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Planet-forming Disks

• Planets form in disks around young stars 
• Basic structure:  

• hot | warm | cold 
• photoionized | molecular | ice

(see Figure 1). These asymmetries are likely produced by a
variety of physical processes such as magnetohydrodynamical
turbulence,30 grain growth beyond centimeter sizes,19 planet
formation, and gravitational instabilities.31 These spatial
structures immediately show that protoplanetary disks are not
static systems, but are subject to strong dynamical changes on a
time scale of several million years.12

The advent of sensitive infrared and (sub)millimeter
spectroscopic observations enabled the discovery of thermal
emission and scattered light from dust particles. In addition, a
first inventory of atomic and molecular species has been
provided, ranging from molecular hydrogen to water and more
complex molecules such as polycyclic aromatic hydrocarbons
(PAHs).32−34 At the same time, comprehensive chemical
models for protoplanetary disks have been developed by a
number of research groups (see Table 3), taking into account
the wide range of radiation fields (UV and/or X-rays),
temperatures (10 to several 1000 K), and hydrogen number
densities (104−1012 cm−3). The combination of astronomical
observations with advanced disk physical and chemical models
has provided first constraints on the thermal structure and
molecular composition of protoplanetary disks orbiting young
stars of various temperatures and masses.35−39 These models
have demonstrated that the chemistry in disks is mostly
regulated by their temperature and density structure, and stellar
and interstellar radiation fields as well as cosmic rays.40−49 A
special feature of protoplanetary disks is the very low
temperatures in the outer midplane regions, leading to a
considerable freeze-out of molecules.50,51 At the same time,
chemistry, together with grain evolution, regulates the
ionization structure of disks,43,52−56 and, thereby, influences
the magnetically driven transport of mass and angular
momentum.57 This means that disk chemistry and the physical
structure of disks are ultimately linked. The impact of radial
and/or vertical transport processes and dust evolution on disk
chemical composition has been thoroughly theoretically
investigated,54,58−68 and the predictions are being observatio-
nally confirmed.

Figure 1. Near-IR scattered light image of the protoplanetary disk
around the Herbig Ae star MWC 758 obtained with the Subaru
telescope by the Strategic Exploration of Exoplanets and Disks
(SEEDS) collaboration. Reprinted with permission from ref 18.
Copyright 2013 American Astronomical Society.

Figure 2. Sketch of the physical and chemical structure of a ∼1−5 Myr old protoplanetary disk around a Sun-like star.
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Volatiles in disks

• Major volatile species frozen out in disks 
• H2O, CO but also NH3, CH3OH, CO2 , … 

• Ices promote grain growth → planetesimals 
• Ice/rock cores of giant planets 

• Reservoir for impact delivery to newly formed rocky planets 
• Oceans and atmospheres of terrestrial planets 
• Icy moons 
• Comets

Image credits: ESA/NASA
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• Spitzer, Herschel, VLT/CRIRES: warm (>100 K) water in disks 
• Sudden drop in gas-phase abundance beyond few au: snow line

Warm/hot water in disks

Carr & Najita (2008); Salyk et al. (2008, 2015); Pontoppidan et al. (2010); Meijerink et al. (2009);  
Zhang et al. (2013); Fedele et al. (2012); Riviere-Marichalar et al. (2012)

(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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Fig. 1. PACS spectrum (continuum-subtracted) of selected lines. The (blue) dashed line indicates the root mean square of the baseline multiplied
by three. The presented spectrum has been smoothed (smooth width = two bins) for clarity. The red line is a Gaussian fit to the detected lines.

on-source integration time is 6176 s for the B2A (51−73µm)
and short R1 (70−105µm) modules and 8360 s for the B2B
(70−105µm) and long R1 (140−220µm) modules. The data
were reduced with HIPE 8.0.2489 using standard calibration
files from level 0 to level 2. The data for the two nod positions
were reduced separately (oversampling factor = 3, up-sampling
factor = 1 to ensure that the noise in each spectral point is inde-
pendent) and averaged after a flat-field correction.

The spectrum was extracted from the central spaxel
(9.4′′ square) to optimize the signal-to-noise ratio. Owing to the
large point spread function of the telescope, some flux leaks into
the other spaxels of the PACS array. To recover the absolute flux
level, we applied a correction factor using the spectrum extracted
from the central 9 spaxels (3× 3 extraction): this was performed
by fitting a third-order polynomial to each of the two extracted
spectra (central spaxel and 3×3) and multiplying by a correction
defined to be the ratio of these two fits. Finally, the spectrum was
scaled so that the spectrum matched the PACS photometry (from
Meeus et al., in prep.) at 70µm and 160µm.

The line flux (Fline) was measured by fitting a Gaussian
function and the uncertainty (σ) was given by the product
S T DF

√
δλ FWHM 1, where S T DF (W m−2 µm−1) is the stan-

dard deviation of the (local) spectrum, δλ is the wavelength spac-
ing of the bins (µm), and FWHM is the full width at half maxi-
mum of the line (µm).

3. Results

We clearly detect the strong [O i] 63 µm line as well as five
OH far-infrared features above 3σ (i.e. having Fline/σ > 3,
Table 1). Spectra of selected lines are shown in Fig. 1. The
OH lines are readily recognized because of their doublet pattern;
only intra-ladder transitions, which have the largest Einstein-A
coefficients, are found. In the case of the 2Π1/2 7/2−5/2 doublet
at 71 µm, only one of the two lines is detected, although the non-
detection of the second line is hardly significant within the noise.
Asymmetric line intensities of Λ-doublets are predicted at high
temperature (Offer & van Dishoeck 1992), but because of the
noise this doublet is not considered in our analysis below.

Three lines of H2O are detected slightly above 3σ (Table 2).
The H2O 818−707 line at 63.32µm is seen not only in our data
but also in the GASPS spectrum shown by Tilling et al. (2012),
although they do not claim a detection. The H2O 423−312 line at
78.74µm is seen here with a flux of 1.8 (±0.4) × 10−17 W m−2,
while Tilling et al. (2012) report only a 3σ upper limit of
1.5 × 10−17 W m−2. Meeus et al. (2012) claim a detection of
far-infrared H2O emission toward this source based on new

1 This formula comes directly from the error propagation of the
sum Σi(Fi), where Fi is the flux of the ith spectral bin.

Table 1. [O i] and OH line fluxes.

Transition λobs Fline Fm
line Eu log Aul

(µm) (10−17 W m−2) (K) (s−1)
[O i] 63.2 19.8± 1.2 228 –4.05
2Π1/2 9/2+−7/2− 55.8 5.6 ± 1.1 6.7 875 0.34
2Π1/2 9/2−−7/2+ 55.9 6.1 ± 1.1 6.7 875 0.34
2Π3/2 9/2−−7/2+ a 65.1 6.4 ± 1.2 5.9 512 0.11
2Π3/2 9/2+−7/2− 65.2 5.8 ± 1.0 5.9 511 0.10
2Π3/2 7/2−−5/2+ 84.6 2.2 ± 0.4 2.8 291 –0.28
2Π3/2 7/2+−5/2− 84.4 2.2 ± 0.4 2.8 291 –0.28
2Π3/2 5/2−−3/2+ 119.2 1.2 ± 0.3 0.9 121 –0.86
2Π3/2 5/2+−3/2− 119.4 0.9 ± 0.3 0.9 121 –0.86

Notes. Column Fm
line reports the line flux predicted by the best-fit model.

(a) Blended with o-H2O 625−514.

Table 2. H2O line fluxes.

Transition λobs Fline Fm
line Eu log Aul

(µm) (10−17 W m−2) (K) (s−1)

p-H2O 431–322
a 56.31 2.7 ± 1.6 2.5 552 0.16

o-H2O 909–818
a 56.82 0.9 ± 1.6 1.5 1323 0.39

o-H2O 818–707 63.32 2.0 ± 0.6 2.0 1070 0.24
o-H2O 707–616 71.95 2.2 ± 0.5 1.9 843 0.06
o-H2O 423–312 78.74 1.8 ± 0.4 1.7 432 –0.32
o-H2O 616–505

a 82.03 0.8 ± 0.8 1.5 643 0.06
p-H2O 322–211

a 89.98 0.9 ± 0.9 0.8 296 –0.45
o-H2O 221–110

a 108.07 0.7 ± 0.5 0.7 194 –0.59
o-H2O 414–303

a 113.54 0.7 ± 0.4 0.6 323 –0.61

Notes. (a) Flux integrated over 5 bins centered at the expected line
position.

GASPS data. Pontoppidan et al. (2010) also provide tentative
detections of H2O lines in the mid-infrared Spitzer wavelength
range. Table 2 summarizes our fluxes and includes the fluxes
measured at the position of some (undetected) key H2O lines
that are used later in the analysis.

The detected lines have upper level energies over a wide
range of values of Eu/k ∼ 120−900 K (OH) and Eu/k ∼
400−1300 K (H2O). Most of the lines are detected in the blue
part of the spectrum.

3.1. Confirmation of H2O by line stacking

Since only three H2O lines are marginally detected above 3σ, we
used the availability of the full DIGIT PACS spectrum to con-
firm the presence of warm water in this disk through a stacking
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• Spitzer, Herschel, VLT/CRIRES: warm (>100 K) water in disks 
• Sudden drop in gas-phase abundance beyond few au: snow line

Warm water in disks

Carr & Najita (2008); Salyk et al. (2008, 2015); Pontoppidan et al. (2010); Meijerink et al. (2009);  
Zhang et al. (2013); Fedele et al. (2012); Riviere-Marichalar et al. (2012)

(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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Fig. 1. PACS spectrum (continuum-subtracted) of selected lines. The (blue) dashed line indicates the root mean square of the baseline multiplied
by three. The presented spectrum has been smoothed (smooth width = two bins) for clarity. The red line is a Gaussian fit to the detected lines.

on-source integration time is 6176 s for the B2A (51−73µm)
and short R1 (70−105µm) modules and 8360 s for the B2B
(70−105µm) and long R1 (140−220µm) modules. The data
were reduced with HIPE 8.0.2489 using standard calibration
files from level 0 to level 2. The data for the two nod positions
were reduced separately (oversampling factor = 3, up-sampling
factor = 1 to ensure that the noise in each spectral point is inde-
pendent) and averaged after a flat-field correction.

The spectrum was extracted from the central spaxel
(9.4′′ square) to optimize the signal-to-noise ratio. Owing to the
large point spread function of the telescope, some flux leaks into
the other spaxels of the PACS array. To recover the absolute flux
level, we applied a correction factor using the spectrum extracted
from the central 9 spaxels (3× 3 extraction): this was performed
by fitting a third-order polynomial to each of the two extracted
spectra (central spaxel and 3×3) and multiplying by a correction
defined to be the ratio of these two fits. Finally, the spectrum was
scaled so that the spectrum matched the PACS photometry (from
Meeus et al., in prep.) at 70µm and 160µm.

The line flux (Fline) was measured by fitting a Gaussian
function and the uncertainty (σ) was given by the product
S T DF

√
δλ FWHM 1, where S T DF (W m−2 µm−1) is the stan-

dard deviation of the (local) spectrum, δλ is the wavelength spac-
ing of the bins (µm), and FWHM is the full width at half maxi-
mum of the line (µm).

3. Results

We clearly detect the strong [O i] 63 µm line as well as five
OH far-infrared features above 3σ (i.e. having Fline/σ > 3,
Table 1). Spectra of selected lines are shown in Fig. 1. The
OH lines are readily recognized because of their doublet pattern;
only intra-ladder transitions, which have the largest Einstein-A
coefficients, are found. In the case of the 2Π1/2 7/2−5/2 doublet
at 71 µm, only one of the two lines is detected, although the non-
detection of the second line is hardly significant within the noise.
Asymmetric line intensities of Λ-doublets are predicted at high
temperature (Offer & van Dishoeck 1992), but because of the
noise this doublet is not considered in our analysis below.

Three lines of H2O are detected slightly above 3σ (Table 2).
The H2O 818−707 line at 63.32µm is seen not only in our data
but also in the GASPS spectrum shown by Tilling et al. (2012),
although they do not claim a detection. The H2O 423−312 line at
78.74µm is seen here with a flux of 1.8 (±0.4) × 10−17 W m−2,
while Tilling et al. (2012) report only a 3σ upper limit of
1.5 × 10−17 W m−2. Meeus et al. (2012) claim a detection of
far-infrared H2O emission toward this source based on new

1 This formula comes directly from the error propagation of the
sum Σi(Fi), where Fi is the flux of the ith spectral bin.

Table 1. [O i] and OH line fluxes.

Transition λobs Fline Fm
line Eu log Aul

(µm) (10−17 W m−2) (K) (s−1)
[O i] 63.2 19.8± 1.2 228 –4.05
2Π1/2 9/2+−7/2− 55.8 5.6 ± 1.1 6.7 875 0.34
2Π1/2 9/2−−7/2+ 55.9 6.1 ± 1.1 6.7 875 0.34
2Π3/2 9/2−−7/2+ a 65.1 6.4 ± 1.2 5.9 512 0.11
2Π3/2 9/2+−7/2− 65.2 5.8 ± 1.0 5.9 511 0.10
2Π3/2 7/2−−5/2+ 84.6 2.2 ± 0.4 2.8 291 –0.28
2Π3/2 7/2+−5/2− 84.4 2.2 ± 0.4 2.8 291 –0.28
2Π3/2 5/2−−3/2+ 119.2 1.2 ± 0.3 0.9 121 –0.86
2Π3/2 5/2+−3/2− 119.4 0.9 ± 0.3 0.9 121 –0.86

Notes. Column Fm
line reports the line flux predicted by the best-fit model.

(a) Blended with o-H2O 625−514.

Table 2. H2O line fluxes.

Transition λobs Fline Fm
line Eu log Aul

(µm) (10−17 W m−2) (K) (s−1)

p-H2O 431–322
a 56.31 2.7 ± 1.6 2.5 552 0.16

o-H2O 909–818
a 56.82 0.9 ± 1.6 1.5 1323 0.39

o-H2O 818–707 63.32 2.0 ± 0.6 2.0 1070 0.24
o-H2O 707–616 71.95 2.2 ± 0.5 1.9 843 0.06
o-H2O 423–312 78.74 1.8 ± 0.4 1.7 432 –0.32
o-H2O 616–505

a 82.03 0.8 ± 0.8 1.5 643 0.06
p-H2O 322–211

a 89.98 0.9 ± 0.9 0.8 296 –0.45
o-H2O 221–110

a 108.07 0.7 ± 0.5 0.7 194 –0.59
o-H2O 414–303

a 113.54 0.7 ± 0.4 0.6 323 –0.61

Notes. (a) Flux integrated over 5 bins centered at the expected line
position.

GASPS data. Pontoppidan et al. (2010) also provide tentative
detections of H2O lines in the mid-infrared Spitzer wavelength
range. Table 2 summarizes our fluxes and includes the fluxes
measured at the position of some (undetected) key H2O lines
that are used later in the analysis.

The detected lines have upper level energies over a wide
range of values of Eu/k ∼ 120−900 K (OH) and Eu/k ∼
400−1300 K (H2O). Most of the lines are detected in the blue
part of the spectrum.

3.1. Confirmation of H2O by line stacking

Since only three H2O lines are marginally detected above 3σ, we
used the availability of the full DIGIT PACS spectrum to con-
firm the presence of warm water in this disk through a stacking

L9, page 2 of 5
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See talks by Kamp, Fedele, Rivière Marichalar for disk regions probed 

in emission of warm and hot water. 

This talk: focus on cold(est) water at large disk radii, probing the ice 

reservoir



Michiel Hogerheijde: Finding Cold Water Vapor in Planet-forming Disks | Water in the Universe: From Clouds to Oceans, ESTEC, 12–15 April 2016

• Direct evidence for ices in disks 
• scattered light / absorption 3 µm 
• Herschel: emission 47 µm (amorphous), 63 µm (crystaline) 

Ice in disks
well known to have a strong outflow activity (Magazzù &Martin
1994), the most prominent emission lines are due to molecular
hydrogen lines excited by the jet. The study of these lines with
0.100 spatial resolution will be discussed in the second paper
(H. Terada et al. 2007, in preparation).

The right panel of Figure 2 gives the optical depth of the 3 !m
water ice absorption for HK Tau B and HV Tau C. The contin-
uum for the spectrum was estimated by fitting the photometric
points at H, K, and L0 with parameters of a single-temperature
blackbody (T ) and visual extinction (AV ). The fitting results for
HK Tau B were T ¼ 2500 K and AV ¼ 0 to obtain the 3 !m
optical depth of 1.32. This AV does not have any physical mean-
ing; its value was determined only to get a good fit to the contin-
uum. The center of the optical depth profile is at 3.055 !m.

The optical depths of the water ice absorption in two epochs
for HV Tau C were found to be 1.65 for the first epoch (2002
September 25) and 1.09 for the second epoch (2005 January 18)
by assuming a continuum with T ¼ 2200 K and AV ¼ 3:5. The
center wavelength of the optical depth was estimated to be
3.017 !m in the first epoch and 3.026 !m in the second epoch.

4. DISCUSSION

4.1. Origin of Ice Absorption

Stapelfeldt et al. (1998, 2003) showed that the scattered light
from the central star originated within a radius of 105 AU from
HK Tau B and 50 AU from HV Tau C with a scale height of 3.8
and 6.5 AU, respectively, at a distance of 50 AU from the star.
Thus, it is likely that the material responsible for the ice absorp-
tion is outside the scattered light region, as shown schematically
in Figure 3.

D’Hendecourt&Allamandola (1986) foundN (H2O)¼ "H2O!# /
2:0 ; 10"16ð Þ, where !# is the FWHM of the feature in cm"1.
For HK Tau B and HV Tau C in the first and second epochs, we
find!# ¼ 502, 509, and 494 cm"1, respectively. Although it was
difficult to estimate the FWHM width of the water ice absorp-
tion due to a lack of sufficient data points at the shorter wave-
length, we assumed it to be twice as wide as the width between
the center (3.02–3.06 !m) and the half-maximum point at the
longer wavelength (3.25–3.29 !m). The column densities of
H2O for HK Tau B and HV Tau C in the first and second epochs
were found to be 3:31 ; 1018, 4:20 ; 1018, and 2:69 ; 1018 cm"2.
Teixeira & Emerson (1999) found that N (H2O) ¼ (AV " 2:1) ;
1017 cm"2, from which the visual extinction AV is derived to be

35.2 mag for HK Tau B, and 44.1 mag in the first epoch and
29.0 mag in the second epoch for HV Tau C.
Although Whittet et al. (1988) found a shallow water ice ab-

sorption with an optical depth of only 0.20 toward the primary
star HK Tau A, it is much smaller than the optical depth of 1.32
for HK Tau B. The visual extinction (AV ) of 1.91 for the primary
system HV Tau A, HV Tau B of HV Tau C (Woitas & Leinert
1998) is too small to produce any water ice absorption. Thus, as-
suming a distance of 140 pc, the detected water ice is localized
within a region of 340AU(2.400) fromHKTauBand560AU (4.000)
from HV Tau C. This excludes the possibility of water ice ab-
sorption by the foreground cloud.
The NH corresponding to AV can be estimated using the rela-

tionship of NH ¼ 1:59 ; 1021ð Þ ; AV cm"2 obtained in the $
Opiuchus dark cloud (Imanishi et al. 2001). The results ofNH for
HK Tau B and HVTau C in the first and second epochs are 5:60 ;
1022, 7:01 ; 1022, and 4:61 ; 1022 cm"2. If we assume a spherical

Fig. 3.—Schematic view of geometry for the water ice absorption. The scattered light regions are represented by the gray elliptical areas. The midplane of the flared
disk is represented by the black elliptical areas. Since the midplane disk is optically thick in the 3 !m band, we can observe only the scattered light through the regions
above and below the midplane disk.

Fig. 4.—Comparison of the water ice optical depth. The solid line shows the
optical depth of the water ice for Elias 3-16 (Smith et al. 1989), which is known
to be a field star behind the Taurus molecular cloud.
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Fig. 3.— Determination of W63 for the three disks in this sample, plus GQ Lup from McClure et al. (2012). Continuum regions (dark
gray fill), continuum fit (red dashed line), and limits of integration (light grey fill) are indicated. Error bars in W63 are 1� uncertainties.

4.1.2. Updates

Radially, we have updated the D’Alessio code to in-
clude multiple dust populations with discrete transitions
at cut-o↵ radii (RC). A more comprehensive exploration
of the e↵ects of radial zoning is left to future work; here
we consider a two-zone model only in the event that a
the standard D’Alessio single-zone model fails to repro-
duce simultaneously the PACS ice feature and the IRS
slope. The two-zone model allows us to vary the dust
properties in the upper or lower layer population inte-
rior or exterior to RC . In any zone, radial or vertical,
the dust properties, such as the grain size distribution,
abundance, and opacity can be changed individually for
each of three main grain types: silicates, pure, solid car-
bon, and water ice. The details of the dust are described

in Section 4.1.3.
At the inner edge of the disk, we implement a vertical

dust sublimation wall with an atmosphere following the
prescription of D’Alessio et al. (2004) with the two-layer
curvature proposed by McClure et al. (2013b). To recap
briefly, there is a lower-layer, with height hwall,1 and a
rim z coordinate of zwall,1, and an upper layer of height
hwall,2 = zwall,2�zwall,1 to produce a simple box-function
shape. Each wall layer is characterized by its grain size
distribution and sublimation temperature. Beyond each
layer’s radius, Rwall defined by those two properties, dust
is present. We allow the dust properties of the wall layers
to vary independently of those in the disk to simulate the
e↵ects of a radial gradient in the inner disk mineralogy.

4.1.3. Opacities
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Fig. 3.— Determination of W63 for the three disks in this sample, plus GQ Lup from McClure et al. (2012). Continuum regions (dark
gray fill), continuum fit (red dashed line), and limits of integration (light grey fill) are indicated. Error bars in W63 are 1� uncertainties.

4.1.2. Updates

Radially, we have updated the D’Alessio code to in-
clude multiple dust populations with discrete transitions
at cut-o↵ radii (RC). A more comprehensive exploration
of the e↵ects of radial zoning is left to future work; here
we consider a two-zone model only in the event that a
the standard D’Alessio single-zone model fails to repro-
duce simultaneously the PACS ice feature and the IRS
slope. The two-zone model allows us to vary the dust
properties in the upper or lower layer population inte-
rior or exterior to RC . In any zone, radial or vertical,
the dust properties, such as the grain size distribution,
abundance, and opacity can be changed individually for
each of three main grain types: silicates, pure, solid car-
bon, and water ice. The details of the dust are described

in Section 4.1.3.
At the inner edge of the disk, we implement a vertical

dust sublimation wall with an atmosphere following the
prescription of D’Alessio et al. (2004) with the two-layer
curvature proposed by McClure et al. (2013b). To recap
briefly, there is a lower-layer, with height hwall,1 and a
rim z coordinate of zwall,1, and an upper layer of height
hwall,2 = zwall,2�zwall,1 to produce a simple box-function
shape. Each wall layer is characterized by its grain size
distribution and sublimation temperature. Beyond each
layer’s radius, Rwall defined by those two properties, dust
is present. We allow the dust properties of the wall layers
to vary independently of those in the disk to simulate the
e↵ects of a radial gradient in the inner disk mineralogy.

4.1.3. Opacities

to disk accretion. The cooling process is the radiative transfer,
which finally emits energy from the disk to outer space by
means of radiation. The surface density distribution is provided
as a model parameter, and the gas density distribution along the
vertical direction with respect to the disk is determined so that
the hydrostatic equilibrium is achieved. The temperature in the
disk and the shape of the disk surface affect each other, because
the angle between the direction of the light from the central star

and the disk surface determines the radiative energy received
by the disk surface, and the inclination of the disk surface is a
function of the temperature distribution. Thus, the temperature

Figure 3. Extracted spectra along the major (SE-NW) and minor (SW-NE) axes at positions of 0 360, 0 522, 0 684, 0 846, and 1 008 from the central star shown
in Figure 2. The size of each extracted area is a square region with 0 162 (9 pixels) on the side. In the spectra of almost all of the regions, a shallow dip at 3.06 μm is
seen, likely due to water ice absorption.

Table 2
Measured Surface Brightness and Optical Depth τ along the Disk Major Axis

Distance(au) IK
obs a IH O

obs
2

a IL
obs
¢

a τ

SE
104 17.5±3.5 10.0±2.0 39.0±7.8 1.06±0.39
87 31.3±6.3 18.4±3.7 65±13 0.99±0.39
70 60±12 35.3±7.1 111±22 0.92±0.39
54 126±25 71±14 210±42 0.90±0.39
37 304±61 223±45 485±97 0.61±0.39
NW
104 18.9±3.8 10.8±2.2 37.5±7.5 0.99±0.39
87 31.4±6.3 22.8±4.6 63±13 0.76±0.39
70 52±10 39.7±7.9 109±22 0.74±0.39
54 106±21 92±18 219±44 0.59±0.39
37 250±50 237±47 506±100 0.50±0.39

Note.
a In mJy arcsec−2.

Figure 4. H2Ot map derived from our data. Since the inner region (r<0 22)
suffered from saturation and the outer region (r>1 26) has a low signal-to-
noise ratio, these regions are masked.

4

The Astrophysical Journal, 821:2 (6pp), 2016 April 10 Honda et al.

Terada et al. (2007, 2012); Honda et al. (2009, 2016); McClure et al. (2012, 2015); Bouwman et al. (in prep)

HD100546
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Photodesorption of water ice

• (Inter)stellar ultraviolet photons 
can librate H2O from the ice: 
photodesorption 

• Balanced by photodissociation → 
equilibrium column density 
~independent of UV flux 

• Water vapor should exist in 
the UV irradiated surface of 
any disk if ice covered grains 
are present 
• peak abundance w.r.t. H2 ~10-7

S. Andersson and E. F. van Dishoeck: Photodesorption of water ice 911

Fig. 3. Snapshots of trajectories of mechanisms of H2O desorption for
a crystalline ice model. a) One of the surrounding molecules desorbs.
b) The photofragments H and OH recombine and desorb as H2O. c) The
photofragments both desorb as separate species. The red and white
atoms correspond to O and H atoms in the surrounding molecules and
the blue and yellow atoms correspond to the O and H atoms of the pho-
todissociated H2O molecule.

Table 2. Absolute probabilities for removal of H2O from an amorphous
ice surface (per absorbed UV photon) as functions of monolayer.

ML H2Oa (a) (b) (c)
desorption H2O H2O H + OH
probability intact intact fragments

1 0.027 0.10 0.17 0.73
2 0.019 0.16 0.24 0.60
3 7.0 × 10−3 0.43 0.26 0.31
4 3 × 10−4 1.00 0.00 0.00
5 3 × 10−4 1.00 0.00 0.00
a Probability for desorption as H2O or H + OH.

division of the category of indirect H2O desorption. Here
“H2O indirect desorption” only refers to the cases where a
molecule is kicked out by an H atom, which subsequently re-
mains in the ice. The category “H2O desorption induced by re-
combination” refers to the rare occurence where it is the excess
energy from the recombination of the H and OH fragments that
kicks the molecule off the surface. The case “H + H2O desorb”
refers to when the H atom kicks the molecule off the surface
and subsequently desorbs itself. This last category dominates the
indirect desorption in the first two monolayers and also consi-
tutes the maximum amount of matter that has been observed to
desorb following photoexcitation. For H2O photoexcited below
the fifth monolayer there is no evidence of photodesorption of
H2O molecules.

The division into monolayers in Table 2 refers to where the
photoexcited H2O is situated. The H2O molecules that actu-
ally desorb upon being expelled by an H atom or recombining
H2O molecule all originate in monolayers 1 (84%) and 2 (16%).
In most of these cases it is not only the transfer of momentum
that is effective, but also the repulsive interaction from the pho-
toexcited molecule, which most often is in the near vicinity of

Fig. 4. Fractions of the detailed outcomes after H2O photodissociation
for the top five monolayers of amorphous ice. The error bars correspond
to a 95% confidence interval.
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Fig. 5. The average initial translational energies of H atoms [Etrans,i(H)]
and OH radicals [Etrans,i(OH)] and the average OH vibrational energy
following photodissociation as function of excitation energy for the top
six monolayers in amorphous ice.

the desorbing molecule. To illustrate this one can consider the
lowering in binding energy of the molecule about to be desorbed.
In monolayer 1 the average binding energy of all molecules
is 0.9 eV (calculated using the TIP4P potential) and of the des-
orbing molecules prior to excitation it is 0.8 eV. However, the
photoexcitation lowers the binding energy of these molecules by
on average 0.3 eV. About 25% of the desorbing molecules do
not have their binding energy significantly lowered by excita-
tion, but are kicked out solely by momentum transfer. If these
molecules are excluded then the binding energy is on average
lowered by 0.4 eV. In the second monolayer only about 10% of
the desorbing molecules do not have their binding energy signif-
icantly lowered. There the average binding energy is 1.1 eV and
this is lowered by 0.3 eV on average upon photoexcitation.

There is no sign of molecules being electronically excited
and then desorbing intact directly, i.e., expelled by the repulsive
interaction of the excited state molecule with its surroundings.
The molecules dissociate very quickly (on the order of 10 fs)
and that is not sufficient time for the molecule to desorb before it
is dissociated. As discussed above the photofragments can how-
ever recombine and then subsequently desorb as H2O.

3.2.3. Effects of product energies

The H atoms that are released have an average energy of
1.5−2.5 eV depending on the excitation energy and to a lesser

time →
Dominik et al. (2005); Hollenbach et al. (2009); 
Andersson et al. (2006, 2008); Öberg et al. (2009)
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Herschel Observations

• Herschel Guaranteed Time Key Program: Water in Star-forming Regions 
• Herschel Open Time observations 
• Rotational ground state lines 

• ortho-H2O 110-101 (557 GHz) 
• TW Hya, DM Tau, AA Tau, HD100546, Lk Ca15, MWC 480: 

tobs=6-15 h 
• shallow sample (8 disks*): tobs=30 min 

• para-H2O 111-000 (1113 GHz) 
• TW Hya, DM Tau, AA Tau, HD100546, HD163296: tobs= 11–31 h 

• Herschel’s large beam (19’’-38’’) does not resolve disk and only samples cold, 
outer disk 

*) AS209, BP Tau, GG Tau, GM Aur, MWC758, T Cha, Im Lup, HD163296
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Tentative detection: DM Tau

• Tentative detection of H2O 110-101: 2.7 mK 
• Partial, WISH data only 

• Irrespective of detection or upper limit: 
• Much weaker than expected if ices intermixed throughout disk 
• Low ice abundance in UV irradiated zone (reduced to <5%) 
• Locked up in large(r) grains that have settled to the midplane?

E. A. Bergin et al.: Water vapor in DM Tau

Fig. 2. a)–d) H2O spectra obtained with HIFI. A tentative feature is
present in panel b) for H2O 110−101 detected with WBS between VLSR
of +0.5 and +10 km s−1. A Gaussian fit to the feature is shown by the
smooth grey line. The HRS data on this line in panel (a) are consistent
with this result but noisier. Only noise is seen in panels c) and d) show-
ing the 111–000 line. e) Comparison 12CO 1–0 spectrum of DM Tau
obtained with OVRO (Kessler-Silacci 2004; Panić et al., in prep.).

photon flux. This can be seen by balancing formation by pho-
todesorption with destruction by UV photodissociation, giv-
ing a maximum water abundance (Hollenbach et al. 2009):
n(H2O)

∫
σλFλdλ = FUVYσsiteNp ficeN−1

m n(H2O)ice.Here FUV =∫
Fλdλ is the integral of the photon flux given in Fig. 3 and
σλ ∼ σLy α ∼ 10−17 cm−2 (van Dishoeck et al. 2006). σsite is
the cross section of a given site on the grain (=πa2/Nsite, with
grain radius a = 0.1 µm and Nsite = 106). Np = 2 is a correction
for the fact the UV photons only penetrate the first few mono-
layers (Öberg et al. 2009), with a yield of Y ∼ 2 × 10−3. fice is
the fraction of water ice over the total amount of ice and Nm is
the number of monolayers. Based on this approximation we find
x(H2O)max ∼ 10−6; for scaling relations see Hollenbach et al.
(2009). This could be lowered if the grains have a reduced frac-
tion of water ice or perhaps less than a monolayer of coverage.

3.2. Comparison to observations

Using the above chemical model calculation as input, we use the
molecular excitation and radiative transfer code LIME (Brinch
et al., in prep.) to calculate the line intensity in both observed

Fig. 3. Abundance of water vapor (Top) and Ly α photon flux (Bottom)
shown as a function of both radial distance and vertical height. The
water vapor abundance is relative to total hydrogen and is only plotted
for points where the vertical height to radial distance ratio is less than
1. The line in both plots refers to the τ = 1 surface for stellar radiation
and ϵ = 1 refers to the fact that these models were run with a standard
dust to gas ratio. All model results taken from Fogel et al. (2010).

water lines. We use the collision rates of water with p-H2 from
Faure et al. (2007) as provided by the LAMDA database (Schöier
et al. 2005)3 and convolved the results with the appropriate
Herschel beams. In our models we assume an intrinsic broad-
ening of 0.4 km s−1 on top of a Keplerian velocity profile.

Because of the appreciable abundance of H2O in the model
(disk-averaged column density of 6 × 1014 cm−2), it is not sur-
prising that significant line intensities are predicted of Tmb =
140 mK for the 110−101 line and 300 mK for the 111−000 line
with a Gaussian spectral profile. Clearly, our observations rule
out the presence of the amounts of water vapor predicted by pho-
todesorption regardless of the details of our model.

Absorption by low-excitation water from foreground mate-
rial cannot explain the absence of detected emission: the cloud
seen in 12CO by (Dutrey et al. 1997) has narrow emission cen-
tered 3 km s−1 away from the DM Tau disk. Only when the col-
umn density of water is scaled down by a factor of 130 to a
disk-averaged value of 5×1012 cm−2 does the predicted strength
of the 110−101 line becomes consistent with the observed limits;
the limits on the 111−000 line are less strict because of the higher
noise of these observations.

Our model could predict lines that are too intense if we over-
estimate the collisional excitation of water. Dick et al. (2010)
suggested that existing collisional excitation rates for water are
overestimated at temperatures below ∼50−80 K. Decreasing the
collisional excitation rates has little effect on the line strengths
for the original column density. In that case, the lines are still
highly optically thick, with maximum optical depth of 2000, and
line trapping effectively excites the line. However, for collision
rates lower by a factor of 10 compared to the adopted rates,
reducing the disk averaged column density by a factor of 20
to 3 × 1013 cm−2 is sufficient to comply with the observational
constraints.

Our generic model disk contains 0.03 M⊙ similar to DM Tau,
but its 400 AU radius is only half that of DM Tau. The increased
beam dilution only strengthens our conclusions. For a DM Tau
specific model, Dominik et al. (2005) predict the 110−101 line

3 http://www.strw.leidenuniv.nl/~moldata
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First clear detection: TW Hya

• Firm detection (20-30 mK) 
• factor 3–5 lower than 

expected if ices intermixed 
throughout 200 au disk 

• Both spin isomers 
• OPR ratio

Hogerheijde et al. (2011); Salinas et al. (2016)
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Settling of icy grains

• Modeling attempt 1: fully intermixed icy grains 
• Results in lines too bright by factor 3–5 
• Chemistry from Fogel et al. (2011), Cleeves et 

al. (2014); photodesorption rate from Öberg et 
al. (2009)  

• Non-LTE excitation and radiation transfer: 
LIME: Brinch & Hogerheijde 2010 

• Settling of (larger) icy grains 
• factor 10 depletion in UV irradiated zone 
• 7.3×1021 M⊙ of water vapor 
• apparent low OPR of 0.8±0.1

Vachail N. Salinas et al.: First detection of gas-phase ammonia in a planet-forming disk

Fig. 2: Overview of the adopted model structure. (a) logarithm
of the molecular hydrogen density in cm�3 with black contours.
(b) logarithm of the water vapor density with white contours at
0.6 cm�3. (c) shows the gas temperature, in K. Black contours
represent the logarithm of the water abundance at 0.6 cm�3.

the associated errors are considered then the range is much wider
(0.2-3.0) with model Ep, Cp and Cm in agreement with the in-
terstellar and cometary range of 2.0-3.0 for the OPR of water.
The ammonia to water ratio ranges from 7%9%

�5% to 84%61%
�36%.

Calculations using a simple escape-probability code
(RADEX, van der Tak et al. 2007) reproduce the observed line
fluxes adopting the inferred vapor masses and using densities
and temperatures representative for the emitting regions. But
only a full 3D calculation can reproduce the exact line fluxes
because of the large range in densities and temperatures. These
simple calculations also show that, under the conditions of
the four models, equal amounts of o–H2O and o–NH3 give
approximately equal line strengths (within 50%). This means

Fig. 3: Schematic illustration of the location of water vapor in
our models: (a) Compact photodesorption-layer configuration
(Cp), (b) Extended photodesorption-layer configuration (Ep), (c)
Compact with a constant abundance configuration (Cm), (d) and
Extended with a constant abundance configuration (Em).

that we can relate the observed line ratios of Fo�NH3 /Fo�H2O ⇠
0.6 to estimate the actual overall NH3/H2O abundance fraction
of about 0.35-0.65 as confirmed by the detailed LIME modeling
below. The large NH3/H2O ratios suggested by most models are
therefore a direct consequence of the near-equal observed line
fluxes of H2O and NH3; only in the Cm model where lines are
opaque, are much lower NH3/H2O values consistent with the
observed fluxes.

Our best-fit model result for N2H+ is in agreement with
the N2H+ 4–3 emission reported in Qi et al. (2013). The fit
to the N2H+ 6–5 emission yields a total N2H+ vapor mass of
4.9⇥1021 g, ⇠50% higher than the model of Qi et al. (2013) ob-
tained from integrating their best-fit model (zbig(H) = 3 in table
S2).

5. Discussion

5.1. Ice reservoirs and total gass masses

The inferred NH3 vapor masses from 7.0⇥1020 g to 1.1⇥1022 g
are much smaller than the potential ammonia ice reservoir of
⇠ 3.0 ⇥ 1028 g. This ice reservoir mass estimate was obtained
assuming an elemental nitrogen abundance relative to H of
2.25 ⇥ 10�5 and a disk mass of 0.04±0.02 M�, and assuming
that 10% of nitrogen freezes out on grains as NH3 (Öberg et al.
2011a). In the same way, we estimate a water ice mass reser-
voir of 3.4⇥ 1029 g, adopting an oxygen elemental abundance of
3.5 ⇥ 10�4 relative to H, assuming that 70% of O is locked up in
water (Visser et al. 2009) and all of it is frozen out. Both mass
estimates indicate that the detected vapor masses are only tiny
fractions (. 10�6) of the available ice reservoirs.

The total water mass of our original chemistry model (4.6 ⇥
1024g) is 2.5 to 25 times (Cm and Ep models respectively) more
massive than the values derived from our reanalysis of the wa-
ter detection towards TW Hya. H11 reported a model 16 times
more massive than their original chemistry model to fit the water
emission coming from the disk of TW Hya. This value is signif-
icantly lower than the value of our analogous Ep model which
indicates an even higher degree of settling of the icy grains than
previously proposed. This is consistent with earlier conclusions
that most volatiles are locked up in big grains near the midplane
(Hogerheijde et al. 2011; Du et al. 2015).

5

Hogerheijde et al. (2011); Salinas et al. (2016)
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Grains in TW Hya

• Millimeter-sized grains in TW Hya have 
drifted radially 

• Locked in series of rings/gaps 
• Settling is faster than drift: these grains surely 

must have settled

– 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 (∼3σ) 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.

2

scattered light emission (Akiyama et al. 2015; Rapson
et al. 2015; Debes et al. 2013, 2016).
In this Letter, we present and analyze observations

that shed new light on the substructure in the TW Hya
disk. We have used the long baselines of ALMA to mea-
sure the 870µm continuum emission from this disk at
an unprecedented spatial resolution of ⇠1AU. Section 2
presents these observations, Section 3 describes a broad-
brush analysis of the continuum data, and Section 4 con-
siders potential interpretations of the results in the con-
texts of disk evolution and planet formation.

2. OBSERVATIONS AND DATA CALIBRATION

TW Hya was observed by ALMA on 2015 Novem-
ber 23, November 30, and December 1. The array in-
cluded 36, 31, and 34 antennas, respectively, configured
to span baseline lengths from 20m to 14 km. The corre-
lator processed four spectral windows centered at 344.5,
345.8, 355.1, and 357.1GHz with bandwidths of 1875,
469, 1875, and 1875MHz, respectively. The observa-
tions cycled between the target and J1103-3251 with a
1 minute cadence. Additional visits to J1107-3043 were
made every 15 minutes. J1037-2934, J1058+0133, and
J1107-4449 were briefly observed as calibrators. The pre-
cipitable water vapor (PWV) levels were ⇠1.0mm on
November 23 and 0.7mm on the latter two executions.
The total on-target integration time was ⇠2 hours.
These raw data were calibrated by NRAO sta↵. After

applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s inte-
grations and flagged for problematic antennas and times.
The bandpass response of each spectral window was cal-
ibrated using the observations of J1058+0133. The am-
plitude scale was determined from J1037-2934 and J1107-
4449. The complex gain response of the system was cal-
ibrated using the frequent observations of J1103-3251.
Although images generated from these data are relatively
free of artifacts and recover the integrated flux density
of the target (1.5 Jy), folding in additional ALMA obser-
vations with a higher density of short antenna spacings
improves the image reconstruction.
To that end, we calibrated three archival ALMA ob-

servations of TW Hya, from 2012 May 20, 2012 Nov 20,
and 2014 Dec 31, using 16, 25, and 34 antennas span-
ning baselines from 15–375m. The first two observa-
tions had four 59MHz-wide spectral windows centered
at 333.8, 335.4, 345.8, and 347.4 GHz. The latter had
two 235MHz windows (at 338.2 and 349.4GHz), one
469MHz window (at 352.0GHz), and one 1875MHz win-
dow (at 338.4GHz). J1037-2934 was employed as a gain
calibrator, and Titan and 3C 279 (May 20), Ceres and
J0522-364 (Nov 20), or Ganymede and J0158+0133 (Dec
31) served as flux or bandpass calibrators. The weather
for these observations was excellent, with PWV levels

Figure 1. A synthesized image of the 870µm continuum emission
from the TW Hya disk with a 30mas FWHM (1.6AU) circular
beam. The RMS noise level is ⇠35µJy beam�1. The inset shows
a 0.200-wide (10.8AU) zoom using an image with finer resolution
(24⇥ 18mas, or 1.3⇥ 1.0AU, FWHM beam).

of 0.5–1mm. The combined on-target integration time
was 95 minutes. The basic calibration was as described
above. As a check, we compared the amplitudes from
each individual dataset on overlapping spatial frequen-
cies and found exceptional consistency.
The calibrated visibilities from each observation were

shifted to account for the proper motion of the target
and then combined after excising channels with potential
emission from spectral lines. Some modest improvements
were made with a round of phase-only self-calibration.
Continuum images at a mean frequency of 345.9GHz
(867µm) were generated by Fourier inverting the visi-
bilities, deconvolving with a multi-scale, multi-frequency
synthesis version of the CLEAN algorithm, and then restor-
ing with a synthesized beam. All calibration and imaging
was performed with the CASA package (v4.5.0).
After some experimentation, we settled on an analysis

of two images made from the same composite dataset.
The first used a Briggs weighting (with a robust param-
eter of 0) to provide a 24⇥ 18mas synthesized beam (at
P.A.=78�). While this provides enhanced resolution, it
comes at the cost of a dirty beam with ⇠20% sidelobes
(due to the sparse coverage at long baselines) that de-
grades the image quality. A second image was made with
a robust parameter of 0.5 and an elliptical taper to create
a circular 30mas beam with negligible sidelobes. Both
images are consistent (within the resolution di↵erences)
and have RMS noise levels around 35µJy beam�1.

3. RESULTS

Figure 1 shows a high resolution map of the 870µm
continuum emission from the TW Hya disk, revealing a

Andrews et al. (2012); Hogerheijde et al. 
(2016); Andrews et al. (2016)
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Fig. 2: Overview of the adopted model structure. (a) logarithm
of the molecular hydrogen density in cm�3 with black contours.
(b) logarithm of the water vapor density with white contours at
0.6 cm�3. (c) shows the gas temperature, in K. Black contours
represent the logarithm of the water abundance at 0.6 cm�3.

the associated errors are considered then the range is much wider
(0.2-3.0) with model Ep, Cp and Cm in agreement with the in-
terstellar and cometary range of 2.0-3.0 for the OPR of water.
The ammonia to water ratio ranges from 7%9%

�5% to 84%61%
�36%.

Calculations using a simple escape-probability code
(RADEX, van der Tak et al. 2007) reproduce the observed line
fluxes adopting the inferred vapor masses and using densities
and temperatures representative for the emitting regions. But
only a full 3D calculation can reproduce the exact line fluxes
because of the large range in densities and temperatures. These
simple calculations also show that, under the conditions of
the four models, equal amounts of o–H2O and o–NH3 give
approximately equal line strengths (within 50%). This means

Fig. 3: Schematic illustration of the location of water vapor in
our models: (a) Compact photodesorption-layer configuration
(Cp), (b) Extended photodesorption-layer configuration (Ep), (c)
Compact with a constant abundance configuration (Cm), (d) and
Extended with a constant abundance configuration (Em).

that we can relate the observed line ratios of Fo�NH3 /Fo�H2O ⇠
0.6 to estimate the actual overall NH3/H2O abundance fraction
of about 0.35-0.65 as confirmed by the detailed LIME modeling
below. The large NH3/H2O ratios suggested by most models are
therefore a direct consequence of the near-equal observed line
fluxes of H2O and NH3; only in the Cm model where lines are
opaque, are much lower NH3/H2O values consistent with the
observed fluxes.

Our best-fit model result for N2H+ is in agreement with
the N2H+ 4–3 emission reported in Qi et al. (2013). The fit
to the N2H+ 6–5 emission yields a total N2H+ vapor mass of
4.9⇥1021 g, ⇠50% higher than the model of Qi et al. (2013) ob-
tained from integrating their best-fit model (zbig(H) = 3 in table
S2).

5. Discussion

5.1. Ice reservoirs and total gass masses

The inferred NH3 vapor masses from 7.0⇥1020 g to 1.1⇥1022 g
are much smaller than the potential ammonia ice reservoir of
⇠ 3.0 ⇥ 1028 g. This ice reservoir mass estimate was obtained
assuming an elemental nitrogen abundance relative to H of
2.25 ⇥ 10�5 and a disk mass of 0.04±0.02 M�, and assuming
that 10% of nitrogen freezes out on grains as NH3 (Öberg et al.
2011a). In the same way, we estimate a water ice mass reser-
voir of 3.4⇥ 1029 g, adopting an oxygen elemental abundance of
3.5 ⇥ 10�4 relative to H, assuming that 70% of O is locked up in
water (Visser et al. 2009) and all of it is frozen out. Both mass
estimates indicate that the detected vapor masses are only tiny
fractions (. 10�6) of the available ice reservoirs.

The total water mass of our original chemistry model (4.6 ⇥
1024g) is 2.5 to 25 times (Cm and Ep models respectively) more
massive than the values derived from our reanalysis of the wa-
ter detection towards TW Hya. H11 reported a model 16 times
more massive than their original chemistry model to fit the water
emission coming from the disk of TW Hya. This value is signif-
icantly lower than the value of our analogous Ep model which
indicates an even higher degree of settling of the icy grains than
previously proposed. This is consistent with earlier conclusions
that most volatiles are locked up in big grains near the midplane
(Hogerheijde et al. 2011; Du et al. 2015).

5

Vachail N. Salinas et al.: First detection of gas-phase ammonia in a planet-forming disk

Cleeves, L. I., Bergin, E. A., & Adams, F. C. 2014, ApJ, 794, 123
Collings, M. P., Anderson, M. A., Chen, R., et al. 2004, MNRAS, 354, 1133
Danby, G., Flower, D. R., Valiron, P., Schilke, P., & Walmsley, C. M. 1988,

MNRAS, 235, 229
Daniel, F., Dubernet, M.-L., & Grosjean, A. 2011, A&A, 536, A76
de la Reza, R., Jilinski, E., & Ortega, V. G. 2006, AJ, 131, 2609
Debes, J. H., Jang-Condell, H., Weinberger, A. J., Roberge, A., & Schneider, G.

2013, ApJ, 771, 45
Du, F., Bergin, E. A., & Hogerheijde, M. R. 2015, ApJ, 807, L32
Dutrey, A., Guilloteau, S., & Guelin, M. 1997, A&A, 317, L55
Dutrey, A., Henning, T., Guilloteau, S., et al. 2007, A&A, 464, 615
Eisner, J. A., Chiang, E. I., & Hillenbrand, L. A. 2006, ApJ, 637, L133
Flower, D. R. 1999, MNRAS, 305, 651
Flower, D. R., Pineau des Forets, G., Field, D., & May, P. W. 1996, MNRAS,

280, 447
Gorti, U., Hollenbach, D., & Dullemond, C. P. 2015, ApJ, 804, 29
Guilloteau, S., Di Folco, E., Dutrey, A., et al. 2013, A&A, 549, A92
Hama, T., Kouchi, A., & Watanabe, N. 2015, Science, 351, 65
Ho↵, W., Henning, T., & Pfau, W. 1998, A&A, 336, 242
Hogerheijde, M. R., Bergin, E. A., Brinch, C., et al. 2011, Science, 334, 338
Hughes, A. M., Wilner, D. J., Calvet, N., et al. 2007, ApJ, 664, 536
Krist, J. E., Stapelfeldt, K. R., Ménard, F., Padgett, D. L., & Burrows, C. J. 2000,

ApJ, 538, 793
Li, X., Heays, A. N., Visser, R., et al. 2013, A&A, 555, A14
Mandell, A. M., Bast, J., van Dishoeck, E. F., et al. 2012, ApJ, 747, 92
Mathis, J. S., Rumpl, W., & Nordsieck, K. H. 1977, ApJ, 217, 425
Menu, J., van Boekel, R., Henning, T., et al. 2014, A&A, 564, A93
Mumma, M. J. & Charnley, S. B. 2011, ARA&A, 49, 471
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Fig. 4: Figures (a), (b) and (c) shows LIME (Brinch &
Hogerheijde 2010) output of the total line fluxes of ortho-NH3,
ortho-H2O and para-H2O respectively as a function of the total
water vapor mass. The blue, green, red and yellow curves cor-
respond to the Em, Ep, Cm and Cp models respectively. The
dashed lines and horizontal green bar show the observed line
fluxes and their 3� ranges, with sigma having two sources of
noise added in quadrature. The systematic error of the observa-
tions, estimated to be about 20% of the total flux, and the rms of
the spectra.
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Fig. 2: Overview of the adopted model structure. (a) logarithm
of the molecular hydrogen density in cm�3 with black contours.
(b) logarithm of the water vapor density with white contours at
0.6 cm�3. (c) shows the gas temperature, in K. Black contours
represent the logarithm of the water abundance at 0.6 cm�3.

the associated errors are considered then the range is much wider
(0.2-3.0) with model Ep, Cp and Cm in agreement with the in-
terstellar and cometary range of 2.0-3.0 for the OPR of water.
The ammonia to water ratio ranges from 7%9%

�5% to 84%61%
�36%.

Calculations using a simple escape-probability code
(RADEX, van der Tak et al. 2007) reproduce the observed line
fluxes adopting the inferred vapor masses and using densities
and temperatures representative for the emitting regions. But
only a full 3D calculation can reproduce the exact line fluxes
because of the large range in densities and temperatures. These
simple calculations also show that, under the conditions of
the four models, equal amounts of o–H2O and o–NH3 give
approximately equal line strengths (within 50%). This means

Fig. 3: Schematic illustration of the location of water vapor in
our models: (a) Compact photodesorption-layer configuration
(Cp), (b) Extended photodesorption-layer configuration (Ep), (c)
Compact with a constant abundance configuration (Cm), (d) and
Extended with a constant abundance configuration (Em).

that we can relate the observed line ratios of Fo�NH3 /Fo�H2O ⇠
0.6 to estimate the actual overall NH3/H2O abundance fraction
of about 0.35-0.65 as confirmed by the detailed LIME modeling
below. The large NH3/H2O ratios suggested by most models are
therefore a direct consequence of the near-equal observed line
fluxes of H2O and NH3; only in the Cm model where lines are
opaque, are much lower NH3/H2O values consistent with the
observed fluxes.

Our best-fit model result for N2H+ is in agreement with
the N2H+ 4–3 emission reported in Qi et al. (2013). The fit
to the N2H+ 6–5 emission yields a total N2H+ vapor mass of
4.9⇥1021 g, ⇠50% higher than the model of Qi et al. (2013) ob-
tained from integrating their best-fit model (zbig(H) = 3 in table
S2).

5. Discussion

5.1. Ice reservoirs and total gass masses

The inferred NH3 vapor masses from 7.0⇥1020 g to 1.1⇥1022 g
are much smaller than the potential ammonia ice reservoir of
⇠ 3.0 ⇥ 1028 g. This ice reservoir mass estimate was obtained
assuming an elemental nitrogen abundance relative to H of
2.25 ⇥ 10�5 and a disk mass of 0.04±0.02 M�, and assuming
that 10% of nitrogen freezes out on grains as NH3 (Öberg et al.
2011a). In the same way, we estimate a water ice mass reser-
voir of 3.4⇥ 1029 g, adopting an oxygen elemental abundance of
3.5 ⇥ 10�4 relative to H, assuming that 70% of O is locked up in
water (Visser et al. 2009) and all of it is frozen out. Both mass
estimates indicate that the detected vapor masses are only tiny
fractions (. 10�6) of the available ice reservoirs.

The total water mass of our original chemistry model (4.6 ⇥
1024g) is 2.5 to 25 times (Cm and Ep models respectively) more
massive than the values derived from our reanalysis of the wa-
ter detection towards TW Hya. H11 reported a model 16 times
more massive than their original chemistry model to fit the water
emission coming from the disk of TW Hya. This value is signif-
icantly lower than the value of our analogous Ep model which
indicates an even higher degree of settling of the icy grains than
previously proposed. This is consistent with earlier conclusions
that most volatiles are locked up in big grains near the midplane
(Hogerheijde et al. 2011; Du et al. 2015).
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Fig. 2: Overview of the adopted model structure. (a) logarithm
of the molecular hydrogen density in cm�3 with black contours.
(b) logarithm of the water vapor density with white contours at
0.6 cm�3. (c) shows the gas temperature, in K. Black contours
represent the logarithm of the water abundance at 0.6 cm�3.

the associated errors are considered then the range is much wider
(0.2-3.0) with model Ep, Cp and Cm in agreement with the in-
terstellar and cometary range of 2.0-3.0 for the OPR of water.
The ammonia to water ratio ranges from 7%9%

�5% to 84%61%
�36%.

Calculations using a simple escape-probability code
(RADEX, van der Tak et al. 2007) reproduce the observed line
fluxes adopting the inferred vapor masses and using densities
and temperatures representative for the emitting regions. But
only a full 3D calculation can reproduce the exact line fluxes
because of the large range in densities and temperatures. These
simple calculations also show that, under the conditions of
the four models, equal amounts of o–H2O and o–NH3 give
approximately equal line strengths (within 50%). This means

Fig. 3: Schematic illustration of the location of water vapor in
our models: (a) Compact photodesorption-layer configuration
(Cp), (b) Extended photodesorption-layer configuration (Ep), (c)
Compact with a constant abundance configuration (Cm), (d) and
Extended with a constant abundance configuration (Em).

that we can relate the observed line ratios of Fo�NH3 /Fo�H2O ⇠
0.6 to estimate the actual overall NH3/H2O abundance fraction
of about 0.35-0.65 as confirmed by the detailed LIME modeling
below. The large NH3/H2O ratios suggested by most models are
therefore a direct consequence of the near-equal observed line
fluxes of H2O and NH3; only in the Cm model where lines are
opaque, are much lower NH3/H2O values consistent with the
observed fluxes.

Our best-fit model result for N2H+ is in agreement with
the N2H+ 4–3 emission reported in Qi et al. (2013). The fit
to the N2H+ 6–5 emission yields a total N2H+ vapor mass of
4.9⇥1021 g, ⇠50% higher than the model of Qi et al. (2013) ob-
tained from integrating their best-fit model (zbig(H) = 3 in table
S2).

5. Discussion

5.1. Ice reservoirs and total gass masses

The inferred NH3 vapor masses from 7.0⇥1020 g to 1.1⇥1022 g
are much smaller than the potential ammonia ice reservoir of
⇠ 3.0 ⇥ 1028 g. This ice reservoir mass estimate was obtained
assuming an elemental nitrogen abundance relative to H of
2.25 ⇥ 10�5 and a disk mass of 0.04±0.02 M�, and assuming
that 10% of nitrogen freezes out on grains as NH3 (Öberg et al.
2011a). In the same way, we estimate a water ice mass reser-
voir of 3.4⇥ 1029 g, adopting an oxygen elemental abundance of
3.5 ⇥ 10�4 relative to H, assuming that 70% of O is locked up in
water (Visser et al. 2009) and all of it is frozen out. Both mass
estimates indicate that the detected vapor masses are only tiny
fractions (. 10�6) of the available ice reservoirs.

The total water mass of our original chemistry model (4.6 ⇥
1024g) is 2.5 to 25 times (Cm and Ep models respectively) more
massive than the values derived from our reanalysis of the wa-
ter detection towards TW Hya. H11 reported a model 16 times
more massive than their original chemistry model to fit the water
emission coming from the disk of TW Hya. This value is signif-
icantly lower than the value of our analogous Ep model which
indicates an even higher degree of settling of the icy grains than
previously proposed. This is consistent with earlier conclusions
that most volatiles are locked up in big grains near the midplane
(Hogerheijde et al. 2011; Du et al. 2015).
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OPR~0.5-1.1

Mvapor =3.0×1021 g 
OPR~0.5-2.1

Mvapor =1.6×1023 g 
OPR~0.2-3.5

Hama et al. (2015): 
OPR of photodesorbing water = 3

Salinas et al. (2016)



Michiel Hogerheijde: Finding Cold Water Vapor in Planet-forming Disks | Water in the Universe: From Clouds to Oceans, ESTEC, 12–15 April 2016

H2O and NH3

• Simultaneous detection of ammonia vapor (a first!)
Vachail N. Salinas et al.: First detection of gas-phase ammonia in a planet-forming disk

(Dutrey et al. 2007; Öberg et al. 2010, 2011b). Although some
upper limits exist for NH3 in protoplanetary disks in the near-
infrared (Salyk et al. 2011; Mandell et al. 2012), there are no
published detections at the moment.

Here we report the first detection of NH3 along with the
N2H+ 6–5 line in the planet-forming disk around TW Hya using
the HIFI instrument on the Herschel Space Observatory. This
disk has already been well studied. It was first imaged by the
Hubble Space Telescope (HST) (Krist et al. 2000; Weinberger
et al. 2002) revealing a nearly face-on orientation. Roberge et al.
(2005) took new HST images confirming this orientation and
measured scattered light up to 280 au. Submillimeter interfero-
metric CO data suggest an inclination of 6� to 7� (Qi et al. 2004;
Rosenfeld et al. 2012). The age of TW Hya is estimated to be
8–10 Myr (Ho↵ et al. 1998; Webb et al. 1999; de la Reza et al.
2006; Debes et al. 2013) at a distance of 54 ± 6 pc (Rucinski &
Krautter 1983; Wichmann et al. 1998; van Leeuwen 2007).

This paper attempts to model the ammonia emission com-
ing from TW Hya assuming that it is desorbed simultaneously
with water. The thermal desorption characteristics of ammonia
are similar to those of water (Collings et al. 2004). The non-
thermal desorption of ammonia via photodesorption has a sim-
iliar rate to that of water, within a factor of three (Öberg 2009).
Ammonia is frozen in water-rich ice layers present on interstel-
lar dust particles. Therefore, we can expect both molecules to
be absent from the gas phase within similar regions. In order
to properly constrain the NH3/H2O ratio we need to revisit past
models of water emission in the disk surrounding TW Hya.

The ground-state rotational emission for both of the water
spin isomers has been found around TW Hya by Hogerheijde
et al. (2011) (from now on H11), also using the HIFI instrument
on Herschel Space Observatory. They explained this emission
using the physical model from Thi et al. (2010) to calculate the
amount of water that can be produced by photodesorption from
a hidden reservoir of water in the form of ice on dust grains
(Bergin et al. 2010; van Dishoeck et al. 2014). Their model over-
estimates the total line flux by a factor of 3–5. They explore dif-
ferent ways to reduce the amount of water flux and conclude that
settling of large icy grains is the only viable way to fit the data.

Here, we re-derive estimates of the amount of water vapor,
using an updated estimate of the disk gas mass and consider-
ing the e↵ect of a more compact distribution of millimeter-size
grains, due to radial drift, as well as settling. These dust pro-
cesses are relevant for the molecular abundance of water because
they can potentially move the bulk of the ice reservoir away from
regions where photodesorption is e↵ective. Simultaneously, we
estimate the amount of NH3 using the detection of ammonia in
the Herschel spectra, and derive constraints on the NH3/H2O ra-
tio in the disk gas, assuming that NH3 and H2O are co-spatial.
We also estimate the amount of N2H+ and compare it to the
amount of NH3 using a simple parametric model. Section 2
presents our data and their reduction. Section 3 contains our
modeling approach and Section 4 the resulting ammonia and wa-
ter vapor masses. Section 5 discusses the validity of our models
and compares these predictions to standard values. Finally sec-
tion 6 summarizes our conclusions.

2. Observations

Observations of TW Hya (↵2000 = 11h01m51.s91, �2000 =
�34�42017.000) were previously presented by H11 and obtained
using the Heterodyne Instrument for the Far-Infrared (HIFI)
as part of the Water in Star-Forming Regions with Herschel
(WISH) key program (van Dishoeck et al. 2011). We now
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Fig. 1: Observed spectra of (a) ortho-NH3 10 � 00, ortho-H2O
110 � 101 (earlier presented by H11), and (b) N2H+ 6–5, us-
ing Herschel WBS. The dashed line shows the continuum-
subtracted spectral baseline. The o-H2O and o-NH3 lines are ob-
served in opposite sidebands, causing the o-H2O to show up at a
velocity of �14 km s�1 in panel (a).

present observations taken on 2010 June 15 of the NH3 10 � 00
line at 572.49817 GHz simultaneously with o-H2O at 556.93607
GHz using receiver band 1b and a local oscillator tuning of
551.895 GHz (OBS-ID 1342198337). We also present the de-
tection of N2H+ 6–5 at 558.96651 GHz in the same spectrum.
With a total on-source integration of 326 min, the observation
was taken with system temperatures of 360–400 K. The data
were recorded in the Wide-Band Spectrometer (WBS) which
covers 4.4 GHz with 1.1 MHz resolution. This corresponds to
0.59 km s�1 at 572 GHz. The data were also recorded in the
High-Resolution Spectrometer (HRS) which covers 230 MHz at
a resolution of 0.25 MHz resulting in 0.13 km s�1 at the observed
frequency of the NH3 10 � 00 line. The calibration procedure is
identical to the one of H11, but employs an updated beam e�-
ciency of ⌘mb = 0.635 and a HPBW of 36.001 1 increasing the re-
ported water line fluxes by about 17% with respect to the values

1 HIFI-ICC-RP-2014-001 on
http://herschel.esac.esa.int/twiki/bin/view/Public/HifiCalibrationWeb
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H2O and NH3
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(Dutrey et al. 2007; Öberg et al. 2010, 2011b). Although some
upper limits exist for NH3 in protoplanetary disks in the near-
infrared (Salyk et al. 2011; Mandell et al. 2012), there are no
published detections at the moment.

Here we report the first detection of NH3 along with the
N2H+ 6–5 line in the planet-forming disk around TW Hya using
the HIFI instrument on the Herschel Space Observatory. This
disk has already been well studied. It was first imaged by the
Hubble Space Telescope (HST) (Krist et al. 2000; Weinberger
et al. 2002) revealing a nearly face-on orientation. Roberge et al.
(2005) took new HST images confirming this orientation and
measured scattered light up to 280 au. Submillimeter interfero-
metric CO data suggest an inclination of 6� to 7� (Qi et al. 2004;
Rosenfeld et al. 2012). The age of TW Hya is estimated to be
8–10 Myr (Ho↵ et al. 1998; Webb et al. 1999; de la Reza et al.
2006; Debes et al. 2013) at a distance of 54 ± 6 pc (Rucinski &
Krautter 1983; Wichmann et al. 1998; van Leeuwen 2007).

This paper attempts to model the ammonia emission com-
ing from TW Hya assuming that it is desorbed simultaneously
with water. The thermal desorption characteristics of ammonia
are similar to those of water (Collings et al. 2004). The non-
thermal desorption of ammonia via photodesorption has a sim-
iliar rate to that of water, within a factor of three (Öberg 2009).
Ammonia is frozen in water-rich ice layers present on interstel-
lar dust particles. Therefore, we can expect both molecules to
be absent from the gas phase within similar regions. In order
to properly constrain the NH3/H2O ratio we need to revisit past
models of water emission in the disk surrounding TW Hya.

The ground-state rotational emission for both of the water
spin isomers has been found around TW Hya by Hogerheijde
et al. (2011) (from now on H11), also using the HIFI instrument
on Herschel Space Observatory. They explained this emission
using the physical model from Thi et al. (2010) to calculate the
amount of water that can be produced by photodesorption from
a hidden reservoir of water in the form of ice on dust grains
(Bergin et al. 2010; van Dishoeck et al. 2014). Their model over-
estimates the total line flux by a factor of 3–5. They explore dif-
ferent ways to reduce the amount of water flux and conclude that
settling of large icy grains is the only viable way to fit the data.

Here, we re-derive estimates of the amount of water vapor,
using an updated estimate of the disk gas mass and consider-
ing the e↵ect of a more compact distribution of millimeter-size
grains, due to radial drift, as well as settling. These dust pro-
cesses are relevant for the molecular abundance of water because
they can potentially move the bulk of the ice reservoir away from
regions where photodesorption is e↵ective. Simultaneously, we
estimate the amount of NH3 using the detection of ammonia in
the Herschel spectra, and derive constraints on the NH3/H2O ra-
tio in the disk gas, assuming that NH3 and H2O are co-spatial.
We also estimate the amount of N2H+ and compare it to the
amount of NH3 using a simple parametric model. Section 2
presents our data and their reduction. Section 3 contains our
modeling approach and Section 4 the resulting ammonia and wa-
ter vapor masses. Section 5 discusses the validity of our models
and compares these predictions to standard values. Finally sec-
tion 6 summarizes our conclusions.

2. Observations

Observations of TW Hya (↵2000 = 11h01m51.s91, �2000 =
�34�42017.000) were previously presented by H11 and obtained
using the Heterodyne Instrument for the Far-Infrared (HIFI)
as part of the Water in Star-Forming Regions with Herschel
(WISH) key program (van Dishoeck et al. 2011). We now
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Fig. 1: Observed spectra of (a) ortho-NH3 10 � 00, ortho-H2O
110 � 101 (earlier presented by H11), and (b) N2H+ 6–5, us-
ing Herschel WBS. The dashed line shows the continuum-
subtracted spectral baseline. The o-H2O and o-NH3 lines are ob-
served in opposite sidebands, causing the o-H2O to show up at a
velocity of �14 km s�1 in panel (a).

present observations taken on 2010 June 15 of the NH3 10 � 00
line at 572.49817 GHz simultaneously with o-H2O at 556.93607
GHz using receiver band 1b and a local oscillator tuning of
551.895 GHz (OBS-ID 1342198337). We also present the de-
tection of N2H+ 6–5 at 558.96651 GHz in the same spectrum.
With a total on-source integration of 326 min, the observation
was taken with system temperatures of 360–400 K. The data
were recorded in the Wide-Band Spectrometer (WBS) which
covers 4.4 GHz with 1.1 MHz resolution. This corresponds to
0.59 km s�1 at 572 GHz. The data were also recorded in the
High-Resolution Spectrometer (HRS) which covers 230 MHz at
a resolution of 0.25 MHz resulting in 0.13 km s�1 at the observed
frequency of the NH3 10 � 00 line. The calibration procedure is
identical to the one of H11, but employs an updated beam e�-
ciency of ⌘mb = 0.635 and a HPBW of 36.001 1 increasing the re-
ported water line fluxes by about 17% with respect to the values

1 HIFI-ICC-RP-2014-001 on
http://herschel.esac.esa.int/twiki/bin/view/Public/HifiCalibrationWeb
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Fig. 2: Overview of the adopted model structure. (a) logarithm
of the molecular hydrogen density in cm�3 with black contours.
(b) logarithm of the water vapor density with white contours at
0.6 cm�3. (c) shows the gas temperature, in K. Black contours
represent the logarithm of the water abundance at 0.6 cm�3.

the associated errors are considered then the range is much wider
(0.2-3.0) with model Ep, Cp and Cm in agreement with the in-
terstellar and cometary range of 2.0-3.0 for the OPR of water.
The ammonia to water ratio ranges from 7%9%

�5% to 84%61%
�36%.

Calculations using a simple escape-probability code
(RADEX, van der Tak et al. 2007) reproduce the observed line
fluxes adopting the inferred vapor masses and using densities
and temperatures representative for the emitting regions. But
only a full 3D calculation can reproduce the exact line fluxes
because of the large range in densities and temperatures. These
simple calculations also show that, under the conditions of
the four models, equal amounts of o–H2O and o–NH3 give
approximately equal line strengths (within 50%). This means

Fig. 3: Schematic illustration of the location of water vapor in
our models: (a) Compact photodesorption-layer configuration
(Cp), (b) Extended photodesorption-layer configuration (Ep), (c)
Compact with a constant abundance configuration (Cm), (d) and
Extended with a constant abundance configuration (Em).

that we can relate the observed line ratios of Fo�NH3 /Fo�H2O ⇠
0.6 to estimate the actual overall NH3/H2O abundance fraction
of about 0.35-0.65 as confirmed by the detailed LIME modeling
below. The large NH3/H2O ratios suggested by most models are
therefore a direct consequence of the near-equal observed line
fluxes of H2O and NH3; only in the Cm model where lines are
opaque, are much lower NH3/H2O values consistent with the
observed fluxes.

Our best-fit model result for N2H+ is in agreement with
the N2H+ 4–3 emission reported in Qi et al. (2013). The fit
to the N2H+ 6–5 emission yields a total N2H+ vapor mass of
4.9⇥1021 g, ⇠50% higher than the model of Qi et al. (2013) ob-
tained from integrating their best-fit model (zbig(H) = 3 in table
S2).

5. Discussion

5.1. Ice reservoirs and total gass masses

The inferred NH3 vapor masses from 7.0⇥1020 g to 1.1⇥1022 g
are much smaller than the potential ammonia ice reservoir of
⇠ 3.0 ⇥ 1028 g. This ice reservoir mass estimate was obtained
assuming an elemental nitrogen abundance relative to H of
2.25 ⇥ 10�5 and a disk mass of 0.04±0.02 M�, and assuming
that 10% of nitrogen freezes out on grains as NH3 (Öberg et al.
2011a). In the same way, we estimate a water ice mass reser-
voir of 3.4⇥ 1029 g, adopting an oxygen elemental abundance of
3.5 ⇥ 10�4 relative to H, assuming that 70% of O is locked up in
water (Visser et al. 2009) and all of it is frozen out. Both mass
estimates indicate that the detected vapor masses are only tiny
fractions (. 10�6) of the available ice reservoirs.

The total water mass of our original chemistry model (4.6 ⇥
1024g) is 2.5 to 25 times (Cm and Ep models respectively) more
massive than the values derived from our reanalysis of the wa-
ter detection towards TW Hya. H11 reported a model 16 times
more massive than their original chemistry model to fit the water
emission coming from the disk of TW Hya. This value is signif-
icantly lower than the value of our analogous Ep model which
indicates an even higher degree of settling of the icy grains than
previously proposed. This is consistent with earlier conclusions
that most volatiles are locked up in big grains near the midplane
(Hogerheijde et al. 2011; Du et al. 2015).

5

Mvapor =8.0×1020 g 
NH3/H2O=22-77%

Mvapor =8.0×1020 g 
NH3/H2O=12-55%

Mvapor =1.2×1021 g 
NH3/H2O=24-100%

Mvapor =1.1×1022 g 
NH3/H2O=2-35%
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Protostellar cores; solar system 
objects: NH3/H2O~few% 
(Öberg et al. 2011; Mumma & 
Charnley 2011)

H2O and NH3

Vachail N. Salinas et al.: First detection of gas-phase ammonia in a planet-forming disk

(Dutrey et al. 2007; Öberg et al. 2010, 2011b). Although some
upper limits exist for NH3 in protoplanetary disks in the near-
infrared (Salyk et al. 2011; Mandell et al. 2012), there are no
published detections at the moment.

Here we report the first detection of NH3 along with the
N2H+ 6–5 line in the planet-forming disk around TW Hya using
the HIFI instrument on the Herschel Space Observatory. This
disk has already been well studied. It was first imaged by the
Hubble Space Telescope (HST) (Krist et al. 2000; Weinberger
et al. 2002) revealing a nearly face-on orientation. Roberge et al.
(2005) took new HST images confirming this orientation and
measured scattered light up to 280 au. Submillimeter interfero-
metric CO data suggest an inclination of 6� to 7� (Qi et al. 2004;
Rosenfeld et al. 2012). The age of TW Hya is estimated to be
8–10 Myr (Ho↵ et al. 1998; Webb et al. 1999; de la Reza et al.
2006; Debes et al. 2013) at a distance of 54 ± 6 pc (Rucinski &
Krautter 1983; Wichmann et al. 1998; van Leeuwen 2007).

This paper attempts to model the ammonia emission com-
ing from TW Hya assuming that it is desorbed simultaneously
with water. The thermal desorption characteristics of ammonia
are similar to those of water (Collings et al. 2004). The non-
thermal desorption of ammonia via photodesorption has a sim-
iliar rate to that of water, within a factor of three (Öberg 2009).
Ammonia is frozen in water-rich ice layers present on interstel-
lar dust particles. Therefore, we can expect both molecules to
be absent from the gas phase within similar regions. In order
to properly constrain the NH3/H2O ratio we need to revisit past
models of water emission in the disk surrounding TW Hya.

The ground-state rotational emission for both of the water
spin isomers has been found around TW Hya by Hogerheijde
et al. (2011) (from now on H11), also using the HIFI instrument
on Herschel Space Observatory. They explained this emission
using the physical model from Thi et al. (2010) to calculate the
amount of water that can be produced by photodesorption from
a hidden reservoir of water in the form of ice on dust grains
(Bergin et al. 2010; van Dishoeck et al. 2014). Their model over-
estimates the total line flux by a factor of 3–5. They explore dif-
ferent ways to reduce the amount of water flux and conclude that
settling of large icy grains is the only viable way to fit the data.

Here, we re-derive estimates of the amount of water vapor,
using an updated estimate of the disk gas mass and consider-
ing the e↵ect of a more compact distribution of millimeter-size
grains, due to radial drift, as well as settling. These dust pro-
cesses are relevant for the molecular abundance of water because
they can potentially move the bulk of the ice reservoir away from
regions where photodesorption is e↵ective. Simultaneously, we
estimate the amount of NH3 using the detection of ammonia in
the Herschel spectra, and derive constraints on the NH3/H2O ra-
tio in the disk gas, assuming that NH3 and H2O are co-spatial.
We also estimate the amount of N2H+ and compare it to the
amount of NH3 using a simple parametric model. Section 2
presents our data and their reduction. Section 3 contains our
modeling approach and Section 4 the resulting ammonia and wa-
ter vapor masses. Section 5 discusses the validity of our models
and compares these predictions to standard values. Finally sec-
tion 6 summarizes our conclusions.

2. Observations

Observations of TW Hya (↵2000 = 11h01m51.s91, �2000 =
�34�42017.000) were previously presented by H11 and obtained
using the Heterodyne Instrument for the Far-Infrared (HIFI)
as part of the Water in Star-Forming Regions with Herschel
(WISH) key program (van Dishoeck et al. 2011). We now
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Fig. 1: Observed spectra of (a) ortho-NH3 10 � 00, ortho-H2O
110 � 101 (earlier presented by H11), and (b) N2H+ 6–5, us-
ing Herschel WBS. The dashed line shows the continuum-
subtracted spectral baseline. The o-H2O and o-NH3 lines are ob-
served in opposite sidebands, causing the o-H2O to show up at a
velocity of �14 km s�1 in panel (a).

present observations taken on 2010 June 15 of the NH3 10 � 00
line at 572.49817 GHz simultaneously with o-H2O at 556.93607
GHz using receiver band 1b and a local oscillator tuning of
551.895 GHz (OBS-ID 1342198337). We also present the de-
tection of N2H+ 6–5 at 558.96651 GHz in the same spectrum.
With a total on-source integration of 326 min, the observation
was taken with system temperatures of 360–400 K. The data
were recorded in the Wide-Band Spectrometer (WBS) which
covers 4.4 GHz with 1.1 MHz resolution. This corresponds to
0.59 km s�1 at 572 GHz. The data were also recorded in the
High-Resolution Spectrometer (HRS) which covers 230 MHz at
a resolution of 0.25 MHz resulting in 0.13 km s�1 at the observed
frequency of the NH3 10 � 00 line. The calibration procedure is
identical to the one of H11, but employs an updated beam e�-
ciency of ⌘mb = 0.635 and a HPBW of 36.001 1 increasing the re-
ported water line fluxes by about 17% with respect to the values

1 HIFI-ICC-RP-2014-001 on
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Fig. 2: Overview of the adopted model structure. (a) logarithm
of the molecular hydrogen density in cm�3 with black contours.
(b) logarithm of the water vapor density with white contours at
0.6 cm�3. (c) shows the gas temperature, in K. Black contours
represent the logarithm of the water abundance at 0.6 cm�3.

the associated errors are considered then the range is much wider
(0.2-3.0) with model Ep, Cp and Cm in agreement with the in-
terstellar and cometary range of 2.0-3.0 for the OPR of water.
The ammonia to water ratio ranges from 7%9%

�5% to 84%61%
�36%.

Calculations using a simple escape-probability code
(RADEX, van der Tak et al. 2007) reproduce the observed line
fluxes adopting the inferred vapor masses and using densities
and temperatures representative for the emitting regions. But
only a full 3D calculation can reproduce the exact line fluxes
because of the large range in densities and temperatures. These
simple calculations also show that, under the conditions of
the four models, equal amounts of o–H2O and o–NH3 give
approximately equal line strengths (within 50%). This means

Fig. 3: Schematic illustration of the location of water vapor in
our models: (a) Compact photodesorption-layer configuration
(Cp), (b) Extended photodesorption-layer configuration (Ep), (c)
Compact with a constant abundance configuration (Cm), (d) and
Extended with a constant abundance configuration (Em).

that we can relate the observed line ratios of Fo�NH3 /Fo�H2O ⇠
0.6 to estimate the actual overall NH3/H2O abundance fraction
of about 0.35-0.65 as confirmed by the detailed LIME modeling
below. The large NH3/H2O ratios suggested by most models are
therefore a direct consequence of the near-equal observed line
fluxes of H2O and NH3; only in the Cm model where lines are
opaque, are much lower NH3/H2O values consistent with the
observed fluxes.

Our best-fit model result for N2H+ is in agreement with
the N2H+ 4–3 emission reported in Qi et al. (2013). The fit
to the N2H+ 6–5 emission yields a total N2H+ vapor mass of
4.9⇥1021 g, ⇠50% higher than the model of Qi et al. (2013) ob-
tained from integrating their best-fit model (zbig(H) = 3 in table
S2).

5. Discussion

5.1. Ice reservoirs and total gass masses

The inferred NH3 vapor masses from 7.0⇥1020 g to 1.1⇥1022 g
are much smaller than the potential ammonia ice reservoir of
⇠ 3.0 ⇥ 1028 g. This ice reservoir mass estimate was obtained
assuming an elemental nitrogen abundance relative to H of
2.25 ⇥ 10�5 and a disk mass of 0.04±0.02 M�, and assuming
that 10% of nitrogen freezes out on grains as NH3 (Öberg et al.
2011a). In the same way, we estimate a water ice mass reser-
voir of 3.4⇥ 1029 g, adopting an oxygen elemental abundance of
3.5 ⇥ 10�4 relative to H, assuming that 70% of O is locked up in
water (Visser et al. 2009) and all of it is frozen out. Both mass
estimates indicate that the detected vapor masses are only tiny
fractions (. 10�6) of the available ice reservoirs.

The total water mass of our original chemistry model (4.6 ⇥
1024g) is 2.5 to 25 times (Cm and Ep models respectively) more
massive than the values derived from our reanalysis of the wa-
ter detection towards TW Hya. H11 reported a model 16 times
more massive than their original chemistry model to fit the water
emission coming from the disk of TW Hya. This value is signif-
icantly lower than the value of our analogous Ep model which
indicates an even higher degree of settling of the icy grains than
previously proposed. This is consistent with earlier conclusions
that most volatiles are locked up in big grains near the midplane
(Hogerheijde et al. 2011; Du et al. 2015).
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Location of the volatiles

• Low H2O and NH3 vapor abundance matched by low CO and C abundance 
• Locked up on grains near midplane 
• Favre et al. (2013), Kama et al. (2016) 

• How are observed (small) amounts of volatiles librated? 
• Dredged up by turbulent mixing? 

• But: low turbulence 
• Residual ice mantles on small (non-settled) grains? 

• But: scattered light suggests dry grains 
• Colliding (large) icy bodies (~proto-comets)? 

• But: suppress subsequent freeze out by depleting small dust content

Image credit: Planetary Science Institute/William K. Hartmann
Salinas et al. (2016)
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Location of the volatiles

• Low H2O and NH3 vapor abundance matched by low CO and C abundance 
• Locked up on grains near midplane 
• Favre et al. (2013), Kama et al. (2016) 

• How are observed (small) amounts of volatiles librated? 
• Dredged up by turbulent mixing? 

• But: low turbulence 
• Residual ice mantles on small (non-settled) grains? 

• But: scattered light suggests dry grains 
• Colliding (large) icy bodies (~proto-comets)? 

• But: suppress subsequent freeze out by depleting small dust content

Image credit: Planetary Science Institute/William K. Hartmann

Bottom line: Location of volatile reservoir closely tied to  

dust settling, migration, and growth 

See also poster P.02 (Salinas)

Salinas et al. (2016)
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Second detection: HD100546

• Unlike TW Hya (i=7˚), HD100546 has i=42˚ (and 
2.5 M⊙) → line profile ⇒ radial location 

• Like TW Hya 
• emitting region < full disk size (400 au) 

• ~75 au – 300 au assuming L∝R-(0.5-2.5) 
• detailed models: H2O mass and emitting 

region are degenerate in matching line flux 
and profile (work in progress) 

• relation to mm-size grains: two ’rings’ 
22-43 au & 152-228 au (Walsh et al. 2013)? 

• vapor mass ~1022 g = few % of expectation 
• H2O OPR ~3 

• Unlike TW Hya (?), no NH3

Hogerheijde et al. (in prep)
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Upper limits and stacked detection

• No other direct detections to individual disks 
• Stacked deep H2O 110-101 : DM Tau+MWC480+LkCa15 (+AA Tau)  

• Confirms earlier tentative DM Tau results 
• Consistent with distance-scaled TW Hua line flux 
• No NH3 (and none would be expected at S/N, distance scaled)

Du et al. (in prep)
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Upper limits and stacked detection

• No other direct detections to individual disks 
• Stacked deep H2O 110-101 : DM Tau+MWC480+LkCa15 (+AA Tau)  

• Confirms earlier tentative DM Tau results 
• Consistent with distance-scaled TW Hua line flux 
• No NH3 (and none would be expected at S/N, distance scaled)
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Bottom line: H2O vapor is much lower than expected if ice is fully 

intermixed throughout disk → locked up in midplane (Du et al. in 

prep)

Du et al. (in prep)
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Fig. 1.— The modeled water 110�101 line intensities (round dots), together with the observed upper limits (black arrows;
scaled to a distance of 100 pc). The upper limits are three times the RMS noise plus 20% of systematic uncertainty.
Di↵erent color of the models means di↵erent degree of oxygen depletion. Magenta: no oxygen depletion; blue: 0.1; green:
0.01; red: 10�4; black: 10�6.

5

Locked up ices

• Detections and upper 
limits are consistent with 
upper disk layers depleted 
in ice (Du et al. in prep) 

• elemental oxygen 
depletion: 
• 1.0 (undepleted) 
• 0.1 
• 0.01 
• 0.0001 
• 0.000001

Du et al. (in prep)
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Summary

• Ground-state rotational emission of H2O from disks is weak 
• Only detected to TW Hya, HD100546, and (DM Tau+MWC480+LkC15) 
• Vapor mass ~few% of expectation for ices fully mixed throughout disk 
• Ice reservoir largely sequestered in disk midplane 

• Simultaneous detection of NH3 to TW Hya only 
• NH3/H2O~5-10% if ices co-located with mm-sized grains in midplane 
• Otherwise, gas-phase production of NH3 needed 

• Location of water (ice and vapor) closely connected to dust settling, 
migration and growth 
• Resolve degeneracy between emitting region and line flux and profile → 

future ALMA observations of complementary tracers 
• Identify mechanism(s) liberating ice molecules into vapor phase


