
ever, there are observations that may indicate that flat group
II sources could have optically thicker inner disks. First, there
are no group II objects without silicate features. Thus, group II
sources do not seem to have large gaps in the temperature range
of ⇠200–400 K (see Sect. 7.1). Second, a photometric study of
Acke et al. (2009) demonstrated a correlation between higher op-
tically thick inner rims which resulted in lower outer disk bright-
ness due to shadowing e↵ects. This correlation is strongest in
flat group II sources suggesting that their inner disks are opti-
cally thicker than in flaring group I objects. Third PAH and other
gas lines in flat group II sources, such as FIR CO (Meeus et al.
2012), milimeter CO (Dent et al. 2005) and NIR H2 (Carmona
et al. 2011) emission are much weaker or not present. While a
lower far-IR continuum flux can be ascribed to dust settling, it
is not yet understood why gas lines are much weaker in group II
sources. Opposite to what is observed, modeling by Dullemond
et al. (2007) predicts that PAH features become stronger as the
dust settles down to the mid-plane. A possible solution may be
that group II sources have optically thicker inner disks casting a
greater shadow on the outer disk, thereby reducing the strength
of the gas lines and the FIR continuum flux even more.
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While gaps are found in an increasing number of group I Herbig
stars, there is no evidence of gaps in group II sources. Since it
is likely that the gap is formed by a low mass companion, which
is probably a planet (Pollack et al. 1996), this planet will main-
tain the gap throughout the further evolution of the disk (e.g.
Armitage 2007). If group II objects do not have gaps then the
evolutionary link from group I to group II is no longer evident.
As a solution to this problem, we suggest that a typical “primor-
dial flaring disk” with a continuous density distribution (i.e. no
gaps) in the disk may be a “common ancestor” for transitional
group I and flat group II objects (see the sketch in Fig. 11). From
that starting point, a flaring disk can evolve into transitional
group I objects by gap-formation or a self-shadowed group II
source in which the outer disk has collapsed. We stress that this
scenario is very speculative but may however help to redefine the
evolutionary link between Herbig group I and II sources. A
similar scenario for T Tauri stars has been proposed by Currie
(2010).

Not included in Fig. 11 is the hypothetical possibility of a
disk in which both e↵ects are present (planet formation and the
collapse of the outer disk). New key questions need to be ad-
dressed to understand any putative evolutionary link between
group I and group II objects. Can transitional group I sources
with large gaps still evolve to flat group II? Or reversely, can
flat group II objects become group I sources when/if gaps form?
Better constraints on the structure of group II disks by direct
imaging are essential to address these issues.
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Ae/Be objects (after Currie 2010). Both groups have evolved from
a common ancestor (i.e. primordial, possibly embedded, flaring disk
structure). In transitional group I objects, gap formation proceeds the
collapse of the outer disk. In group II objects, grain growth and dust
settling have flattened the outer disk.

The SED and spectral characteristics of group I sources seem
to indicate the dominant presence of a high wall irradiated by the
star. As more and more Q-band observations have become avail-
able, it has become clear that these walls are indicative of gaps in
the disk structure. As we do not observe similar characteristics
of walls in group II sources, we infer that these sources do not
have disks with gaps.

More insight into the di↵erent evolutionary pathways of
Herbig stars can be obtained by examining the color-magnitude
diagram on Fig. 12. The objects are taken from the sample of
Acke et al. (2010) for which sub-mm photometric data was avail-
able. The filled symbols indicate the Herbig stars for which gaps
have been reported in the literature. This diagram can be used
to compare the inner and outer disk evolution among Herbig
stars. The y-axis shows the flux at 1.3 mm that is widely used
in estimates for the total disk mass in milimeter grains (e.g.,
Andrews & Williams 2005, 2007). As disks lose their mass dur-
ing their evolution, they will move down in this diagram. There
is no significant di↵erence between group I (red dots and orange
triangles, F30/F13.5 >⇠ 2.2) and group II (blue squares) in disk
mass. On the x-axis however, the absence of silicate features (or-
ange triangles) is strongly correlated with the MIR spectral index
(F30/F13.5 >⇠ 5.1), as expected for a disk with a large gap and a
vertical wall of T ⇠ 100–150 K at the inner edge of the outer
disk. Since no gaps have yet been observed in group II objects,
it seems unlikely that group Ib objects (with large inner cavities
and no silicate features) continue their evolutionary path on this
diagram as group IIa objects (with silicate features). Instead, the
end-stage of the evolution of a group Ib object is likely to be
represented by a group IIb object (though group IIb objects have
so far not been identified in infrared spectral surveys of Herbig
Ae/Be stars) or a disk/debris system, such as HD 141569.

Candidates for the “common ancestor” group may be Herbig
group Ia objects without gaps. Since many group I objects are too
far away to be spatially resolved, improved spatial resolution is
needed to identify whether these objects are transitional or have
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however, no gaps are reported. Since they show the highest sub-
mm excess among flat objects and show CO gas lines in the sub-
mm (Dent et al. 2005; Mannings & Sargent 1997; Qi et al. 2011),
they are considered as transitional between flaring and flat.
UV observations of HD 104237 point also indirectly, towards a
small disk; for example, obscuration of a background microjet in
the UV constrained the circumstellar disk to r < 0.600 (70 AU).
There are no other flat disks identified in the literature with ob-
servational evidence of the disk structure beyond >⇠50 AU.

It is still an open question whether the inner disk structures
of flaring group I and flat group II disks are di↵erent. How-
ever, there are observations that may indicate that flat group
II sources could have optically thicker inner disks. First, there
are no group II objects without silicate features. Thus, group II
sources do not seem to have large gaps in the temperature range
of ⇠200–400 K (see Sect. 7.1). Second, a photometric study of
Acke et al. (2009) demonstrated a correlation between higher op-
tically thick inner rims which resulted in lower outer disk bright-
ness due to shadowing e↵ects. This correlation is strongest in
flat group II sources suggesting that their inner disks are opti-
cally thicker than in flaring group I objects. Third PAH and other
gas lines in flat group II sources, such as FIR CO (Meeus et al.
2012), milimeter CO (Dent et al. 2005) and NIR H2 (Carmona
et al. 2011) emission are much weaker or not present. While a
lower far-IR continuum flux can be ascribed to dust settling, it
is not yet understood why gas lines are much weaker in group II
sources. Opposite to what is observed, modeling by Dullemond
et al. (2007) predicts that PAH features become stronger as the
dust settles down to the mid-plane. A possible solution may be
that group II sources have optically thicker inner disks casting a
greater shadow on the outer disk, thereby reducing the strength
of the gas lines and the FIR continuum flux even more.

7.3. Consequences for the evolutionary link between group I
and group II

While gaps are found in an increasing number of group I Herbig
stars, there is no evidence of gaps in group II sources. Since it
is likely that the gap is formed by a low mass companion, which
is probably a planet (Pollack et al. 1996), this planet will main-
tain the gap throughout the further evolution of the disk (e.g.
Armitage 2007). If group II objects do not have gaps then the
evolutionary link from group I to group II is no longer evident.
As a solution to this problem, we suggest that a typical “primor-
dial flaring disk” with a continuous density distribution (i.e. no
gaps) in the disk may be a “common ancestor” for transitional
group I and flat group II objects (see the sketch in Fig. 11). From
that starting point, a flaring disk can evolve into transitional
group I objects by gap-formation or a self-shadowed group II
source in which the outer disk has collapsed. We stress that this
scenario is very speculative but may however help to redefine the
evolutionary link between Herbig group I and II sources. A
similar scenario for T Tauri stars has been proposed by Currie
(2010).

Not included in Fig. 11 is the hypothetical possibility of a
disk in which both e↵ects are present (planet formation and the
collapse of the outer disk). New key questions need to be ad-
dressed to understand any putative evolutionary link between
group I and group II objects. Can transitional group I sources
with large gaps still evolve to flat group II? Or reversely, can
flat group II objects become group I sources when/if gaps form?
Better constraints on the structure of group II disks by direct
imaging are essential to address these issues.

gr

gr

Fig. 11. Sketch of an evolutionary scenario for disk evolution in Herbig
Ae/Be objects (after Currie 2010). Both groups have evolved from
a common ancestor (i.e. primordial, possibly embedded, flaring disk
structure). In transitional group I objects, gap formation proceeds the
collapse of the outer disk. In group II objects, grain growth and dust
settling have flattened the outer disk.

The SED and spectral characteristics of group I sources seem
to indicate the dominant presence of a high wall irradiated by the
star. As more and more Q-band observations have become avail-
able, it has become clear that these walls are indicative of gaps in
the disk structure. As we do not observe similar characteristics
of walls in group II sources, we infer that these sources do not
have disks with gaps.

More insight into the di↵erent evolutionary pathways of
Herbig stars can be obtained by examining the color-magnitude
diagram on Fig. 12. The objects are taken from the sample of
Acke et al. (2010) for which sub-mm photometric data was avail-
able. The filled symbols indicate the Herbig stars for which gaps
have been reported in the literature. This diagram can be used
to compare the inner and outer disk evolution among Herbig
stars. The y-axis shows the flux at 1.3 mm that is widely used
in estimates for the total disk mass in milimeter grains (e.g.,
Andrews & Williams 2005, 2007). As disks lose their mass dur-
ing their evolution, they will move down in this diagram. There
is no significant di↵erence between group I (red dots and orange
triangles, F30/F13.5 >⇠ 2.2) and group II (blue squares) in disk
mass. On the x-axis however, the absence of silicate features (or-
ange triangles) is strongly correlated with the MIR spectral index
(F30/F13.5 >⇠ 5.1), as expected for a disk with a large gap and a
vertical wall of T ⇠ 100–150 K at the inner edge of the outer
disk. Since no gaps have yet been observed in group II objects,
it seems unlikely that group Ib objects (with large inner cavities
and no silicate features) continue their evolutionary path on this
diagram as group IIa objects (with silicate features). Instead, the
end-stage of the evolution of a group Ib object is likely to be
represented by a group IIb object (though group IIb objects have
so far not been identified in infrared spectral surveys of Herbig
Ae/Be stars) or a disk/debris system, such as HD 141569.

Candidates for the “common ancestor” group may be Herbig
group Ia objects without gaps. Since many group I objects are too
far away to be spatially resolved, improved spatial resolution is
needed to identify whether these objects are transitional or have
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however, no gaps are reported. Since they show the highest sub-
mm excess among flat objects and show CO gas lines in the sub-
mm (Dent et al. 2005; Mannings & Sargent 1997; Qi et al. 2011),
they are considered as transitional between flaring and flat.
UV observations of HD 104237 point also indirectly, towards a
small disk; for example, obscuration of a background microjet in
the UV constrained the circumstellar disk to r < 0.600 (70 AU).
There are no other flat disks identified in the literature with ob-
servational evidence of the disk structure beyond >⇠50 AU.

It is still an open question whether the inner disk structures
of flaring group I and flat group II disks are di↵erent. How-
ever, there are observations that may indicate that flat group
II sources could have optically thicker inner disks. First, there
are no group II objects without silicate features. Thus, group II
sources do not seem to have large gaps in the temperature range
of ⇠200–400 K (see Sect. 7.1). Second, a photometric study of
Acke et al. (2009) demonstrated a correlation between higher op-
tically thick inner rims which resulted in lower outer disk bright-
ness due to shadowing e↵ects. This correlation is strongest in
flat group II sources suggesting that their inner disks are opti-
cally thicker than in flaring group I objects. Third PAH and other
gas lines in flat group II sources, such as FIR CO (Meeus et al.
2012), milimeter CO (Dent et al. 2005) and NIR H2 (Carmona
et al. 2011) emission are much weaker or not present. While a
lower far-IR continuum flux can be ascribed to dust settling, it
is not yet understood why gas lines are much weaker in group II
sources. Opposite to what is observed, modeling by Dullemond
et al. (2007) predicts that PAH features become stronger as the
dust settles down to the mid-plane. A possible solution may be
that group II sources have optically thicker inner disks casting a
greater shadow on the outer disk, thereby reducing the strength
of the gas lines and the FIR continuum flux even more.

7.3. Consequences for the evolutionary link between group I
and group II

While gaps are found in an increasing number of group I Herbig
stars, there is no evidence of gaps in group II sources. Since it
is likely that the gap is formed by a low mass companion, which
is probably a planet (Pollack et al. 1996), this planet will main-
tain the gap throughout the further evolution of the disk (e.g.
Armitage 2007). If group II objects do not have gaps then the
evolutionary link from group I to group II is no longer evident.
As a solution to this problem, we suggest that a typical “primor-
dial flaring disk” with a continuous density distribution (i.e. no
gaps) in the disk may be a “common ancestor” for transitional
group I and flat group II objects (see the sketch in Fig. 11). From
that starting point, a flaring disk can evolve into transitional
group I objects by gap-formation or a self-shadowed group II
source in which the outer disk has collapsed. We stress that this
scenario is very speculative but may however help to redefine the
evolutionary link between Herbig group I and II sources. A
similar scenario for T Tauri stars has been proposed by Currie
(2010).

Not included in Fig. 11 is the hypothetical possibility of a
disk in which both e↵ects are present (planet formation and the
collapse of the outer disk). New key questions need to be ad-
dressed to understand any putative evolutionary link between
group I and group II objects. Can transitional group I sources
with large gaps still evolve to flat group II? Or reversely, can
flat group II objects become group I sources when/if gaps form?
Better constraints on the structure of group II disks by direct
imaging are essential to address these issues.

gr

gr

Fig. 11. Sketch of an evolutionary scenario for disk evolution in Herbig
Ae/Be objects (after Currie 2010). Both groups have evolved from
a common ancestor (i.e. primordial, possibly embedded, flaring disk
structure). In transitional group I objects, gap formation proceeds the
collapse of the outer disk. In group II objects, grain growth and dust
settling have flattened the outer disk.

The SED and spectral characteristics of group I sources seem
to indicate the dominant presence of a high wall irradiated by the
star. As more and more Q-band observations have become avail-
able, it has become clear that these walls are indicative of gaps in
the disk structure. As we do not observe similar characteristics
of walls in group II sources, we infer that these sources do not
have disks with gaps.

More insight into the di↵erent evolutionary pathways of
Herbig stars can be obtained by examining the color-magnitude
diagram on Fig. 12. The objects are taken from the sample of
Acke et al. (2010) for which sub-mm photometric data was avail-
able. The filled symbols indicate the Herbig stars for which gaps
have been reported in the literature. This diagram can be used
to compare the inner and outer disk evolution among Herbig
stars. The y-axis shows the flux at 1.3 mm that is widely used
in estimates for the total disk mass in milimeter grains (e.g.,
Andrews & Williams 2005, 2007). As disks lose their mass dur-
ing their evolution, they will move down in this diagram. There
is no significant di↵erence between group I (red dots and orange
triangles, F30/F13.5 >⇠ 2.2) and group II (blue squares) in disk
mass. On the x-axis however, the absence of silicate features (or-
ange triangles) is strongly correlated with the MIR spectral index
(F30/F13.5 >⇠ 5.1), as expected for a disk with a large gap and a
vertical wall of T ⇠ 100–150 K at the inner edge of the outer
disk. Since no gaps have yet been observed in group II objects,
it seems unlikely that group Ib objects (with large inner cavities
and no silicate features) continue their evolutionary path on this
diagram as group IIa objects (with silicate features). Instead, the
end-stage of the evolution of a group Ib object is likely to be
represented by a group IIb object (though group IIb objects have
so far not been identified in infrared spectral surveys of Herbig
Ae/Be stars) or a disk/debris system, such as HD 141569.

Candidates for the “common ancestor” group may be Herbig
group Ia objects without gaps. Since many group I objects are too
far away to be spatially resolved, improved spatial resolution is
needed to identify whether these objects are transitional or have
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VISIR 11.3 µm PAH feature of HD 169142, HD 135344 B and
Oph IRS 48. Measuring the size of a disk in the PAH filter does
contain information about the disk size. However, the relative
contributions to the total PAH flux from the inner and outer disks
can vary strongly from source to source, making PAHs a more
complex tracer of disk structure than previously assumed. See
Fig. 9 for a sketch of this geometry.

7. Discussion

7.1. The weakness of silicate emission features in some
sources is caused by large disk gaps

Spectroscopic ISO/SWS (Meeus et al. 2001) and Spitzer/IRS
observations (Juhász et al. 2010) revealed that the 10 µm sili-
cate feature is detected in the majority of the Herbig Ae/Be stars
(8 out of 53 lack the feature in the Spitzer sample). Flaring and
flat objects with silicate features are respectively called group Ia
and group IIa; those without silicate features are called group Ib
and group IIb. Although this may be a consequence of the limited
number of Herbig stars in the sample, objects without evidence
of silicate emission are so far only found among flaring group I
sources.

Until now, it was not well understood how the absence of
these features is connected to the physical disk structure. An ex-
planation supported by our study is because of the geometry: the
(sub-) micron-sized silicate dust suitable for prominent feature
emission (T ⇠ 200–400 K) are depleted in the disk due to the
large size of inner holes or gaps. Objects without silicate features
are only found in group I Herbig Ae/Be stars, which suggests
that gaps are connected to the flaring geometry. Since we found
that Herbig Ae/Be stars in our sample are best fitted with large
gaps separating the inner and outer disk, we suggest that a de-
creasing strength of the silicate feature is related to the severe
depletion of (sub-) micron-sized silicate grains of ⇠200–400 K.
Its weakness can serve as a tracer of large dust-depleted inner
regions of protoplanetary disks. Figure 10 shows a sketch of this
scenario for transitional group I objects. group Ia sources that
have a gap show silicate features, because the inner disk (e.g.
HD 142527, Verhoe↵ et al. 2011) and/or the outer disk wall (e.g.
HD 100546, Mulders et al. 2011) still have a su�cient amount of
silicate dust in the critical temperature regime (⇠200–400 K re-
gion). In group Ib objects (the objects in our sample: HD 97048,
HD 169142, HD 135344B, and IRS 48), our study shows that the
silicate dust is severely depleted in this region.

HD 97048 is a prototypical group I source, and so far no gap
has been reported. Now that our study finds an inner gap (or a re-
gion of lower dust density), it strengthens the case for disk gaps
as the reason for the absence of the silicate features in the spec-
tra of group Ib, and more generally, the classification of group I
sources as transitional disks.

7.2. Gaps in Herbig Ae/Be objects

It was already suggested by Waelkens et al. (1994) based on
SED analysis that disks around Herbig Ae/Be stars may have
large gaps separating an inner and outer disk. It was proposed
that larger circumstellar bodies could form in these gaps, typi-
cally, in the temperature range of 200 to 500 K. With the im-
proved spatial resolution of current telescopes, the prediction of
large gaps as a common feature in Herbig Ae/Be stars seems to
be confirmed.

Group Ib

no silicate 
features 

Group Ia

silicate 
features

Region producing strong 
silicate features 

Fig. 10. Sketch showing the region where (sub-) micron-sized silicate
grains have a temperature (T ⇠ 200–400 K) where they produce strong
silicate features. Transitional group Ia sources (top) show silicate fea-
tures, because the inner disk and/or the outer disk wall have a su�cient
amount of silicate dust in this region. In the group Ib objects of our
sample (bottom), the silicate dust is severely depleted in this region,
and thus, no silicate features are produced.

Other group I Herbig stars without silicate features that
are not included in our sample are HD 100453, HD 34282, and
HD 141569 (with distances of 112, 164, and 99 parsec, respec-
tively). The first two sources are also resolved in the Q-band by
Gemini/T-ReCS observations (Mariñas et al. 2011). HD 141569
has generated much debate in the literature, but it is now be-
lieved that this disk is in transition to a debris disk (Wyatt 2005;
Reche et al. 2009). Our analysis outlined in Sect. 5 suggests that
significantly resolved Q-band images of Herbig Ib stars indicate
disk gaps. Since all Herbig Ib stars are resolved in the Q-band,
we suggest that all Herbig Ib objects have similar disk structures
with large gaps between the inner and outer disk.

Flaring Herbig Ae/Be stars with silicate features and detected
gaps are AB Aur (Honda et al. 2010), HD 142527 (Fukagawa
et al. 2006; Fujiwara et al. 2006), HD 36112 (Isella et al. 2010),
and HD 100546 (Bouwman et al. 2003; Benisty et al. 2010).
These stars still do have silicate emission, despite a gap.

In recent years there has been much speculation about Her-
big group I objects being transitional disks. However, there are
also many flaring Herbig Ae/Be stars for which no gaps are yet
reported. Most of these objects are located at larger distances and
therefore more di�cult to spatially resolve. Other targets are just
not yet observed at full resolution and/or have not been subject
to detailed radiative transfer analysis.

There is only limited information available on the spatial
structure of flat (group II) disks. Mariñas et al. (2011) re-
ported faint extended emission at 12 µm from HD 144668 and
HD 163296, but no resolved group II objects in the Q-band1.
The disks of HD 163296 and HD 31648 (MWC 480) are spa-
tially resolved in the sub-mm (Sandell et al. 2011) and observed
in scattered light (Wisniewski et al. 2008; Kusakabe et al. 2012);

1 We follow the classification in Juhász et al. (2010) of HD 34282 as
a group Ib source. Thus, no group II source in the sample of Mariñas
et al. (2011) is resolved in the Q-band.
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Fig. 4. Fit to the 10 µm silicate feature as observed in our sample of HAEBE stars. Plotted are the continuum subtracted
ISO-SWS spectra and our best fit models. Also plotted for reference are the silicate bands of the ISM towards the galactic
centre, the red supergiant µ Cep, β Pictoris, and the comets C/1995 O1 (Hale-Bopp) and 1P/Halley. The dashed line indicates
the position of the amorphous silicate band as observed for the ISM at 9.8 µm. Indicated in the panels are the group to which
the individual systems can be classified on grounds of their overall SED (see Sect. 3.2).

contrast effects with the amorphous silicate and possible
confusion with PAH emission at 11.3 µm. Nevertheless, a
clear trend can be observed in Fig. 6b. However, we do not
find a significant trend if we consider only the HAEBE
stars, in contrast with the strong correlation with grain
size seen in Fig. 6a. We conclude that for our sample of
HAEBE stars the shift in peak position of the silicate fea-
ture is due to a change in grain size, while the degree of
crystallinity plays only a minor rôle.

Interestingly, this situation seems reversed when we
consider β Pic and the two solar system comets in our
sample. Figure 6a shows that, considering the correlation
with grain size, these objects do not follow the trend set
by the HAEBE stars. On the other hand, Fig. 6b indicates
that the shift in peak position of the silicate band seen in
β Pic and the solar system comets correlates well with the
degree of crystallinity. This suggests that for these objects
the shift in silicate band position is mainly due to a high

fraction of forsterite and is not dominated by grain size
effects.

Finally, we note that no correlation between SiO2

abundance and peak position is evident (Fig. 6c).
Figure 7 shows the same mass ratios plotted against

the 8.6 over 9.8 µm flux ratio. No significant correlation
can be found with the mass ratio of 2.0 over 0.1 µm amor-
phous olivine grains or the mass fraction of forsterite.
However, a correlation can be observed with the SiO2 mass
ratio. The least square fit results in b = 1.15 ± 0.05 and
a = 0.059± 0.003.

The relation between the derived mass fractions is pre-
sented in Fig. 8. A correlation between the typical grain
size of the amorphous olivine and the other dust com-
ponents is not found as can be seen from Figs. 8a and
b. Figure 8c, however, does show a possible correlation
between the amount of silica and forsterite. Except for
the objects HD 100546 and HD 150193, the HAEBE stars

ISO: “the big punch”
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.

198 R. van Boekel et al.: Grain processing in Herbig Ae/Be stars

Fig. 5. The N-band spectrum of HD 179218 (upper panel), and the
measured mass absorption coefficients of ortho enstatite taken from
Chihara et al. (2002) (lower panel). The wavelengths of the most
prominent emission bands are indicated by the dotted lines. In this
object, enstatite grains are an important constituent of the grain popu-
lation that causes the 10 µm feature.

Fig. 6. The flux ratio of the normalized spectra at 11.3 and 9.8 mi-
cron (a measure for the amount of processing that the material has
undergone) versus the peak/continuum ratio of the silicate feature (a
measure for the typical grain size). Group I sources are represented by
triangles, group II sources by diamonds. In the upper right corner of
the figure we have indicated the typical uncertainties in the displayed
quantities.

emission properties of the constituents (for a similar approach
see e.g. Brucato et al. 1999; Bouwman et al. 2001; Honda et al.
2004).

All dust grains contributing to the 10 µm region will in
principle have their own temperature depending on the grain
size and composition as well as on position in the disk.
Consequently, the emission function of the dust will be a
(weighted) sum over blackbody curves of different tempera-
tures. In order to account for these effects one should use a

Fig. 7. The mass absorption coefficients of the various templates used
in the fitting procedure (upper 5 panels). We use grains with volume
equivalent radii of 0.1 µm (solid lines) and 1.5 µm (dotted lines). In the
lower panel we show the template used for the PAH emission, which
is normalized such that the maximum flux in the 8 to 13 micron region
equals unity. For a detailed discussion see Sect. 5.1.

disk model that self-consistently describes the disk geometry
and all relevant radiation processes. This is beyond the scope of
the analysis presented here. For state of the art disk models we
refer to Dullemond & Dominik (2004). We add that even these
sophisticated models still do not account for many relevant pro-
cesses, including the settling and (turbulent) mixing of grains
leading to spatial gradients in the dust properties. Such spatial
gradients have been reported by van Boekel et al. (2004a) to
exist in Herbig Ae disks. One should also realize that even if
such a detailed modeling approach was attempted, the modest
wavelength interval provided by the TIMMI2 data would re-
veal only very limited information on the temperature distribu-
tion. The continuum in the 10 micron region is a very smooth,
almost linear function of wavelength. We therefore opted to
represent the continuum by a single blackbody curve with a
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.

198 R. van Boekel et al.: Grain processing in Herbig Ae/Be stars

Fig. 5. The N-band spectrum of HD 179218 (upper panel), and the
measured mass absorption coefficients of ortho enstatite taken from
Chihara et al. (2002) (lower panel). The wavelengths of the most
prominent emission bands are indicated by the dotted lines. In this
object, enstatite grains are an important constituent of the grain popu-
lation that causes the 10 µm feature.

Fig. 6. The flux ratio of the normalized spectra at 11.3 and 9.8 mi-
cron (a measure for the amount of processing that the material has
undergone) versus the peak/continuum ratio of the silicate feature (a
measure for the typical grain size). Group I sources are represented by
triangles, group II sources by diamonds. In the upper right corner of
the figure we have indicated the typical uncertainties in the displayed
quantities.

emission properties of the constituents (for a similar approach
see e.g. Brucato et al. 1999; Bouwman et al. 2001; Honda et al.
2004).

All dust grains contributing to the 10 µm region will in
principle have their own temperature depending on the grain
size and composition as well as on position in the disk.
Consequently, the emission function of the dust will be a
(weighted) sum over blackbody curves of different tempera-
tures. In order to account for these effects one should use a

Fig. 7. The mass absorption coefficients of the various templates used
in the fitting procedure (upper 5 panels). We use grains with volume
equivalent radii of 0.1 µm (solid lines) and 1.5 µm (dotted lines). In the
lower panel we show the template used for the PAH emission, which
is normalized such that the maximum flux in the 8 to 13 micron region
equals unity. For a detailed discussion see Sect. 5.1.

disk model that self-consistently describes the disk geometry
and all relevant radiation processes. This is beyond the scope of
the analysis presented here. For state of the art disk models we
refer to Dullemond & Dominik (2004). We add that even these
sophisticated models still do not account for many relevant pro-
cesses, including the settling and (turbulent) mixing of grains
leading to spatial gradients in the dust properties. Such spatial
gradients have been reported by van Boekel et al. (2004a) to
exist in Herbig Ae disks. One should also realize that even if
such a detailed modeling approach was attempted, the modest
wavelength interval provided by the TIMMI2 data would re-
veal only very limited information on the temperature distribu-
tion. The continuum in the 10 micron region is a very smooth,
almost linear function of wavelength. We therefore opted to
represent the continuum by a single blackbody curve with a
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.
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Fig. 5. The N-band spectrum of HD 179218 (upper panel), and the
measured mass absorption coefficients of ortho enstatite taken from
Chihara et al. (2002) (lower panel). The wavelengths of the most
prominent emission bands are indicated by the dotted lines. In this
object, enstatite grains are an important constituent of the grain popu-
lation that causes the 10 µm feature.

Fig. 6. The flux ratio of the normalized spectra at 11.3 and 9.8 mi-
cron (a measure for the amount of processing that the material has
undergone) versus the peak/continuum ratio of the silicate feature (a
measure for the typical grain size). Group I sources are represented by
triangles, group II sources by diamonds. In the upper right corner of
the figure we have indicated the typical uncertainties in the displayed
quantities.

emission properties of the constituents (for a similar approach
see e.g. Brucato et al. 1999; Bouwman et al. 2001; Honda et al.
2004).

All dust grains contributing to the 10 µm region will in
principle have their own temperature depending on the grain
size and composition as well as on position in the disk.
Consequently, the emission function of the dust will be a
(weighted) sum over blackbody curves of different tempera-
tures. In order to account for these effects one should use a

Fig. 7. The mass absorption coefficients of the various templates used
in the fitting procedure (upper 5 panels). We use grains with volume
equivalent radii of 0.1 µm (solid lines) and 1.5 µm (dotted lines). In the
lower panel we show the template used for the PAH emission, which
is normalized such that the maximum flux in the 8 to 13 micron region
equals unity. For a detailed discussion see Sect. 5.1.

disk model that self-consistently describes the disk geometry
and all relevant radiation processes. This is beyond the scope of
the analysis presented here. For state of the art disk models we
refer to Dullemond & Dominik (2004). We add that even these
sophisticated models still do not account for many relevant pro-
cesses, including the settling and (turbulent) mixing of grains
leading to spatial gradients in the dust properties. Such spatial
gradients have been reported by van Boekel et al. (2004a) to
exist in Herbig Ae disks. One should also realize that even if
such a detailed modeling approach was attempted, the modest
wavelength interval provided by the TIMMI2 data would re-
veal only very limited information on the temperature distribu-
tion. The continuum in the 10 micron region is a very smooth,
almost linear function of wavelength. We therefore opted to
represent the continuum by a single blackbody curve with a
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.

198 R. van Boekel et al.: Grain processing in Herbig Ae/Be stars

Fig. 5. The N-band spectrum of HD 179218 (upper panel), and the
measured mass absorption coefficients of ortho enstatite taken from
Chihara et al. (2002) (lower panel). The wavelengths of the most
prominent emission bands are indicated by the dotted lines. In this
object, enstatite grains are an important constituent of the grain popu-
lation that causes the 10 µm feature.

Fig. 6. The flux ratio of the normalized spectra at 11.3 and 9.8 mi-
cron (a measure for the amount of processing that the material has
undergone) versus the peak/continuum ratio of the silicate feature (a
measure for the typical grain size). Group I sources are represented by
triangles, group II sources by diamonds. In the upper right corner of
the figure we have indicated the typical uncertainties in the displayed
quantities.

emission properties of the constituents (for a similar approach
see e.g. Brucato et al. 1999; Bouwman et al. 2001; Honda et al.
2004).

All dust grains contributing to the 10 µm region will in
principle have their own temperature depending on the grain
size and composition as well as on position in the disk.
Consequently, the emission function of the dust will be a
(weighted) sum over blackbody curves of different tempera-
tures. In order to account for these effects one should use a

Fig. 7. The mass absorption coefficients of the various templates used
in the fitting procedure (upper 5 panels). We use grains with volume
equivalent radii of 0.1 µm (solid lines) and 1.5 µm (dotted lines). In the
lower panel we show the template used for the PAH emission, which
is normalized such that the maximum flux in the 8 to 13 micron region
equals unity. For a detailed discussion see Sect. 5.1.

disk model that self-consistently describes the disk geometry
and all relevant radiation processes. This is beyond the scope of
the analysis presented here. For state of the art disk models we
refer to Dullemond & Dominik (2004). We add that even these
sophisticated models still do not account for many relevant pro-
cesses, including the settling and (turbulent) mixing of grains
leading to spatial gradients in the dust properties. Such spatial
gradients have been reported by van Boekel et al. (2004a) to
exist in Herbig Ae disks. One should also realize that even if
such a detailed modeling approach was attempted, the modest
wavelength interval provided by the TIMMI2 data would re-
veal only very limited information on the temperature distribu-
tion. The continuum in the 10 micron region is a very smooth,
almost linear function of wavelength. We therefore opted to
represent the continuum by a single blackbody curve with a
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.

porosity
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Fig. 4. N-band spectra of the sources in our sample. The ISM silicate extinction efficiency, plotted in the upper left panel, was taken from
Kemper et al. (2004). The AB Aur spectrum was taken by ISO (van den Ancker et al. 2000). Also plotted are the best fits to the spectra (grey
curves, see Sect. 5.2).

subsequently shown that the same trend is observed in the sili-
cate feature of T-Tauri stars.

The shape of the emission bands with a low 11.3/9.8 ratio
is similar to that of the ISM silicate absorption feature. Such
10 micron features are indicative of small, amorphous silicate
grains, i.e. relatively “primitive” dust. The emission bands with
high 11.3/9.8 ratios can be explained with on average larger
grains, and a higher degree of crystallinity, i.e. relatively “pro-
cessed” dust. Thus, the silicate feature 11.3/9.8 ratio is a mea-
sure of the amount of processing that the material has under-
gone (Bouwman et al. 2001).

5. Analysis

5.1. Compositional fits

To derive the composition of the silicate dust causing the
10 micron feature, the observed spectra have been fitted us-
ing the most commonly found dust species in circumstellar
material that show spectral structure in the 10 micron region

(see Fig. 7). These are amorphous and crystalline olivine and
pyroxene, and amorphous silica (e.g. Bouwman et al. 2001).
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0 <∼ x <∼ 1 de-
notes the magnesium content of the material) is the most com-
monly found silicate in astrophysical environments. It domi-
nates the 10 micron extinction caused by dust grains in the
ISM (Kemper et al. 2004). The 10 micron emission spectrum
of small amorphous olivine grains is characterized by a rather
broad feature which peaks at 9.8µm. Small amorphous pyrox-
ene grains (MgxFe1−xSiO3) show an emission feature very sim-
ilar to that of amorphous olivine grains, though shifted toward
shorter wavelengths. The emission spectra from small crys-
talline olivine and pyroxene grains show strong, narrow res-
onances that are observed in for example circumstellar disks
(Waters & Waelkens 1998; Bouwman et al. 2001) and comets
(Crovisier et al. 1997; Bouwman et al. 2003). From the posi-
tions of the resonances in the emission spectra of these objects
it is clear that the magnesium rich components dominate the
emission (see e.g. Jäger et al. 1998). In our fitting procedure we
therefore use crystalline olivine and pyroxene with x = 1, i.e.
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Fig. 1. FWHM2 of the spatial profile as a function of wavelength of
HD 100546 and the model PSF (lower panel). The solid grey curves
show polynomial fits to the FWHM2 of the PSF and the continuum
(i.e. the emission outside the UIR bands). The fitted continuum width
is indicated with the dashed grey curve. The vertical dashed lines indi-
cate the wavelengths of the UIR bands. The upper panel shows the ISO
SWS spectrum of HD 100546 in black and the ground based spectrum
in grey.

airmass and under different seeing conditions than the PSF ref-
erence, we compute the synthetic PSF for the airmass and see-
ing of the science observation, and obtain the PSF of the sci-
ence measurement as σ2

PSF,sci(λ) = σ
2
sci,syn(λ) + σ2

abb(λ). When
σPSF,sci is calculated for all wavelengths, we fit a second order
polynomial to σ2

PSF,sci(λ) which is our final PSF. In Figs. 1–3,
the PSF and the polynomial fit to it are labeled “PSF”, and are
shown in black and grey, respectively. The FWHM of the cali-
bration star profiles show an unexplained increase with respect
to the expected behaviour between 8 µm and the atmospheric
cut-off at ≈7.8 µm. Therefore we must be careful when inter-
preting the profiles of the science targets in this wavelength
range.

We use this method to determine the PSF during the obser-
vations of HD 100546 and HD 104237. The method assumes
that the static abberations due to the telescope optics are in-
dependent of telescope elevation. Unfortunately, no measure-
ment of a calibration star is available at airmasses comparable
to the HD 100546 and HD 104237 measurements. However,
the spatial profile measured in our observation of HD 104237
agrees very well with the predicted PSF. If the spatial extent
of HD 104237 is ≪1′′ (as one may expect, based on model-
ing of its SED, and the non-detection in scattered light images

Fig. 2. FWHM2 of the spatial profile as a function of wavelength of
HD 97048 and the observed psf (lower panel). The solid grey curves
show polynomial fits to the FWHM2 of the PSF and the continuum
(i.e. the emission outside the UIR bands). The fitted continuum width
is indicated with the dashed grey curve. The vertical dashed lines in-
dicate the wavelengths of the UIR bands. The upper panel shows the
ISO SWS spectrum of HD 97048 in black and the ground based spec-
trum in grey.

(Danks et al. 2001), contrary to HD 100546 and several other
group I HAe stars (Pantin et al. 2000, Grady et al. 2001) this
measurement shows that our assumptions are valid. Note that
HD 97048 which, according to the SED and the spatially re-
solved data in this work, should show extended structure in
scattered light images, has not yet been observed in this fash-
ion. The calibration stars used for the HD 97048 were taken
just before and after the science measurement, at nearly iden-
tical airmass and under indentical seeing conditions, and we
have therefore a direct determination of the PSF.

4. Spatially extended emission

4.1. HD 100546

The measured FWHM(λ) of the spatial profile of HD 100546
and the predicted PSF during this measurement are shown in
the lower panel of Fig. 1. The source appears to be marginally
resolved in the continuum, and a small but significant increase
in size is seen in the UIR bands at 8.6 and 11.3 µm, and short-
ward of 8.4 µm. We assume a Gaussian profile for the con-
tinuum emission and derive a FWHM of 30 ± 30 AU. The
continuum appears only marginally resolved but we note that
the estimated size of the continuum agrees well with the size

van Boekel et al. (2004, A&A, 418, 177)

Spectrum

Spatial Extent
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hammering it home with Spitzer
Juhasz et al. (2010, ApJ, 721, 431)446 JUHÁSZ ET AL. Vol. 721

Figure 7. Same as Figure 5.
(A color version of this figure is available in the online journal.)

there are Group I sources which fit the trend defined by Group II
sources, there are also several outliers. Investigation of the SEDs
of these outlier Group I sources revealed that their disk structure
is clearly different (due to, e.g., the presence of a large inner hole
or a gap) from that of those sources which fit to the trend. In
these extreme Group I sources, the calculated flux ratio is likely
influenced by other disk parameters (e.g., size and location of
the gap or inner hole) as well, and the flux ratio is, therefore,
not a unique and independent tracer of disk flaring. Hence, we
re-calculated the Pearson’s correlation coefficient for the sub-
sample of those Group I and Group II sources, which have
“usual” disk structure (i.e., without a gap or larger inner hole
visible in the SED). The resulting correlation coefficient is −0.7

with a probability of 6 × 10−6 that this correlation is produced
by a random distribution.

We did not detect any significant correlation between the
value of crystallinity and any other global system parameter.
However, we found that the enstatite over forsterite ratio derived
from the 5–17 µm fits differ significantly in Group I and
Group II sources, with higher values for Group II sources.
The Kolmogorov–Smirnov test gives a 2% probability that the
enstatite–forsterite ratios of the two groups originate from the
same distribution. The size of the crystals does not correlate with
that of the amorphous grains, as one would expect if the crystals
were produced by annealing. In contrast to the amorphous dust
population, the grain size of the crystalline silicates does not

450 JUHÁSZ ET AL. Vol. 721

Figure 11. Same as Figure 9. In the spectrum of HD139614, the emission feature between 26 and 31 µm is apparent and caused by problems in the 15th and 12th
order of the long-high module (see Section 2.2).
(A color version of this figure is available in the online journal.)

faster if the starting stoichiometry of the amorphous silicates is
olivine instead of pyroxene. In the case of shock heating, where
the annealing time is very short (less than an hour), one would
expect the transformation of amorphous silicates with olivine
stoichiometry to forsterite. Thus, the resulting crystal population
will be dominated by forsterite, while in the amorphous phase
the abundance of grains with pyroxene stoichiometry should
increase. The model of Ábrahám et al. (2009) does not have a
clear prediction for the forsterite-to-enstatite ratio. Depending
on the duration of the outburst and on the time a dust grain
spent in the disk atmosphere the mass of the produced enstatite
crystals can vary. Bouwman et al. (2008) and Meeus et al. (2009)
also speculated on the formation of enstatite. Our findings

support their conclusion that the formation of enstatite probably
occurs at the very inner regions of protoplanetary disks. The
temperature can be high enough to reach chemical equilibrium
during the crystal formation, favoring the formation of enstatite
instead of forsterite. Moreover, the higher densities of the
inner disk compared to the outer regions can result in frequent
collisions between dust particles making the dust grains more
compact which also favors the enstatite formation (Bouwman
et al. 2008).

In the model of Gail (2004), the required heating power for the
crystallization is provided by the viscous heating of accretion
in the disk midplane. This model, thus, predicts a correlation
between the mass of the crystals and the accretion rate. It is,

444 JUHÁSZ ET AL. Vol. 721

Figure 5. Fits to the short wavelength range (5–17 µm). The observed IRS spectrum is shown with black dots, while the red line shows the best-fit model. For each
fit, the residuals ((F model

ν − F obs
ν )/F obs

ν × 100) are also shown.
(A color version of this figure is available in the online journal.)

and to link dust and global system evolution. Such global param-
eters are the stellar parameters (luminosity, temperature), disk
flaring, disk mass, and the slope of the SED at sub-millimeter
wavelengths. The disk flaring was empirically parameterized by
the flux ratios at 24 µm and 8 µm.10 The disk mass and sub-
millimeter slope were determined for only a part of the sample
where sub-millimeter–millimeter observations were available.
To investigate the strength of the correlation quantitatively, we
calculated the Pearson’s correlation coefficient. Pearson’s cor-
relation coefficient (r) measures the linear dependence between

10 We note that the exact choice of the wavelengths at which the flux ratio was
taken does not affect our results.

two variables (x, y) and it is calculated as
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Figure 5. Fits to the short wavelength range (5–17 µm). The observed IRS spectrum is shown with black dots, while the red line shows the best-fit model. For each
fit, the residuals ((F model

ν − F obs
ν )/F obs

ν × 100) are also shown.
(A color version of this figure is available in the online journal.)

and to link dust and global system evolution. Such global param-
eters are the stellar parameters (luminosity, temperature), disk
flaring, disk mass, and the slope of the SED at sub-millimeter
wavelengths. The disk flaring was empirically parameterized by
the flux ratios at 24 µm and 8 µm.10 The disk mass and sub-
millimeter slope were determined for only a part of the sample
where sub-millimeter–millimeter observations were available.
To investigate the strength of the correlation quantitatively, we
calculated the Pearson’s correlation coefficient. Pearson’s cor-
relation coefficient (r) measures the linear dependence between

10 We note that the exact choice of the wavelengths at which the flux ratio was
taken does not affect our results.
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where n is the number of data points. In order to investigate
the significance of the Pearson’s correlation coefficient, one
can calculate the probability that the observed relation can be
produced by a random distribution with the same sample size
(n)

p(r, n) =
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∫ 1
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(see, e.g., Taylor 1997).
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Figure 9. Fits to the long wavelength range (17–35 µm). The observed IRS spectrum is shown with black dots, while the red line shows the best-fit model. For each
fit, the residuals ((F model

ν − F obs
ν )/F obs

ν × 100) are also shown.
(A color version of this figure is available in the online journal.)

have been proposed for the location of crystal formation in
protoplanetary disks and the source of heating. Gail (2004)
proposed that silicate crystals formed via thermal annealing
and condensation in the very inner regions of protoplanetary
disks due to the heating of viscous accretion. Harker & Desch
(2002) proposed that crystalline silicates can form via thermal
annealing at several AU from the central star if dust grains
are heated by shocks. In a recent paper, Ábrahám et al. (2009)
reported that episodic crystal formation via annealing in the
surface layers of protoplanetary disks during accretion outbursts
can also be a possible way of producing crystalline silicates.

From this study the following constraints, which should be
explained by the model of crystal formation, can be identified.

1. Bands of crystalline silicates are seen in the 20–30 µm
wavelength interval, suggesting that crystals are also lo-
cated in low temperature (∼100 K) regions.

2. The forsterite-to-enstatite mass ratio changes with radius;
its value is lower in the shorter wavelength fits (inner disk)
compared to that in the longer wavelengths (outer disk, see
Figure 19).

3. Crystallinity does not correlate with any global parameter of
the system (e.g., stellar parameters, disk mass, disk flaring).

4. The size of the crystals is smaller than that of the amorphous
grains.

5. The grain size of crystalline silicates does not correlate with
that of the amorphous grains.
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Figure 9. Fits to the long wavelength range (17–35 µm). The observed IRS spectrum is shown with black dots, while the red line shows the best-fit model. For each
fit, the residuals ((F model

ν − F obs
ν )/F obs

ν × 100) are also shown.
(A color version of this figure is available in the online journal.)

have been proposed for the location of crystal formation in
protoplanetary disks and the source of heating. Gail (2004)
proposed that silicate crystals formed via thermal annealing
and condensation in the very inner regions of protoplanetary
disks due to the heating of viscous accretion. Harker & Desch
(2002) proposed that crystalline silicates can form via thermal
annealing at several AU from the central star if dust grains
are heated by shocks. In a recent paper, Ábrahám et al. (2009)
reported that episodic crystal formation via annealing in the
surface layers of protoplanetary disks during accretion outbursts
can also be a possible way of producing crystalline silicates.

From this study the following constraints, which should be
explained by the model of crystal formation, can be identified.

1. Bands of crystalline silicates are seen in the 20–30 µm
wavelength interval, suggesting that crystals are also lo-
cated in low temperature (∼100 K) regions.

2. The forsterite-to-enstatite mass ratio changes with radius;
its value is lower in the shorter wavelength fits (inner disk)
compared to that in the longer wavelengths (outer disk, see
Figure 19).

3. Crystallinity does not correlate with any global parameter of
the system (e.g., stellar parameters, disk mass, disk flaring).

4. The size of the crystals is smaller than that of the amorphous
grains.

5. The grain size of crystalline silicates does not correlate with
that of the amorphous grains.
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Figure 18. Mass-averaged grain size vs. disk flaring. The disk flaring is
empirically parameterized by the ratio of the flux densities at 24 µm and 8 µm.
A trend is clearly visible within Group IIa, such that sources with steeper mid-
infrared SED slope have larger grains in the disk atmosphere. In the case of the
outliers in Group Ia the calculated flux ratio is not likely to measure the disk
flaring only, but it is also influenced by other disk parameters (see the text for
the details).

Figure 19. Abundance ratios of enstatite and forsterite derived from the short
and long wavelength fits for (a) Group I and (b) for Group II sources. The dashed
line marks the 1:1 ratio between the two plotted quantities. It can be seen that
forsterite is more abundant than enstatite at longer wavelengths (i.e., outer disk)
while at shorter wavelengths (i.e., inner disk) the situation is the opposite.

all other fitted components (continuum, amorphous silicate,
forsterite, silica) from the observed spectrum and dividing the
resulting curve by the underlying source function. We derived
the MAC curve from the spectra of four sources (HD190073,
HD244604, HD35929, HD179218), where the 9.3 µm feature
was the strongest. The average curve is presented in Figure 20.
We compared the derived MAC curve to that of ortho- and clino-
enstatite and an iron bearing crystalline pyroxene (Chihara et al.
2002). Figure 20 shows that the derived MAC curve is similar
to that of pyroxene crystals containing 10% iron (denoted by
En90 in Chihara et al. 2002). A similar comparison was done
by Bowey et al. (2007), who compared the peak positions of
pyroxene crystals with different iron content to the mid-infrared
spectra of HD104237 and HD179218 from van Boekel et al.
(2005). On the basis of this comparison these authors suggested
that the pyroxene crystals around these stars likely contain
10%–25% iron. By analyzing the Spitzer IRS spectra of T Tauri
stars, Sargent et al. (2009a) also arrived to the conclusion that
crystalline pyroxenes are unlikely to be pure magnesiasilicates.
This implies that crystalline silicates in protoplanetary disks are
not necessary iron-free as is usually assumed.

Figure 20. Comparison of the MACs of enstatite derived from the Spitzer IRS
spectra and laboratory measurements (Chihara et al. 2002). See Section 5.3 for
the details of the derivation of the enstatite absorption coefficients from the IRS
spectra. It can be seen that the absorption coefficients derived from the IRS
spectra are the most similar to that of “En90,” which is a crystalline pyroxene
with about 10% iron content.
(A color version of this figure is available in the online journal.)

Figure 21. Comparison of the MACs of forsterite derived from the Spitzer
IRS spectra (see Section 5.3), calculated using DHS theory (used for spectral
decomposition) and measured in laboratory. In the laboratory experiment, the
MACs were measured on free flying particles (Tamanai et al. 2009). Although
the positions of the bands at 10 µm and 11.3 µm are better reproduced by
DHS calculations than laboratory measurements, in the case of the 16 µm band
the situation is the opposite. Neither of the two MAC curve (DHS, laboratory
measurement) can reproduce all the observed peak positions of forsterite in the
same time.
(A color version of this figure is available in the online journal.)

Almost all sources show a 16 µm feature usually associ-
ated with crystalline forsterite. Although our dust model can
fit the other forsterite bands in the 7–17 µm interval quite well,
the 16 µm band was never fitted with the same quality as the
rest of the spectrum in this interval. In order to investigate this
phenomenon in detail, we derived the forsterite absorption co-
efficients from the spectrum of HD100546, which shows the
strongest contribution from forsterite in the 7–17 µm wave-
length range. The derivation process was similar to that applied
to derive the enstatite absorption coefficients. We subtracted
all other contributions (continuum, PAHs, silica, amorphous
silicates, enstatite) from the observed spectrum. The resulting
curve is presented in Figure 21. We also compared the derived

• fit to 5-17 μm region: pyroxene dominates (enstatite) 
• fit to 17-35 μm region: olivine dominates (forsterite)

Juhasz et al. (2010)

warm enstatite & cool forsterite

Group I Group II
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van Boekel et al. (2004)

AA48CH02-Henning ARI 23 July 2010 15:10

Inner disk Outer disk

λ (μm) λ (μm)

N
or

m
al

iz
ed

 fl
ux

 (F
in

)[(
F in

 +
 F ou

t) m
ax

]−
1

N
orm

alized flux (Fout )[(F
in  + Fout )m

ax ] −1

8 10 12 8 10 12
0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0

0.4

0.8

0

0.4

0.8

0

0.4

0.8

HD 163296

HD 144432

HD 142527

HD 163296

HD 144432

HD 142527

www.annualreviews.org • Cosmic Silicates 37

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

01
0.

48
:2

1-
46

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 W
IB

64
17

 - 
M

ax
-P

la
nc

k-
G

es
el

ls
ch

af
t o

n 
02

/2
1/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.

• Very innermost region 
(sub-AU scale):  

- higher crystallinity 
- larger grains 
- forsterite-dominated 

• Further out (≈1-10 AU) 
- lower crystallinity 
- smaller grains 
- enstatite-dominated
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spatial distribution
Gail (2004, A&A, 413, 571)

* reaction of solid states with H2  yields SiO gas and H2O gas allowing inter-grain transport of 
Silicon and Oxygen; see Gail et al. (2004) for a detailed description 
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spatial distribution
Gail (2004, A&A, 413, 571)

Evaporation &	

re-condensation

gas-solid* reaction	

forsterite + SiO2 →	


Enstatite

High-T “flash 
heating” in shocks?	

Lightning? parent-
body processing?

* reaction of solid states with H2  yields SiO gas and H2O gas allowing inter-grain transport of 
Silicon and Oxygen; see Gail et al. (2004) for a detailed description 



even cooler stuff: Herschel
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even cooler stuff: Herschel
Bouwman et al. (2014)

A&A 553, A5 (2013)

Appendix A
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Fig. A.1. Comparison of the unmodified (black) and the noise-filtered (red) spectrum in the left column. The middle column shows the noise-filtered
spectrum (black) overplotted with the best-fit model (red). The model is a sum of a 3rd order polynomial and a Lorentzian. In the right column we
show a comparison of the residuals to the Lorentzian from the model. The error bars on the residuals are corresponding to the standard deviation
of the residuals. In all sources shown in this figure the 69 µm forsterite band has been detected.

A5, page 18 of 25
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69 μm olivine band
A&A 553, A5 (2013)

Fig. 6. Resulting reduced χ2 distributions from a comparison between our model grid for the 69 µm forsterite feature as a function of iron fraction
and grain temperature, and the Herschel-observed bands in eight of our targets. Our model grid is an interpolation based on several different
measurements of both optical constants with the DHS shape model and with absorption coefficients. Thus no fixed grain size can be given. Where
applicable a grain size of 0.1 µm was used.

A5, page 8 of 25

In sample of 8 HAe stars: 
7 have ≲1% Fe, 
1 has ≈3% Fe (AB Aur) but 
low SNR  

B. Sturm et al: The forsterite 69 µm band in the Herschel DIGIT programme

Table 1. Disk sources observed as part of the Herschel key programme DIGIT.

Coordinates (J 2000)
Star RA [h m s] Dec [d m s] Spectral type Ref. log(L⋆/L⊙) Ref. Age (Myr) Ref.
HD 150193 16 40 17.92 −23 53 45.2 A1−3Ve (1) 1.47 (11) >2.0 (11)
HD 97048 11 08 03.32 −77 39 17.5 B9.5Ve+sh (1) 1.61 (11) >2.0 (11)
HD 169142 18 24 29.78 −29 46 49.4 A5V (5) 1.58 (5) 7.7 ± 2.0 (10)
HD 98922 11 22 31.67 −53 22 11.5 B9 Ve (11) >2.96 (11) <0.01 (15)
HD 100453 11 33 05.58 −54 19 28.5 A9 Ve (1) 0.95 (12) >10 (10)
HD 135344 15 15 48.95 −37 08 56.1 F4Ve (1) 1.02 (7) 9 ± 2 (7)
HD 179218 19 11 11.25 +15 47 15.6 B9e (1) 2.50 (11) 1.1 ± 0.7 (14)
HD 203024 21 16 03.02 +68 54 52.1 A/B8.5 V (19) ∼2.0 (19) –
IRS 48 16 27 37.19 −24 30 35.0 A? (2) 1.16 (8) ∼15 (8)
SR 21 16 27 10.28 −24 19 12.5 G 2.5 (3) 1.45 (3) ∼1.0 (3)
HD 38120 5 43 11.89 −4 59 49.9 Be* (2) 1.74 (9) <1.0 (13)
HT Lup 15 45 12.87 −34 17 30.6 K3 Ve (2) – 0.5 ± 0.1 (16)
HD 35187 5 24 01.17 +24 57 37.6 A2Ve+A7Ve (1) 1.24 (10) 9.0 ± 2 (10)
S CrA 19 01 08.60 −36 57 20.0 K6e (3) 0.36 (3) ∼3.0 (3)
HD 104237 12 00 05.08 −78 11 34.6 A7.5Ve + K3 (4) 1.55 (4) 5.5 ± 0.5 (10)
RY Lup 15 59 28.39 −40 21 51.2 G0V (2) – 29.7 ± 7.5 (16)
HD 144432 16 06 57.96 −27 43 09.8 A9IVev (1) >1.48 (11) 5.5 ± 2.0 (14)
AS 205 16 11 31.35 −18 38 26.1 K5 (3) 0.85 (3) ∼0.1 (3)
HD 144668 16 08 34.29 −39 06 18.3 A5−7III/IVe+sh (1) 1.71 (10) 2.8 ± 1.0 (10)
RU Lup 15 56 42.31 −37 49 15.5 G5 Ve (2) – 55.3 ± 10.4 (16)
HD 141569 15 49 57.75 −3 55 16.4 A0 Ve (1) 1.35 (11) 4.7 ± 0.3 (10)
EC 82 18 29 56.89 +1 14 46.5 K8 D (18) –0.179 (18) ∼1.5 (18)
HD 50138 6 51 33.40 −6 57 59.4 B9 (2) 2.85 (11) 0.5 ± 0.2 (16)
HD 142666 15 56 40.02 −22 01 40.0 A8Ve (1) 1.13 (10) 9.0 ± 2.0 (10)
DG Tau 4 27 04.70 +26 06 16.3 G Ve (2) −0.05 (17) ∼0.6 (17)
RNO 90 16 34 09.17 −15 48 16.8 G5 D (2) – –
HD 100546 11 33 25.44 −70 11 41.2 B9Vne (1) 1.51 (11) >10 (11)
AB Aur 4 55 45.84 +30 33 04.3 A0Ve+sh (1) 1.68 (11) 5.0 ± 1.0 (10)
HD 163296 17 56 21.29 −21 57 21.9 A3Ve (1) 1.48 (11) 5.5 ± 0.5 (10)
HD 142527 15 56 41.89 −42 19 23.3 F7IIIe (1) 1.84 (11) 2.0 ± 0.5 (10)
HD 36112 5 30 27.53 +25 19 57.1 A5 Ve (2) 1.35 (11) 3.7 ± 2.0 (10)
HD 139614 15 40 46.38 −42 29 53.5 A7Ve (1) 0.88 (10) 10 ± 2.0 (10)

Notes. Luminosities and ages are derived by different methods.
References. The references for spectral classifications and ages are: (1) Acke & van den Ancker (2004); (2) The Simbad database; (3) Prato et al.
(2003); (4) Böhm et al. (2004); (5) Tilling et al. (2012); (7) Müller et al. (2011); (8) Brown et al. (2012); (9) Hernández et al. (2005); (10) Meeus
et al. (2012); (11) van den Ancker et al. (1998); (12) Dominik et al. (2003); (13) Sartori et al. (2010); (14) Folsom et al. (2012); (15) Manoj et al.
(2006); (16) Tetzlaff et al. (2011); (17) Palla & Stahler (2002); (18) Winston et al. (2010); (19) Miroshnichenko et al. (1999).
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Fig. 1. Influence of the iron cation fraction relative to magnesium in the
olivine material on the peak wavelength of the 69 µm band. The data
(black crosses) are from Koike et al. (2003), taken at 295 K and the
blue line is a linear fit.

shifted linearly toward longer wavelengths with the amount of
iron in the crystals (e.g. Koike et al. 2003). Even a small fraction
of iron (x ∼ 0.05) leads to a band position at λ > 70 µm (see
Fig. 1).

Laboratory measurements are only available for pure
forsterite and for olivines with more than ∼10% of iron con-
tent. From the available data (presented in Fig. 1) a linear con-
nection between iron content in the olivine dust grains and the
peak position of the 69 µm band can be derived. Most of the
available laboratory measurements were taken at room tempera-
ture. However, corrections for temperature effects can be applied
if necessary, based on the temperature dependence of the pure
forsterite and a sample with 9.3% iron (Koike et al. 2006).

The FWHM of the emission band is also increasing with the
iron content in the grains. However, the available data is sparse,
introducing additional uncertainties in the quantitative analysis
of our detections. Therefore our estimated upper limits on the
iron content in the crystalline silicates from which the 69 µm
band emerges are mostly based on the position of the peak.

3.1.2. Effects of temperature

Next to the strong dependency on the iron content, the posi-
tion and width of the 69 µm forsterite band also depends on the
grain temperature. This temperature dependence has been char-
acterised in several laboratory experiments (e.g. Bowey et al.
2002; Koike et al. 2006; Suto et al. 2006), covering a range from
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Iron content

Temperature

Sturm et al. (2013, A&A, 533, 5) Maaskant et al. (2014, submitted)
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69 μm band in 
HD 100546

Fe/(Fe+Mg) = 0.003

Location of the Forsterite in HD100546

2D RT: located close to disk wall (13-20 AU). Low total mass 

(0.5-0.8%), but strong features. Origin related to disk gap

Mulders et al. 2011

Mulders et al. (2011, A&A, 531, 93)
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Parent-body processing?
• dust ➔ planetesimals ➔ 

large bodies 

• high T / high P / 
differentiation  / liq. water 

• collisions ➔ 2nd gener. dust 

• tracer: hydrous silicates 

• tentative evidence from ISO 

• not confirmed with Herschel 

• no evidence for parent-body 
processing (so far …)

hydrous silicates?

HD 142527
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• dust ➔ planetesimals ➔ 
large bodies 

• high T / high P / 
differentiation  / liq. water 

• collisions ➔ 2nd gener. dust 

• tracer: hydrous silicates 

• tentative evidence from ISO 

• not confirmed with Herschel 

• no evidence for parent-body 
processing (so far …)

no feature …

ISO (new reduction) 
Herschel PACS

Min et al. 2014 (in prep)

Parent-body processing?
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C−C stretch C−H stretch

C−H in−plane bend

C−H out−of−plane bend

C C

C C

C C

C C

CC

CC

CC

CC

CC

H

H

H

Figure 1.4 — A simplified illustration of the main vibrational modes in a PAH molecule. Possible
vibrational modes can involve a change in the C-C and C-H bond length (C-C stretch and C-H stretch
respectively) or bending of the C-H bond in the plane of the PAH molecule and out of the plane of the
PAH molecule.

UIR bands, they are generally attributed to small PAH molecules rather than soot, Hydro-
genated Amorphous Carbon (HAC) or Quenched Carbon Composites (QCC) dust grains.
The main argument for this is the detection of the UIR bands in reflection nebulae far from
an illuminating star and the independence of the color temperature with the distance from the
star, indicating that the carriers of the UIR bands can be heated to very high temperatures in
such cold environments upon absorption of a single FUV photon (Sellgren 1984). Classical
grains are not hot enough to emit at mid-infrared wavelengths in these environments, hence
the carrier of the UIR bands are attributed to small species containing ∼ 50 carbon atoms
(Sellgren 1984). This point has now been reinforced by ISO (Infrared Space Observatory)
observations revealing that the mid-infrared spectra of the diffuse ISM is dominated by these
IR emission features (Mattila et al. 1996; Boulanger et al. 1998a; Boulanger 1999; Boulanger
et al. 2000). A second argument is that an absorbed photon does not remain localised long
enough in a single aromatic unit of (or loosely bound to) a solid grain so that the emission
of this grain can mimic that of a single PAH molecule (Tielens 1993). Finally, larger aro-
matic species do not simultaneously give rise to a high feature to continuum ratio and a high
aromatic to aliphatic ratio (I3.3/I3.4) as observed in space (Tielens et al. 1999).

Excitation mechanism of PAHs

The absorption of a FUV photon by a PAH molecule induces a transition to an upper elec-
tronic state. The excited molecule then makes rapid isoenergetic transitions to the ground
electronic state leaving most of the initial excitation energy in the form of vibrational energy.
Subsequentely, this highly vibrationaly excited molecule cools down, mainly by IR emission

1.4. The UIR bands and PAHs 7
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Figure 1.5 — The IR spectrum of a massive star forming regions. The UIR bands are clearly present
(the atomic emission lines are removed).

in the C-C and C-H vibrational modes. In this way, the PAH molecules leave behind their
signature in the form of the UIR bands.

Theoretical and experimental spectroscopy of PAHs
The interpretation of the UIR bands and their carriers is heavily based upon theoretical and
experimental spectroscopy of PAHs and their relatives. Comparison of astronomical spectra
with laboratory spectroscopy and theoretical calculations of the vibrational modes of well
characterised materials allows to determine the specific carrier or to constrain the possible
candidate carriers of the emission band under consideration as well as to determine the cause
of the observed spectral variations.

One of the early pivotal results of the laboratory and theoretical studies on PAHs reported
over the last decade is the remarkable effect ionisation has on the infrared spectra (Szczepan-
ski & Vala 1993a; Joblin et al. 1994, 1995; Langhoff 1996; Kim et al. 2001; Hudgins &
Allamandola 1999a, and ref. therein). While PAH characteristic frequencies are only mod-
estly affected by ionisation, the influence on intensity is striking - particularly in the 5 to 10
µm region (see Fig. 1.6). The bands in this region grow from the smallest features in neutral
PAH spectra to become the dominant bands in ionised PAH spectra. Hence, the UIR spectrum
arises from both charged and neutral PAHs.

As a result of these laboratory and theoretical studies on PAHs, it also became clear
that a distribution of different charge states (both positive and negative) of PAHs is present
in a wide variety of astrophysical environments. The charge of a PAH molecule is set by

Peeters (2002)

Band shapes & strengths depend on: 
• size of molecule 
• ionization state 
• H-atoms at edges 
• ring/chain structure
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PAHs
• UV-excitation 

• Stochastic heating 

• Disk geometry important 
- “group I” strong PAHs 
- “group II” weak PAHs, mostly  

(e.g. Acke & van den Ancker, 2004, 
426, 151; Acke et al. et al. 2010, 
ApJ, 718, 558)

group I

group II
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Peeters (2011)

E. Peeters: Observations of PAH Bands 19

Fig. 3. The source to source variations in position and profile of the main PAH bands.
In particular large variations are evident in the 6 to 9 µm. Class A peaks at the shortest,

“nominal” wavelengths and class B at longer wavelengths. The CC modes of class C peak
at even longer wavelengths (Peeters et al. 2002; Figure taken from van Diedenhoven et al.

2004).

to the same class while the CH modes at 3.3 and 11.2 µm appear somewhat less
connected to each other and/or to the PAH class in the 6–9 µm region.

As already noted by Bregman (1989) and Cohen et al. (1989) for the 7.7 µm
complex, the specific profile of these PAH bands depends directly on the type of
object (Peeters et al. 2002; van Diedenhoven et al. 2004). Class A represents
H ii regions, non-isolated Herbig AeBe stars, some PNe, few post-AGB stars, RNe,
the (diffuse) ISM and entire galaxies; class B contains most planetary nebulae, iso-
lated Herbig AeBe stars and some post-AGB stars and class C is mainly comprised
of post-AGB stars. Few HAeBe and TTauri stars are reported to have class C pro-
files but their PAH bands are weak and perched on top of both the dust continuum
and silicate emission band. Note that post-AGB stars are found in all three classes.
From a different perspective, class A profiles are associated with interstellar ma-
terial (ISM) while class B and C profiles are exhibited by circumstellar material

• Abundant in ISM 

• Depleted/Absent in class O objects                     
(Van Dishoeck & van der Tak 2000; Geers et al. 2009) 

• visible in most HAe stars, shapes from A’ to B’ 
(Peeters, 2002, Acke & v/d Ancker 2004, Acke et al. 2010)

ISM

red rectangle
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Dependence on UV field
Acke et al.  (2010, ApJ, 718, 558)570 ACKE ET AL. Vol. 718

Figure 13. Centroid position of the 7.8 µm feature decreases with increasing
stellar effective temperature. We have included the T Tauri stars with detected
PAH emission from Bouwman et al. (2008). The Herbig Be stars were observed
under Spitzer program PID 50180. The correlation is significant for the Herbig
Ae stars alone (p-value 4 × 10−3) and even more so for the entire sample of
young stars (p-value 7 × 10−8).
(A color version of this figure is available in the online journal.)

Figure 14. Red 7.8 µm feature has a larger FWHM (p-value 2 × 10−3).
(A color version of this figure is available in the online journal.)

a target with an extremely blue group-II-type SED, but strong
PAH emission.

Along the same lines, Dullemond et al. (2007) have modeled
dust sedimentation in protoplanetary disks with PAHs. They
find that if the PAH abundance stays the same, sources with
sedimented dust disks should display more pronounced PAH
features than disks with perfect vertical mixing. Two effects
are important: the reduction of the continuum emission (in-
creased contrast) and the increased amount of UV-exposed PAH
molecules (increased PAH luminosity). Under the assumptions
of the models, a decrease in far-IR continuum emission should
be accompanied by an increase of PAH luminosity. The opposite
trend is observed, however. Dullemond et al. (2007) speculate
that a significant fraction of the PAHs is removed through ag-
gregation. In any case, a reduction of PAH abundance in the
flared gas disk above the dust disk, e.g., through PAH photode-
struction, is necessary to reconcile theory and observations.

We found indications that there is indeed a small difference
in PAH chemistry between flared and flattened disks. There

Figure 15. When the centroid wavelength of the 7.8 µm feature increases, the
8.6/7.8 line flux ratio decreases (p-value 4 × 10−4). The 7.8 µm feature is due
to CC stretches, the 8.6 µm feature is attributed to a CH in-plane bending mode
in aromatic hydrocarbons.
(A color version of this figure is available in the online journal.)

Figure 16. Correlation between the aliphatic-to-PAH luminosity ratio and the
centroid position of the 7.8 µm feature (p-value 4 × 10−3).
(A color version of this figure is available in the online journal.)

is a strong correlation between the peak flux ratios 11.3/6.2
and 11.3/7.8 (Figure 12). This is not surprising, as the 6.2 and
7.8 µm features are both CC modes and thus strongly linked to
each other (see Section 4.1). From the figure, however, it seems
that the distributions of the 11.3/6.2 and the 11.3/7.8 ratios
are shifted toward lower values in group II. Also the 12.7/11.3
line flux ratio appears to be higher in this group (0.29 ± 0.08
versus 0.22 ± 0.05 in group I, p-value 0.5%). This suggests that
the 11.3 µm feature is weak in the targets with a small far-IR
excess, and may indicate that the PAH molecules in targets with
a flattened dust disk are more processed, i.e., rough-edged and/
or smaller, than those in flared disks.

4.5. Aliphatic Versus Aromatic Hydrocarbons

Almost all stars in our sample display Class B′ PAH features,
but it is clear that even within this class, spectral differences
occur. Here we argue that these changes are mainly due to
the stellar UV field to which the hydrocarbon molecules are
exposed.

564 ACKE ET AL. Vol. 718

Figure 1. (Continued)

is also the case in our sample. The shift has been ascribed to
the inclusion of nitrogen atoms in the PAH skeletal structure.
The feature is increasingly bluer when the N atom is substituted
deeper in the PAH molecule (Hudgins et al. 2005). Also the
anion-to-cation ratio may play a role (Bauschlicher et al. 2009).
However, the peak positions of the 6.2 and 7.8 µm features
correlate (Figure 6). While the general blueshift of the feature
from 6.4 to 6.2 µm may still be attributed to nitrogen pollution,
the latter cannot account for the progressive shift of the 6.2 and
7.8 µm features. Pino et al. (2008) have performed laboratory
measurements and show that a shift of the 6.2 µm feature to

longer wavelengths points to a higher aliphatic/aromatic content
of the hydrocarbon mixture.

The feature-to-stellar luminosity ratios of almost all PAH
features (at 5.7, 6.0, 6.2, 7.8, 8.6, 10.6, 11.3, 12.0, and 12.7 µm)
correlate with each other. This indicates that these PAH features
appear together in the spectrum of a Herbig Ae star, and roughly
scale together in strength. The relative strengths of the aliphatic
and aromatic features, on the other hand, are not connected. We
also find dozens of significant correlations of line flux ratios.
The strongest correlation in our sample is between the 6.2 and
7.8 µm features, both linked to CC modes. Tight connections
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PAHs in transition disks
Maaskant et al.  (2014, A&A 563, A78)

K. M. Maaskant et al.: Polycyclic aromatic hydrocarbon ionization as a tracer of gas flows through protoplanetary disk gaps

Ionized PAHs in low density, optically 

thin gas flows through the gap 

(high UV field, low electron density)

Neutral PAHs in optically thick disk

(low UV field, high electron density) 

Fig. 12. Sketch of the main result of this paper. Neutral PAH emission
originates in an optically thick disk (blue components) and ionized PAH
emission from low density, optically thin gas flows through protoplane-
tary disk gaps (red component).

index F30/F13.5 (Fig. 3). Flaring/transitional (group I) objects
have a wider range in their degree of ionization compared to flat
(group II) objects. This can be interpreted, as that PAH emission
in flaring/transitional objects originates in more varied physical
environments: those that are predominantly neutral in the op-
tically thick disk and predominantly ionized in optically thin
gaseous disk gaps. The PAH emission from flat disks show more
similar I6.2/I11.3 ratios. This suggests that the disks of flat (group
II) objects are more homogeneous. Possibly this could be due
to the lack of large gaps in these objects. This would be con-
sistent with the scenario that flaring (group I) objects are often
(pre-)transitional, while self-shadowed (group II) objects lack
any signatures of large dust gaps.

While ionized PAHs do trace low density gas flows, it is not
always the case that gas flows have ionized PAHs. For example,
the Herbig stars HD 135344 B and HD 142527 have rather low
temperatures (respectively T = 6590 K and T = 6260 K), and,
therefore, their UV fields are less e�cient in ionizing the PAHs.
Our models show that PAHs will be highly neutral in the disks
of T Tauri stars. Thus, ionized PAHs are most likely found in
low density gaps around Herbig stars with temperatures of T &
6000 K. Alternatively, if the gas density in the gas flow is high,
then the PAHs may recombine more easily into the neutral state.
This scenario may be part of the explanation why the spectrum
of HD 97048 is still largely neutral.

A correlation is found between the mm luminosity and the
I6.2/I11.3 ratio (Fig. 4). Since the disk is optically thin at mil-
limeter wavelengths, the mm luminosity may be a proxy of the
disk mass in mm-sized dust grains. Therefore, for lower disk
masses, the fraction of ionized PAHs seems to be higher. There
are two possible ways to understand this trend. The first is that
the inner region of the disk becomes optically thinner when ac-
cretion depletes most of the inner disk mass and less material
from the outer disk is available to replenish the inner regions.
As a consequence, the inner disk becomes optically thin, the low
density gas flows become more irradiated by UV emission, and
the ionization fraction is higher. Another possibility is that more
planets are formed creating larger gaps over the course of time
when the disk is loosing its mass. Consequently, more low den-
sity gas flows emerge with a high fraction of ionized PAHs.

7. Conclusions

We have modeled the charge state of PAHs in Herbig disks. We
find that the neutral fraction of the disk is high for typical star
and disk parameters. The key parameter to ionize the PAHs in the
disk is to lower the gas density. The PAH luminosity is most in-
fluenced by competition from dust grains, either by an increased
PAH mass fraction, or the removal of small dust grains. Our re-
sults can be summarised as follows:

– Emission from ionized PAHs trace low-density optically thin
regions and has a high I6.2/I11.3 ratio.

– The PAHs in an optically thick disk are predominantly neu-
tral and produce emission with a low I6.2/I11.3 ratio.

– The PAH spectra of transitional disks can be understood as
superpositions of neutral PAHs from an optically thick disk
and ionized PAHs from that of low density, optically thin gas
flows through protoplanetary disk gaps.

– There is no gradient in the neutral fraction of PAHs as a func-
tion of radius in an optically thick disk.

– The PAH luminosity is not synonymous to the disk structure.
As shown for the transitional disks in our sample, the total
PAH mass in the low density, optically thin disk gap can be
much smaller compared to the total PAH mass in the outer
disk. Nevertheless, they give a dominating contribution to
the total PAH luminosity.

– We find a trend in the I6.2/I11.3 ratio compared to the 1.3 mil-
limeter luminosity. Since the 1.3 millimeter luminosity can
be used as a proxy for the disk mass, the degree of ionization
tends to be higher for lower disk masses. We suggest that
the contribution to the PAH luminosity from ionized PAHs
in low-density optically thin “gas flows” becomes larger for
lower mass disks.

– For a sample of 18 Herbig stars, the I6.2/I11.3 ratios indicates
that PAH emission from flaring/transitional disks (group I) is
higher and originates in a wider range of physical environ-
ments (hI6.2/I11.3i = 2.61 ± 1.63), while the origin of PAH
emission in self-shadowed flat disks (group II) seems to be
more homogeneous (hI6.2/I11.3i = 2.08 ± 0.56).

With superior mid-IR sensitivity and spatial resolution, observa-
tions by the Mid-InfraRed Instrument (MIRI) on the James Webb
Space Telescope (JWST) will be able to probe more and fainter
targets. This work shows that the ionization balance of PAHs
provides an extra diagnostic tool to characterize the gaps of tran-
sitional disks and, thus, to study the process of planet formation.
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Neutral PAHs, high electron density

ionised PAHs, 
low electron density

8 Chapter 1 : Introduction

Figure 1.6 — The absorption spectrum of a mixture of neutral PAHs (a) compared to the spectrum
of the same PAHs in their positive state (b). This comparison shows that, for PAH spectra, ionisation
has a much greater influence on relative intensities than on peak frequencies, with the features in the 6
to 10 µm region substantially enhanced with respect to the rest of the spectrum (Figure adapted from
Allamandola et al. 1999b).

the balance between photoelectrically ejected electrons and the PAH-electron recombination
rate and is therefore determined by the ratio of the illuminating UV radiation field and the
electron density,G0/ne. For example, in regions of lowG0/ne, the PAH charge is dominated
by neutral and anionic PAHs while in regions of highG0/ne the PAH charge is dominated by
multiple ionised PAHs (Bakes et al. 2001). As mentioned above, the charge state of a PAH
molecule highly influences the apparent vibrational infrared spectrum.

Laboratory measurements of a collection of different PAHs also reinforced the presence
of a family of PAHs in astronomical environments rather then one specific PAH molecule
(Desert et al. 1990; Schutte et al. 1993; Verstraete et al. 2001; Pech et al. 2001).

Formation and evolution
Since in many objects the IR emission originates in material recently ejected from a star,
PAHs probably are the extension of the grain size distribution of circumstellar carbon grains
into the molecular domain and as such may shed light on the detailed formation mechanism
of carbon stardust which likely is comparable to terrestrial soot formation in flames. Indeed,
PAHs are the building blocks of soot particles due to their high stability and their similar
structure (see Allamandola et al. 1989b; Frenklach & Feigelson 1989; Tielens 1990, 1997a;
Tielens & Charnley 1997; Cherchneff et al. 2000, for extended overviews).

neutral

ionised
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Conclusions
• Grain growth is ubiquitous ?  
• Crystallization: 

- cold crystalline silicates very Fe-Poor, warm/hot ones 
probably as well 

- evaporation & re-condensation at inner disk edge 
- outward transport & gas-solid reaction ➔ radial transport 

important in central few AU! 
- non-equilibrium processes at large radii, likely evaporation & 

re-condensation 

• no evidence for parent-body processing yet 
• PAHs frozen in cores, partially released in disks? 
• PAH Chemistry driven by stellar UV-field 



Limitations
IR spectroscopy: 
• composition: only species with spectral features 
• growth: only limited range of particle sizes,  or porosity? 
• only “surface layer”, small fraction of total dust 

mm observations: 
• no spectral features, no direct composition info 
• grain size, porosity, ice mantles all affect spectral slope
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