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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 observatiostarsnally conﬁrmed.

Planet-forming Disks

(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
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Volatiles in disks

•

Major volatile species frozen out in disks
•

•

Ices promote grain growth → planetesimals
•

•

H2O, CO but also NH3, CH3OH, CO2 , …
Ice/rock cores of giant planets

Reservoir for impact delivery to newly formed rocky planets
•

Oceans and atmospheres of terrestrial planets

•

Icy moons

•

Comets
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Warm/hot water in disksREPORTS
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Warm water in disks
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Ice in disks

scattered light regions are represented by the gray elliptical areas. The midplane of the flared
optically thick in the 3 !m band, we can observe only the scattered light through the regions
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Detections of trans-Neptunian ice

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 absorption 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, assuming a distance of 140 pc, the detected water ice is localized
within a region of
• 340 AU (2.400 ) from HK Tau B and 560 AU (4.000 )
from HV Tau C. This excludes the possibility of water ice absorption by the foreground cloud.
non-detection of
to AV can be estimated using the relaThe NH corresponding
•
tionship of NH ¼ ð1:59 ; 1021 Þ ; AV cm"2 obtained in the $
Opiuchus dark cloud ( Imanishi et al. 2001). The results of NH for
Figure
3. Extracted
spectra
and minor
(SW-NE)
axes; at positions of 0 360, 0 522, 0 684, 0 846, and 1 008 from the central star shown
HK Tau
B and HV
Taualong
C inthe
themajor
first(SE-NW)
and second
epochs
are 5:60
22
22of each extracted area
22 is a"2
162
(9
pixels) on the side. In the spectra of almost all of the regions, a shallow dip at 3.06 μm is
in10
Figure
2.
The
size
square
region
with
0
, 7:01 ; 10 , and 4:61 ; 10 cm . If we assume a spherical

Detections of trans-Neptunian
i
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Direct evidence for ices in disks

scattered light / absorption 3 µm

non-detection of

Herschel: emission 47 µm (amorphous), 63 µm (crystaline)

seen, likely due to water ice absorption.

VW Cha

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

IKobs a

a
IHobs
2O

a
ILobs
¢

τ

17.5±3.5
31.3±6.3
60±12
126±25
304±61

10.0±2.0
18.4±3.7
35.3±7.1
71±14
223±45

39.0±7.8
65±13
111±22
210±42
485±97

1.06±0.39
0.99±0.39
0.92±0.39
0.90±0.39
0.61±0.39

18.9±3.8
31.4±6.3
52±10
106±21
250±50

10.8±2.2
22.8±4.6
39.7±7.9
92±18
237±47

37.5±7.5
63±13
109±22
219±44
506±100

0.99±0.39
0.76±0.39
0.74±0.39
0.59±0.39
0.50±0.39

Distance(au)
SE
104
87
70
54
37
NW
104
87
70
54
37

VW DO
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D
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Lup 6-13

H

HD100546

Note.
a
In mJy arcsec−2.
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to disk accretion. The cooling process is the radiative transfer,
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Figure 4. tH2O 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-tonoise ratio, these regions are masked.
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Photodesorption of water ice

S. Andersson and E. F. van Dish
•

(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

Dominik et al. (2005); Hollenbach et al. (2009);
Andersson et al. (2006, 2008); Öberg et al. (2009)

time →

Fig. 3. Snapshots of trajectories of mechanisms of H2 O desorption for
a crystalline ice model. a) One of the surrounding molecules desorbs.
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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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Bergin etTau
al.: Water vapor in DM
Tentative detection:E. A.DM

•

Tentative detection of H2O 110-101: 2.7 mK
•

Partial, WISH data only

Bergin et al. (2010)
-20
•

0
20
VLSR (km s-1)

Irrespective of detection or upper limit:
•

Much weaker than expected if ices intermixed throughout disk

Fig. 3. Abunda
shown as a fu
•
Locked up in large(r) grains that have settled to the midplane?
water vapor ab
for points whe
1. The line in b
Michiel Hogerheijde: Finding Cold Water Vapor in Planet-forming Disks | Water in the Universe: From Clouds to Oceans, ESTEC, and
12–15 ϵApril
= 2016
1 refe
•

Low ice abundance in UV irradiated zone (reduced to <5%)

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)

•

•

Vachail N. Salinas et al.: First detection of gas-p

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

th
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of
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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

th
to
4.
ta
S2

5.

5.

Hogerheijde et al. (2011); Salinas et al. (2016)
Fig. 2: Overview of the adopted model structure. (a) logarithm
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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
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 measure the 870 µm continuum emission from this disk at
an unprecedented spatial resolution of ⇠1 AU. Section 2
presents these observations, Section 3 describes a broadbrush analysis of the continuum data, and Section 4 considers potential interpretations of the results in the contexts of disk evolution and planet formation.
2. OBSERVATIONS AND DATA CALIBRATION

TW Hya was observed by ALMA on 2015 November 23, November
Andrews et al. (2012); Hogerheijde
et al. 30, and December 1. The array included 36, 31, and 34 antennas, respectively, configured
(2016); Andrews et al. (2016)
to span baseline lengths from 20 m to 14 km. The correFigure 1. A synthesized image of the 870 µm continuum emission
lator processed four spectral windows centered at 344.5,
from the TW Hya disk with a 30 mas FWHM (1.6 AU) circular
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345.8,Vapor
355.1,inand
357.1 GHz with
bandwidths
1875,
beam. The RMS noise level is ⇠35 µJy beam 1 . The inset shows
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van der Tak, F. F. S., Black, J. H., Schöier, F. L., Jansen, D. J., & van Dishoeck,
E. F. 2007, A&A, 468, 627
van Dishoeck, E. F., Bergin, E. A., Lis, D. C., & Lunine, J. I. 2014, Protostars
and Planets VI, 835
van Dishoeck, E. F., Kristensen, L. E., Benz, A. O., et al. 2011, PASP, 123, 138
van Leeuwen, F. 2007, A&A, 474, 653
Vasyunin, A. I., Wiebe, D. S., Birnstiel, T., et al. 2011, ApJ, 727, 76
Visser, R., van Dishoeck, E. F., Doty, S. D., & Dullemond, C. P. 2009, A&A,
495, 881
Walsh, C., Nomura, H., & van Dishoeck, E. 2015, A&A, 582, A88
Webb, R. A., Zuckerman, B., Platais, I., et al. 1999, ApJ, 512, L63
Weinberger, A. J., Becklin, E. E., Schneider, G., et al. 2002, ApJ, 566, 409
Weissman, P. R. 1991, in Astrophysics and Space Science Library, Vol. 167,
IAU Colloq. 116: Comets in the post-Halley era, ed. R. L. Newburn, Jr.,
M. Neugebauer, & J. Rahe, 463–486
Schematic
illustration
the location
in
Wichmann,
R., Bastian, U.,of
Krautter,
J., Jankovics, of
I., &water
Rucinski,vapor
S. M. 1998,
MNRAS, 301, 39L

Drift of icy grains

…and other extreme distributions

•
using
etection of gas-phase

HD-derived disk mass of 0.04 M

Salinas
Fig.et
3: al. (2016)

10

18

10

19

Flux (Wm 2)

•

Modeling attempt 2: Radially migrated
and settled grains
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H2O and NH3

•

Simultaneous detection of ammonia vapor (a first!)

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

0, 2011b). Although some
lanetary disks in the nearet al. 2012), there are no

25
20

(a)
ortho-H2O
110 101

Tmb (mK)

on of NH3 along with the
disk around TW Hya using
ortho-NH3
15
l Space Observatory. This
10 00
It was first imaged by the
10
st et al. 2000; Weinberger
orientation. Roberge et al.
rming this orientation and
5
u. Submillimeter interferoof 6 to 7 (Qi et al. 2004;
0
TW Hya is estimated to be
al. 1999; de la Reza et al.
5
e of 54 ± 6 pc (Rucinski &
20
15
10
5
0
5
; van Leeuwen 2007).
1
V
(km
s
)
LSR
e ammonia emission comSalinas
et al. (2016)
s desorbed
simultaneously
characteristics of ammonia
ngs Michiel
et al. Hogerheijde:
2004). TheFinding
non- Cold Water Vapor in Planet-forming Disks | Water in the Universe: From Clouds to Oceans, ESTEC, 12–15 April 2016

(Dutrey et al. 2007; Öberg et al. 2010, 2011b). Although some
upper limits exist for NH3 in protoplanetary disks in the nearinfrared (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
N2 H+ 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 interferometric 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 comammoniainginfrom
a planet-forming
TW Hya assuming thatdisk
it is desorbed simultaneously
with water. The thermal desorption characteristics of ammonia
are similar to those of water (Collings et al. 2004). The nonthermal desorption of ammonia via photodesorption has a similiar rate to that of water, within a factor of three (Öberg 2009).
Ammonia is frozen in water-rich ice layers present on interstellar 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 /H2 O 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 overestimates the total line flux by a factor of 3–5. They explore different 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 considering the e↵ect of a more compact distribution of millimeter-size
grains, due to radial drift, as well as settling. These dust processes 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 /H2 O ratio in the disk gas, assuming that NH3 and H2 O are co-spatial.
We also estimate the amount of N2 H+ 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 water vapor masses. Section 5 discusses the validity of our models
and compares these predictions to standard values. Finally section 6 summarizes our conclusions.
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upper limits exist for NH3 in protoplanetary disks in the nearinfrared (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
N2 H+ 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 interferometric 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).
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with water. The thermal desorption characteristics of ammonia
are similar to those of water (Collings et al. 2004). The nonthermal desorption of ammonia via photodesorption has a similiar rate to that of water, within a factor of three (Öberg 2009).
Ammonia is frozen in water-rich ice layers present on interstellar 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 /H2 O 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 overestimates the total line flux by a factor of 3–5. They explore different 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 considering the e↵ect of a more compact distribution of millimeter-size
grains, due to radial drift, as well as settling. These dust processes 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 /H2 O ratio in the disk gas, assuming that NH3 and H2 O are co-spatial.
We also estimate the amount of N2 H+ and compare it to the
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modeling approach and Section 4 the resulting ammonia and water vapor masses. Section 5 discusses the validity of our models
and compares these predictions to standard values. Finally section 6 summarizes our conclusions.
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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?
•

•

Residual ice mantles on small (non-settled) grains?
•

•

But: low turbulence
But: scattered light suggests dry grains

Colliding (large) icy bodies (~proto-comets)?
•

But: suppress subsequent freeze out by depleting small dust content

Salinas et al. (2016)

Image credit: Planetary Science Institute/William K. Hartmann
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Second detection: HD100546
Hogerheijde et al. (in prep)
•

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
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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)

Tmb (mK)

4
2
0
-2

Du et al. (in prep)
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Locked up ices
disk mass

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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dust-to-gas ratio
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H2O 110-101

stellar type
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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.
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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
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