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There will be a lot of ALMA/NOEMA vs JWST 
(see also general discussion in the ALMA/NOEMA synergy with other facilities tomorrow in S14)

I will speak mostly about what can be done with MIRI

I will show examples of disks around mostly Ae/Be stars 
(because they are extended and bright in the mid-IR, but most of what I will say applies to T-

tauri stars)

I will not talk much about PAHs in disks
(see presentation of P. Pilleri)

How is this presentation biased ?



4 Introduction

Figure 1.1 – Illustration of the scenario for low-mass star formation, as described in the text
(Frieswijk 2008, after Shu et al. 1987). The formation of dense cores occurs in molecular clouds
(upper left), and the core collapse under its own gravity (upper right). As the surrounding envelope
starts to dissipate, strong bipolar outflows remove angular momentum (middle left) until the newly
formed star and its circumstellar disk become visible (middle right). As gas dissipates, giant planets
should already be formed (bottom left). By the time the entire disk has dissipated, the possible
planetary system around this star should have completely formed (bottom right).

1.2 Stellar Properties

To study the structure and evolution of protoplanetary disks, and how these connect
to their host star, it is of prime importance to be able to determine stellar prop-
erties. A star of a given temperature emits radiation roughly as a black-body of
that temperature. Radiation emitted by massive stars peaks at shorter wavelengths
(UV/visible) than that emitted by low-mass stars (visible/near-IR). Consequently,
the visible/near-IR regime is the optimal wavelength range to observe T Tauri stars.

By studying the optical spectra of stars of different surface temperatures, it is
possible to define temperature-sensitive features that have historically been used to

[Shu 1989] [Frieswijk, PhD, 2008]

Context : star and planet formation
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What are the key questions ?

- How do planets form ?

- Understand the evolution of dust properties : growth, chemical structure 

- Understand the dynamical evolution of dust and gas : formation of structures, 
photo-evaporation 

- Direct observations of protoplanets embedded in their disks 

- What is the chemical inventory at the place and moment planets form ?

- Identify the species present in disks, and where they are in the disks 

- Evidence chemical evolution of disks 



JWST-MIRI

How do planets form : understand the evolution of dust 

ALMA/NOEMA

Fig. from P. Woitke

ALMA/NOEMA

- Cold dust 

-> large grains in the disk mid-plane

-> these grains are likely to be decoupled from the gas

JWST-MIRI

- Hot dust :

-> Either large hot grains close to the star : dust 
composition

-> Or small (hot) dust grains, coupled to the gas in the 
upper layers of the disk

Star

IR excess



How do planets form : understand 
the evolution of dust 

Fig. from P. Woitke

In Fig. 1 we show the inner-disk spectrum of HD 142527. The
spectrum is clearly dominated by crystalline olivine and pyroxene.
These minerals are also the most common in Solar System objects.
No contribution from amorphous silicates is evident. As shown
below, the spectrum is in fact consistent with 100 per cent crystalline
material, making it the most crystalline dust ever observed in young
stars9. Clearly, the mechanism responsible for crystallization must
be highly efficient. Figure 2 shows the inner-and outer-disk spectra
for all three stars. We have fitted the observations using laboratory
measurements of materials that are the dominant species found in
circumstellar disks10 and interplanetary dust particles5. The derived
mass fraction of crystalline silicates, the olivine over pyroxene ratio
in the inner- and outer-disk spectra, and the fraction of material
that resides in large grains, are listed in Table 1.
Both in the Solar System and in circumstellar disks crystalline

silicates are found at large distances from the star. The origin of
these silicates is a matter of debate. Although in the hot inner-disk

regions crystalline silicates can be produced by means of gas-phase
condensation or thermal annealing, the typical grain temperatures
in the outer-disk (2–20 AU) regions are far below the glass tem-
perature of silicates of ,1,000 K. The crystals in these regions may
have been transported outward through the disk11 or in an outward-
flowing wind12. An alternative source of crystalline silicates in the
outer disk regions is in situ annealing, for example by shocks13 or
lightning14,15. A third way to produce crystalline silicates is the
collisional destruction of large parent bodies in which secondary
processing has taken place. We can use the mineralogy of the dust
to derive information about the nature of the primary and/or
secondary processes the small-grain population has undergone.

Models of disks accounting for the chemical equilibrium of a
solid–gas mixture at high temperatures as well as the radial mixing
of material11 predict that the innermost disk region consists entirely
of forsterite (the Mg-rich end member of the olivine family). At
slightly lower temperatures, a reaction with gas-phase silicon
efficiently converts this to enstatite (the Mg-rich end member of
the pyroxene family). At a larger distance from the star, the
predicted crystalline olivine over pyroxene ratio reaches about
0.5. Our observations qualitatively confirm these predictions.
The inner-disk spectrum of HD 142527 imposes the strongest
constraints because it shows the most-processed dust in our data.
Assuming equal temperatures for all dust species, we find that the
ratio of olivine to pyroxene in the inner-disk spectrum is 2.1,
whereas it is 0.9 in the outer-disk spectrum. To our knowledge,
this is the first direct measurement of a gradient in the chemical
composition of the dust in proto-planetary disks. The measured
gradient is smaller than is predicted by radial-mixing models. This
could be due to non-equilibrium chemistry, or to the assumed
stoichiometry in the amorphous silicates prior to annealing.

For all three stars the inner-disk regions have a substantially
higher degree of crystallinity than the outer regions. However, these
outer regions show a crystalline silicate abundance that clearly
exceeds limits derived for the interstellar medium1. Therefore,
these crystalline silicates must have been produced in the disk. It
is not clear that the local processes that have been proposed to
produce these crystals can account for the observed degree
of crystallinity. Models for radial mixing of proto-planetary
disks11 can produce a crystalline fraction of several tens of per
cent at distances of 5–10 AU (which is the relevant scale for our

Table 1 Dust properties in the inner and outer disk

Crystallinity
(%)

Fraction of large grains
(%)

Crystalline olivine to
pyroxene ratio

Inner disk Outer disk Inner disk Outer disk Inner disk Outer disk
.............................................................................................................................................................................

HD 163296 40þ20
220 15þ10

210 95þ5
210 65þ20

220 2:3þ3:7
20:5 –

HD 144432 55þ30
220 10þ10

25 90þ10
210 35þ20

220 2:0þ1:8
20:6 –

HD 142527 95þ5
215 40þ20

215 65þ15
210 80þ10

230 2:1þ1:3
20:7 0:9þ0:2

20:1.............................................................................................................................................................................

The fractional abundances of large and crystalline grains as well as the ratio of crystalline olivine to
pyroxene in the inner (1–2 AU) and outer (2–20 AU) disk regions of three Herbig Ae stars. The dust
components used in the model spectra are amorphous and crystalline olivine (Mg2xFe222xSiO4),
amorphous and crystalline pyroxene (MgxFe12xSiO3), and amorphous silica (SiO2). For the
crystalline components we used the magnesium-rich silicates (x ¼ 1) and for the amorphous
components we used x ¼ 0.5. The crystallinity is defined as the percentage of the total dust
mass contributing to the 10-mm feature, contained in crystalline olivine and pyroxene. Because
the signature of crystalline silicates in the outer disk spectra of HD 163296 and HD 144432 is not
very clear, the ratio of crystalline olivine over pyroxene in these spectra is not very well
determined. The abundance of crystalline pyroxene in these spectra is particularly poorly
constrained. All dust species are considered to have two different grain sizes, 0.1mm (small
grains) and 1.5mm (large grains). Because we are looking at a coagulating environment where
the various dust species are expected to be in thermal contact, we assume that all components
have the same temperature. The opacities of the dust species are calculated from refractive
indices obtainedby laboratorymeasurements24–27, using themethod of ref. 28. The abundances
of the various dust species are determined using a linear least-squares fitting procedure
assuming the dust emission comes from an optically thin part of the disk. The errors on the fitting
parameters include both uncertainties in the data and in the modelling method, and are 1j. As
most of the error budget is due to systematic uncertainties that are the same in the inner and
outer disk spectra, the relativedifferencebetween the two ismuchmore significant than the error
bars suggest. For details on the fitting procedure and the error analysis see the Supplementary
Information.

Figure 2 Infrared spectra of the inner (1–2 AU) and outer (2–20 AU) disk regions of three

Herbig Ae stars. The outer-disk spectrum of each source has been constructed by

subtracting the correlated spectrum from the total-disk spectrum (see ref. 8). The regions

that dominate the inner- and outer-disk spectra are indicated in the schematic

representation of a proto-planetary disk at the top of the figure (not to scale). The flux

levels are scaled such that the sum of the inner- and outer-disk spectrum, that is, the

total-disk spectrum, is normalized to unity. This allows the relative contributions of the

inner and outer disk to the total spectrum to be estimated easily from this figure. The

uncertainties in the spectra are indicated by the error bars in the lower left corner of each

graph. The differences in shape between the inner- and outer-disk spectra are clearly

visible in all three sources, indicating a difference in dust mineralogy. The broadening of

the feature as seen in the inner-disk spectra indicates grain growth, whereas the

resonance at 11.3mm indicates the presence of crystalline silicates (see also Fig. 1). Also

shown are the best-fit model spectra for the inner- and outer-disk regions (red lines, see

also Table 1). The model spectra reproduce the observed spectral shapes, although the

fits to the inner disk spectra are less good than the fits to the outer-disk spectra.
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FIG. 6.ÈHead of the object in case A at t \ 59,243 yr (Fig. 2g). Top :
Density, velocity, and degree of ionization of hydrogen and carbon.
Bottom : Gas temperature T . The contour lines correspond to T \ 500 K
(black dashed line), 1000 K (black dotted line), 2000 K (black solid line), 4000
K (white dashed line), and 8000 K (white solid line).

considerably disturbed at its outer edge. This phenomenon
also occurred in our earlier simulations (Richling & Yorke
1998), which considered the e†ects of EUV only. Due to the
asymmetrical EUV radiation Ðeld the disk was gradually
truncated to a radius where the gas pressure in the disk
compensates the external pressure. Here the distortion is
caused by the asymmetrical FUV radiation Ðeld. In Figure
2b the H I-front compresses the neutral Ñow beyond the
bubble to a thick layer of subsonic gas. Below the disk the
movement of the H I-front is determined by the di†use
EUV radiation Ðelds. After 104 yr (Fig. 2c) a clear head-tail

conÐguration has developed. The head of the object has
reached a quasi-steady state discussed below. At this point
in time the tail is still evolving and has attained a length

greater than the extension of the numerical grid.ZtailThe middle row of Figure 2 shows the tail evolution after
the H I-front has closed on the numerical grid. Evaporated
material from the back side of the disk and redirected
material from the head accumulates in the tip of the tail
leading to a broad tail end (Fig. 2d). Induced by instabilities
at the H I-front a globule of warm PDR material breaks o†
from the tail (Fig. 2e). The instabilities arise because the thin
ionized gas compresses a denser and cooler gas (Rayleigh-
Taylor instability) and because of the tangential velocities
at the PDR side of the H I-front (Kelvin-Helmholtz
instability). The instabilities cause wavelike disturbances in
the H I-front which are recognizable at all times. In Figure
2f the object is displayed shortly after the globule left the
computational domain with the evaporating Ñow. Again
material accumulates in the tip of the tail. The periodic
departing of globules in simulation A occurs a few times
between t \ 2 ] 104 yr and t \ 7 ] 104 yr. The globules
have masses of less than and evaporate in less10~5 M

_than 103 yr. These processes may explain the observed
irregularities at the tail tips of the Orion proplyds.

The long-term evolution of the head-tail object is shown
in Figures 2gÈ2i. The object maintains its general form but
shrinks considerably. Figure 3 shows this behavior more
quantitatively. The evolution of the radial extent of the C I-
front and of the H I-front in the equatorialRC RHplane and the total length of the object in the Z-direction

are shown as solid lines. Over the course of(Zhead [ Ztail)13 ] 104 yr the radius of the disk has decreased fromRCinitially D1000 to 80 AU. The decrease of RH D 2 . . . 4 ] RCis less steep. The ratio of the total length in the Z-direction
to the total width of the object evolves(Zhead [ Ztail)/2RHfrom D4 to D3. At the end of the evolution (Fig. 2i) the
object has an H I-front width AU and length2RH \ 560
D1600 AU. Due to the exponential decrease of the evol-RCution of the mass of the disk exhibits a similar behavior
(Fig. 4, solid line). The time in which the disk mass shrinks
to 1/e of its initial value is the evaporation timescale tevap \

yr. The evolution of the surface density of the disk6.1 ] 104
is displayed in Figure 5. The disk is photoevaporated from
the outside in. The outer parts of the disk are more strongly
a†ected than the central parts ; the slope of the surface
density increases during the evolution.

In Figure 6 the head of the object in simulation A at
t \ 59,243 yr (Fig. 2g) is displayed in greater detail. The
C I-front (white contour lines) tightly envelops the cool disk
material (T \ 100 K). The PDR between the C I-front and
the H I-front shows the structure of a FUV-dominated Ñow
as described by & Hollenbach (1999) : A shock frontSto" rzer
separates the freely expanding neutral Ñow from a thick
subsonic layer. The neutral Ñow accelerates due to pressure
gradients and reaches velocities of km s~1v max D 10
before it is shocked. The pressure gradients result from the
spherical divergence of the Ñow and from a mildly negative
temperature gradient in the outer more tenuous region of
the supersonic Ñow. is of order 1È2 times the soundv maxspeed in this region (T \ 2000È4000 K) and therefore con-
sistent with the estimate of Johnstone et al. (1998). The
density and gas temperature in the subsonic layer behind
the shock front is fairly constant in the direction of the Ñow.
Assuming momentum conservation in a spherically sym-

Model of a disk irradiated by a nearby massive star
[Richling & Yoke 2000] Observations in Orion

[Vicente et al. 2013]

cf. presentation of J. Champion on proplyds in S09

VLT-VISIR/11µm
HST/Halpha/0.656 µm
VLT-NACO/H2/2.1 µm 
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How do planets form : understand the dynamical evolution of 
dust and gas 

Spiral density waves generated by a planet

Spiral density waves generated 
by the gravitational instability

Lopsided dust concentration due 
to the Rossby wave instability 

[Baruteau et al. PPVI 2014] [Baruteau priv. com.] 



      
 Fig. 1. IRS 48 dust and gas observations. The inclined disk around IRS 48 as observed 
with ALMA Band 9 observations, centered on the star (white star symbol). The ALMA beam 
during the observations is 0.32" × 0.21" and is indicated with a white ellipse in the lower left 
corner. A) the 0.44 millimeter (685 GHz) continuum emission expressed both in flux density and 
relative to the rms level (σ = 0.82 mJy/beam). The 63 AU radius is indicated by a dashed ellipse.  
B) The integrated CO 6-5 emission over the highest velocities in contours (6,12,...,60σCO levels, 
σCO = 0.34 Jy km s-1): integrated over -3 to 0.8 km s-1 (blue) and 8.3 to 12 km s-1 (red), showing a 
symmetric gas disk with Keplerian rotation at an inclination i = 50o. The green background 
shows the 0.44 millimeter continuum. The position angle is indicated in the upper right corner. 
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 HD 142157 Avenhaus+ 14

Spiral-like features in circumstellar discs

MWC 758 Grady+ 13

H-band PDI w/ Subaru

" ~ 100AU

H/Ks bands PDI  w/ VLT

  

 Oph IRS 48 van der Marel+ 2013

Vortex-like features in circumstellar discs

0.44 mm continuum emisson w/ ALMA

 HD 142157
Casassus+ 13, see also  Christiaens+ 
14, van der Plas+ 14

1" ≡  100AU

HD 142157

[Cassasus et al. 2013] [Avenhaus et al. 2014]

[van Der Marel et al. 2013]
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How do planets form : direct observation of protoplanets

[Quanz et al. ApJL 2013, 2015] 

Protoplanet ?
Temp ~ 1000 K

Mass : ~ 1-15 MJup

4 Quanz et al.

Fig. 1.— Top row: Final PSF-subtracted images of the vicinity around HD100546 in the L0 filter (left panel) and M 0 filter (right panel).
The dark spot in the image center indicates the location of the central star. The innermost regions have been masked out during the data
analysis as they are dominated by subtraction residuals. Bottom row: Same as above but after subtraction of the point source component.
Residual resolved structures remain visible in the vicinity of the protoplanet. Additional extended emission is present to the southeast of
the star mainly in the M 0 filter (see also Section 6). North is up and East to the left in all images.

4.2. Contrast and astrometry of the protoplanet in L0

and M 0

The PSF subtraction step a↵ects the exact location
and brightness of any companion. To estimate the pro-
toplanet’s contrast and position, artificial negative ob-
jects (covering a grid of varying brightness (in steps of
0.1 mag) and location (in steps of 0.25 pixels in x and y,
respectively)) were inserted in the individual input im-
ages and PynPoint was re-run. An unsaturated PSF-
core from the photometric datasets was used as template

to create the fake sources. To determine their flux lev-
els in the saturated datasets di↵erences in airmass dur-
ing the observations and the di↵erence in exposure time
between the saturated and unsaturated datasets were
taken into account. To subtract the stellar PSF we used
the same number of PCs as in the final images defined
above. However, a new set of PCs was constructed for
each new dataset containing fake native planets. Based
on the previous results from the initial discovery paper
(Quanz et al. 2013) and from the final images shown in
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Fig. 1.— Radii, luminosities, and e↵ective temperatures for a giant planet undergoing gas accretion to eventually reach MJ. R and L
are taken from Mordasini et al. (2012), and I used these to calculate Te↵ .

imals, since these penetrate deeper into the protoplanet
envelope (Pollack et al. 1996).
Protoplanets in hydrostatic equilibrium accrete gas

slowly, since they must cool and contract in order to
allow more matter into the Hill sphere. However once
the mass of the gaseous envelope reaches the “crossover
mass” (Menv ⇡ Mcore ⇡ 10–20 M�), hydrostatic equi-
librium breaks down and the atmosphere collapses (e.g.,
Pollack et al. 1996). Numerical simulations suggest that
after hydrodynamic collapse, a circumplanetary disk is
formed within a fraction of the Hill radius (e.g., Ayli↵e
& Bate 2012). At this stage, the circumplanetary disk
can bring matter down close to RJ, deep in the poten-
tial well of the protoplanet, and high accretion luminosi-
ties are possible (e.g., Equation 1; Papaloizou & Nelson
2005).
Pollack et al. (1996) predict that accreting protoplan-

ets will have hydrostatically supported envelopes for ⇠ 7
Myr. This timescale is uncomfortably long compared
to observed lifetimes of gaseous circumstellar disks (e.g.,
Fedele et al. 2010). Planetary migration can accelerate
the accretion process, since the feeding zone continually
takes in new matter (Alibert et al. 2005). Revised opac-
ities for forming giant planet atmospheres also result in
substantially accelerated accretion, because energy can
be radiated away more e�ciently (e.g., Movshovitz et al.
2010). In these cases, the envelope reaches the crossover
mass—after which hydrodynamic collapse leads to run-
away gas accretion—in approximately a tenth the time
required in the Pollack et al. (1996) models.
After circumplanetary disk formation, the accretion

rate onto the protoplanet is limited by how fast the cir-
cumstellar disk can supply material. Circumstellar ac-
cretion rates decline on ⇠ 106 yr timescales (e.g., Fedele
et al. 2010), suggesting that high accretion rates onto
protoplanets—which do not undergo hydrodynamic col-
lapse until ⇠ 106 yr—are not likely to continue long.
Furthermore, any objects that continued to accrete at
such rates for & 1 Myr would exceed the planetary mass
range. The observed accretion rates onto the central
stars in transition disk systems are . 10�9 M� yr�1,
which may indicate a large fraction of the accretion flow
is intercepted by protoplanets with Ṁp near the runaway
accretion rate (e.g., Najita et al. 2007; Varnière et al.
2006). However, the stellar accretion rates can also be
naturally explained with MRI-driven viscosity (Chiang &
Murray-Clay 2007). It is thus unclear how much proto-

planetary accretion can be currently sustained in known
transition disks.

3. GAP OPENING

Protoplanets whose Hill radii are comparable to the
scale height of the circumstellar disk can open gaps via
dynamical processes (e.g., Lin & Papaloizou 1993). Such
gaps are presumably linked with the appearance of tran-
sition disks, and also render protoplanets easier to ob-
serve.
To determine when protoplanets might open gaps, I

first estimate the circumstellar disk scale height. For a
flared disk around a typical T Tauri star, H/R ⇠ 0.05–
0.1 within ⇠ 10 AU (e.g., Chiang & Goldreich 1997).
However, disk shadowing could lead to substantially
smaller scale heights (e.g., Dullemond et al. 2001). A
lower bound can be estimated by assuming that the disk
is heated only by accretion. For a constant Ṁ = 10�8

M� yr�1, the disk temperature is < 100 K beyond 1
AU, the sound speed is < 0.6 km s�1 (assuming the gas
is mostly H2) and H/R ⇠ cs/vK . 0.025 within ⇠ 10
AU.
Before hydrodynamic collapse, the total mass of a pro-

toplanet is . 20 M� (e.g., Pollack et al. 1996; Mordasini
et al. 2012), and thus the Hill radius is . 0.03a. This
is likely smaller than the circumstellar disk scale height,
and so the protoplanet is still embedded in the disk at
this stage. Indeed, the protoplanet is “attached” to the
disk, with continuous pressure and temperature across
the disk/protoplanet boundary (e.g., Mordasini et al.
2012). Accretion luminosity generated by hydrostatic
protoplanets would thus be attenuated by surface layers
of the circumstellar disk.
When hydrodynamic collapse begins, the protoplanet

envelope detaches from the circumstellar disk, and forms
a circumplanetary disk (e.g., Ayli↵e & Bate 2012; Pa-
paloizou & Nelson 2005). Near the beginning of the run-
away accretion phase, the protoplanet mass is ⇠ 90 M�
(Mordasini et al. 2012), and RH ⇠ 0.05a, probably su�-
cient for gap opening.
While protoplanets may open gaps in disks, making

cleared regions as large as those observed in transition
disks is di�cult from a theoretical perspective. Multi-
ple planets have been invoked to explain large clearings
(Zhu et al. 2011; Dodson-Robinson & Salyk 2011), but
such models can not reproduce both the depleted regions
and the observed accretion rates onto the central stars.

3

Dust filtration through local pressure maxima created by
even small disk gaps may also help to deplete the dust
population in large clearings (e.g., Rice et al. 2006; Zhu
et al. 2012), although this mechanism fails to clear out
small dust grains. Radiation pressure, either from the
central star (e.g., Eisner et al. 2006) or from the accret-
ing protoplanet itself (Owen 2014) may help to clear out
the small dust.
Since several di↵erent physical mechanisms may be re-

sponsible for creating or maintaining the cleared regions
in transition disks, one should be cautious about the ex-
act criteria used to determine when protoplanets open
gaps. For example, any non-monotonic pressure profile
associated with a protoplanet may provide a seed for
other physical mechanisms to clear a gap. It is thus
di�cult to be certain that hydrostatic protoplanets—
especially as they grow in mass and luminosity at later
times—will be completely enshrouded by circumstellar
disk matter. Furthermore, if lower-mass protoplanets do
not open deep gaps like those seen in transition disks,
they may open smaller gaps. Evidence for this is seen
in the HL Tau disk, where the gapped disk structure ob-
served with ALMA can be explained with multiple, ⇠ 60
M� protoplanets (Dong et al. 2014).

4. PROTOPLANET SEDS OVER TIME

To predict the appearance of accreting protoplanets, I
use calculations of the envelope structure of a forming
giant planet (e.g., Pollack et al. 1996; Mordasini et al.
2012). I consider the first 10 Myr or so, because known
transition disks have typical ages of a few Myr, with
the oldest at ⇠ 10 Myr. I adopt the models of Mor-
dasini et al. (2012), which predict that runaway accre-
tion occurs after ⇠ 0.95 Myr. While longer timescales
for the onset of runaway accretion are possible (e.g., Pol-
lack et al. 1996), the exact timescale does not a↵ect the
results for pre- or post-runaway accretion stages.
Using planetary radii and accretion luminosities cal-

culated as a function of time (Mordasini et al. 2012), I
determine e↵ective temperatures (Figure 1). Radii and
e↵ective temperatures are then used to generate black-
body SEDs as a function of time. All models are at an
assumed distance of 100 pc.
Before hydrodynamic collapse, Rp ⇡ RH/3 ⇡ 100 RJ

(e.g., Mordasini et al. 2012; Lissauer et al. 2009). This
large radius, combined with a modest accretion luminos-
ity of ⇠ 10�6 L�, produces cool spectra, with peak wave-
lengths > 10 µm (Figure 2). Since these protoplanets are
likely still attached to circumstellar disks, their spectra
will probably su↵er additional extinction from matter in
the circumstellar disk surface layers.
After hydrodynamic collapse, when protoplanets de-

tach from circumstellar disks and probably open gaps,
Rp approaches RJ, the accretion rate increases, and the
luminosity climbs to ⇠ 10�3 L�. This leads to a bright
protoplanet with Te↵ > 103 K (Figure 2). The models of
Mordasini et al. (2012) assume that runaway accretion
occurs for ⇠ 105 years, until the planet reaches a Jupiter-
mass, after which the circumstellar disk disappears and
accretion ceases. After this, the luminosity declines from
⇠ 10�3 L� to ⇠ 10�6 L�, and Te↵ declines from ⇠ 103

to ⇠ 600 K, within ⇠ 10 Myr, similar to “hot-start”
planetary atmosphere models (e.g., Spiegel & Burrows
2012).
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Fig. 2.— SEDs calculated for the accreting protoplanet shown in
Figure 1 (solid curves). Several illustrative timesteps are shown,
with particular focus on the hydrodynamic collapse of the atmo-
sphere at ⇠ 0.95 Myr. These models assume that all luminosity
is radiated from the protoplanetary surface. Models where the
luminosity is generated in circumplanetary disks are shown with
dashed curves, labeled by the product of planet mass and accre-
tion rate. I also include the observed SED of the transition disk
GM Aur (adjusted to a distance of 100 pc; adapted from Zhu
2015), to demonstrate the contrast between protoplanet and cen-
tral star+circumstellar disk.

These calculations assume that all luminosity is radi-
ated from the protoplanetary radius. However hydrody-
namic collapse likely forms a circumplanetary disk (Pa-
paloizou & Nelson 2005; Ayli↵e & Bate 2012), which
would produce accretion luminosity from somewhat
larger radii. Zhu (2015) recently computed SEDs for cir-
cumplanetary disks with accretion rates similar to those
expected for runaway accretion. I reproduce similar
models here using a simplified treatment. Considering
a disk extending from 2 RJ to RH/3, I compute black-
body SEDs for a series of annuli and sum them. SEDs
for disks around a Jupiter-mass planet with Ṁp between
10�5 and 10�7 MJ yr�1 are shown in Figure 2. These
curves are nearly identical to those in Zhu (2015).
A circumplanetary accretion disk with ṀMp = 10�5

M2
J yr�1 produces a similar luminosity to the calcu-

lated SED of a protoplanet undergoing runaway accre-
tion. The main di↵erence between the two models is that
the disk model reprocesses light at longer wavelengths,
leading to a slower fallo↵ in flux (see also Zhu 2015). As
protoplanets cool, their luminosities decline (see curves
for � 1 Myr in Figure 2). If circumstellar and circum-
planetary accretion continues at these later times, but
perhaps declines from its peak rate, then the SEDs may
manifest additional emission, particularly at longer wave-
lengths (see the 10�6 and 10�7 M2

J yr�1 curves in Figure
2).
Whether accretion luminosity is generated at proto-

planetary surfaces or in accretion disks, the infrared
emission is compact. For � < 5 µm, any observed emis-
sion would be more compact than ⇠ 0.01 AU. At wave-
lengths up to 30 µm, emission may be distributed on
scales several times larger.

5. COMPARISON WITH OBSERVATIONS

[Eisner 2015] 
[Zhu 2014]

JWST-MIRI
JWST-NIRCAM

1 sigma/pixel in 20 minutes

@ 100 pc
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ALMA/NOEMA

- Rotational transitions from molecules with dipole 
moment

-  Cold molecular gas

JWST-MIRI

- Vibrational transitions from molecules (including 
molecules with no dipole moments)

- Warm molecular gas

- Molecules present in ices covering dust grains

ALMA/NOEMA

Star

IR excess

Atomic & molecular lines

JWST-MIRI
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Figure 1: Overview of the strongest ice and dust features in the MYSO AFGL 7009S

(Dartois et al., 1998). The calculated spectrum of pure H2O ice spheres at 10 K is

shown (dashed line) to indicate the multiple H2O bands.

2.1 Ice Mapping

Most ice features are detected as pure absorption bands against infrared continuum

point sources. Studies of the spatial variations of the ice properties are therefore

relatively rare, yet very powerful. They often rely on the presence of many point

sources (usually infrared-bright giants) behind clouds (e.g., Taurus; Murakawa et al.

2000). The envelope of a Class 0 YSO was mapped using background Class II LYSOs

(Pontoppidan et al., 2004), and of a dense core using Class I/II LYSOs (Pontoppidan,
2006). Ice mapping is however also possible if the background emission is extended

by scattering from dust in any disk, envelope, or outflow cone (Harker et al., 1997;

Spoon et al., 2003; Schegerer & Wolf, 2010). In addition, scattering by large grains

enhances the short-wavelength wing of the 3.0 µm H2O band (§4.1; Pendleton et al.

1990), which enables mapping of ices in reflection nebulae. This has rarely been

done. Similarly, the lattice modes (∼ 25-300 µm; §4.5) are suited for ice mapping.

They are the only ice bands that may appear in emission, because, in contrast to

the intra-molecular modes, their excitation energy is below the binding energy of the

ices.

[Boogerts 2015]
[Dartois  1998]

- Spatially resolved observations of the chemical composition 

- Sensibility to key species which are very difficult (water) or impossible (like molecular 
hydrogen/acetylene/carbon dioxide/methane/ethylene/benzene) to observe in the (sub-)mm

- Sensitive to the UV photo-chemistry (largely unexplored) in the gas and in the ices
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[Reboussin et al. A&A 2015 accepted]

Dependance with mid plane Temp. Dependance with time
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