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All stars form surrounded by 
disks, and at least some disks 

truly are protoplanetary!

Kraus & Ireland 2012



3    At the snow line, local conditions are 
such that the drag force reverses 
direction. Grains tend to accumulate 
and readily coagulate into larger 
bodies called planetesimals.1   Grains collide, clump and grow.

Disk of gas and dust

Dust spirals      
inward2–4 AU

2    Small grains are swept along by the gas, but 
those larger than a millimeter experience  
a drag force and spiral in.

Protosun Snow lin
e

Disks are not like the ISM!
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• Grow dust, µm ➔ km, in presence of gas...

• build ~10MEarth cores for runaway accretion...

• while still having >1MJup of gas to make giant 
planets...

• then disperse
 gas quickly!

How to make giant planets



Kepler’s 
new law
~1000 / 150000 stars 
have planetary 
candidates
(Borucki+ 2011)

Planets are very 
common...

... and with a huge 
diversity

⇢ Initial conditions?

⇢ Disk evolution?

⇢ Stochastics?
kepler.nasa.gov
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Micron wavelength observations 
show the existence of small 

amounts of warm micron sized 
dust grains on disk surfaces
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Millimeter wavelength 
observations can 
measure dust masses 
of grains up to few 
mm in size, and show 
the capacity for planet 
formation, but are 
fairly insensitive (for now...)

Andrews & Williams 2005, 2007
Mann & Williams 2009
Lee+ 2011
Mathews+ 2012



How does the gas 
content evolve?



How does the gas 
content evolve?

6 D. Fedele et al.: Accretion Timescale in PMS stars

Table 2. Adopted age, spectral type range, facc and fIRAC (when available) in Fig. 3 and 4. References: Schmidt (1982,
S82), Park et al. (2001, P01), Hartmann et al. (2005, Ha05), Kharchenko et al. (2005, K05), Mohanty et al. (2005, M05),
Sicilia-Aguilar et al. (2005, SA05), Carpenter et al. (2006, C06), Lada et al. (2006, L06), Jayawardhana et al. (2006, JA06),
Sicilia-Aguilar et al. (2006, SA06), Dahm & Hillenbrand (2007, D07), Briceño et al. (2007, B07), Je!ries et al. (2007, JE07),
Hernández et al. (2007, He07), Sana et al. (2007, S07), Caballero (2008, C08), Flaherty & Muzerolle (2008, FM08), Luhman et al.
(2008, L08), Sicilia-Aguilar et al. (2009, S09), Zuckerman & Song (2004, ZS04)

Cluster Age Sp.T range facc fIRAC Age ref. facc ref. fIRAC ref.
[Myr] [%] [%]

rho Oph 1 K0 – M4 50 ± 16 M05 M05
Taurus 1.5 K0 – M4 59 ± 9 62 M05 M05 Ha05
NGC 2068/71 2 K1 – M5 61 ± 9 70 FM08 FM08 FM08
Cha I 2 K0 – M4 44 ± 8 52 – 64 Lu08 M05 Lu08
IC348 2.5 K0 – M4 33 ± 6 47 L06 M05 L06
NGC 6231 3 K0 – M3 15 ± 5 S07 this work
! Ori 3 K4 – M5 30 ± 17 35 C08 this work He07
Trumpler 37 3.5 K0 – M3 40 ± 5 47 SA06 SA06 SA06
Upper Sco 5 K0 – M4 7 ± 2 19 C06 M05 C06
NGC 2362 5 K1 – M4 5 ± 5 19 D07 D07 D07
NGC 6531 7.5 K4 – M4 8 ± 5 P01 this work
" Cha 8 K4 – M4 27 ± 19 50 S09 JA06 S09
TWA 8 K3 – M5 6 ± 6 D06 JA06
NGC 2169 9 K5 – M6 0+3 JE07 JE07
25 Ori 10 K2 – M5 6 ± 2 B07 B07
NGC 7160 10 K0 – M1 2 ± 2 4 SA06 SA05 SA06
ASCC 58 10 K0 – M5 0+5 K05 this work
# Pic 12 K6 – M4 0+13 ZS04 JA06
NGC 2353 12 K0 – M4 0+6 K05 this work
Collinder 65 25 K0 – M5 0+7 K05 this work
Tuc-Hor 27 K1 – M3 0+8 ZS04 JA06
NGC 6664 46 K0 – M1 0+4 S82 this work

Fig. 3. Accreting stars frequency as a function of age. New data
(based on the VIMOS survey) are shown as (red) dots, litera-
ture data as (green) squares. Colored version is available in the
electronic form.

fIRAC (Table 2): Taurus – 62% (Hartmann et al. 2005), NGC
2068/71 – 70% (Flaherty & Muzerolle 2008), Cha I – 52% ÷
64% (Luhman et al. 2008), IC 348 – 47% (Lada et al. 2006),
! Ori – 35% (Hernández et al. 2007), Trumpler 37 – 47%
(Sicilia-Aguilar et al. 2006), Upper Sco – 19% (Carpenter et al.
2006), NGC 2362 – 19% (Dahm & Hillenbrand 2007), " Cha

– 50% (Sicilia-Aguilar et al. 2009) and NGC 7160 – 4%
(Sicilia-Aguilar et al. 2006).

Interestingly for some clusters we find a lower fractional
value of stars with evidence of ongoing accretion compared to
stars with near-to-mid infrared excess. For example among the
64 K0 – M5 stars identified by Flaherty & Muzerolle (2008)
in NGC 2068/71, 39 (61%) of these show clear signature of
mass accretion while 45 (70%) stars have IRAC excess. We note
that 2 of the non accreting stars in their sample are identified
by strong IRAC excess (ID 416, 843 in Flaherty & Muzerolle
2008), while one transitional object (ID 281) is a strong accre-
tor. Similarly, for ! Ori we measure an facc = 30% while fIRAC =
35%. This is consistent with the result of Damjanov et al. (2007)
in Chameleon I. They find a small population of non-accreting
objects bearing a dusty inner disk.

In Fig. 4 we plot facc vs fIRAC for the regions where both
quantities are known. Assuming an exponential decay we fit
facc and fIRAC with the following function:

fi = C · exp(!t / $i) (3)

where C is a constant and it is normalized assuming facc =
fIRAC = 100% for t = 0. The fit gives an accretion timescale of
$acc = 2.3 Myr and a near-to-mid infrared excess timescale of
$IRAC = 2.9 Myr.

5.3. Inner disk dissipation and planet formation

Mass accretion and dust dispersion in the inner disk appear to
have di!erent timescales. At an age of 5 Myr, 95% of the to-
tal stellar population has stopped accreting material at a rate
! 10!11 M"yr!1 while # 20% of the disks still retain enough

Fedele+ 2010



Dust and Gas Structures

Dullemond+ 2005
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Note: these are global measures

Spitzer and singledish millimeter 
observations only measure the total 

(spatially unresolved) disk continuum.

Similarly, Herschel does not resolve the 
disks spatially, or spectrally.

Model fits to the data may not be unique!



Herschel angular resolution
θFWHM~5’’ at 63µm

= 750AU at 150pc

>> Rdisk ~100 AU

(and watch out for the outflows)



PACS spectral resolution
λ/Δλ~1000-4000
⇒ Δv~88km/s at 63µm  >> Δvdisk ~10km/s  (need HIFI)

(and watch out for the outflows)

The Astrophysical Journal, 727:85 (17pp), 2011 February 1 Hughes et al.

Figure 1. CO(3–2) emission from the disk around HD 163296 observed with the SMA at a spectral resolution of 44 m s!1. The top plot shows the line profile,
summed within a 6 arcsec box using the MIRIAD task imspec (neglecting emission with absolute values between ±2! ). Channel maps across the bottom show the
segment of the line indicated by the shaded gray box at its full spatial and spectral resolution, imaged with a 1.""0 taper to bring out the large-scale emission (complete
channel maps are provided in the Appendix). Local standard of rest (LSR) velocity is indicated by the numbers in the upper right of each channel. Contours are
[3,6,9,...]#0.55 Jy beam!1 (the rms noise). Inset in the upper right corner is a zeroth (contours) and first (colors) moment map of the CO(3–2) line emission. The
2.""0#1.""7 beam is indicated in the lower right of the inset. Note that while the colors in the channel and moment maps both represent LSR velocity (blue is low; red is
high), the scales are different for the two representations: the moment map contains the full line data, while the channel maps span only a subset of the line.
(A color version of this figure is available in the online journal.)

Table 1
Observational Parametersa

Parameter HD 163296 TW Hya

Compact-N Extended C+E Compact Extended C+E
2009 May 6 2009 Aug 23 2008 Mar 2 2008 Feb 20

CO(3–2) line

Beam size (FWHM) 2.""1#1.""4 0.""9#0.""7 1.""7#1.""3 1.""0#0.""8 1.""0#0.""7 1.""0#0.""8
P.A. 50$ 8$ 47$ 5$ !17$ !16$

RMS noise (Jy beam!1) 0.51 0.97 0.49 0.35 0.52 0.40
Peak flux density (Jy beam!1) 8.9 3.1 8.1 4.8 4.0 4.8
Integrated fluxb (Jy km s!1) 76 14 76 19 4.8 24

340 GHz continuum 350 GHz continuum

Beam size (FWHM) 2.""1#1.""4 0.""9#0.""7 1.""7#1.""3 1.""0#0.""9 1.""0#0.""7 1.""0#0.""8
P.A. 52$ 9$ 47$ 8$ !21$ !21$

RMS noise (mJy beam!1) 7.0 10 7.0 16 10 8.5
Peak flux density (Jy beam!1) 1.14 0.6 1.05 1.21 0.47 0.51
Integrated fluxc (Jy) 1.78 1.72 1.75 1.67 1.49 1.57

Notes.
a All quoted values assume natural weighting.
b The integrated line flux is calculated by integrating the zeroth moment map inside the 3! brightness contours using the MIRIAD task cgcurs.
c The integrated continuum flux is calculated using the MIRIAD task uvfit, assuming an elliptical Gaussian brightness profile.

structure of circumstellar disks across a wide range of wave-
lengths, particularly in the submillimeter (see, e.g., Calvet et al.
2002, 2005; Andrews et al. 2009). However, each class of mod-
els has limitations. The similarity solution models have a large
number of free parameters, some with significant degeneracies
(see discussion in Andrews et al. 2009). By fitting only the
CO(3–2) emission, these models also neglect potential informa-
tion provided by dust emission, including stronger constraints
on the disk density. However, the neglect of dust emission avoids
complications due to heating processes and chemistry that affect
gas differently than dust. The D’Alessio et al. models of dust
emission include only stellar irradiation and viscous dissipation

as heating sources, and do not take into account the additional
heating processes that may affect molecular line strengths in the
upper layers of circumstellar disks (Qi et al. 2006). While the
constraints from the dust continuum reduce the number of free
parameters in this class of models, they also have the disadvan-
tage of an unrealistic treatment of the density structure at the disk
outer edge: since they are simply truncated at a particular outer
radius, they are not capable of simultaneously reproducing the
extent of gas and dust emission in these systems (Hughes et al.
2008). The similarity solution models are vertically isothermal,
which is an unrealistic assumption. With only one molecular
line included in the model, this limitation will not affect the

3

Hughes+ 2011

Δv=44 m/s !!!



110um( [OI]63(

PACS line and continuum are unresolved

Detailed modeling is required, and ambiguities remain
(see Peter Woitke talk this afternoon)
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The DENT grid of disk models

Woitke+ 2009
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Herschel protoplanetary disk 
programmes

• GASPS  (Gas in Protoplanetary Systems)

• DIGIT   (Dust, Ice, and Gas In Time)

• WISH   (Water In Star forming regions with Herschel)

• + several individual programs
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GASPS

• PACS 70/110/170µm photometry

• [OI]63/145µm, [CII]158µm, CO, H2O, OH

• Class II / III / debris disks

• Nearby (<150pc), range of ages 1-30Myr

★ Taurus, Cha II, Upper Sco, ηCha, βPic, TW Hya, TucHor

• T Tauri and Herbig Ae/Be stars



The GASPS Team
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Enrique	  Solano
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Upper Scorpius
Cha II

Median SED (Class II sources)

Geo! Mathews GASPS f2f, Upper Sco & Cha II

SED evolution

Geoff Mathews



T(Tauri(

HD100546(

H2O(

CH+(

CO(
J=36=35(

[OI](

H2O(

[OI](

Detected lines
• [OI]  63µm, 145µm                                    (F63/F145 > 10)

• [CII] 158µm                                      (envelope contamination?)

• H2O   8 lines, Eup=115-1300 K              (mainly TTS, not HAeBe)

• CO    4 lines, J=18-17 to J=36-35          (warm disk atmosphere)

• OH, CH+                                                                          (two HAeBes only)
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Fig. 8.— Disk dust mass of the GASPS sample plotted as a function of the stellar e↵ective
temperature, for targets where the dust mass is published. [OI] detections are filled circles,
and open circles depict upper limits. An additional red circle around the symbol shows the
systems which are also detected in [CII]. All the stars of type earlier than K5 (Teff = 4500K)
and with disk masses > 10�5M� were seen in [OI] (top right of plot), but the detection rate
for disks of the same mass was smaller for later-type stars.
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Detection limits

[OI]63µm correlates with gas mass, but with an order of magnitude dispersion
Survey mass sensitivity is ~1 MJup



Detection limits

[OI]63µm correlates with gas mass, but with an order of magnitude dispersion
Survey mass sensitivity is ~1 MJup

3σ detection limit



Determining gas masses

Kamp+ 2011

The combination of 
[OI]63µm and CO 

J=2-1 provide a more 
precise and robust 

measure of gas mass 



The more lines the better...

1.2mm continuum, CO, 13CO, C18O SMA Reconnaissance of Taurus
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Only Taurus and Cha II have 
>3 [OI]63µm detections
⇒ median gas mass < 1MJup  

by ~5 Myr
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Only Taurus and Cha II have 
>3 [OI]63µm detections
⇒ median gas mass < 1MJup  

by ~5 Myr

BUT there appears to be 
enough gas to form giant 

planets up to 3Myr...



Individual regions/sources

• Taurus                      (see Christian Howard’s talk)

• transitional disks         (see Francois Menard’s talk)

• detailed modeling of individual sources

‣ dust/gas ratio

‣ warm H2O

‣ C+, CO, OH, CH+



Thi+ 2010

Mgas = (2-30) x 10-4 Mʘ

Mdust = 1.9 x 10-4  Mʘ

HD169142TW Hya

Meeus+ 2010
Mgas = 5 x 10-3 Mʘ

Mdust = 1.5 x 10-4  Mʘ

HD163296

Tilling+ 2012
Mgas = 7 x 10-2 Mʘ

Mdust = 7 x 10-4  Mʘ

HD172555  (t~20Myr)

Riviere+ in prep
Mgas = 3 x 10-7 Mʘ

Mdust = 3 x 10-9  Mʘ

& ET Cha (Woitke+ 2010)



Warm water in disksP. Riviere-Marichalar: Detection of warm water vapour in Taurus protoplanetary discs by Herschel

Fig. 1. Spectra for the objects with a 63.32µm feature detection (> 3!). The red lines indicate the rest wavelength of the [O I] and
o-H2O emission.

was used, which included: saturated and bad pixel removal, chop
subtraction, relative spectral response-function correction, and
flat fielding. Many observations su!er from systematic pointing
errors, in some cases as large as 8!!, and are always shifted to the
East. This is due to a plate scale error in the star tracker, which
is normally negligible except in areas where the tracked stars
are asymmetrically distributed within the field, as in Taurus. The
mis-pointing translates into systematic small shifts in the line
centre position. When the star was well centred within a single
spaxel, we extracted the flux from that spaxel and applied the
proper aperture correction. When the flux was spread over more
than one spaxel, we co-added the spaxels.

Table 1. Line positions and fluxes from PACS spectra.

Name Sp. type "H2O " "[OI] [O I] flux o " H2O flux
– – µm 10"17 W/ m2 10"17 W/m2
AA Tau K7 0.140 2.2 ± 0.13 0.80 ± 0.13
DL Tau K7 0.141 2.4 ± 0.15 0.65 ± 0.14
FS Tau M0 0.139 37 ± 0.26 2.00 ± 0.33
RY Tau K1 0.139 10 ± 0.42 1.95 ± 0.38
T Tau K0 0.138 830 ± 0.75 27.8 ± 0.7
XZ Tau M2 0.139 32.2 ± 0.48 2.11 ± 0.48
HL Tau K7 0.142 54.3 ± 0.71 8.14 ± 0.80
UY Aur M0 0.139 33.6 ± 0.37 1.90 ± 0.32

Notes. All spectral types from the compilation of Luhman et al. (2010).

3. Results and discussion.
Among the sample of 68 Taurus targets studied in this letter,
33 have discs that are rich in gas. These 33 all show the [O I]
3P1 #3 P2 line in emission at 63.18 µm (signal-to-noise ratio
> 3, with values ranging from 3 to 375). In 8 of these 33 tar-
gets ($ 24%), an additional fainter emission-line at 63.32 µm is
detected (Fig.1). We computed 63.32 µm line fluxes by fitting
a gaussian plus continuum curve to the spectrum using DIPSO
1. To improve the line fitting, the noisier edges of the spectral
range were removed (i.e., " < 63.0 and " > 63.4). The re-
sults are listed in Table 1, where we report the peak position
of the feature with respect to the observed wavelength of the
[O I] 63.18 µm line. According to these fits, the peak of the
feature is at "0 = 63.32 µm. The FWHM is 0.020 µm, i. e.,
the instrumental FWHM for an unresolved line. We identify the
feature as the ortho-H2O 818 # 707 transition at 63.324 µm
(EUpper Level=1070.7 K, Einstein A=1.751 s"1) since no other
abundant species emit strongly at or close to the observed
wavelength of the feature. This water feature was observed by
Herczeg et al. (2011) in the outflow of NGC 1333 IRAS 4B.
The o-H2O emission is only present in spectra with [O I] detec-
tions. The targets FS Tau, HL Tau, and T Tau display extended
emission in the [O I] 63.18 µm line, but only T Tau show hints
of extended emission in the 63.32µm o-H2O line. T Tau is an
exceptional object. It is a triple star system that drives at least
two jets. It was the most line rich PMS star observed by ISO
(Lorenzetti 2005) and resembles more a hot core than a PMS
star, since the continuum emission is quite extended ($ 3.5 !!at
1 http://star-www.rl.ac.uk/docs/sun50.htx/sun50.html
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Fig. 1. The [O i] 63 µm lines for the entire sample. The line is seen in emission in all the HAEBEs, while absent in the more evolved debris disc
objects 49 Cet, HD 32297, HR 1998, HR 4796A and HD 158352 (bottom row).

Herbig Ae/Be stars, and absent in the debris discs. For five of our
objects, the line flux is larger than 200 ⇥ 10�18 W/m2, while our
faintest detection is 20 ⇥ 10�18 W/m2. The other fine structure
line [O i] 145 µm is also one of the strongest lines in our spectra,
however it is only detected in five objects (25% of the HAEBEs).
In Figs. 1 and 2, we show the spectra centered on [O i] 63 and
[O i] 145 µm for the whole sample.

3.2. Carbon fine structure line

When detected, the [C ii] 157.7 µm line can be strong - more
than 100 ⇥ 10�18 W/m2. However, it is only seen in six objects
(30% of the HAEBEs; see Fig. 3) - these are the same objects for
which [O i] 145 µm was also detected (see Table 4), apart from
HD 36112. The interpretation of the [C ii] emission line is com-
plex. Besides originating in the disc, it could also form in the re-
maining envelope, or simply in cloud material in the line of sight.
The low detection rate for [C ii] is surprising, given the high de-
tection rate (83%) in ISO/LWS spectra reported by Lorenzetti al.
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DIGIT

• PACS and some SPIRE photometry

• full PACS spectroscopy 52-210µm

• embedded protostars and protoplanetary disks

• Close (<350pc), young (~1 Myr) regions

★ Taurus, Ophiuchus, Cha, Perseus, Serpens, Lupus
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Some DIGIT disk highlights
(reviewed yesterday by Bouwman)

• Forsterite 69µm feature (Mulders)

• Warm disk atmospheres (Bruderer)

• WTTS structure



The transition from protoplanetary 
to planetary debrisAA49CH03-Williams ARI 14 July 2011 19:21

a b

c d

Massive flared disk
Settled disk

Photoevaporating disk

Debris disk

FUV photons

Evaporation
flow

Accretion

Evaporation
flow

EUV

Figure 6
The evolution of a typical disk. The gas distribution is shown in blue and the dust in red. (a) Early in its evolution, the disk loses mass
through accretion onto the star and far-UV (FUV) photoevaporation of the outer disk. (b) At the same time, grains grow into larger
bodies that settle to the mid-plane of the disk. (c) As the disk mass and accretion rate decrease, extreme-UV(EUV)-induced
photoevaporation becomes important; the outer disk is no longer able to resupply the inner disk with material, and the inner disk drains
on a viscous timescale (!105 years). An inner hole is formed, accretion onto the star ceases, and the disk quickly dissipates from the
inside out. (d ) Once the remaining gas photoevaporates, the small grains are removed by radiation pressure and Poynting-Robertson
drag. Only large grains, planetesimals, and/or planets are left. This debris disk is very low mass and is not always detectable.

as a CTTS based on the presence of accretion indicators. Accretion may be variable on short
timescales, but shows a declining long-term trend.

At the same time, grains grow into larger bodies that settle onto the mid-plane of the disk,
where they can grow into rocks, planetesimals, and beyond. Accordingly, the scale height of the
dust decreases and the initially flared dusty disk becomes flatter (Figure 6b). This steepens the
slope of the mid- and far-IR SED as a smaller fraction of the stellar radiation is intercepted by
circumstellar dust (Dullemond & Dominik 2005). The near-IR fluxes remain mostly unchanged
because the inner disk stays optically thick and extends inward to the dust sublimation temperature.
The most noticeable SED change during this stage is seen in the decline of the (sub)millimeter
flux, which traces the decrease in the mass of millimeter- and smaller sized particles (Andrews &
Williams 2005, 2007a) (see Figure 7).

As disk mass and accretion rate decrease, energetic photons from the stellar chromosphere are
able to penetrate the inner disk and photoevaporation becomes important. When the accretion
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inside out. (d ) Once the remaining gas photoevaporates, the small grains are removed by radiation pressure and Poynting-Robertson
drag. Only large grains, planetesimals, and/or planets are left. This debris disk is very low mass and is not always detectable.

as a CTTS based on the presence of accretion indicators. Accretion may be variable on short
timescales, but shows a declining long-term trend.

At the same time, grains grow into larger bodies that settle onto the mid-plane of the disk,
where they can grow into rocks, planetesimals, and beyond. Accordingly, the scale height of the
dust decreases and the initially flared dusty disk becomes flatter (Figure 6b). This steepens the
slope of the mid- and far-IR SED as a smaller fraction of the stellar radiation is intercepted by
circumstellar dust (Dullemond & Dominik 2005). The near-IR fluxes remain mostly unchanged
because the inner disk stays optically thick and extends inward to the dust sublimation temperature.
The most noticeable SED change during this stage is seen in the decline of the (sub)millimeter
flux, which traces the decrease in the mass of millimeter- and smaller sized particles (Andrews &
Williams 2005, 2007a) (see Figure 7).

As disk mass and accretion rate decrease, energetic photons from the stellar chromosphere are
able to penetrate the inner disk and photoevaporation becomes important. When the accretion
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PACS/SPIRE photometry of WTTS 
new constraints on outer disk structure

Lucas Cieza

Icy planetesimals Gas and Ice Giants Terrestrial planets 
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T Cha: a planet forming disk?

Sharp rim
⇢	 dynamically 

carved?

Cieza+ 2012



T Cha: a planet forming disk?

Transition disks caused by planets are 
great candidates for direct imaging

ALMA



Kraus & Ireland 2012

Disks ⇢ Planets



Merci ESA!



Herschel Observations 
of Protoplanetary Disks

• Herschel spectra reveals the gas in the gas giant planet forming zone of disks!

• Herschel photometry constrains dust properties and disk structure in the 
outer parts of protoplanetary disks

• Mgas > 1MJup for >40% of Class II disks in Taurus and Cha II (~1-3 Myr)

• dust/gas ratio varies by (at least) an order of magnitude

• warm H2O from disk surface at R~ few AU is found in many T Tauri disks

➡ disks are diverse...
...how does this relate to the diversity of exoplanets?


