
WP4:	
  silicates=	
  évolu2on	
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  des	
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  au	
  disque	
  
protoplanétaire	
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Contexte	
  astrophysique:	
  forma2on	
  des	
  disques	
  protoplanétaire	
  

Compréhension	
  des	
  premières	
  étapes	
  
de	
  la	
  vie	
  des	
  poussières	
  dans	
  le	
  disque:	
  
compréhension	
  des	
  processus	
  physico-­‐
chimiques	
  dans	
  le	
  disque	
  et	
  de	
  la	
  
«	
  structura7on	
  »	
  du	
  disque:	
  à	
  la	
  fin,	
  vers	
  
une	
  meilleure	
  forma7on	
  des	
  planètes.	
  

Enregistrement	
  	
  des	
  premières	
  étapes	
  de	
  
forma2on	
  du	
  disque	
  dans	
  les	
  objets	
  les	
  
plus	
  primi2fs	
  de	
  notre	
  ss	
  (les	
  moins	
  
modifiés)	
  



•  Carbonaceous	
  chondrite	
  	
  
•  Very	
  primi7ve	
  CHONDRITE	
  

Matériaux	
  extraterrestres	
  primi2fs	
  

D’après	
  Aléon,	
  2005,	
  Merouane,	
  2014	
  



IDPs:	
  Interplanetary	
  dust	
  par2cles	
  (Qqs	
  microns	
  à	
  qqs	
  centaines	
  de	
  microns)	
  

poreuses	
  à	
  grains	
  fins	
  
Riche	
  en	
  pyroxene	
  ou	
  en	
  
olivine	
  
Présence	
  de	
  silicates	
  
amorphes	
  (GEMS)	
  +	
  ma7ère	
  
carbonée	
  

Compactes	
  hydratées	
  
Riches	
  en	
  phyllosilicates	
  

Bradley,	
  1996	
  



Astrochimie	
  des	
  solides	
  en	
  laboratoire	
  

+	
  analyses	
  MET,	
  MEB…	
  



Domaine	
  spectral	
  MIRI	
  

Exemple	
  illustra2f	
  de	
  ce	
  que	
  l’on	
  fait	
  



Corréla7on	
  spa7ale	
  entre	
  les	
  
phases	
  
Technique	
  non	
  destruc7ve	
  
Structure	
  de	
  l’échan7llon	
  



Mul2-­‐analyses	
  de	
  la	
  ma2ère	
  extraterrestre	
  

•  Analyses	
  spectroscopiques	
  Raman	
  et	
  IR	
  
•  Analyse	
  de	
  la	
  structure:	
  MEB,	
  MET,	
  tomo	
  X	
  
•  Analyse	
  de	
  la	
  composi7on	
  chimique,	
  

minéralogie:	
  MET,	
  MEB	
  
•  Analyse	
  de	
  la	
  composi7on	
  isotopique:	
  

NanoSIMS	
  

AFen2on:	
  Méthode	
  de	
  prépara2on	
  des	
  
échan2llons	
  précieux	
  importante	
  

Tomo	
  X	
  et	
  IR	
  

MEB	
  

2 µm

MET	
  



Manips	
  en	
  labo	
  

Produc2on	
  de	
  films	
  amorphes	
  

Altéra2on	
  
thermique/
irradia2on/aqueuse	
  

Détermina7on	
  
des	
  indices	
  n	
  et	
  
k	
  dans	
  
différentes	
  
gammes	
  de	
  λ	



Irradia7on	
  

Produc7on	
  de	
  silicate	
  amorphe	
  

Produc7on	
  de	
  silicate	
  cristallin	
  

T°	
  Irradia2on	
  ionique	
  



IR	
  comparison	
  between	
  meteori2c	
  samples	
  and	
  T-­‐Tauri	
  disk	
  

IR	
  spectra	
  of	
  bulk	
  and	
  µm	
  
sub-­‐units	
  of	
  meteori2c	
  
materials	
  
FPA	
  detector	
  at	
  SOLEIL	
  
Synchroton	
  

•  Nature	
  of	
  the	
  disk	
  materials	
  ?	
  
•  Evolu7on	
  of	
  crystallinity/amorphous	
  and	
  olivine/pyroxene	
  ra7os	
  in	
  the	
  disk	
  
•  Presence	
  and	
  evolu7on	
  of	
  GEMS	
  in	
  the	
  disk	
  ?	
  
•  Presence	
  of	
  CAIs	
  in	
  the	
  disk	
  ?	
  
•  Presence	
  of	
  hydrated	
  silicates	
  vs	
  water	
  vapor	
  ?	
  
	
  

IR	
  +	
  X	
  tomography	
  :	
  porosity	
  of	
  grains	
  	
  

SCIENTIFIC	
  PROGRAM:	
  WP	
  4	
  -­‐	
  SILICATE	
  

10	
  μm	
  

Origine	
  et	
  évolu7on	
  physico-­‐chimique	
  de	
  
la	
  poussière	
  dans	
  les	
  disques	
  de	
  type	
  
solaire	
  :	
  	
  
observa7on	
  des	
  disques	
  T-­‐Tauri	
  et	
  du	
  
milieu	
  interstellaire	
  (héritage?).	
  	
  



Evolu2on	
  of	
  crystallinity/amorphous	
  
and	
  olivine/pyroxene	
  ra2os	
  in	
  the	
  disk	
  

Météorites	
  
Poussières	
  	
  
Hydratées	
  	
  	
  	
  Anhydres	
  

Héritage	
  dans	
  les	
  
pe2ts	
  corps	
  du	
  
SS	
  ?	
  	
  

Les IDPs anhydres  
originaires des astéroïdes glacés 

Formation location closer to the Sun for BCG-asteroids (pyroxene-rich) with 
respect to D-asteroids (olivine-rich) proposed in the Grand Tack model  
=> Heritage of olivine/pyroxene gradients in the disk? 

Vernazza	
  et	
  al.	
  2015	
  

“more enstatite than forsterite is observed in the inner 
warm dust population at 1 AU, while forsterite 
dominates in the colder outer regions at 5-15 AU.” 
Bouwman et al. 2008	
  



IR	
  iden7que	
  poussière	
  MIS	
  

GEMS	
  

Elias	
  16	
  MC	
  

Trapezium	
  MC	
  

T-­‐Tauri	
  YSO	
  DI	
  Cephei	
  

M	
  supergéante	
  µ	
  Cephei	
  

Presence	
  and	
  evolu2on	
  of	
  GEMS	
  in	
  the	
  disk	
  ?	
  Evolu2on	
  of	
  the	
  crystallinity	
  of	
  the	
  grains	
  ?	
  



Observa2on	
  des	
  CAIs:	
  Presence	
  of	
  CAIs	
  in	
  the	
  disk	
  ?	
  
	
  

•  forma7on	
  directement	
  dans	
  le	
  disque	
  à	
  
par7r	
  du	
  gaz	
  ?	
  	
  

•  Uniques	
  au	
  système	
  solaire	
  ?	
  

Poten7al	
  spinel	
  feature	
  and	
  corundum	
  was	
  found	
  in	
  
several	
  disks	
  (Morlok,	
  2008,	
  2014;	
  Suh,	
  2011)	
  

Mid-infrared spectroscopy of refractory inclusions in CV and CO chondrites 1157

absorption, so no clear identification of features in this
wavelength range is possible. The spectrum from Ornans
INTERIOR is most similar to the spectrum of Hen3-600.

04187_1927 (Fig. 4b)
The spectrum of dust in the Tauri system 04187_1927

(M0 type, <3 Myr, Furlan et al. 2006) was obtained with the
IRS spectrometer of the Spitzer Space Telescope. The
astronomical spectrum has characteristic features at 9.21 µm,

12.6 µm, 14.15 µm to 14.83 µm, and at 15.59 µm. Several
smaller bands occur at 10.18 µm, 10.6�–10.72 µm, 11.08 µm,
11.21 µm, and 11.39 µm. 

All major features of the group 1 spectra of Allende
INTERIOR and Ornans RIM can be found in the astronomical
spectrum. Also the spectrum of Ornans INTERIOR
representing group 2 is similar. With exception of the feature
at 10.6 µm, all significant bands in the astronomical spectrum
can be explained by a mixture of Ornans INTERIOR and RIM.

Fig. 4. Comparison of CAI powder mid-infrared spectra with astronomical spectra. a, b) Dust in circumstellar disks of Herbig AE stars
HD104237, HD179218, and Tauri stars Hen3-600, 04187_1927 (Honda et al. 2003; Sloan et al. 2003; Van Boekel et al. 2005; Furlan et al.
2006). c) AGB stars R Cas and θ Aps. d) Post-AGB star R Sge and planetary nebulae Hb 12 (Fabian et al. 2001; Sloan et al. 2003). The
spectra are presented in relative absorbance (a). The black spectra on top are astronomical spectra. Ground-based observations (ESO/TIMMI2
and Subaru/COMICS) are presented from 8 µm to 13 µm (always on top), space-based data (ISO/SWS or SPITZER/IRS) from 8 µm to
16 µm (always below ground based spectra). To allow a better comparison, some astronomical spectra are overlain by a spectrum (grey)
smoothed using FFT (Fourier filtering technique) over a range corresponding to 0.2 µm. For the comparisons in the discussion the original
spectra were used. The laboratory data are in dark grey on the bottom (8 µm to 16 µm). Vertical broad light grey bands compare important
features of the laboratory spectra with the astronomical spectra, the width of the bars is 0.25 µm.

Projet	
  porté	
  en	
  par7e	
  par	
  Dan	
  Levy	
  (PHD	
  Muséum)	
  

Morlok,	
  2008	
  



Presence	
  of	
  hydrated	
  silicates	
  vs	
  water	
  vapor	
  ?	
  

Lié	
  à	
  la	
  très	
  grande	
  ques7on	
  de	
  
l’accré7on	
  de	
  la	
  Terre	
  séche	
  ou	
  
«	
  humide	
  »!	
  

Organic Molecules and Water
in the Planet Formation Region
of Young Circumstellar Disks
John S. Carr1 and Joan R. Najita2

The chemical composition of protoplanetary disks is expected to hold clues to the physical and
chemical processes that influence the formation of planetary systems. However, characterizing
the gas composition in the planet formation region of disks has been a challenge to date. We
report here that the protoplanetary disk within 3 astronomical units of AA Tauri possesses a rich
molecular emission spectrum in the mid-infrared, indicating a high abundance of simple organic
molecules (HCN, C2H2, and CO2), water vapor, and OH. These results suggest that water is
abundant throughout the inner disk and that the disk supports an active organic chemistry.

Disks of gas and dust orbit very young
stars and represent the early stages of
planetary system formation. Studies of

these disks can establish the conditions under
which planets form, complementing studies of
solar system bodies in efforts to reconstruct the
origin of our Solar System. In the same way that
the chemical record preserved in primitive bodies
(comets and meteorites) is probed for clues to
the physical and chemical processes that oper-
ated in the early solar nebula (1, 2), the chemical
composition of protoplanetary disks is expected
to hold clues to the processes that are active in
disks. Although significant advances have been
made from the study of the dust properties of
disks (3–5), much less progress has been made
in the study of the gaseous component, partic-
ularly over the range of radii where planet for-
mation is thought to occur (6–8). Measurements
of disk molecular abundances can provide in-
sights on issues such as the origin and evolution
of water in the Solar System, the nature of or-
ganic chemistry in disks, and the ability of
disks to synthesize pre-biotic species. Here we
report that a protoplanetary disk around a young
star displays a rich molecular emission spectrum
in the mid-infrared that provides detailed
thermal and chemical information on gas in the
planet formation region of the disk.

We observed AA Tauri, a fairly typical clas-
sical T Tauri star (CTTS, which are approximately
solar-mass stars with accretion disks and ages of
less than a few 106 years), with the Infrared Spec-
trograph (IRS) on the Spitzer Space Telescope
(9, 10), covering wavelengths of 9.9 to 37.2 mm
at a spectral resolution (l/Dl) of 600. The high
signal-to-noise ratio (~200 to 300) produced by
our observational and data reduction techniques
(11) reveals a rich spectrum of molecular emis-
sion lines that is dominated by rotational tran-

sitions of H2O (Fig. 1). Rotational transitions of
OH were also observed between 20 and 31 mm.
From 13 to 15 mm, ro-vibrational emission bands
of the fundamental bendingmodes of C2H2, HCN,
and CO2 are prominent (Fig. 2).

This mid-infrared molecular emission almost
certainly has its origin in a disk. AATauri lacks
a surrounding molecular envelope or molecular
outflow as potential alternate sites for the emitting
gas. A disk interpretation is also consistent with
high-spectral-resolution studies of CTTSs, which
demonstrate a disk origin for their near-infrared
molecular emission features. These include emis-
sion from the 5-mm fundamental ro-vibrational
bands of CO, which is very common in CTTSs
(12), and emission from the 2.3-mm CO overtone
bands and hot bands of H2O and OH (6, 13, 14),
which is less frequently observed. All these near-
infrared emission bands are thought to arise in a
temperature inversion in the atmosphere of the
inner [<1 astronomical unit (AU)] disk (6, 12–14).

To determine the properties of the emitting
gas, we modeled the emission spectrum and an-
alyzed the measured line fluxes using standard
techniques (11). The emission from each molec-

ular species was modeled independently as ther-
mally excited emission from a slab with a given
temperature, column density, and emitting area.
Although these quantities are expected to vary
with radius in a real disk, we cannot constrain their
radial variation without the benefit of velocity-
resolved line profiles. Our strategy allows us to
determine the flux-weighted mean gas temper-
ature (T ), column density (N), and emitting area
(p × R2) for each molecule (Table 1). The com-
bined synthetic spectrum reproduces well the
details of the observed spectrum (Fig. 2). Mo-
lecular abundances with respect to CO (Table 1)
were then determined by modeling the 5-mm
fundamental CO emission spectrum of AATauri,
obtained with the near-infrared echelle spectro-
graph NIRSPEC (15) at the Keck Observatory.

The equivalent radii for the emitting areas
(Table 1) indicate that the observed gas resides at
disk radii that correspond to the region of ter-
restrial planets in the Solar System; that is, within
2 to 3 AU of the star. The derived temperatures for
the emission are also roughly consistent with
predicted gas temperatures at radii ~1 AU for
models that calculate the gas thermal structure in
the temperature inversion region of disk atmo-
spheres (16, 17). The significantly lower temperature
for CO2 suggests that its emission is concentrated
at larger radii, which is also consistent with pre-
dictions of chemical models (18) that CO2 is de-
stroyed at temperatures much higher than 300 K.
The higher mean temperature for CO can be un-
derstood by the fact that CO fundamental emis-
sion is insensitive to gas with T < 400 K, because
of the higher energy of the upper levels of the
transitions and the shorter wavelength of emission.
Vertical gradients in the gas temperature and
molecular abundances could also contribute to
some of the differences; for example, H2Omay be
abundant in a cooler part of the atmosphere as
compared to CO (16).

The abundances of simple organics and H2O
for AATauri (Fig. 3) are about one order of mag-
nitude higher than both observations and models
(19) of hot molecular cores, the dense and warm

REPORTS

1Remote Sensing Division, Naval Research Laboratory, Code
7210, Washington, DC 20375, USA. 2National Optical Astron-
omy Observatory, Tucson, AZ 85719, USA.

Fig. 1. Spitzer IRS spec-
trum of AA Tauri from 9.8
to 38.0 mm. The spectrum
combines all orders of
the short-high and long-
high IRS modules (11).
Rotational transitions of
OH are marked with a dia-
mond, and the Q branches
of C2H2, HCN, and CO2
are labeled along with
atomic [Ne II]. The ma-
jority of emission features
are due to rotational tran-
sitions of H2O (unmarked
features).
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Organic Molecules and Water
in the Planet Formation Region
of Young Circumstellar Disks
John S. Carr1 and Joan R. Najita2

The chemical composition of protoplanetary disks is expected to hold clues to the physical and
chemical processes that influence the formation of planetary systems. However, characterizing
the gas composition in the planet formation region of disks has been a challenge to date. We
report here that the protoplanetary disk within 3 astronomical units of AA Tauri possesses a rich
molecular emission spectrum in the mid-infrared, indicating a high abundance of simple organic
molecules (HCN, C2H2, and CO2), water vapor, and OH. These results suggest that water is
abundant throughout the inner disk and that the disk supports an active organic chemistry.

Disks of gas and dust orbit very young
stars and represent the early stages of
planetary system formation. Studies of

these disks can establish the conditions under
which planets form, complementing studies of
solar system bodies in efforts to reconstruct the
origin of our Solar System. In the same way that
the chemical record preserved in primitive bodies
(comets and meteorites) is probed for clues to
the physical and chemical processes that oper-
ated in the early solar nebula (1, 2), the chemical
composition of protoplanetary disks is expected
to hold clues to the processes that are active in
disks. Although significant advances have been
made from the study of the dust properties of
disks (3–5), much less progress has been made
in the study of the gaseous component, partic-
ularly over the range of radii where planet for-
mation is thought to occur (6–8). Measurements
of disk molecular abundances can provide in-
sights on issues such as the origin and evolution
of water in the Solar System, the nature of or-
ganic chemistry in disks, and the ability of
disks to synthesize pre-biotic species. Here we
report that a protoplanetary disk around a young
star displays a rich molecular emission spectrum
in the mid-infrared that provides detailed
thermal and chemical information on gas in the
planet formation region of the disk.

We observed AA Tauri, a fairly typical clas-
sical T Tauri star (CTTS, which are approximately
solar-mass stars with accretion disks and ages of
less than a few 106 years), with the Infrared Spec-
trograph (IRS) on the Spitzer Space Telescope
(9, 10), covering wavelengths of 9.9 to 37.2 mm
at a spectral resolution (l/Dl) of 600. The high
signal-to-noise ratio (~200 to 300) produced by
our observational and data reduction techniques
(11) reveals a rich spectrum of molecular emis-
sion lines that is dominated by rotational tran-

sitions of H2O (Fig. 1). Rotational transitions of
OH were also observed between 20 and 31 mm.
From 13 to 15 mm, ro-vibrational emission bands
of the fundamental bendingmodes of C2H2, HCN,
and CO2 are prominent (Fig. 2).

This mid-infrared molecular emission almost
certainly has its origin in a disk. AATauri lacks
a surrounding molecular envelope or molecular
outflow as potential alternate sites for the emitting
gas. A disk interpretation is also consistent with
high-spectral-resolution studies of CTTSs, which
demonstrate a disk origin for their near-infrared
molecular emission features. These include emis-
sion from the 5-mm fundamental ro-vibrational
bands of CO, which is very common in CTTSs
(12), and emission from the 2.3-mm CO overtone
bands and hot bands of H2O and OH (6, 13, 14),
which is less frequently observed. All these near-
infrared emission bands are thought to arise in a
temperature inversion in the atmosphere of the
inner [<1 astronomical unit (AU)] disk (6, 12–14).

To determine the properties of the emitting
gas, we modeled the emission spectrum and an-
alyzed the measured line fluxes using standard
techniques (11). The emission from each molec-

ular species was modeled independently as ther-
mally excited emission from a slab with a given
temperature, column density, and emitting area.
Although these quantities are expected to vary
with radius in a real disk, we cannot constrain their
radial variation without the benefit of velocity-
resolved line profiles. Our strategy allows us to
determine the flux-weighted mean gas temper-
ature (T ), column density (N), and emitting area
(p × R2) for each molecule (Table 1). The com-
bined synthetic spectrum reproduces well the
details of the observed spectrum (Fig. 2). Mo-
lecular abundances with respect to CO (Table 1)
were then determined by modeling the 5-mm
fundamental CO emission spectrum of AATauri,
obtained with the near-infrared echelle spectro-
graph NIRSPEC (15) at the Keck Observatory.

The equivalent radii for the emitting areas
(Table 1) indicate that the observed gas resides at
disk radii that correspond to the region of ter-
restrial planets in the Solar System; that is, within
2 to 3 AU of the star. The derived temperatures for
the emission are also roughly consistent with
predicted gas temperatures at radii ~1 AU for
models that calculate the gas thermal structure in
the temperature inversion region of disk atmo-
spheres (16, 17). The significantly lower temperature
for CO2 suggests that its emission is concentrated
at larger radii, which is also consistent with pre-
dictions of chemical models (18) that CO2 is de-
stroyed at temperatures much higher than 300 K.
The higher mean temperature for CO can be un-
derstood by the fact that CO fundamental emis-
sion is insensitive to gas with T < 400 K, because
of the higher energy of the upper levels of the
transitions and the shorter wavelength of emission.
Vertical gradients in the gas temperature and
molecular abundances could also contribute to
some of the differences; for example, H2Omay be
abundant in a cooler part of the atmosphere as
compared to CO (16).

The abundances of simple organics and H2O
for AATauri (Fig. 3) are about one order of mag-
nitude higher than both observations and models
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Fig. 1. Spitzer IRS spec-
trum of AA Tauri from 9.8
to 38.0 mm. The spectrum
combines all orders of
the short-high and long-
high IRS modules (11).
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OH are marked with a dia-
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-­‐  Observa7on	
  de	
  silicates	
  hydratés	
  dans	
  les	
  
disques	
  ?	
  

-­‐  Réac7on	
  chimique	
  menant	
  à	
  leur	
  
	
  forma7on?	
  Pression	
  de	
  vapeur	
  d’eau	
  
compa7ble	
  avec	
  observa7on	
  disque	
  ?	
  
-­‐  Projet	
  porté	
  en	
  par7e	
  (coté	
  observa7on	
  

naturelle	
  CAI	
  par	
  Dan	
  Levy)	
  

Présence	
  de	
  
vapeur	
  d’eau	
  
dans	
  le	
  disque	
  
interne	
  plutot	
  
pas	
  anendu	
  par	
  
les	
  modèles	
  .	
  

(autres	
  refs,	
  Najita,	
  Salyk…)	
  



En	
  conclusion,	
  	
  

Un	
  travail	
  de	
  notre	
  équipe	
  en	
  synergie	
  avec	
  ce	
  groupe	
  (ou	
  autres	
  collaborateurs	
  )	
  pour	
  
aller	
  vers	
  des	
  observa7ons/modélisa7on	
  effectuées	
  par	
  JWST	
  

Plan	
  de	
  travail	
  du	
  thésard	
  qui	
  ira	
  dans	
  ce	
  sens!	
  	
  


