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• What are the gas and dust  physical and 
chemical structures in disks  ? 

• How do these structures evolve with time ?

Observational understanding 

• What physical/chemical processes are 
taking place? 

Physics/Chemistry understanding 

• How these processes can lead to the 
diversity of  planets known? 

• How can we capture signatures of  planets in 
the making?

Connexion Solar System &  Exoplanets

Protoplanetary disks
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Figure 2: Summary of gas diagnostics in protoplanetary disks.

VLT near-IR spectrograph CRIRES is the tool that we extensively use to study these lines.
CRIRES has adaptive optics, this allow us to study spatially extended emission.

• molecular lines in the mid-IR such as H
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O, OH, C
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H
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, HCN
emission at 12 µm trace warm gas at a few hundred K at R<10 AU. They trace the giant planet
forming region of disks. For the same reasons exposed for the near-IR lines, mid-IR lines
require high-spectral resolution in ground-based observations, or high sensitive spectrographs
in space telescopes. To study these lines we use for example mid-IR spectrograph VISIR at the
VLT, or the spectrograph IRS on-board Spitzer. Near-IR and mid-IR lines are the tool
that we use to study the chemistry of the disk in the planet forming region.

• atomic lines such as the [Ne II] at 12.8 µm trace gas that has been exited by energetic radiation
(e.g. X-rays) or shocks. They originate in the surface layers of disks, photoevaporative winds,
or jets. Sources displaying this line have been found mostly with IRS/Spitzer, but follow-up
ground-based high spectral resolution observation has been needed to unveil their origin.

• forbidden emission of oxygen and carbon in the far-IR such as the [OI] lines at 63 and 145µm,
and the [CII] line at 157 µm trace the bulk of the gas in the disk within tens of AU and
hundred AU. These transitions are only visible from space, for example with the instrument
PACS on-board Herschel.

• molecular lines in the sub-mm trace the gas in the outer cold parts of the disk. Single dish
observations are use to survey for molecules and study the outer disk chemistry. Ground-
based sub-mm and mm arrays (e.g. Plateau de Bure, SMA, ALMA, CARMA) provide high
spatial resolution to study extent of the disk and spatially resolved chemistry. Single dish and
interferometry observations provide high spectral resolution data that is used to constrain disk
dynamics and the origin of the emission lines.
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main science requirements                                    
simultaneous wavelength domain: 0.98 - 2.35 µm (YJHK bands)                          
spectral resolution: 75 000  / RV precision: 1 m/s                                                
circular & linear achromatic polarimetry                                                              
S/N~100 (per 2.3 km/s bin) @ H~11.0 in ~1 hr exposure

SPIRou @ CFHT 
instrument performances

Canada France Hawaii Telescope (3.6 m)

High-precision Velocimeter and Polarimeter 
in the near-IR

CRIRES (VLT)                  :  0.02 μm coverage, no polarimetry
Carmenes (Calar Alto)    :  YJH bands, no polarimetry 

0.08
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SPIRou @ CFHT 
investigating star & planet formation

focussing on class-I, -II (cTTSs) & -III (wTTSs) PMS stars                                    
magnetic field of star & disc modifies accretion & outflows                                     
impacts internal structure & rotation of stars                                                             
impacts formation, migration & survival of planets

Polarimetrie:  
Zeeman Doppler imaging: 
Magnetic fields around young M-type stars     



Magnetometry & velocimetry of the wTTSs V819 Tau & V830 Tau 11

Figure 9. RV variations (in the stellar rest frame) of V819 Tau (left) and V830 Tau (right) as a function of rotation phase, as measured
from our observations (open circles) and predicted by the tomographic maps of Fig. 4 (green line). RV residuals (expanded by a factor of
2 for clarity), are also shown (pluses) and exhibit a rms dispersion equal to 0.033 km s−1 for V819 Tau and 0.104 km s−1 for V830 Tau.
Red, green, dark-blue, light-blue, magenta, grey, orange and purple symbols depict measurements secured at rotation cycles 0, 1, 3
(including phase 2.999), 4, 6, 7, 8 and 9 respectively (see Table 1 and Fig. 3). Given the asymmetric and sometimes irregular shapes of
Stokes I LSD profiles (see Fig. 3), RVs are estimated as first order moments of the Stokes I LSD profiles rather than through Gaussian
fits. RV estimates and residuals are depicted with error bars of ±0.04 and ±0.06 km s−1 for V819 Tau and V830 Tau respectively. This
figure is best viewed in color.

Figure 10. RV residuals of V830 Tau after applying our filtering
process to the spectropolarimetric data set. A sine fit to the points
with an orbital period of 2.2Prot ≃ 6.0 d and a velocity semi-
amplitude of 0.11 km s−1 (dashed line) provides a good match to
the observations (rms dispersion of 0.074 km s−1), suggesting the
possible presence of a giant planet orbiting close to V830 Tau.
More observations are obviously needed to confirm or reject this
preliminary result. The color code used for this plot is the same
as that of Fig. 9 (right panel). This figure is best viewed in color.

ter the central magnetospheric gaps of cTTSs and no longer
experience the inward torque from the disc.

The predicted activity jitter and filtered RV curves we
derive for V819 Tau and V830 Tau are shown in Fig. 9,
with RVs being estimated as first order moments of the
(often asymmetric and irregular) Stokes I LSD profiles.
The filtering process is found to be quite efficient for
v819 Tau, with RV residuals exhibiting a rms dispersion
of only 0.033 km s−1 (for a full RV amplitude prior to the
filtering process equal to ≃1.6 km s−1). The error bar on
these measurements is conservatively set to ±0.04 km s−1,
reflecting mostly the intrinsic RV precision of ESPaDOnS

(of 0.03 km s−1 rms, e.g., Moutou et al. 2007; Donati et al.
2008) and in a smaller part the intrinsic error of our fil-
tering process (scaling up with the width of spectral lines,
and estimated to be 0.02 km s−1 rms in the present case).
This suggests that V819 Tau is unlikely to host a hJ with
an orbital period in the range of what we can detect (i.e.
not too close to the stellar rotation period or its first har-
monics, see Donati et al. 2014), with a 3σ error bar on the
semi-amplitude of the RV residuals equal to 0.07 km s−1.

For V830 Tau however, the RV curve exhibits significant
scatter at several rotation phases (0.05, 0.35 and 0.65, see
Fig 9 right panel), causing the RV residuals after filtering to
reach a rms dispersion of 0.104 km s−1 (i.e., about twice and
thrice those reported for LkCa 4 and V819 Tau respectively)
and to exceed the value (of ≃0.1 km s−1) that potentially
suggests the presence of a hJ (according to the results of our
preliminary simulations, see Donati et al. 2014). The error
bar on our individual RV residuals is set to ±0.06 km s−1,
identical to those of LkCa 4 given the very similar widths
of spectral lines and noise levels in our data. A closer look
reveals that this enhanced dispersion is mainly caused by
3 points (at rotational cycles 3.654, 8.051 and 8.362, see
Fig. 10) that depart (RV-wise) from the bulk of our ob-
servations. The temporal variations of the RV residuals are
compatible with a sine wave with a period of either 4.0±0.2 d
or 6.0 ± 0.2 d and a semi-amplitude of 0.11 ± 0.03 km s−1.
Bringing a χ2 improvement of ≃22 for 4 degrees of freedom,
this fit suggests that the RV residuals do indeed contain a RV
signal, with a confidence level of 99.98%. However, given the
very limited sampling, we cannot firmly conclude that the
RV signal we find is truly periodic, the false alarm probabil-
ity on the period detection (as derived from a Lomb-Scargle
periodogram) being of the order of 35%.

Experimenting the new technique proposed by Petit
et al. (2015), whose advantage is to model both surface fea-
tures and orbital parameters simultaneously, and thus to
minimize crosstalk between the two and to maximize the

c⃝ 0000 RAS, MNRAS 000, 000–000

hJ detected ??

hot Jupiters around young Suns 
modeling the activity & RV curves of T Tauri stars

V830 Tau
<2 Myr 

 Hot Jupiter !

Donati et al. Nature. 2016

M = 0.77 MJ; a = 0.057 AU

Perspective 
WTTS ➜ Transition Disks



SPIRou @ CFHT 
investigating star & planet formation

focussing on class-I, -II (cTTSs) & -III (wTTSs) PMS stars                                    
magnetic field of star & disc modifies accretion & outflows                                     
impacts internal structure & rotation of stars                                                             
impacts formation, migration & survival of planets

238 SF2A 2013

Ionized gas in accretion 
funnel flows:

HeI 10830 Å, Paβ, Brγ

hot gas in the disk surface:  ro-vibrational 
transitions of  water at 2.29 μm 

redshifted absorption due to accretion 
bluedshifted emission due to winds

highly variable on a rotation timescale

Carr et al. 2004
Fischer et al. 2008

hot gas in the disk surface:
H2 2.12 μm emission at v=0 km/s

HeI 10830 Å

 molecular disk winds:
H2 emission blueshifted a few km/s 

 atomic winds: blueshifted absorption

Fischer et al. 2008

Centrifugal outflows: 
HeI 10830 Å

H2 1-0 S(1)

Carmona et al.  (in prep)

HeI 10830 Å

!9#km/s

Carmona et al.  (in prep)

H2 1-0 S(1)

shocked gas 
in jets:

H2 2.12 lines
blueshifted
>100 km/s

magnetospheric.cavity

 [FeII] 1.64 μm, [NI] 1.04 μm,
[SI] 1.08 μm, [SII] 1.03 μm, 

[CI] 0.98 μm emission
Atomic and ionized gas in jets

Hot gas and dense gas in the 
inner disk edge: CO overtone 
emission at 2.3 μm

Fig. 1. Summary of diagnostics of gas in the circumstellar environment of young stars that will be covered by SPIROU.

T Tauri star cartoon adapted from Camenzind (1990).

2 Probing the gas in the circumstellar environment of young stars with SPIROU

The dust content of circumstellar disks is traced by its thermal and scattered light emission. The gas content
of circumstellar disks, winds, outflows, collimated jets, and accretion flows is investigated employing spectral
lines. Atomic and molecular transitions trace regions at di↵erent temperatures and densities. Their integrated
fluxes, line shapes, velocity shifts, and line-ratios have the imprint the excitation mechanisms and the dynamics
of the medium where the lines originate. Di↵erent regions are traced at di↵erent wavelengths as a function of
the temperature of the medium producing the lines. Cold gas (T <100 K) situated in the outer region of a
protoplanetary disk (R> 10 AU), or cold gas excited by shocks by outflows or jets are traced with molecular
transitions in the sub-mm and mm wavelengths (� > 400 µm). Warm gas (100 < T < 1000 K) located in the
surface layer of a disk between a few AU and 10 AU (i.e. the giant planet forming region) will be probed by
mid-IR (8� 100 µm) and far-IR (100� 400 µm) transitions. Hot gas (T> 1000 K) in the inner few AU of disks
(i.e. the terrestrial planet forming region), accretion funnel flows, disk winds, and jets are traced by near-IR
(1� 8 µm) emission.

The keys to discern between the di↵erent origins of a line are its shape and velocity shift with respect to
the central star (see Fig. 1). Emission produced by a circumstellar disk will centered at the velocity of the star

and will produce the characteristic double peak profiles due to Keplerian rotation. The double peaked profile
provide us information of the region in the disk emitting the line. The lines are broader if the line is emitted
closer to the star. The line high velocity wings indicate the inner-most radius emitting the line. The double
peak separation provides us information about the outer radius. The double peak separation and the line width
tell us about the disk inclination. Emission produced by a collimated jet, or a fast moving outflow, will be

Carmona+ 2013

accretion/ejection in TTauri stars 

adapted from Camenzind



 stability 0.3 mK rms (!)

74.8475 K

Validation tests: Jun - Nov 2017

Andrés CARMONA                                                                                                                                             



Radial Velocity stability 0.2 m/s !

Relative RV drift (science - calibration channel) 
Absolute RV drift

time [h]

Validation tests: Jun - Nov 2017

Andrés CARMONA                                                                                                                                             



Solar Spectrum
Validation tests: Jun - Nov 2017

R~70000

rms 0.02%

Andrés CARMONA                                                                                                                                             



Acceptance  November 2017 Crates arrived to Hawaii in January

Alignment 01/2018

We installed the H4RG (friday!), commissioning summer!! Beginning of  operations in autumn !

Technical data 27/02



CRIRES+ 2019

• 0.9 - 5.3 μm 
• R∼90 000 
• CRIRES 0.08 μm ➜                  

CRIRES+ : 
Y-band 1 exp. 
J or H-band : 2 exposures 
K-band: 3 exposures 

• Polarimetry 

• AO: 0.2“ resolution                         
(28 au @ 140pc)  

• Sensitivity: 10-15 erg/s/cm2

Near-IR  slit high-resolution spectrograph with AO

CRIRES

CRIRES+



 Tgaz >> Tdust
Carmona et al. 2011

T > 1000 K

Slit observations + AO   
= Spatial information

Tgas≫Tdust 



gas and dust. These protoplanetary disks form the crucial
link between material in clouds and that in planetary sys-
tems. Thanks to the new observational facilities, combined
with sophisticated disk chemistry models, the various wa-
ter reservoirs in disks are now starting to be mapped out.
Throughout this chapter, we will call the disk out of which
our own solar system formed the ‘solar nebula disk’. 3

5.1. Hot and cold water in disks: observations
With increasing wavelengths, regions further out and

deeper into the disk can be probed. The surface layers of
the inner few AU of disks are probed by near- and mid-
IR observations. Spitzer-IRS detected a surprising wealth
of highly-excited pure rotational lines of warm water at
10–30 µm (Carr and Najita, 2008; Salyk et al., 2008), and
these lines have since been shown to be ubiquitous in disks
around low-mass T Tauri stars (Pontoppidan et al., 2010a;
Salyk et al., 2011), with line profiles consistent with a disk
origin (Pontoppidan et al., 2010b). Typical water excitation
temperatures are Tex≈450 K. Spectrally resolved ground-
based near-IR vibration-rotation lines around 3 µm show
that in some sources the water originates in both a disk and
a slow disk wind (Salyk et al., 2008; Mandell et al., 2012).
Abundance ratios are difficult to extract from the observa-
tions, because the lines are highly saturated and, in the case
of Spitzer data, spectrally unresolved. Also, the IR lines
only probe down to moderate height in the disk until the
dust becomes optically thick. Nevertheless, within the more
than an order of magnitude uncertainty, abundance ratios of
H2O/CO∼1–10 have been inferred for emitting radii up to a
fewAU (Salyk et al., 2011;Mandell et al., 2012). This indi-
cates that the inner disks have high water abundances of or-
der∼ 10−4 and are thus not dry, at least not in their surface
layers. The IR data show a clear dichotomy in H2O detec-
tion rate between disks around the lower-mass T Tauri stars
and higher-mass, hotter A-type stars (Pontoppidan et al.,
2010a; Fedele et al., 2011). Also, transition disks with in-
ner dust holes show a lack of water line emission. This
is likely due to more rapid photodissociation by stars with
higher T∗, and thus stronger UV radiation, in regions where
the molecules are not shielded by dust.
Moving to longer wavelengths, Herschel-PACS spectra

probe gas at intermediate radii of the disk, out to 100 AU.
Far-IR lines from warm water have been detected in a few
disks (Rivière-Marichalar et al., 2012; Meeus et al., 2012;
Fedele et al., 2012, 2013). As for the inner disk, the abun-
dance ratios derived from these data are highly uncertain.
Sources in which both H2O and CO far-infrared lines have
been detected (only a few) indicate H2O/CO column den-
sity ratios of 10−1, suggesting a water abundance of order
10−5 at intermediate layers, but upper limits in other disks
suggest values that may be significantly less. Again the
disks around T Tauri stars appear to be richer in water than
those around A-type stars (Fig. 6).

3Alternative nomenclatures in the literature include ‘primordial disk’,
‘presolar disk’, ‘protosolar nebula’ or ‘primitive solar nebula’.
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Fig. 6.— Near-IR (left) and far-IR (right) spectra of a T Tau
and a Herbig Ae disk, showing OH lines in both but H2O
primarily in disks around cooler T Tau stars. Figure by D.
Fedele, based on Fedele et al. (2011, 2013).

In principle, the pattern of water lines with wavelength
should allow the transition from the gaseous water-rich to
the water-poor (the snow line) to be probed. As shown by
LTE excitation disk models, the largest sensitivity to the
location of the snow line is provided by lines in the 40–60
µm region, which is exactly the wavelength range without
observational facilities except for SOFIA (Meijerink et al.,
2009). For one disk, that around TW Hya, the available
shorter and longer wavelength water data have been used
to put together a water abundance profile across the entire
disk (Zhang et al., 2013). This disk has a dust hole within
4 AU, within which water is found to be depleted. Thewater
abundance rises sharply to a high abundance at the inner
edge of the outer disk at 4 AU, but then drops again to very
low values as water freezes out in the cold outer disk.
The cold gaseous water reservoir beyond 100 AU is

uniquely probed by Herschel-HIFI data of the ground ro-
tational transitions at 557 and 1113 GHz. Weak, but clear
detections of both lines have been obtained in two disks,
around the nearby T Tau star TW Hya (Hogerheijde et al.,
2011) and the Herbig Ae star HD 100546 (Hogerheijde et
al., in prep.) (Fig. 3). These are the deepest integrations
obtained with the HIFI instrument, with integration times
up to 25 hr per line. Similarly deep integrations on 5 other
disks do not show detections of water at the same level,
nor do shallower observations of a dozen other disks of
different characteristics. One possible exception, DG Tau
(Podio et al., 2013), is a late class I source with a well-
known jet and a high X-ray flux. The TW Hya detection
implies abundances of gaseous water around 10−7 in the
intermediate layer of the disk, with the bulk of the oxy-
gen in ice on grains at lower layers. Quantitatively, 0.005
Earth oceans of gaseous water and a few thousand oceans
of water ice have been detected (1 Earth ocean = 1.4×1024

gr=0.00023 MEarth). While this is plenty of water to seed
an Earth-like planet with water, a single Jovian-type planet
formed in this ice-rich region could lock up the bulk of this
water.
Direct detections of water ice are complicated by the

fact that IR absorption spectroscopy requires a background

9

water, OH 2.9 & 3.3 μm

Fedele+ 2013

• Water and simple organics in the terrestrial planet region



CO 4.7 micron  
best tracer of  300-1500 K gas

HD 97048 
HD 100546 

• Temperature in the disk surface layer 
• Disk evolution tracer !

van der Plas + 2011



Carmona+ 2017

Banzatti & Pontoppidan 2015

Statistically CO 4.7 μm is narrower in TD 
(few CO gas at R< few au)Primordial Disk 

Transition Disk



A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B

Model 5

CO 4.755µm

    
0.0001
0.0010
0.0100
0.1000
1.0000

10.0000
100.0000

o

o
line

o
cont

    
0

20
40
60
80

100

0cu
m

ul
at

iv
e 

F lin
e [%

] F
line

 = 3.23E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100
o

o
line

o
cont

    
0

20
40
60
80

100

0cu
m

ul
at

iv
e 

F lin
e [%

] F
line

 = 3.36E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

CO 866.96µm

    

10-6

10-4

10-2

100

102

o

o
lineo

cont

    
0

20
40
60
80

100

0cu
m

ul
at

iv
e 

F lin
e [%

] F
line

 = 1.50E-19 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

0.1 1.0 10.0 100.0

10−4

10−3

10−2

10−1

r [AU]

Su
rfa

ce
 d

en
si

ty
 [g

.c
m

2 ]

Fig. 6. Upper panels: CO P(10) profile (left) and expected spectroastrometry signature (right) for Model 5. Central Panels optical depth of the
line and of the continuum, cumulative line flux, number density, and emitting region diagrams for the CO P(10) (left) and [O I] line at 63 µm
(right) lines. The box in thick black lines represents the region in the disk that emits 70% of the line radially and 70% of the line vertically, thus
approximately ⇠ 50% of the line flux. Lower Panels: (left) Similar plots for the 12CO 3-2 line at 870 µm, (right) surface density of the gas (black
continuos line) and the dust (blue dashed line) as a function of the radius. Note the change in the gas-to-dust ratio between the inner and outer disk.
The line fluxes quoted in the panels are the total integrated line fluxes. In the case of the CO P(10) line the flux is the total flux from the disk. For
the integrated line flux taking into account the slit losses see Table 5. Extra information about the model is presented in Fig B.1 in the Appendix.
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Cleaning by planetary system ? 

Disk-planet interactionA&A 531, A1 (2011)
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Fig. 5. Left: evolution of the density as function of radius in the case of a 6 Jupiter-mass planet. The solid line indicates the density profile used in
our model. Right: final density profile as a function of the disk radius for various planet masses.

region and the observed accretion rate, the inner region should
empty itself in less than one year. (ii) The planet “pushes” the
gas in the inner region during the creation of its gap. This is a
transitory event and occurs soon after the planet formation, it is
not part of the steady state we are looking for. (iii) Some material
from the outer disk can flow accross the gap, cross the planet’s
orbit, and replenish the inner region.

To reproduce the density jump suggested by the observations
of HD 100546, one needs to reproduce a surface density for the
inner disk that is about three orders of magnitude lower than the
surface density just outside of the gap. Ideally, it also needs to
produce the proper gap width, i.e., between about 4 and 13 AU.

4.1. Hydrodynamic code and simulation setup

To cover a sufficiently long time-span in the simulation we used
the algorithm FARGO (Masset 2000, 2002), which eliminates
the azimuthal velocity from the computation of the Courant-
Friedrich-Lévy condition. This speeds up the computation and
facilitates the study of the long-term disk evolution. Then, to
follow the disk over several orders of magnitude in radius to see
how the density evolves close to the star as well as outside, we
used the code FARGO-2D1D (Crida et al. 2007), which is an ex-
tension of the standard version of FARGO, where the 2D grid is
surrounded by a simplified 1D grid made of elementary rings
that are non azimuthally resolved. It aims at studying and taking
into account the general evolution of the disk in the simulations
of planet-disk interactions.

We ran several simulations to find and optimize the planet
mass needed to create the required density jump. A planet
will open a gap near its Lindblad resonance located at rL =(
1 + 1

m

)2/3
rp(1 ± e) where m is the mode of the Lindblad res-

onance, rp the position of the planet and e the eccentricity of the
orbit. To obtain the outer edge at ∼13 AU, we placed the planet
at 8 AU. We set up the 2D disk around it to capture the 2D struc-
ture of the wave. The 2D disk runs from 4 to 20 AU and the

1D disk extends from 0.1 AU to 150 AU3 to reproduce the global
behavior of the whole region.

4.2. Simulated density profile: evolution with time

In Fig. 5 (left) we follow the time evolution of the surface density
in the first 100 AU of the disk for a 6 Jupiter-mass planet. Such a
planet produces a surface density jump of the correct amplitude:
the inner disk surface density drops by three orders of magnitude
in about 200 000 years, confirming that a 6 MJup planet located
at 8 AU can carve the disk of HD 100546 with the proper surface
density jump across the gap.

Figure 5 (right) shows that most planet masses are able to
reproduce the strong density jumps imposed by the observations.
The only differences are the time required to reach that state, the
amount of mass left in the gap, and the width of the gap. The
main parameters that regulate how much mass is left in the inner
region are the accretion rate onto the star and the disk viscosity.
If we can estimate the accretion rate from observation, it is a lot
harder to have access to the local disk viscosity. We thus adopted
an ad hoc value of the viscosity that was successfully used for
previous simulations (see for example Quillen et al. 2005) and
aim only at reproducing the density jump. This does not allow
us to provide a lower limit for the mass of the putative planet
because the longest timescale is well within the age of the system
and so far we do not have constraints on the mass inside the gap.

Further remarks can be made regarding these numerical re-
sults. It is interesting to note that the density profile of the in-
ner region becomes flat early on (before 10 000 years) owing
to the accretion onto the star. It becomes flatter than the r−1

power-law used in our model. However, as mentioned above,
the slope of the density profile is not well constrained by the
current observations. We verified that radiative transfer models

3 We ran test simulations with different sizes of both disks to validate
the range of the 2D vs. 1D part of the domain and found no major dif-
ferences.

A1, page 8 of 9

Our model

gas

dust

Tatulli et al 2011

Positive surface density slope in inner disk

Tatulli + 2011

interaction disque planète

Profile de surface densité du disque & planète

Kley 2001
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NH(R<6au) 10-3 g/cm2, δgas =10-2 

Gas density drop at R<6 au

Carmona+ 2017Tracing gas in regions not probed by ALMA



MID-IR spectroscopy
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164 13 → 151 14

87 2 → 72 5

153 13 → 140 14

152 13 → 141 14

105 6 → 90 9

127 5 → 114 8

153 12 → 142 13

164 12 → 153 13

143 12 → 130 13

142 12 → 131 13

95 5 → 80 8

147 8 → 134 9

C2H2

CO2

HCN
127 6 → 114 7

107 3 → 94 6

117 5 → 104 6

115 6 → 102 9

156 10 → 143 11

144 11 → 131 2

133 11 → 120 12

132 11 → 121 12

97 2 → 84 5

145 10 → 132 11

146 9 → 133 10

85 4 → 70 7

87 2 → 74 3

106 4 → 93 7

136 8 → 123 9

133 10 → 122 11

123 10 → 110 11

122 10 → 111 11

144 10 → 133 11

135 9 → 122 10

96 3 → 83 6

126 7 → 113 8

124 9 → 111 10

106 5 → 93 6

95 4 → 82 7

125 8 → 112 9

1313 0 → 1212 0

96 4 → 83 5

123 9 → 112 10

113 9 → 100 10

112 9 → 101 10

HI (7-6)

H2 S(2)
128 5 → 115 6

138 5 → 127 6

146 8 → 135 9

138 6 → 127 5

1111 0 → 1010 1

1111 1 → 1010 0

104 7 → 91 8

95 5 → 82 6

128 4 → 117 5

128 5 → 117 4

134 9 → 131 12

119 2 → 108 3
119 3 → 108 2 74 3 → 61 6

1010 0 → 99 1

1010 1 → 99 0

94 6 → 81 7

103 7 → 92 8

92 7 → 81 8

166 11 → 155 10

109 2 → 98 1

109 1 → 98 2

116 6 → 113 9

136 8 → 125 7

117 4 → 106 5

117 5 → 106 4
98 2 → 87 1
98 1 → 87 2

108 2 → 97 3
108 3 → 97 2

55 0 → 42 3

65 2 → 52 3

v=1-1 97 2 → 86 3

v=1-1 97 3 → 86 2

116 5 → 105 6

105 6 → 102 9

107 3 → 96 4

107 4 → 96 3

117 4 → 114 7

83 6 → 70 7

98 2 → 87 1
98 1 → 87 2

84 5 → 71 6

95 5 → 92 8

88 0 → 77 1

OH X3/2 → X3/2 11.5

OH X1/2 → X1/2 10.5

54 1 → 41 4

74 4 → 61 5

157 8 → 154 11

145 10 → 134 9

105 5 → 94 9

125 8 → 114 7
96 3 → 85 4

86 2 → 75 3

86 3 → 75 2

77 0 → 66 1

95 5 → 84 4

83 5 → 72 6

163 14 → 152 13

172 16 → 161 15

171 16 → 162 15

162 14 → 163 13

180 18 → 171 17

181 18 → 170 17

72 5 → 61 6

OH X3/2 → X3/2 8.5

OH X1/2 → X1/2 7.5
OH X3/2 → X3/2 9.5

OH X1/2 → X1/2 8.5

76 1 → 65 2

76 2 → 65 1

85 4 → 74 3

63 4 → 50 5

114 8 → 103 7

143 12 → 132 11

152 14 → 141 13

151 14 → 142 13

75 2 → 64 3

66 1 → 55 0

66 0 → 55 1

142 12 → 133 11

104 7 → 93 6

Figure 4. Representative identification, using the spectrum of RNO 90, of selected major molecular line complexes in the Spitzer high-resolution spectral range (many
features are left unlabeled for clarity). Unless otherwise noted, the transitions refer to the rotational quantum numbers JKaKc in the ground vibrational state of H16

2 O.
Rotational transitions in the vibrational ground state where Ka + Kc is odd have ortho nuclear spin functions.
(A color version of this figure is available in the online journal.)
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Figure 5. LTE disk model showing how the 17.22 µm H2O line complex breaks
up into many individual lines at higher spectral resolution. Model spectra with
resolving powers relevant for both Spitzer-IRS (R = 600) and JWST-MIRI
(R = 3000) are shown. Note how JWST-MIRI is expected to resolve the water
line complexes (but not the individual lines). The lower curve is the spectrum
of TW Cha, shown for comparison. The model is taken from Pontoppidan et al.
(2009).

fitted. Experiments were made in which a generic LTE model
for water (see Paper II) was correlated across a wide wavelength
range of the spectrum. However, it was found that this did not
produce results much different from the approach of using a few
line complexes. The water line complexes at 15.17 and 17.22 µm
are more isolated than most, and while they are both blends
of several lines, the excitation temperature of the transitions
contributing to each complex fall within a narrow range. The
15.17 µm complex traces rotational J quantum numbers of 8–10
with excitation energies of 2300–2700 K, while the 17.22 µm
complex traces J’s of 9–12, corresponding to slightly higher
energies of 2300–3000 K. Thus, these two complexes trace
roughly the same gas, and they are expected to correlate.

A detection of water emission is defined as a detection of
both 15.17 and 17.22 µm complexes at the 3.5σ level. In
a few cases, the 15.17 µm line was not formally detected,
but other water lines were strong enough to still warrant a
clear detection. Conversely, in some cases lines were formally
detected, suggesting the presence of water emission that a visual
inspection could not confirm. For instance, a lack of other water

lines in the same spectral range would lead to the source being
flagged as a non-detection. Due to the nature of the data set, such
subjective analysis of a few borderline cases is unfortunately
inevitable. We aimed to be conservative to ensure that there are
no false positives in the sample, at the expense of rejecting a
few real detections. Hence, all detection rates can be considered
lower limits. Cases that were subjectively scrutinized but where
we could not unambigously confirm detections of, in particular,
water are flagged in Tables 3 and 4. Selected regions, including
those containing the water tracer lines of the Spitzer-IRS spectra
of T Tauri disks for which water is detected are shown in
Figures 6 and 7, for the SH and LH modules, respectively. For
comparison, spectral regions including the water tracer lines as
well as the HCN and C2H2 Q-branches for the Herbig Ae/Be
disk sample are shown in Figure 8, although these spectra are all
non-detections. In practice, the detection rate does not depend
on the exact choice of tracer line complexes, except in a few
borderline cases. Detections of OH are based on the doublets
around 23.0, 27.6, and 30.5 µm, spanning upper level energies of
∼2400–4000 K. The organics HCN/C2H2 and CO2 are detected
via their characteristic Q-branches. For the latter species, it
is noted that there may be a bias against their unambiguous
detection in sources showing strong water emission, due to
blending and confusion. In addition, these species are identified
based on a single blended feature making it difficult to rule
out the occasional spurious detection, especially if systematic
errors or residual fringing exceed calculated errors. A few such
spurious detections were eliminated with visual inspection.

The general low contrast of the molecular lines at R = 600
relative to the strong continuum also affects the detection rate.
Specifically, the fringe and flat-field residuals, in addition to the
photon statistics, scale with the continuum, so even for very
high theoretical S/Ns, there is a limit to how low the line-to-
continuum ratio can be to allow the detection of lines. For our
data, this “fidelity” limit, i.e., the line-to-continuum contrast
where the data systematics become larger than the pure photon
statistics, while difficult to quantify, seems to be better than
0.5%, with several 3.5σ detections at the 1%–2% level.

Figure 9 shows the relation between the continuum level and
the flux level of the water tracer. The ability to detect a line of
constant flux diminishes with increasing flux level, indicating
the “fidelity” limit. On the other hand, a significant number
of line detections are made in T Tauri disks with apparent
brightnesses higher than those of many Herbig Ae/Be disks.

Using these criteria, water emission is detected in 22 disks,
HCN in 25 disks, C2H2 in 17 disks, CO2 in 20 disks, and OH in
18 disks, as summarized in Figure 10 and Table 3. Figure 10 also
shows the detection rates of CO in the rovibrational fundamental
band at 4.7 µm. The CO observations are described in Paper II.

4.2. H2O Excitation Tracers

The 15.17 and 17.22 µm water line complexes chosen to act
as signposts for molecular emission trace temperatures in the
middle of the range of the 10–36 µm water lines. However,
the spectra also include line complexes from strong transitions
with much lower excitation temperatures. Ratios of line fluxes
between the high and low excitation line complexes are an
important diagnostic of the nature of the molecular emission;
indeed one of the first questions that we ask, based on the present
sample, is whether the excitation conditions are similar for all
disks, or whether there are significant differences. As discussed
in Meijerink et al. (2009) for the particular case of mid-infrared
water lines, transitions with lower excitation temperature trace

Pontoppidan+ 2010Andrés Carmona
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Figure 2. Same as Figure 1, but for RNO 90. The lower right panel presents the average of the three detected lines. The asymmetry visible as an increase in flux on
the blue side of the detected lines is possibly real, but since it coincides with the telluric water lines, we are hesitant to discuss it in detail without further observations,
preferably with different reflex motion Doppler shifts.
(A color version of this figure is available in the online journal.)

Figure 3. Rotation diagram for AS 205N and RNO 90. The star symbols indicate
ortho lines, while the square symbols indicate para lines. The points include a
spin degeneracy of 3:1. The dashed lines are the best-fit single-temperature
models (using the detected VISIR lines only). The units are cgs and the symbols
have their usual meaning.
(A color version of this figure is available in the online journal.)

line. Due to the higher luminosity of AS 205N, emitting radii
span a wider range, here from 0.35 to 2.5 AU (∼19 AU2). Using
these measures, the column densities of water, averaged over
the emitting radii, are 2 × 1018 and 3 × 1018 cm−2.

4. DISCUSSION

We have detected pure rotational lines from water vapor
(H2

16O) in protoplanetary disks around T Tauri stars from the
ground using transitions in the atmospheric N-band window. Gas
temperatures of 500–600 K are found, while the line widths of
30–60 km s−1 confirm that the disk surface at radii of 0.4–2.5 AU
is forming the lines. The resolved lines enable a much more
direct determination of the emitting area and hence the column
density of the water, as compared to that possible for spectrally
unresolved Spitzer observations. We find that the assumptions
used for the analysis of the Spitzer data generally hold, i.e., that
the lines are formed in the surface of Keplerian disks at radii
of ∼1 AU. The water column densities are found to be a little
higher for AS 205N than those determined by Salyk et al. (2008)
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line. Due to the higher luminosity of AS 205N, emitting radii
span a wider range, here from 0.35 to 2.5 AU (∼19 AU2). Using
these measures, the column densities of water, averaged over
the emitting radii, are 2 × 1018 and 3 × 1018 cm−2.

4. DISCUSSION

We have detected pure rotational lines from water vapor
(H2

16O) in protoplanetary disks around T Tauri stars from the
ground using transitions in the atmospheric N-band window. Gas
temperatures of 500–600 K are found, while the line widths of
30–60 km s−1 confirm that the disk surface at radii of 0.4–2.5 AU
is forming the lines. The resolved lines enable a much more
direct determination of the emitting area and hence the column
density of the water, as compared to that possible for spectrally
unresolved Spitzer observations. We find that the assumptions
used for the analysis of the Spitzer data generally hold, i.e., that
the lines are formed in the surface of Keplerian disks at radii
of ∼1 AU. The water column densities are found to be a little
higher for AS 205N than those determined by Salyk et al. (2008)

No. 2, 2010 SPECTRALLY RESOLVED PURE ROTATIONAL LINES OF WATER L175

Figure 1. VISIR spectra of rotational water lines observed in AS 205N. The curves below the spectra show the standard star spectra, which are a combination of the
spectral response function and the atmospheric transmission. The velocity range of the spectra is referenced to the local standard of rest. The red curve is the CO
rovibrational (∆v = 1) line shape (J < 8), as observed with CRIRES (Pontoppidan et al. 2010b), whose center defines the vertical dotted line. The blue curves are
lines calculated using an LTE two-dimensional disk model (see the text for details).
(A color version of this figure is available in the online journal.)

(equilibrium) chemistry, as opposed to water formed in a low-
temperature environment (<60 K) via grain-surface chemistry,
which would produce O/P ratios <3. Indeed, cometary water
has O/P ratios corresponding to spin temperatures of ∼30 K
(Crovisier et al. 1997; Kawakita et al. 2004), and optical depth
effects would drive the estimated O/P values lower.

Since the lines are now spectrally resolved, the emitting
area and hence the column density of the emitting gas can be
directly estimated by converting the line width to a physical
location in a Keplerian disk. The inclination of the RNO 90
disk is ∼37◦ (Pontoppidan et al. 2010b) and the star has a
mass of ∼0.9 M⊙ (Andrews et al. 2009). The RNO 90 water
lines extend to ∼30 km s−1, corresponding to an inner water
line emitting radius of 0.45 AU. Similarly, for AS 205N the line
width at zero flux corresponds to an inner emitting radius of
0.1–0.4 AU, for the 1183 → 1056 and 17413 → 16314 lines,
respectively, assuming Keplerian flow, a disk inclination of

25◦ and a stellar mass of 1 M⊙ (Andrews et al. 2009). The
effective outer radii of the emitting areas are determined by
generating two-dimensional models for the lines with RADLite,
assuming LTE level populations. The model uses a simple
parameterized flared disk structure (Dullemond et al. 2001),
with inner radii fixed according to the observed line widths.
The water abundance is set to 2.6 × 10−4 per H and the disk
surface gas-to-dust ratio set to 1.28×104, simulating significant
dust settling, as discussed in Meijerink et al. (2009). Finally, the
stellar luminosities were adjusted to match the dust continuum
at 12.5 µm. The resulting line strengths and profiles match well
to those of the detected N-band lines with E > 4000 K, as was
already suggested by the rotation diagram (see Figures 1 and 2).
Figure 4 shows the corresponding line surface brightness from
the RADLite model, demonstrating that the RNO 90 emission
is dominated by radii from 0.4 to 1.0 AU (∼2.6 AU2), but with
the emitting area changing by a factor of 2–3, depending on the
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line. Due to the higher luminosity of AS 205N, emitting radii
span a wider range, here from 0.35 to 2.5 AU (∼19 AU2). Using
these measures, the column densities of water, averaged over
the emitting radii, are 2 × 1018 and 3 × 1018 cm−2.

4. DISCUSSION

We have detected pure rotational lines from water vapor
(H2

16O) in protoplanetary disks around T Tauri stars from the
ground using transitions in the atmospheric N-band window. Gas
temperatures of 500–600 K are found, while the line widths of
30–60 km s−1 confirm that the disk surface at radii of 0.4–2.5 AU
is forming the lines. The resolved lines enable a much more
direct determination of the emitting area and hence the column
density of the water, as compared to that possible for spectrally
unresolved Spitzer observations. We find that the assumptions
used for the analysis of the Spitzer data generally hold, i.e., that
the lines are formed in the surface of Keplerian disks at radii
of ∼1 AU. The water column densities are found to be a little
higher for AS 205N than those determined by Salyk et al. (2008)
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Increasing surface density ? 
not the first time……

A. Carmona et al.: Simultaneous multi-wavelength modeling of gas and dust observations of HD 135344B
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CO 4.755µm

    
0.0001
0.0010
0.0100
0.1000
1.0000

10.0000
100.0000

o

o
line

o
cont

    
0

20
40
60
80

100

0cu
m

ul
at

iv
e 

F lin
e [%

] F
line

 = 3.23E-18 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

[OI] 63.18µm

    

10-4

10-2

100

o

o
line

o
cont

    
0

20
40
60
80

100

0cu
m

ul
at

iv
e 

F lin
e [%

] F
line

 = 3.36E-17 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

O 
[cm-3]

  

CO 866.96µm

    

10-6

10-4

10-2

100

102

o

o
lineo

cont

    
0

20
40
60
80

100

0cu
m

ul
at

iv
e 

F lin
e [%

] F
line

 = 1.50E-19 W/m2

0.1 1.0 10.0 100.0
r [AU]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

z/
r

-8 -6 -4 -2 0 2 4 6
log n

CO 
[cm-3]

  

0.1 1.0 10.0 100.0

10−4

10−3

10−2

10−1

r [AU]

Su
rfa

ce
 d

en
si

ty
 [g

.c
m

2 ]

Fig. 6. Upper panels: CO P(10) profile (left) and expected spectroastrometry signature (right) for Model 5. Central Panels optical depth of the
line and of the continuum, cumulative line flux, number density, and emitting region diagrams for the CO P(10) (left) and [O I] line at 63 µm
(right) lines. The box in thick black lines represents the region in the disk that emits 70% of the line radially and 70% of the line vertically, thus
approximately ⇠ 50% of the line flux. Lower Panels: (left) Similar plots for the 12CO 3-2 line at 870 µm, (right) surface density of the gas (black
continuos line) and the dust (blue dashed line) as a function of the radius. Note the change in the gas-to-dust ratio between the inner and outer disk.
The line fluxes quoted in the panels are the total integrated line fluxes. In the case of the CO P(10) line the flux is the total flux from the disk. For
the integrated line flux taking into account the slit losses see Table 5. Extra information about the model is presented in Fig B.1 in the Appendix.
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Cleaning by planetary system ? 

Disk-planet interactionA&A 531, A1 (2011)
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Fig. 5. Left: evolution of the density as function of radius in the case of a 6 Jupiter-mass planet. The solid line indicates the density profile used in
our model. Right: final density profile as a function of the disk radius for various planet masses.

region and the observed accretion rate, the inner region should
empty itself in less than one year. (ii) The planet “pushes” the
gas in the inner region during the creation of its gap. This is a
transitory event and occurs soon after the planet formation, it is
not part of the steady state we are looking for. (iii) Some material
from the outer disk can flow accross the gap, cross the planet’s
orbit, and replenish the inner region.

To reproduce the density jump suggested by the observations
of HD 100546, one needs to reproduce a surface density for the
inner disk that is about three orders of magnitude lower than the
surface density just outside of the gap. Ideally, it also needs to
produce the proper gap width, i.e., between about 4 and 13 AU.

4.1. Hydrodynamic code and simulation setup

To cover a sufficiently long time-span in the simulation we used
the algorithm FARGO (Masset 2000, 2002), which eliminates
the azimuthal velocity from the computation of the Courant-
Friedrich-Lévy condition. This speeds up the computation and
facilitates the study of the long-term disk evolution. Then, to
follow the disk over several orders of magnitude in radius to see
how the density evolves close to the star as well as outside, we
used the code FARGO-2D1D (Crida et al. 2007), which is an ex-
tension of the standard version of FARGO, where the 2D grid is
surrounded by a simplified 1D grid made of elementary rings
that are non azimuthally resolved. It aims at studying and taking
into account the general evolution of the disk in the simulations
of planet-disk interactions.

We ran several simulations to find and optimize the planet
mass needed to create the required density jump. A planet
will open a gap near its Lindblad resonance located at rL =(
1 + 1

m

)2/3
rp(1 ± e) where m is the mode of the Lindblad res-

onance, rp the position of the planet and e the eccentricity of the
orbit. To obtain the outer edge at ∼13 AU, we placed the planet
at 8 AU. We set up the 2D disk around it to capture the 2D struc-
ture of the wave. The 2D disk runs from 4 to 20 AU and the

1D disk extends from 0.1 AU to 150 AU3 to reproduce the global
behavior of the whole region.

4.2. Simulated density profile: evolution with time

In Fig. 5 (left) we follow the time evolution of the surface density
in the first 100 AU of the disk for a 6 Jupiter-mass planet. Such a
planet produces a surface density jump of the correct amplitude:
the inner disk surface density drops by three orders of magnitude
in about 200 000 years, confirming that a 6 MJup planet located
at 8 AU can carve the disk of HD 100546 with the proper surface
density jump across the gap.

Figure 5 (right) shows that most planet masses are able to
reproduce the strong density jumps imposed by the observations.
The only differences are the time required to reach that state, the
amount of mass left in the gap, and the width of the gap. The
main parameters that regulate how much mass is left in the inner
region are the accretion rate onto the star and the disk viscosity.
If we can estimate the accretion rate from observation, it is a lot
harder to have access to the local disk viscosity. We thus adopted
an ad hoc value of the viscosity that was successfully used for
previous simulations (see for example Quillen et al. 2005) and
aim only at reproducing the density jump. This does not allow
us to provide a lower limit for the mass of the putative planet
because the longest timescale is well within the age of the system
and so far we do not have constraints on the mass inside the gap.

Further remarks can be made regarding these numerical re-
sults. It is interesting to note that the density profile of the in-
ner region becomes flat early on (before 10 000 years) owing
to the accretion onto the star. It becomes flatter than the r−1

power-law used in our model. However, as mentioned above,
the slope of the density profile is not well constrained by the
current observations. We verified that radiative transfer models

3 We ran test simulations with different sizes of both disks to validate
the range of the 2D vs. 1D part of the domain and found no major dif-
ferences.
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10-2 g/cm2

Future: 2D/3D hydro + dust + chimie + RT



Perspectives
SPIRou: 
• Study the magnetic field of M-dwarf disks. 
• Search for exoplanets in T Tauri stars (e.g. transition disks). 
• Monitoring of the accretion/ejection and hot gas in the disk

CRIRES+: 
• Gaz surface density in transition disks at R< 10au 
• Disk temperatures at R<10 au 
• Disk winds in primordial disks

JWST: 
• Water and simple organic molecules in a large sample of disks 
• H2 S(0), S(1) measurement in transition, primordial, and debris disks

VISIR: 
• Spectrally resolving the  water lines detected by Spitzer 
• Study of disk dissipation using [NeII] lines
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