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What is the origin of water on Earth?
• In the early Solar System

• water vapor in the inner Solar System 
(T>100 K)

• condensed as ice on dust grains outside 
the snow line at ~3 AU (Hayashi et al. 
1981; Abe et al. 2000)

• Comets and asteroids may have delivered 
large amounts of water from beyond the 
snow line to the early Earth (Matsui & Abe 
1986; Morbidelli et al. 2000; Raymond et al. 
2004)

• How large is the ice reservoir?
• 1 ‘Earth Ocean’ = 1.5×1024 g of water
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Evaporation in inner disk (<3 AU)

Equilibrium between photodesorption 
and -dissociation in outer disk 

(Dominik et al. 2005):
H2Ogas ~fraction×H2Oice

Subaru detection of 3µm water ice  
absorption (Terada et al. 2007)

See also Honda et al. (2009)

was conducted using 9 point dithering with aminimum separation
of each position of 1.500. Spectroscopy was made with an ABBA
sequence with 3.000 nodding along to the slit. The slit orientation
was set to be orthogonal to the disk with a slit position angle of
130.5! for HK Tau B and 20.0! for HV Tau C. The dithering and
nodding were achieved by moving the tip-tilt mirror inside the
adaptive optics system. The flat fields for imaging atH and K and
spectroscopy in the K and L bands were produced by combining
images of an integrating sphere illuminated by a halogen lamp.
The sky flat was used for imaging at L0.

Standard data reduction was applied for flat-fielding, sky sub-
traction, and telluric correction using the IRAF packages. The
standard stars for telluric correction are listed in Table 1. HD22686,
HD 44612, and FS 122 were used as photometric standards. The
H, K, and L0 magnitudes of HD 22686 and HD 44612 are 7.190,
7.185, 7.199, and 7.041, 7.041, 7.05 (Elias et al. 1982; Leggett
et al. 2003), respectively. The K magnitude of FS 122 is 11.347
(Leggett et al. 2006). For spectroscopy the A0 type standard stars
HR 1590 (A0 V; V " 5:789) and HR 1152 (A0 Vn; V " 6:430)
were observed to correct for telluric absorption. The hydrogen

TABLE 1

Observing Log

Object

Observing Date

(UT) Mode Band Standard Star

Exposure Time

(s)

Slit Width

(arcsec)

Spectral Resolution

(k/!k)

HK Tau B .................. 2001 Dec 25 Spectroscopy L HR 1590 1900 0.3 390

2002 Sep 24 Spectroscopy K HR 1590 720 0.15 1300

2002 Sep 24 Imaging H HD 22686 135 . . . . . .
2002 Sep 24 Imaging K HD 22686 67.5 . . . . . .
2002 Sep 24 Imaging L0 HD 22686 225 . . . . . .

HV Tau C .................. 2002 Sep 25 Spectroscopy K HR 1590 720 0.3 650
2002 Sep 25 Spectroscopy L HR 1590 1900 0.3 390

2002 Sep 25 Imaging H HD 44612 135 . . . . . .
2002 Sep 25 Imaging K HD 44612 67.5 . . . . . .
2002 Sep 25 Imaging L0 HD 44612 225 . . . . . .
2005 Jan 18 Spectroscopy K HR 1152 480 0.3 650

2005 Jan 18 Spectroscopy L HR 1152 7680 0.3 390

2005 Jan 18 Imaging K FS 122 40 . . . . . .
2005 Jan 18 Imaging L0 HD 44612 150 . . . . . .

Fig. 1.—Left:H,K, and L0 color-composite images in logarithmic scale for HKTau andHVTau systems. The field of view is 6:7700 ; 6:7700.Right: Surface brightness
map of HK Tau B (top) and HV Tau C (bottom). The contour levels in mag arcsec#2 correspond to 14.0–10.25 in H, 13.55–9.3 in K, and 12.7–8.45 in L0 for HK Tau B
and 14.75–11.75 in H, 14.0–10.75 in K, and 12.6–9.6 in L0 for HV Tau C with a contour interval of 0.25. The circle at the lower left corner indicates FWHM size for
each observation. A 50 AU circular orbit with an inclination angle of 85! for HK Tau B and 84! for HV Tau C is shown.
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absorptions of theA0 starswere removedwith amethod developed
byVacca et al. (2003). The wavelength calibration was performed
using the telluric absorption lines in the spectrum.

3. RESULTS

Figure 1 shows adaptive optics images of HK Tau B on UT
2002 September 24 and HV Tau C on UT 2002 September 25 at
H,K, and L0. HKTauB andHVTauC exhibited scattered light in
an edge-on disk, and two components of the scattered light from
HVTauC are clearly resolved in all the bands. The FWHM image
sizes of both objects are found to be 0.1300 at H, 0.1000 at K, and

0.1200 at L0 after wavefront correctionwith the adaptive optics sys-
tem. Only the L0 images reached the diffraction limit.

Aperture photometry was performed on HK Tau B and HV
Tau C with a radius of 1.000 and 1.200, respectively. The photo-
metric results are shown inTable 2.While our results forHVTauC
show no significant time variation at the two epochs at K and L0,
both objects exhibit variability of up to 1 mag in all the bands
compared to previous photometry (Koresko 1998; Woitas &
Leinert 1998;Monin&Bouvier 2000;White &Ghez 2001). The
possible causes of the variability are magnetic activity on the stel-
lar surface, variablemass accretion rate onto the central star, bright-
ness change of scattered light due to geometry change of the
materials, and extinction change toward the scattered light source.
Thewidth of the dark lane of HVTauCwas estimated to be 0.26900

at H, 0.25800 at K, and 0.24600 at L0 as measured by the distance
between the peak of the two components of the scattered light from
HV Tau C. The width is wider at the shorter wavelengths as ex-
pected by the greater extinction at the shorter wavelengths.

We present 1.93–4.13 !m spectra of HK Tau B and HV Tau C
in the left panel of Figure 2. The spectra is scaled to the photo-
metric points atK and L0. All of the spectra show a deepwater ice
absorption at 3 !m. In addition, many emission and absorption
lines can be seen in the spectra of HV Tau C. Since HV Tau C is

TABLE 2

Magnitudes of HK Tau B and HV Tau C

Object

Date

(UT) H K L0

HK Tau B .................... 2002 Sep 24 12.25 11.54 11.02

HV Tau C .................... 2002 Sep 25 13.19 12.32 11.37

2005 Jan 18 . . . 12.31 11.40

Note.—The typical 1 " uncertainties are 0.02, 0.02, and 0.1 mag for H, K,
and L0, respectively.

Fig. 2.—Left: The 1.9–4.2!mspectra of HKTauB andHVTauC.A deepwater ice absorption at 3!m is seen in these spectra. The dotted lines indicate the continua of the
spectra. The optical depth of the water ice absorption is shown in the right panel. In HV Tau C, the prominent H2 emission lines can be seen at 1.9–2.5, 3.004, and 3.235!m.
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Spitzer detection of hot water 
vapor from inner disks (Carr & 
Najita 2008; Salyk et al. 2008; 

Pontoppidan et al. 2010).

(several hundred degrees kelvin) regions of mo-
lecular gas that surround luminous protostars.
The abundances of HCN and C2H2 in AATauri,
relative to H2O, are also substantially higher than
measurements for cometary volatiles (fig. S1),
whereas the abundance of CO2 is consistent
with or possibly less than its abundances in both
comets and interstellar ices.

If molecular cores are representative of the
composition of material that is incorporated into
disks, then the higher abundances for AA Tauri

suggest that substantial molecular synthesis takes
place within the disk. The observed region of the
disk lies well inside the radius where ices would
sublimate, based on the gas temperatures and in-
ferred radii. This situation is similar to that of hot
molecular cores, where a warm gas phase follows
the sublimation of molecules from icy grain man-
tles. The subsequent gas-phase chemistry (19) may
produce the complex organic molecules observed
with millimeter-wave spectroscopy in both mas-
sive hot cores and the corresponding regions

surrounding low-mass protostars (20). Analogous-
ly, the indication of molecular synthesis in AA
Tauri suggests that more complex organic mol-
ecules, including those of pre-biotic interest,
might be produced within disks.

Similarly high abundances of C2H2, HCN,
and CO2 have also been observed (7) in ab-
sorption toward the low-mass protostar IRS 46,
where the molecules potentially reside in a disk
viewed at a favorable edge-on inclination or in
an outflowing disk wind. Such gas absorption is
rare toward low-mass protostars (7). In contrast,
emission from a disk, such as the ubiquitous CO
fundamental emission from CTTSs, does not re-
quire a special orientation to be observable. The
fact that the molecular features in the mid-infrared
spectrum of AA Tauri are detected in emission,
combined with the fact that it is a typical CTTS,
suggests the potential to study organic molecules
and water in a large number of CTTS disks.

The high abundances in the AATauri disk are
generally consistentwith the predicted abundances
at approximately 1-AU radii in a disk chemical
model (21) for the inner 5 AU of protoplanetary
disks (Fig. 3). However, the model results are ver-
tically integrated abundances for the disk, whereas
the molecular emission lines we observed are
likely to probe only the upper disk atmosphere.
The high abundances we derived are not expected
in recentmodels that calculate the vertical thermal-
chemical structure of the gas in disk atmospheres
(16), which predict low abundances for molecules
such asH2O in the temperature inversion region of
the atmosphere where emission lines form. If
these models are correct, our measurements may
be a sign of vertical mixing that carries molecular
species from deep in the disk, where they are
abundant, up to the surface where they are ob-
served. Such turbulent mixing is predicted (22) by
the magnetorotational instability (23), the process
that is hypothesized to power disk accretion.

Our results for AA Tauri demonstrate the po-
tential to measure the distribution of water vapor
throughout the terrestrial planet region of disks,
information that was previously restricted to
hot H2O inside of 0.3 AU (6, 13). The abun-
dance of water vapor in the inner disk is im-
portant in setting the oxidation state of the gas,
which influences the chemistry and mineralogy.
Knowledge of the distribution of water (gas and
ice) is also central to understanding the origin of
water in inner solar system bodies and the forma-
tion of giant planets via the core accretion mech-
anism. The high abundance of H2O for AATauri,
if typical, would rule out simple models where
outward diffusion rapidly depletes water vapor in
the inner disk (24), leading to large ice density
enhancements at larger radii and the rapid growth
of giant planet cores. More detailed models (25)
that include a variety of physical processes predict
a more complicated evolution of water vapor in
the inner disk, with both enhancements and deple-
tions that vary with time and radius, indicating the
importance of measuring the abundance and dis-
tribution of water with evolutionary age.

Fig. 2. Comparison of
the observed spectrum of
AA Tauri to the combined
model spectrum (11).
The observed continuum-
subtracted spectrum from
13 to 16 mm (above) is
offset from the model
spectrum (below). The er-
ror bar indicates the av-
erage uncertainty in the
observed spectrum. The
model is a slab in local
thermodynamic equilibri-
um, with an independent
temperature, column den-
sity, and disk area derived
for each molecular species
(Table 1). All the unla-
beled features are rotational transitions of H2O.

Table 1. Molecular gas parameters and abundances derived for AA Tauri.

Molecule T (K) N (1016 cm!2) R* (AU) Abundance to CO
H2O 575 ± 50 65 ± 24 2.1 ± 0.1 1.3
OH 525 ± 50 8.1 ± 5.2 2.2 ± 0.1 0.18
HCN 650 ± 100 6.5 ± 3.3 0.60 ± 0.05 0.13
C2H2 650 ± 150 0.81 ± 0.32 0.60† 0.016
CO2 350 ± 100 0.2 –13 1.2 ± 0.2 0.004 – 0.26
CO 900 ± 100 49 ± 16 0.7 ± 0.1 1.0
*The equivalent radius for the emitting area A (R = [A/p]1/2). †Area was set to that derived for HCN.

Fig. 3. Comparison of abun-
dances relative toCO.Theabun-
dances for each molecule X
relative to CO [N(X)/N(CO)]
derived for AA Tauri (squares)
are compared to the abun-
dances for hot molecular cores
(triangles) and to disk chem-
ical models (21) at radii of
1 and 5 AU (open circles with
radius labeled). The abun-
dances for hot cores are based
on observations of absorption
bands made with the Infrared
Space Observatory (26–28).
The organic molecules were
studied using the same mid-
infrared bands that were ana-
lyzed for AA Tauri.
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What we know about H2O in disks



Herschel/HIFI observations
• Disks ≪ Herschel beam

• HIFI spectrally resolves lines: disk ID
• Beam dilution: long integrations

• ~200 hrs of observing time
• ortho-H2O 110-101, para-H2O 111-000

• o+p: TW Hya, HD100546, DM Tau, 
AA Tau

• o: LkCa15, MWC480
• p: HD163296



Detections and non-detections

 Bergin et al. (2010); Hogerheijde et al. (2011, and in prep)

• Detections: TW Hya, HD100546
• Upper limits: AA Tau, DM Tau, LkCa15,  HD163296, MWC 480
• Lines and upper limits lower than models predict

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 Pani!,8 John C. Pearson,9 Lars Kristensen,1
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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
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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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Disk origin of the H2O emission
• Confirmed by line width, line profile, and VLSR

Thi et al. 2004

Fedele et al. (2013)

– 18 –

Fig. 5.— Moment maps of the CO J=3!2 emission from the TW Hya disk and the various disk

structure models compiled in Table 2. The leftmost panels show the SMA observations. The top

panels make a direct comparison with the similarity solution models, and the bottom panels do the

same for the power-law models with sharp edges. In all plots, contours mark the velocity-integrated

CO intensities (0th moment) at 0.4 Jy km s!1 ("3!) intervals and the color scale corresponds to

the intensity-weighted line velocities (1st moment). Only Model sA provides a good match to the

observed CO emission; all others predict gas distributions that are too small relative to observations.

Andrews et al. (2011)

SMA: CO

ALMA test data



Modeling approach
Disk mass, size, density distribution: 

best possible description from literature

Self-consistent temperature distribution

Propagation of stellar UV, X-rays; CR

Gas-phase chemistry incl. H2+OH & ion/molecule

Photodissociation, and H2 and CO self-shielding

X-ray and CR ionization

Adsorption and (photo)desorption on grains
photodesorption rates from Öberg et al. (2007)

Distribution of gas-
phase H2O

non-LTE excitation and 
radiative transfer

beam-convolved 
emission lines

Refs: Fogel et al. 2011; Hogerheijde et al. 2011; Cleeves et al. 2013



TW Hya

• Rdisk=196 AU; i=7˚: nearly face-on
• Mdisk=2–6×10-4 M⊙ in dust, >0.05 M⊙ in gas (Bergin et al. 2013)

• 6300 Earth oceans of water ice
• See also Calvet et al. 2002; Thi et al. 2010; Hughes et al. 2011)

• ➝ 0.04 Earth oceans of water vapor, lines 3–5× brighter than observed
Andrews et al. (2011)



• Remove 88% of ice from UV-affected layers
• Settling of larger, icy grains relative to the small grains which dominate the 

UV absorption
• Only 12% of ice remains in upper disk

• Gives rise to 0.005 Earth Oceans of water vapor
• Underlying ice reservoir unchanged: > thousands of Earth Oceans

• key assumption: elemental oxygen efficiently forms water on grains

Differential settling of icy grains

Photodesorption

Large grain with ice cover Small grain

W
ater vapor layer

UV photons

Photodesorption

Large grain with ice cover Small grain

W
ater vapor layer

UV photons
Large & small grains well mixed Large grains settle w.r.t. to small grains



Alternative: Radial drift in TW Hya’s disk

• Andrews et al. (2011) conclude that the mm-sidez grains 
have drifted inward to <60 AU (see also Debes et al. 
2013) 

• If we assume that the bulk of the ices are carried on mm-
sized grains, the larger beam dilution resulting from the 
smaller spatial extent reproduces the observations, 
without further need to vertical settling.

• Further analysis required.



HD100546

• Same modeling philosophy
• Disk structure from Bruderer et al. (2012)
• Mdisk=0.07 Msun

• d=97 pc; M*=2.5 Msun; i=42˚; Rout=400 AU



HD100546

• ➝ Lines up to 15× too strong compared to observations

• Solution: (shown in red)
• suppress photodesorption (settling/surface alteration)
• emission only from 100-200 AU

• detected H2O formed via CR ionization



Nature of the weak H2O lines

• Upper limits to AA Tau, HD163296, LkCa15, MWC 480, 
and DM Tau

• consistent with weak lines to TW Hya and Hd100546, 
taking into account larger distances, disk sizes

• Water vapor emission lines from disks are weak
• in TW Hya because of the radial drift of the mm-grains

• a small size of photodesorbed water ice
• in HD100546 because of additional suppression of 

photodesorption
• detected water produced by CR ionization



Ammonia

• H2O 110-101 line setting also covered NH3 10-00

• Detected to TW Hya, not detected to HD100546

• NH3 forms in water ice mantles and photodesorbs with water
• explains presence in TW Hya and absence in HD100546.

• NH3/H2O~4%, consistent with interstellar ices and Solar 
System comets.



Summary
• Herschel detects cold water vapor in the disks from TW 

Hya and HD100546
• In TW Hya the H2O is likely generated by 

photodesorption from ices
• requires radial drift to <60 AU and/or settling of mm-

sized, ice-carrying grains
• in HD100546 photodesorption needs to be strongly 

suppressed, and water, produced via CR ionization, 
confined to 100-200 AU

• Presence of NH3 toward TW Hya and absence toward 
HD100546 consistent with presence in ammonia in water 
ice at ~4%

• Upper limits to other sources consistent with larger 
distances, but detailed calculations to be done.


