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From Herschel’s Legacy to Millimetron’s promise

• H2O is major carrier of elemental O 
• At T>200 K, gas-phase chemistry drives all available O to H2O → X(H2O)~10-4 
• At low T, water is formed as ice on cold grains 

• H2O is important coolant of warmer gas 

• H2O fills two crucial roles in planet formation 
1. As ice layer on grains, it increases solid fraction and grain sticking 
2. Delivery of icy bodies to your terrestrial planets may contribute to oceans

See major reviews by Pontoppidan et al. (2014); van Dishoeck et al. (2013; 2014)



Water at the start of star formation
• In cold pre-stellar cores, most water is frozen out 

• Low gas-phase abundance due to photodesorption by ultraviolet photons 
• In these environments: secondary UV after cosmic-ray induces H2 dissociation 

• X(H2O)~few × 10-10

See talk by Paola Caselli; Caselli et al. (2012)



Water during star formation
• Water remains frozen out, except 

• Close to the star 
• Important for more luminous, high-mass stars; less obvious for low-mass stars 

• In the outflowE.F. van Dishoeck et al.: Water in star-forming regions: physics and chemistry as probed by Herschel spectroscopy
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Fig. 21. HIFI observations of H2O and H18
2 O 110 − 101 lines together with the HDO 111 − 000 line toward a number of low-mass protostars.
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Fig. 22. Full gas-grain model results for water and related chemical species for the temperature and density structure of the NGC IRAS4A
envelope model using the Furuya et al. (2016) chemical network, for two different timescales of the pre-stellar phase: 0.1 and 10 Myr. Note the
strong reduction of O2 in the latter case. The bottom figure includes the sum of the abundances of other major O-bearing species in the models.
The remaining oxygen is in H2CO, CH3OH and other organic species. These results are similar to those described in Schmalzl et al. (2014).

central object(s) at the Herschel beam radius, implying some ex-
tinction in the outflow cavity or, alternatively, bloating of the pro-
tostar. Another important conclusion is that there is no molecular
evidence for X-ray induced chemistry in low-mass objects on the
observed scales of a few 1000 AU, even though X-rays may be
important in destroying water on smaller scales (see § 8).

7.7. Ortho/para ratio

The ortho/para ratio of water, or equivalently its ‘spin’ tem-
perature, is in principle also a diagnostic of its physical and
chemical history. At low temperatures, the ortho/para ratio be-
comes 0 whereas at T > 50 K, the equilibrium ortho/para ra-
tio would be 3. Thus, low ortho/para ratios have been invoked
to trace a low formation temperature of H2O on cold grain sur-
faces (Mumma & Charnley 2011). The literature on this topic is

complex (e.g., Tielens 2013; van Dishoeck et al. 2013), includ-
ing possible changes in the ortho/para ratio upon ice desorption
(Hama et al. 2018), and will not be summarized here. Overall,
water spin temperatures may tell astronomers less about the wa-
ter formation location than previously thought.

Within the WISH project, the data are consistent with an or-
tho/para of 3 for warm water (e.g., Herczeg et al. 2012; Mottram
et al. 2014; Herpin et al. 2016). There have been some claims of
ortho/para ratios lower than 3 in other sources (e.g., Hogerheijde
et al. 2011; Choi et al. 2015; Dionatos et al. 2018) but differences
in optical depth of the ortho and para lines can also mimic such
low ratios if not properly accounted for (Salinas et al. 2016).
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Many papers by, e.g., Mottram et al; Schmalzl 
et al.; Kristensen et al.; Summary 
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Wam water in the inner envelope

Water in the outflow



Water during star formation
• Water remains frozen out, except 

• Close to the star 
• Important for more luminous, high-mass stars; less obvious for low-mass stars 

• In the outflowE.F. van Dishoeck et al.: Water in star-forming regions: physics and chemistry as probed by Herschel spectroscopy
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Fig. 21. HIFI observations of H2O and H18
2 O 110 − 101 lines together with the HDO 111 − 000 line toward a number of low-mass protostars.
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Fig. 22. Full gas-grain model results for water and related chemical species for the temperature and density structure of the NGC IRAS4A
envelope model using the Furuya et al. (2016) chemical network, for two different timescales of the pre-stellar phase: 0.1 and 10 Myr. Note the
strong reduction of O2 in the latter case. The bottom figure includes the sum of the abundances of other major O-bearing species in the models.
The remaining oxygen is in H2CO, CH3OH and other organic species. These results are similar to those described in Schmalzl et al. (2014).

central object(s) at the Herschel beam radius, implying some ex-
tinction in the outflow cavity or, alternatively, bloating of the pro-
tostar. Another important conclusion is that there is no molecular
evidence for X-ray induced chemistry in low-mass objects on the
observed scales of a few 1000 AU, even though X-rays may be
important in destroying water on smaller scales (see § 8).

7.7. Ortho/para ratio

The ortho/para ratio of water, or equivalently its ‘spin’ tem-
perature, is in principle also a diagnostic of its physical and
chemical history. At low temperatures, the ortho/para ratio be-
comes 0 whereas at T > 50 K, the equilibrium ortho/para ra-
tio would be 3. Thus, low ortho/para ratios have been invoked
to trace a low formation temperature of H2O on cold grain sur-
faces (Mumma & Charnley 2011). The literature on this topic is

complex (e.g., Tielens 2013; van Dishoeck et al. 2013), includ-
ing possible changes in the ortho/para ratio upon ice desorption
(Hama et al. 2018), and will not be summarized here. Overall,
water spin temperatures may tell astronomers less about the wa-
ter formation location than previously thought.

Within the WISH project, the data are consistent with an or-
tho/para of 3 for warm water (e.g., Herczeg et al. 2012; Mottram
et al. 2014; Herpin et al. 2016). There have been some claims of
ortho/para ratios lower than 3 in other sources (e.g., Hogerheijde
et al. 2011; Choi et al. 2015; Dionatos et al. 2018) but differences
in optical depth of the ortho and para lines can also mimic such
low ratios if not properly accounted for (Salinas et al. 2016).
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Fig. 27. Physical components dominating water emission with time and
associated water chemistry with temperature. Figure by Lars.

Fig. 28. Figure summarizing main reservoirs of water during evolution
from cores to disks, but now with actual numbers. Add blow-up of disk
as insert? Figure by Ruud.

DiskAt later times, the H2O ice abundance becomes lower
than 10-4 at 30 au R 100 au by up to a factor of 3, owing to the
accretion of H2O ice-poor material onto the disk. F16 Figure 6
+ Fig. 7 normalized FUV fluence. OH + H vs OH + CO making
H2O vs CO2 ice. Eistrup et al.

If low H2O ice abundance in regions C, does it come back
to full volatile oxygen abundance of 3.2E-4 in form of water gas
in hot core region? What if high X-rays: destruction as found in
Stauber et al. 2016? Check Catherine’s network.

- Refer to vD et al. 2014 for broader picture

11. Conclusions

Here we summarize the main conclusions of the various sections.
Conclusions on water line profiles and which physical com-

ponents water traces:

– Water traces shocks: the bulk of the observed gaseous wa-
ter with Herschel is associated with warm, currently active
shocks that trace gas of several hundred K. This same gas is
traced by CO lines with Jup > 14, but not by lower-J CO
lines.

– Water profiles are complex: at least two different types of
shocks are universally seen in water and high-J CO lines,
both at on-source and off-source positions for low-mass
sources: a broad non-dissociative C−type ‘cavity shock’ with
Trot(CO)≈ 300 K, and a medium-broad offset (slightly blue-
shifted) dissociative J−type ‘spot shock’ with Trot(CO)≈
700 K. The latter category includes extremely high velocity
features seen in a small fraction of sources. For high-mass
sources, only the broad cavity shock is seen. IM TBD.

– Water emission is compact: for most low-mass sources, the
current shock activity is limited to ∼1000 AU radius from the
central source. Even for high-mass sources like Orion, bright
water emission is compact and limited to <10000 AU (<0.05
pc) scale.

– The FWHM and FWZI of the broad water profiles are similar
for deeply embedded low- to high-mass sources, suggesting
a similar underlying launching mechanism.

– The complexity of water profiles decreases with evolutionary
stage for low-mass sources: very few medium-broad offset
‘spot shocks’ are seen in Class I sources, and the FHWM
and FWZI of profiles also decreases. For high-mass sources,
no significant differences are found from HMPO to UC HII
stage.

– Far-infrared line cooling is dominated by CO and H2O in the
earliest low-mass Class 0 and I stages, with OH and [O I] be-
coming relatively more important in the Class II stage. The
total and H2O line cooling does not change from Class 0 to
Class I, whereas that of CO decreases. The [O I] cooling is
similar from Class 0 to Class II, but its fraction increases as
the jet changes from being mostly molecular to being pri-
marily atomic. High-mass sources have less H2O and more
OH cooling than low-mass sources.

– Inverse P-Cygni profiles due to infall are seen in a fraction of
protostellar sources, indicating mass infall rates from cloud
onto envelope of 10−5 − 10−4 M⊙ yr−1 for low-mass proto-
stars. increasing up to 10−4 − 10−2 M⊙ yr−1 for high-mass
sources. A slightly smaller fraction of sources show regular
P-Cygni profiles indicating expansion. Still, the majority of
the low-mass protostars do not show infall in any molecular
feature.

– Cold, quiescent water is primarily seen in absorption in
ground-state lines. Very few cloud positions show detectable
narrow (FWHM<few km s−1) water emission lines.

– Warm quiescent water such as found in hot cores, is probed
by narrow excited H18

2 O emission lines for intermediate- and
high-mass sources. Interferometer data at lower frequencies
are needed to probe warm water in hot cores near low-mass
protostars.

Conclusions on physical conditions and water abundance in
shocks:

– The inferred physical conditions in the water emitting
shocked gas are high density (> 105 cm−3) and temperature
(300–1000 K) with a small emitting area, of order 100 AU
for low-mass protostars, at the source position. There is lit-
tle evidence for a very hot component of several thousand K.
Off source, the emitting areas are much larger as the warm
gas can expand in more directions.

– The water abundance in shocks is universally low, orders of
magnitude below the H2O/H2 abundance of (4 − 5) × 10−4

expected if all volatile oxygen is driven into water.
– For low-mass protostars, both the cavity and spot shocks (in-

cluding EHV bullets) are found to have water abundances

Article number, page 28 of 35



Deuteration of cold water
• At low T, D get incorporated in the chemistry 

• Increases abundances of HDO and D2O

E.F. van Dishoeck et al.: Water in star-forming regions: physics and chemistry as probed by Herschel spectroscopy
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Fig. 21. HIFI observations of H2O and H18
2 O 110 − 101 lines together with the HDO 111 − 000 line toward a number of low-mass protostars.
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Fig. 22. Full gas-grain model results for water and related chemical species for the temperature and density structure of the NGC IRAS4A
envelope model using the Furuya et al. (2016) chemical network, for two different timescales of the pre-stellar phase: 0.1 and 10 Myr. Note the
strong reduction of O2 in the latter case. The bottom figure includes the sum of the abundances of other major O-bearing species in the models.
The remaining oxygen is in H2CO, CH3OH and other organic species. These results are similar to those described in Schmalzl et al. (2014).

central object(s) at the Herschel beam radius, implying some ex-
tinction in the outflow cavity or, alternatively, bloating of the pro-
tostar. Another important conclusion is that there is no molecular
evidence for X-ray induced chemistry in low-mass objects on the
observed scales of a few 1000 AU, even though X-rays may be
important in destroying water on smaller scales (see § 8).

7.7. Ortho/para ratio

The ortho/para ratio of water, or equivalently its ‘spin’ tem-
perature, is in principle also a diagnostic of its physical and
chemical history. At low temperatures, the ortho/para ratio be-
comes 0 whereas at T > 50 K, the equilibrium ortho/para ra-
tio would be 3. Thus, low ortho/para ratios have been invoked
to trace a low formation temperature of H2O on cold grain sur-
faces (Mumma & Charnley 2011). The literature on this topic is

complex (e.g., Tielens 2013; van Dishoeck et al. 2013), includ-
ing possible changes in the ortho/para ratio upon ice desorption
(Hama et al. 2018), and will not be summarized here. Overall,
water spin temperatures may tell astronomers less about the wa-
ter formation location than previously thought.

Within the WISH project, the data are consistent with an or-
tho/para of 3 for warm water (e.g., Herczeg et al. 2012; Mottram
et al. 2014; Herpin et al. 2016). There have been some claims of
ortho/para ratios lower than 3 in other sources (e.g., Hogerheijde
et al. 2011; Choi et al. 2015; Dionatos et al. 2018) but differences
in optical depth of the ortho and para lines can also mimic such
low ratios if not properly accounted for (Salinas et al. 2016).
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Ocean water HDO/H2O tracks its origins

• D/H of ocean water is lower than ISM value 
• …but higher than disk chemistry can produce → some fraction of water predates the disk 

(Cleeves et al. 2014)

DH plot from Cleeves et al., based on extsnive literature; see paper for complete 
references!

• Depending on thermal 
history 
• produce layered ice 

with varying HDO/
H2O and D2O/HDO 
ratios 

• Furuya et al. (2017) 



Water in the planet forming disk
• Planet forming disks inherits water from the star forming envelope 

• Directly as ice, if material stays < 100 K 
• In the gas-phase, followed by recondensation when T drops inside the disk 

• Accretion path is important

A&A proofs: manuscript no. wish_final_July22

Fig. 27. Physical components dominating water emission with time and
associated water chemistry with temperature. Figure by Lars.

Fig. 28. Figure summarizing main reservoirs of water during evolution
from cores to disks, but now with actual numbers. Add blow-up of disk
as insert? Figure by Ruud.

DiskAt later times, the H2O ice abundance becomes lower
than 10-4 at 30 au R 100 au by up to a factor of 3, owing to the
accretion of H2O ice-poor material onto the disk. F16 Figure 6
+ Fig. 7 normalized FUV fluence. OH + H vs OH + CO making
H2O vs CO2 ice. Eistrup et al.

If low H2O ice abundance in regions C, does it come back
to full volatile oxygen abundance of 3.2E-4 in form of water gas
in hot core region? What if high X-rays: destruction as found in
Stauber et al. 2016? Check Catherine’s network.

- Refer to vD et al. 2014 for broader picture

11. Conclusions

Here we summarize the main conclusions of the various sections.
Conclusions on water line profiles and which physical com-

ponents water traces:

– Water traces shocks: the bulk of the observed gaseous wa-
ter with Herschel is associated with warm, currently active
shocks that trace gas of several hundred K. This same gas is
traced by CO lines with Jup > 14, but not by lower-J CO
lines.

– Water profiles are complex: at least two different types of
shocks are universally seen in water and high-J CO lines,
both at on-source and off-source positions for low-mass
sources: a broad non-dissociative C−type ‘cavity shock’ with
Trot(CO)≈ 300 K, and a medium-broad offset (slightly blue-
shifted) dissociative J−type ‘spot shock’ with Trot(CO)≈
700 K. The latter category includes extremely high velocity
features seen in a small fraction of sources. For high-mass
sources, only the broad cavity shock is seen. IM TBD.

– Water emission is compact: for most low-mass sources, the
current shock activity is limited to ∼1000 AU radius from the
central source. Even for high-mass sources like Orion, bright
water emission is compact and limited to <10000 AU (<0.05
pc) scale.

– The FWHM and FWZI of the broad water profiles are similar
for deeply embedded low- to high-mass sources, suggesting
a similar underlying launching mechanism.

– The complexity of water profiles decreases with evolutionary
stage for low-mass sources: very few medium-broad offset
‘spot shocks’ are seen in Class I sources, and the FHWM
and FWZI of profiles also decreases. For high-mass sources,
no significant differences are found from HMPO to UC HII
stage.

– Far-infrared line cooling is dominated by CO and H2O in the
earliest low-mass Class 0 and I stages, with OH and [O I] be-
coming relatively more important in the Class II stage. The
total and H2O line cooling does not change from Class 0 to
Class I, whereas that of CO decreases. The [O I] cooling is
similar from Class 0 to Class II, but its fraction increases as
the jet changes from being mostly molecular to being pri-
marily atomic. High-mass sources have less H2O and more
OH cooling than low-mass sources.

– Inverse P-Cygni profiles due to infall are seen in a fraction of
protostellar sources, indicating mass infall rates from cloud
onto envelope of 10−5 − 10−4 M⊙ yr−1 for low-mass proto-
stars. increasing up to 10−4 − 10−2 M⊙ yr−1 for high-mass
sources. A slightly smaller fraction of sources show regular
P-Cygni profiles indicating expansion. Still, the majority of
the low-mass protostars do not show infall in any molecular
feature.

– Cold, quiescent water is primarily seen in absorption in
ground-state lines. Very few cloud positions show detectable
narrow (FWHM<few km s−1) water emission lines.

– Warm quiescent water such as found in hot cores, is probed
by narrow excited H18

2 O emission lines for intermediate- and
high-mass sources. Interferometer data at lower frequencies
are needed to probe warm water in hot cores near low-mass
protostars.

Conclusions on physical conditions and water abundance in
shocks:

– The inferred physical conditions in the water emitting
shocked gas are high density (> 105 cm−3) and temperature
(300–1000 K) with a small emitting area, of order 100 AU
for low-mass protostars, at the source position. There is lit-
tle evidence for a very hot component of several thousand K.
Off source, the emitting areas are much larger as the warm
gas can expand in more directions.

– The water abundance in shocks is universally low, orders of
magnitude below the H2O/H2 abundance of (4 − 5) × 10−4

expected if all volatile oxygen is driven into water.
– For low-mass protostars, both the cavity and spot shocks (in-

cluding EHV bullets) are found to have water abundances

Article number, page 28 of 35

A&A proofs: manuscript no. wish_final_July22

Fig. 27. Physical components dominating water emission with time and
associated water chemistry with temperature. Figure by Lars.

Fig. 28. Figure summarizing main reservoirs of water during evolution
from cores to disks, but now with actual numbers. Add blow-up of disk
as insert? Figure by Ruud.

DiskAt later times, the H2O ice abundance becomes lower
than 10-4 at 30 au R 100 au by up to a factor of 3, owing to the
accretion of H2O ice-poor material onto the disk. F16 Figure 6
+ Fig. 7 normalized FUV fluence. OH + H vs OH + CO making
H2O vs CO2 ice. Eistrup et al.

If low H2O ice abundance in regions C, does it come back
to full volatile oxygen abundance of 3.2E-4 in form of water gas
in hot core region? What if high X-rays: destruction as found in
Stauber et al. 2016? Check Catherine’s network.

- Refer to vD et al. 2014 for broader picture

11. Conclusions

Here we summarize the main conclusions of the various sections.
Conclusions on water line profiles and which physical com-

ponents water traces:

– Water traces shocks: the bulk of the observed gaseous wa-
ter with Herschel is associated with warm, currently active
shocks that trace gas of several hundred K. This same gas is
traced by CO lines with Jup > 14, but not by lower-J CO
lines.

– Water profiles are complex: at least two different types of
shocks are universally seen in water and high-J CO lines,
both at on-source and off-source positions for low-mass
sources: a broad non-dissociative C−type ‘cavity shock’ with
Trot(CO)≈ 300 K, and a medium-broad offset (slightly blue-
shifted) dissociative J−type ‘spot shock’ with Trot(CO)≈
700 K. The latter category includes extremely high velocity
features seen in a small fraction of sources. For high-mass
sources, only the broad cavity shock is seen. IM TBD.

– Water emission is compact: for most low-mass sources, the
current shock activity is limited to ∼1000 AU radius from the
central source. Even for high-mass sources like Orion, bright
water emission is compact and limited to <10000 AU (<0.05
pc) scale.

– The FWHM and FWZI of the broad water profiles are similar
for deeply embedded low- to high-mass sources, suggesting
a similar underlying launching mechanism.

– The complexity of water profiles decreases with evolutionary
stage for low-mass sources: very few medium-broad offset
‘spot shocks’ are seen in Class I sources, and the FHWM
and FWZI of profiles also decreases. For high-mass sources,
no significant differences are found from HMPO to UC HII
stage.

– Far-infrared line cooling is dominated by CO and H2O in the
earliest low-mass Class 0 and I stages, with OH and [O I] be-
coming relatively more important in the Class II stage. The
total and H2O line cooling does not change from Class 0 to
Class I, whereas that of CO decreases. The [O I] cooling is
similar from Class 0 to Class II, but its fraction increases as
the jet changes from being mostly molecular to being pri-
marily atomic. High-mass sources have less H2O and more
OH cooling than low-mass sources.

– Inverse P-Cygni profiles due to infall are seen in a fraction of
protostellar sources, indicating mass infall rates from cloud
onto envelope of 10−5 − 10−4 M⊙ yr−1 for low-mass proto-
stars. increasing up to 10−4 − 10−2 M⊙ yr−1 for high-mass
sources. A slightly smaller fraction of sources show regular
P-Cygni profiles indicating expansion. Still, the majority of
the low-mass protostars do not show infall in any molecular
feature.

– Cold, quiescent water is primarily seen in absorption in
ground-state lines. Very few cloud positions show detectable
narrow (FWHM<few km s−1) water emission lines.

– Warm quiescent water such as found in hot cores, is probed
by narrow excited H18

2 O emission lines for intermediate- and
high-mass sources. Interferometer data at lower frequencies
are needed to probe warm water in hot cores near low-mass
protostars.

Conclusions on physical conditions and water abundance in
shocks:

– The inferred physical conditions in the water emitting
shocked gas are high density (> 105 cm−3) and temperature
(300–1000 K) with a small emitting area, of order 100 AU
for low-mass protostars, at the source position. There is lit-
tle evidence for a very hot component of several thousand K.
Off source, the emitting areas are much larger as the warm
gas can expand in more directions.

– The water abundance in shocks is universally low, orders of
magnitude below the H2O/H2 abundance of (4 − 5) × 10−4

expected if all volatile oxygen is driven into water.
– For low-mass protostars, both the cavity and spot shocks (in-

cluding EHV bullets) are found to have water abundances
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Water in the planet forming disk
• Planet forming disks inherits water from the star forming envelope 

• Directly as ice, if material stays < 100 K 
• In the gas-phase, followed by recondensation when T drops inside the disk 

• Accretion path is important
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Fig. 27. Physical components dominating water emission with time and
associated water chemistry with temperature. Figure by Lars.

Fig. 28. Figure summarizing main reservoirs of water during evolution
from cores to disks, but now with actual numbers. Add blow-up of disk
as insert? Figure by Ruud.

DiskAt later times, the H2O ice abundance becomes lower
than 10-4 at 30 au R 100 au by up to a factor of 3, owing to the
accretion of H2O ice-poor material onto the disk. F16 Figure 6
+ Fig. 7 normalized FUV fluence. OH + H vs OH + CO making
H2O vs CO2 ice. Eistrup et al.

If low H2O ice abundance in regions C, does it come back
to full volatile oxygen abundance of 3.2E-4 in form of water gas
in hot core region? What if high X-rays: destruction as found in
Stauber et al. 2016? Check Catherine’s network.

- Refer to vD et al. 2014 for broader picture
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Conclusions on water line profiles and which physical com-

ponents water traces:

– Water traces shocks: the bulk of the observed gaseous wa-
ter with Herschel is associated with warm, currently active
shocks that trace gas of several hundred K. This same gas is
traced by CO lines with Jup > 14, but not by lower-J CO
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– Water profiles are complex: at least two different types of
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700 K. The latter category includes extremely high velocity
features seen in a small fraction of sources. For high-mass
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current shock activity is limited to ∼1000 AU radius from the
central source. Even for high-mass sources like Orion, bright
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a similar underlying launching mechanism.
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What are the observational constraints on water 

in planet forming disks?



Water in planet forming disks
• Copious warm (≈200 K) water in inner disk 

• Water ice main solid in outer disk (<100 K) 
• Important for planet formation & volatile 

delivery 

• UV photons photodesorb H2O off ice surfaces 
• Equilibrium /w photodissociation: thin 

layer of cold water vapor 
• Observe ground-state lines /w Herschel @ 

557 & 1113 GHz

Carr & Najita 2008; Salyk et al. 20087, 2015; Pontoppidan et al. 2019; Meijerink et al. 2009; Zhang et 
al. 2013; Fedele et al.  2013; Fedele et al. 2012; Riviere-Machilar et al. 2012 
Terada et al. 2007, 2012; Honda et al. 2009, 2016; McClure et al. 2015 
Dominik et al. 2005; Hollenbach et al. 2009; Andersson et al. 2006, 2008; Öberg et al. 2009



Water in planet forming disks
• Copious warm (≈200 K) water in inner disk 

• Water ice main solid in outer disk (<100 K) 
• Important for planet formation & 

volatile delivery 

‣ UV photons photodesorb H2O off ice surfaces 
• Equilibrium /w photodissociation: thin 

layer of cold water vapor 
• Observe ground-state lines /w Herschel @ 

557 & 1113 GHz

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.
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Few, and weak, detections
• TW Hya (d=56 pc) 
• HD100546 (d=110 pc) 
• Stacked MWC480+DM Tau+LkCa15 
• DG Tau 

• Relation with jet and X-rays? 
• Not detected in HD163296 (101 pc), AA Tau (140 pc) 

• And at lower sensitivity: AS209, BP Tau, GG Tau, GM Aur, 
MWC 758, T Cha

Bergin et al. 2010; Hogerheijde et al. 2011; Salinas et al 2016 
Du et al. 2017; Hogerheijde et al. in prep 
Podio et al. 2013

size, using disk sizes found in the literature. Such a scaling is
reasonable, since these two lines are roughly uniformly
distributed in the outer disk (see Figure 4). One issue with this

procedure is that for many disks their sizes are not well-
known, or not well-defined. For example, the disk outer radius
of LkCa15 inferred from dust is 150 au, while 12CO gives a
value of 900 au (Isella et al. 2012). For the calculation here we
always adopt the size of the gas disk as seen in CO when

Figure 3. Same as Figure 2 except that it is for the 3 212 21– line.

Figure 4. Cumulative distribution of emission as a function of radius (i.e., the
fractional amount of emission within r) for the 1 110 01– and 3 212 21– lines. The
underlying disk model is the same as in Figure 1. The dashed line shows a
r2-scaling relation, which is used for scaling the 1 110 01– and 1 011 00– transitions.

Figure 5. Detection of the water 1 110 01– line (557 GHz) in the stacked spectra
of AATau, DMTau, MWC480, and LkCa15. The integrated intensity
(weighted average) is 15±3 mKkms−1.
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How much water do these weak lines correspond 

to, and where is it located?



TW Hya’s weak H2O lines
• To reproduce weak observed lines, either 

• Reduce the amount of H2O ice subject to 
photodesorption 
• Lock up ices in larger bodies, settled to midplane 

• or 
• Reduce the size over which water ice is distributed 

• Icy grains drift inward, as is observed for mm grains 
with ALMA  

• Spatially and spectrally unresolved observations cannot 
distinguish between these solutions

Hogerheijde et al. 2011; Salinas et al 2016 
Andrews et al. 2011, 2016; Hogerheijde et al. 2016; Schwarz et al. 2016; Tsukagoshi et al. (2019)

60 au

TW Hya

November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

These raw data were calibrated by NRAO staff. After
applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s integra-
tions and flagged for problematic antennas and times. The
bandpass response of each spectral window was calibrated
using the observations of J1058+0133. The amplitude scale
was determined from J1037–2934 and J1107–4449. The
complex gain response of the system was calibrated 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 observations with a higher density of short
antenna spacings improves the image reconstruction.

To that end, we calibrated three archival ALMA data
observations of TW Hya, from 2012 May 20, 2012 November
20, and 2014 December 31, using 16, 25, and 34 antennas
spanning baselines from 15 to 375 m. 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 349.4 GHz), one 469MHz
window (at 352.0 GHz), and one 1875MHz window (at
338.4 GHz). J1037–2934 was employed as a gain calibrator,
and Titan and 3C 279 (May 20), Ceres and J0522-364
(November 20), or Ganymede and J0158+0133 (December 31)
served as flux or bandpass calibrators. The weather for these
observations was excellent, with PWV levels of 0.5–1 mm. 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 data set on overlapping
spatial frequencies 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 345.9 GHz (867 μm) were generated by
Fourier inverting the visibilities, deconvolving with a multi-
scale, multi-frequency synthesis version of the CLEAN
algorithm, and then restoring with a synthesized beam. All
calibration and imaging were performed with the CASA
package (v4.5.0).

After some experimentation, we settled on an analysis of two
images made from the same composite data set. The first used a
Briggs weighting (with a robust parameter of 0) to provide a
24×18 mas 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 degrades the image quality. A second image was
made with a robust parameter of 0.5 and an elliptical taper to
create a circular 30 mas beam with negligible sidelobes. Both
images are consistent (within the resolution differences) and
have rms noise levels around 35 μJy beam−1.

3. RESULTS

Figure 1 shows a high-resolution map of the 870 μm
continuum emission from the TW Hya disk, revealing a series
of concentric bright and dark rings out to a radial distance of
60 au from the host star with a nearly pole-on viewing
geometry. To aid in the visualization of this substructure,
Figure 2 shows the image transformed into polar coordinates

and azimuthally averaged into a radial surface brightness
profile.
The inner disk includes an unresolved (<0.5 au in radius)

0.93±0.04 mJy source coincident with the stellar position and
a bright ring that peaks at 2.4 au; between them is a dark
annulus centered at 1 au. The bright ring and dark annulus are
unresolved (<1 au across). Because it is unresolved, the depth
of the dark annulus is difficult to determine unambiguously: we
find at least a 30% brightness reduction.

Figure 1. Synthesized image of the 870 μm continuum emission from the TW
Hya disk with a 30 mas FWHM (1.6 au) circular beam. The rms noise level is
∼35 μJy beam−1. The inset shows a 0 2 wide (10.8 au) zoom using an image
with finer resolution (24×18 mas, or 1.3×1.0 au, FWHM beam).

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.

2

The Astrophysical Journal Letters, 820:L40 (5pp), 2016 April 1 Andrews et al.

– 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.
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HD100546’s resolved lines
• i=42˚→ velocity resolved line profile 
• Parameterised model 

• Iline ∝ R-p     , from Rin to Rout 

• mcmc 
• Rin = 40 au 
• Rout = 250 au (p-H2O), = 325 au (o-H2O)  

• excitation? 
• p = -2.5 

• Σgas∝R-1.5 ? 

• T∝R-0.25 ? 

• excitation ∝ R-0.75 ?

Hogerheijde et al. in prep; BSc thesis Helena La, U Amsterdam; MSc thesis van Leeuwen & Rusticus, U Leiden

HD100546

HD100546



HD100546: H2O vs ALMA CO+dust
• ALMA: dust continuum 

• ring at ≈25 au (15-40 au) 
• extends to ≈240 au 

• ALMA: CO emission 
• extends to ≈380 au 

• H2O coincides /w bulk of surface density

Walsh et al. 2014; Pineda et al. 2018
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HD100546: H2O vs ALMA CO+dust
• ALMA: dust continuum 

• ring at ≈25 au (15-40 au) 
• extends to ≈240 au 

• ALMA: CO emission 
• extends to ≈380 au 

• H2O coincides /w bulk of surface density

Walsh et al. 2014; Pineda et al. 2018

CO (gas)

mm grains
Water lines in TW Hya and HD100546 are weak, 

because disk is not ‘filled’ with material. 

Water ice reservoir that underlies the detected vapor: ~6000 oceans 

(as expected for X(H2O)~10-4)



ALMA: disks have gaps, rings, …
• …so H2O will be weak everywhere

DSHARP: Andrews et al. (2018)



Overall reduction of water emission

The 1 110 01– and 1 011 00– lines have upper energy levels of
50–60K (Figures 2 and 7). With a normal dust-to-gas mass
ratio (0.01; bottom panels in the figures), they require a high
degree of oxygen depletion (by a factor 10 2~ - to 10 4< - ) to be
consistent with the observed upper limits. Even in the extreme
case of dust-to-gas mass ratio being one (i.e., very low gas
mass), the models still tend to over-predict the two lines for
most sources by at least a factor of a few, and models with
oxygen depletion agree better with the data.

The observational upper limits of the 3 212 21– and 3 312 03–
lines are not as constraining as the other two lines, due to their
shallower integration times. They are consistent with (but do
not infer) a lower degree of depletion for oxygen or no
depletion at all. It is possible that future observations may
provide more stringent limits on their fluxes, which will
require the depletion of oxygen to a degree similar to that of

the other two lines. On the other hand, the upper-state
energies of 3 212 21– and 3 312 03– are ∼250K, which means that
they originate mostly from the inner warm part of the disk.
This can be seen in Figure 4, which shows the accumulative
distribution of the 1 110 01– and 3 212 21– lines as a function of
radius. A low level of oxygen depletion in the inner disk is
consistent with (or even needed for) a scenario found in Du
et al. (2015; see also Bergin et al. 2016), in which the
elemental abundance of oxygen in the inner disk is not as
depleted as in the outer disk, possibly due to inward migration
and the subsequent evaporation of icy dust particles.
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Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with a sinh�1 stretch: for details

regarding the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).
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→ most disk need ×10 to ×100 reduction of available 
water to fit observations 

→ all observed disks turn out to have gaps/rings, 
cavities… 

⇒If H2O vapor largely follows mm-sized grains, 
non-detections with Herschel are to be expected



Water with ALMA
• Strong water lines are by definition off-limits for ALMA 
• Leaves 

• isotopic lines: HDO, H218O 
• weak! Simulation for 14 hrs ALMA, adopting a high HDO/H2O of 10-2; longer for 

H218O 

• excited lines: 313-220 183 GHz line 
• also predicted to be weak → requires >1 day of observing time 
• possibly a maser line !

offset (arcsec)



Water with millimetron
• Compared to Herschel: Larger collecting area (+less beam dilution), cold reflector, MHIFI 

better sensitivity 
• Search for ground-state transitions of ortho- and para-water 

• in a larger sample for disks: population statistics 
• Herschel integration times 10-20 hrs 
• Same sensitivity with mmtron in ~1 hr 

• deeper searches of 10+ hrs on selected targets 

• “better” targets based on ALMA mm-dust imaging 

• also cover NH3 10-00 
• also cover higher excitation water lines (~PACS)



Summary
• Planet forming disks inherit a large water reservoir (X(H2O)~10-4) 

• either frozen out on grains 
• or as vapor and subsequently recondensed (→affects HDO/H2O and D2O/HDO) 

• Warm water is detected in inner AU of disks (lost to planet formation…) 
• Water ice is detected in a few disks (difficult…) 
• Cold water vapor is detected by Herschel/HIFI toward HD100546 and TW Hya 

• at levels below expectation 
• possibly water ice locked up in larger bodies that have settled to midplane 
• likely that disk structure (gaps/rings/cavities) reduces emitting surface 

• ⇒ cold H2O vapor originates from ices coincident with mm-sized grains 

• ALMA struggles to detect H2O vapor, but millimetron has an opportunity to survey 10+ disks  


