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• Why disks are interesting? 

•Herschel observatory 

•Large programs 

•Observational results & statistics 

•Conclusions



Henning & Semenov 2014, Chem. Reviews

Protoplanetary disks as birth sites of planets 

• Strong gradients of physical conditions 

• Grain evolution, planet-disk interactions, complex dynamics 

• Rich chemistry
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Thermochemical models of disk physics

T Tauri systems: Тeff ~ 4000 K, LX ~ 1031 erg/s, UV (100 AU) ~ 500 ISM UV
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Figure 1: The 2D vertical slice through a protoplanetary disk resembling the DM Tau disk as
calculated with the ANDES thermochemical disk model. The high values are marked by red colour,
the low values are marked by dark blue/black colours. (Left) The radial and vertical profile of the
dust temperature (in Kelvin). (Middle) The radial and vertical profile of the gas temperature (in
Kelvin). Note that the gas temperatures are much higher that the dust temperatures in the disk
surface layers. (Right) The radial and vertical profile of the gas particle density (in cm−3).

Akimkin et al. (2013), ApJ 766, 8
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• Heating: dust, PAHs + gas (ro-)vib. absorption 

• Cooling: dust + gas (ro-)vib. emission 

• Gas-grain collisions: at nH > 106 cm-3 Tdust = Tgas
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Thermochemical models of disk physics

• Upper layers:  Tgas > Tdust 

• HAe disks are warmer than TTau disks:  T > 20 – 25 K

HAe systems: Тeff > 8000 K, LX ~ 1030 erg/s, UV (100 AU) > 105 ISM UV

Nomura & Millar (2005),  A&A 438, 923H
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Herschel

• Cornerstone ESA mission (with NASA support) 

• Large 3.5m mirror 

• Cryogenically He-cooled, <2K 

• 57–670 µm: imaging & spectroscopy

1738-1822

2009-2013

• Instruments:  

– PACS (Photodetector Array Camera and Spectrometer) 

– SPIRE (SPectral and Photometric Imaging REceiver) 

– HIFI (Heterodyne Instrument for the Far-Infrared)

Disks are not spatially resolved



Probing distinct regions: multi-wavelength 
approach

Tracing the dispersal of nebular gas

Gas in Protoplanetary Systems 
– Herschel Key Program
(PI W. Dent)

ESA

Herschel

Sample of ~200 disks (1–30 Myr)

Key Tracers: 
[OI], [CII], H2O, CO

+extensive modeling
(Woitke et al. 2009,2010
Kamp et al. 2010)

VLT

Spitzer

Plateau de Bure  
interferometer

CII 158µm 
Visual/NIR

NIR/MIR

FIR

Radio

ALMA



Large disk programs

Credit: David E.

• GAS in Protoplanetary Systems (GASPS; PI Bill Dent): 

– 400 h, 250 disks (PACS) 

– Dust, [CII] 157μm, [OI] 63 & 145μm, water 63.3 & 78 μm, CO lines

• Water In Star-forming regions with Herschel (WISH; PI E. van Dishoeck): 

– >200 h, many Class 0–II sources 

– OH, H2O, OH+, H2O+, … 

– Water in disks with HIFI (PI M. Hogerheijde)

• Disk Gas and Ice in Time (DIGIT: PI N. Evans): 

– 250 h, >30 disks (PACS) 

– Gas lines, dust and ice bands 



Silicates in protoplanetary disks

J. Bouwman, priv.comm. 

Diopside (MgCaSi2O6)  
Enstatite (MgSiO3)

Forsterite 
(Mg2SiO4)

Spitzer

Herschel

•Distinct features, lab. spectra available 

•Crystalline and amorphous silicate features (also water) 

•Difficulty in setting the continuum slope



Silicates in protoplanetary disks

J. Bouwman, priv.comm. 

•Higher crystallinity fraction in inner disk regions 

•Higher Mg-content in inner disks: temperature?



     Gas disk diagnostics with Herschel

Sturm, Bouwman, Henning et al. (2010; see also Thi et al. 2011)

HD 100546: CO, [OI], [CII], CO, H2O, CH+, …



Herschel PACS detection of HD in TW Hya

Direct probe of gas mass:  

HD 1–0: Tex > 20–25K  

HD/H2 ~ 10-5 ⇒ Mdisk > 0.05 Msun  

However: ~20 h of integration time

Credit: NASA/JPL

Bergin et al. (2013), Nature 493, 644 

S/N ~ 9

Wavelength, micron



GASPS: Line detection statistics 

Dent et al. (2013), see also Fedele et al. 2012 A&A 544, L9

• [OI]@63 μm / [OI]@145 μm ~ 10 – 20 

• [CII] line is weak, often spatially extended ⇒ 

surrounding gas/outflows? 

• Ortho-H2O 817-707 at 63 μm has Eup >1000 K ⇒ hot gas 

• CO J=18-17 line ⇒ warm gas2. A biased subset of the brighter objects from (1) were ob-
served in [OI]145 μm, [CII]157 μm and CO J ¼ 18" 17, and
the detection rates in this subset were 25–40% in each of these
lines. Assuming that [OI]63 μm is always the easiest to detect
(see above), then an unbiased sample of all 164 targets from (1)
would have had a detection rate of ∼14% in these other lines.

3. All HAeBe stars were detected in [OI]63 μm—a signifi-
cantly higher detection rate than T Tauri systems. (Note that the
statistics of HAeBe stars in Table 5 include five known A-star
debris disks.)

4. The [OI]145 detection rate is a factor of ∼2 higher in the
T Tauri stars observed compared with HAeBe systems. This
may reflect a higher [OI]63/145 μm line ratio in HAeBe disks.

5. The [CII] detection rate is similar (26%) in both T Tauri
and HAeBe stars. If this is envelope material (see § 5.4), it in-
dicates that compact envelopes of atomic gas can be maintained
around both high and low-luminosity stars. Note, however,
that in some cases the [CII] emission may be confused by am-
bient gas.

6. One (possibly two) HAeBe stars were detected in H2O.
Although in the small number regime, the H2O detection rate
is formally similar to that of T Tauri systems. However, consid-
ering the HAeBes are relatively bright in continuum compared
with the T Tauri sample, this suggests that, on average, HAeBe
systems are weaker in H2O compared with T Tauri systems.

7. The fraction of objects with detectable warm CO (based on
the J ¼ 18" 17 transition) is similar (40%) in disks around
both types of stars.

5.3. [OI] Line Emission

As is clear from the example spectra, [OI]63 μm is normally
several times brighter than any of the other FIR lines observed
by GASPS, with an overall detection rate in the survey of ∼49%.
In most cases, it is the best tracer (in the far-IR) of whether gas is
present. This is true for almost all GASPS sources. To help un-
derstand the origin of the emission we can look at the data in
more detail.

Most objects were unresolved in both line and continuum
emission. An example is AA Tau (Fig. 6), where the ratio of
flux in the centre to average of adjacent spaxels is ∼20. This

is consistent with an unresolved source, where we would expect
the adjacent pixel average to be a few % of the centre, given an
inter-spaxel spacing of 9.4″, a PSF Gaussian equivalent width of
∼5:4″ at 63 μm, the asymmetric sidelobes from PACS of a few
percent, and taking into account possible pointing uncertainties
of a few arcsec in some datasets (PACS User Manual, 2011).
This lack of extended emission indicates a line emitting region
of radius ≤500 AU.

For a number of individual unresolved objects with low ac-
cretion rates and no evidence of outflow we have assumed a disk
origin and combined the [OI] fluxes with data at other wave-
lengths to estimate disk properties. Initial ProDiMo models
of the relatively large disk in TW Hya (several 100 AU radius)
indicate a gas mass of a few 10"3 M⊙ with gas-to-dust ratio a
factor of ∼10 lower than the ISM value (Thi et al. 2010), al-
though some models suggest the gas mass an order of magni-
tude larger, with a more ISM-like gas-to-dust ratio (Gorti et al.
2011). ET Cha, by contrast, has a compact disk of modeled ra-
dius of only 10 AU, a low dust mass of a few 10"8 M⊙ and gas
mass of a few 10"4 M⊙ (Woitke et al. 2011), suggesting either
the gas-to-dust ratio is enhanced or there may be another con-
tribution to the line flux. The HAeBe stars HD 169142 and
HD 163296 both show emission consistent with disks and
ISM-like values of the gas/dust ratio (Meeus et al. 2010; Tilling
et al. 2012).

5.3.1. Spatially and Spectrally Resolved [OI]63 μm
Emission: Outflow Jets

Although most objects in GASPS remain unresolved by
PACS, five targets (identified in Appendix A) in Taurus were
found to have clearly extended [OI]63 μm emission along
known optical jets (Podio et al. 2012). Two of these also have
broad line profiles in the centre. Figure 7 compares the spectrum
of one example (RWAur) with the unresolved line from AATau
(in red), revealing a prominent red-shifted wing in RWAur ex-
tending as much as þ200 km s"1 from the stellar velocity. By

TABLE 5

DETECTION STATISTICS OF PRIMARY ATOMIC AND MOLECULAR SPECIES

[OI]63 [OI]145 [CII]157 H2O 63 CO 18-17

Total . . . . . . . . . . . . . . 80=164 24=61 19=72 12=164 24=58
HAeBe starsa . . . . . 20=25 5=23 6=25 2=25 10=24
T Tauri starsb . . . . . 60=139 19=38 13=47 10=139 14=34

Each entry gives the number of targets detected and number observed. For
[OI]145, [CII], and CO, observations were mostly carried out only if the lines
were detected (or likely to be detected) in [OI]63 μm.

a Includes five young A stars classed as debris disks.
bThis includes all stars observed which were not part of the HAeBe group. FIG. 6.—Spectra covering the [OI]63 μm line from the compact source AA

Tau, in the central spaxel (red histogram), and an average of the eight adjacent
spaxels (in blue). The adjacent pixel spectrum has been scaled up by a factor of 5
for clarity. Both the [OI]63 μm and nearby H2O line are detected only in the
central spaxel.

490 DENT ET AL.

2013 PASP, 125:477–505

This content downloaded from 128.154.208.61 on Tue, 9 Jul 2013 16:21:27 PM
All use subject to JSTOR Terms and Conditions



Debris disks 

GASPS: HAe disks at [OI] 63.2 μm  

  

The Herbig Ae sample at [OI] 63.2 micron: The Herbig Ae sample at [OI] 63.2 micron: 
variety in strengthvariety in strength

Debris discs

Meeus et al. (2012)

• Variety of line fluxes 

• Debris disks 

are„deserted“



  

Trends with [OI] 63 Trends with [OI] 63 µµm line fluxm line flux

FIR continuumFIR continuum 1212CO J=3-2 Cold GasCO J=3-2 Cold Gas

    [OI] versus L[OI] versus LUV    UV                                                                              [OI] versus L[OI] versus LPAH PAH 

Dent et al. (2013),  
PASP, 125, 927, 477

GASPS: Trends with [OI] 63 μm

• Higher warm dust mass ⇒ higher warm gas mass



  

Trends with [OI] 63 Trends with [OI] 63 µµm line fluxm line flux

FIR continuumFIR continuum 1212CO J=3-2 Cold GasCO J=3-2 Cold Gas

    [OI] versus L[OI] versus LUV    UV                                                                              [OI] versus L[OI] versus LPAH PAH 

Dent et al. (2013),  
PASP, 125, 927, 477

GASPS: Trends with [OI] 63 μm

• Higher cold gas mass ⇒ higher gas mass?



  

Trends with [OI] 63 Trends with [OI] 63 µµm line fluxm line flux

FIR continuumFIR continuum 1212CO J=3-2 Cold GasCO J=3-2 Cold Gas

    [OI] versus L[OI] versus LUV    UV                                                                              [OI] versus L[OI] versus LPAH PAH 
Dent et al. (2013),  
PASP, 125, 927, 477

GASPS: Trends with [OI] 63 μm

• Self-shadowed disks ⇒ only IS UV matters



Aresu et al. (2011, 2012)

GASPS: [OI] 63 μm vs X-ray luminosity

  

[OI] 63 [OI] 63 µµm vs. X-ray Luminositym vs. X-ray Luminosity

Aresu et al. 2011, 2012 

    [OI] versus L[OI] versus LX X                                                                 Predicted Line fluxPredicted Line flux
• No obvious correlation ⇒ UV is more important



  

Trends with [OI] 63 Trends with [OI] 63 µµm line fluxm line flux

FIR continuumFIR continuum 1212CO J=3-2 Cold GasCO J=3-2 Cold Gas

    [OI] versus L[OI] versus LUV    UV                                                                              [OI] versus L[OI] versus LPAH PAH 
Dent et al. (2013),  
PASP, 125, 927, 477

GASPS: Trends with [OI] 63 μm

• Higher PAH abundance ⇒ more efficient gas heating



Gas versus dust emission: 3 classes of objects?

Upper Sco: Matthews et al. 2013 A&A 558,  66
Jet sources: Podio et al. 2012 A&A 545, 44

Riviere-Marichalar et al. 2012 A&A 538, L3

Transition disks
with inner holes

classical TTauri 
stars

Sources with 
outflows

X

X

ET Cha

Taurus: Howard et al. 2013 ApJ 776, 21



  

                        PACS range spec. observations: 55 to 200 PACS range spec. observations: 55 to 200 µm;µm;  
                CO detections: J=30-29 down to 14-13CO detections: J=30-29 down to 14-13

Blue: OH doublet
GASPS: Disk diagnostics with CO lines

CO detections: J=30-29 down to 14-13  



CO rotational diagrams

• Some disks show two components: warm and hot CO gas   

  But HD100546 needs both a warm and hot componentBut HD100546 needs both a warm and hot component



CO line modeling: HD 100546

  

        Modelling the CO ladder: PDR Modelling the CO ladder: PDR ((Bruderer et al. 2011Bruderer et al. 2011))

  High and mid J transitions need decoupling Tgas & 
Tdust !

For low J transitions (region > 100 AU) not needed 

Bruderer et al. (2012)  

• Probe disk regions with radii < 30-50 AU 

• Mid- and high-J CO lines require Tgas > Tdust 



CO J-line excitation in disks

•CO mid-J lines: Eup ~ 50-500 K  

•12CO traces surface 

•13CO traces deeper layers 

•Evidence for selective 

photodissociation
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CO statistics

Credit: David E.

•CO mid- to high-J detections: 

– Group I (flared disks): ~40% sources 

– Group II (self-shadowed disks): 0 sources 

•Sources with high-J CO detections have high UV fluxes and 
strong PAH bands  

•CO J-lines and [OI]63 line fluxes tend to correlate  

•Rotational diagram gives <Trot> = 271 +/- 39 K 

•Highest CO-J line found in HD100546: a hot inner wall



Detection of the Water Reservoir in a
Forming Planetary System
Michiel R. Hogerheijde,1* Edwin A. Bergin,2 Christian Brinch,1 L. Ilsedore Cleeves,2

Jeffrey K. J. Fogel,2 Geoffrey A. Blake,3 Carsten Dominik,4 Dariusz C. Lis,5

Gary Melnick,6 David Neufeld,7 Olja Panić,8 John C. Pearson,9 Lars Kristensen,1

Umut A. Yıldız,1 Ewine F. van Dishoeck1,10

Icy bodies may have delivered the oceans to the early Earth, yet little is known about water in
the ice-dominated regions of extrasolar planet-forming disks. The Heterodyne Instrument for the
Far-Infrared on board the Herschel Space Observatory has detected emission lines from both spin
isomers of cold water vapor from the disk around the young star TW Hydrae. This water vapor
likely originates from ice-coated solids near the disk surface, hinting at a water ice reservoir
equivalent to several thousand Earth oceans in mass. The water’s ortho-to-para ratio falls well
below that of solar system comets, suggesting that comets contain heterogeneous ice mixtures
collected across the entire solar nebula during the early stages of planetary birth.

Water in the solar nebula is thought to
have been frozen out onto dust grains
outside ∼3 astronomical units (AU)

(1, 2). Stored in icy bodies, this water provided a
reservoir for impact delivery of oceans to the
Earth (3). In planet-forming disks, water vapor is
thought to be abundant only in the hot (>250 K)
inner regions, where ice sublimates and gas-phase
chemistry locks up all oxygen in H2O. Emission
from hot (>250 K) water has been detected from
several disks around young stars (4, 5). In the
cold (∼20 K) outer disk, water vapor freezes out,
evidenced by spectral features of water ice in a
few disks (6, 7). However, (inter)stellar ultravi-
olet radiation penetrating the upper disk layers
desorbs a small fraction of water ice molecules
back into the gas phase (8), suggesting that cold
(<100K) water vapor exists throughout the radial
extent of the disk. The detection of this water
vapor would signal the presence of a hidden ice
reservoir.

We report detection of ground-state rotation-
al emission lines of both spin isomers of water
(JKAKC110-101 from ortho-H2O and 111-000 from
para-H2O) from the disk around the pre–main-

sequence star TW Hydrae (TW Hya) using the
Heterodyne Instrument for the Far-Infrared (HIFI)
spectrometer (9) on board the Herschel Space
Observatory (10) (Fig. 1) (11, 12). TW Hya is
a 0.6 M⊙ (solar mass), 10-million-year-old T
Tauri star (13) 53.7 T 6.2 pc away from Earth. Its
196-AU-radius disk is the closest protoplanetary
disk to Earth with strong gas emission lines. The
disk’smass is estimated at 2× 10−4 to 6× 10−4M⊙
in dust and, using different tracers and assump-
tions, between 4×10−5 and 0.06M⊙ in gas (14–16).
The velocity widths of the H2O lines (0.96 to
1.17 km s−1) (table S1) exceed by ∼40% those of
cold CO (14). These correspond to CO emission

from the full 196-AU-radius rotating disk inclined
at∼7°with only little (<65m s−1) turbulence (17).
The wider H2O lines suggest that the water emis-
sion extends to ∼115 AU, where the gas orbits
the star at higher velocities compared with
196 AU.

To quantify the amount of water vapor traced
by the detected lines, we performed detailed sim-
ulations of the water chemistry and line for-
mation using a realistic disk model matching
previous observations (12, 18). We adopted a
conservatively low dust mass of 1.9 × 10−4 M⊙
and, using a standard gas-to-dust mass ratio of
100, a gas mass of 1.9 × 10−2 M⊙. We explored
the effects of much lower gas-to-dust ratios. We
followed the penetration of the stellar ultraviolet
and x-ray radiation into the disk; calculated the
resulting photodesorption of water and ensuing
gas-phase chemistry, including photodissociation;
and solved the statistical-equilibrium excitation
and line formation. The balance of photodesorption
of water ice and photodissociation of water vapor
results in an equilibrium column of water H2O
vapor throughout the disk (Fig. 2). Consistent
with other studies (19), we find a layer of max-
imum water vapor abundance of 0.5 × 10−7 to
2 × 10−7 relative to H2 at an intermediate height in
the disk. Above this layer, water is photodis-
sociated; below it, little photodesorption occurs
andwater is frozen out, with an ice abundance, set
by available oxygen, of 10−4 relative to H2.

In our model, the 100- to 196-AU region
dominates the line emission, which exceeds ob-
servations in strength by factors of 5.3 T 0.2 for
H2O 110-101 and 3.3 T 0.2 for H2O 111-000. A
lower gas mass does not decrease the line in-
tensities, if we assume that the water ice, from

1Leiden Observatory, Leiden University, Post Office Box 9513,
2300 RA Leiden, Netherlands. 2Department of Astronomy, Uni-
versity of Michigan, Ann Arbor, MI 48109, USA. 3Division of
Geological and Planetary Sciences, California Institute of Tech-
nology, Pasadena, CA 91125, USA. 4Astronomical Institute
Anton Pannekoek, University of Amsterdam, 1098 XH Am-
sterdam, Netherlands. 5Division of Physics, Mathematics, and
Astronomy, California Institute of Technology, Pasadena, CA
91125, USA. 6Harvard-Smithsonian Center for Astrophysics,
Cambridge, MA 02138, USA. 7Department of Physics and As-
tronomy, Johns Hopkins University, Baltimore, MD 21218,
USA. 8European Southern Observatory, 85748 Garching, Ger-
many. 9Jet Propulsion Laboratory, California Institute of Tech-
nology, Pasadena, CA 91109, USA. 10Max-Planck-Institut für
Extraterrestrische Physik, 85748 Garching, Germany.

*To whom correspondence should be addressed. E-mail:
michiel@strw.leidenuniv.nl

Fig. 1. Spectra of para-H2O
111-000 (A) and ortho-H2O 110-
101 (B) obtained with HIFI on
the Herschel Space Observatory
toward the protoplanetary disk
around TWHya after subtraction
of the continuum emission. The
vertical dotted lines show the
system’s velocity of +2.8 km s−1

relative to the Sun’s local en-
vironment (local standard of
rest).
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• Herschel/HIFI, ortho- and para-water 

• o/p ratio ~ 0.8 ⇒ H2O formed on 

grains at 10–15 K  

• Origin: photodesorption of water ice

WISH: Cold water vapor in TW Hya

Hogerheijde et al. (2011), Science 334, 338 

• Observations are reproduced when: 

–  large, icy grains have settled  

–  icy grains have migrated to <60 AU 

–  optically thick lines?



DIGIT: Warm water content of disks

Fedele et al. (2013)

H2O / OH depends on stellar mass: 

• H2O / OH >> 1    

• Mstar < 2 Msun 

• H2O / OH < 1    

• Mstar > 2 Msun



• High H2O abundance in inner 

disk (< 10 AU) 

• Warm H2O in upper layer 

• Low H2O abundance in outer 

disk (freeze-out)

Warm water content of disk

Woitke et al. (2009); Kamp et al. (2013); Fedele et al. (2013),…

ProDiMo model of a Herbig Ae disk



Conclusions
• Surprisingly not that many gas lines detected  

• Ratio between line fluxes can be a diagnostic of UV, 

temperature, PAH abundance, and flaring 

• [CII] line is weak in disks: contamination/outflows? 

• CO FIR J-lines indicate that Tgas >  Tdust 

• OH/H2O depends on stellar mass: UV intensity matters?  

• In outer disks water is strongly depleted



Herschel instruments
• SPIRE (photometer & spectrometer): 

– ~40 pixels FOV, 194–670μm  

– R = 40–1000                      (PI: Cardiff Uni., UK)
SPIRE

HIFI

• HIFI (heterodyne spectrometer): 

– 1-pixel FOV, 157–212 & 240–625μm 

– R = 107                                                         (PI: SRON, NL)

PACS

• PACS  (photometer & spectrometer): 

– 25 pixels FOV,  60–210μm 

– R = 1000–5000               (PI: MPE Garching, DE)


