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Water (ice) is a key for planet formation

« Water is crucial for life known on Earth:
» Great coolant during heatwaves

« Good solvent

. Major carrier of oxygen Streaming instability

« Water helps to form planets:

» Streaming instability around snowline (e.g., brazkowska et al.
2017, Schoonenberg et al. 2017)

 Aid grain growth (slum et al. 2008, Okuzumi et al. 2012)

Nesvorny et al. 2019



Tra|I of star and planet formatlon

Does the water survwe the journey from
cloud to dISkS and possmly planets"

~ Waterice

. . , , "S5 , C—=> Inherlt buﬂdmg blocks for Ilfe’?
forms in cloud — R 1

Where is the water b
Iocated in dlsks" .

Credit: ESO/L. Calgada



Layering of water isotopologues

Deuteration

cloud

* |ISM D/H =2 x 107 (Linsky et al. 2003)

A4
* H3"+HD 4_' HoD™ + Hy +#230 K

Grain

H,0

e [>25K
« D not effective

¢ H2O

Watson et al. 1976, Aikawa et al. 1999, Sipila, et al. 2015, van Dishoeck et al. 2021



Layering of water isotopologues

Deuteration

cloud dense core
* |ISM D/H =2 x 107 (Linsky et al. 2003)

HDO
D,O

Grain

¢ Hs*+ HD ™=\ D* + H, +230 K

H,0

» Layered ice structure with different e« T>25K » T<25K

degrees of deuteration . D not effective « D is effective

¢ HO « HDO, D2O

Watson et al. 1976, Aikawa et al. 1999, Sipila, et al. 2015, van Dishoeck et al. 2021



Distinguishing inheritance vs reprocessing

HDO

UuVv

Inheritance:
- High abundance of HDO w.r.t. Ho O 2 .
Reprocessing: o
» Low HDO abundance w.r.t. H2O g 102

-
HDO/H20 traces inheritance vs E
reset” =

10°

UV fluence = evolution

Furuya et al. 2017



¢« Observe HDO

e Observe H2180 x 560
(or H2O for some comets)

« HDO/H-20 is higher than
expected from the ISM

 No significant chemical

alteration of water

10_4?

Water trail: HDO/H-O

Disk

¢

O
1A-2
Class 0 O \V - 10
Isolated [
low-mass \ pre'JWST
* \V4 upper lims.
_ 0 O oV
1 Class 0 O
1 clustered * 7%’{( Oort cloud comets 1073
low-mass + :
® o S
: + o
o et
_________________________________ o e
Earth's oceans © - 10-4
‘ Jupiter
Carbonaceous family |
meteorites comets |
ISM

Disks

Persson et al. 2014, Jensen et al. 2019, 2021, Altwegg
et al. 2015, 2019, Tobin et al. 2023, Andreu et al. 2023,
Slavicinska et al.2024, 2025, Potapov et al. 2026, and

refs. therein



Distinguishing inheritance vs reprocessing

HDO

UV

« HDO/H>0O traces inheritance vs
reset”*

e 1r -
E
« HDO/H20 can be high even if 3 102
water is reprocessed! € T HDO/M,0
2 10%-
» Need D20 to be sure about < |
10°- -

iInheritance

UV fluence = evolution

Furuya et al. 2017



Is water inherited?

D>0O/H>0 102 (D>O/HDO) / (HDO/H>0)
10_4_' B335 inheritance
o} L483 5 inher. | - oo 101 - IRAS 2A | =
as | 67P S ZiE ' ‘ S
S . . 2 58 , %)
NGC 1333 D 9 B335 @
I3 IRAS 2A = > 10°: 0
S o Q o
n _ O o) @)
S 107° reset | 3 O reset | 2
: 107+
reset - ] reset
10~/ . . . - - . . .
Class 0O Disk Comet Class O Disk Comet

« Observations of D20 in disks are missing

Coutens et al. 2014, Altwegg et al. 2017, Furuya et al. 2017, Jensen et
al. 2021, Tobin, van 't Hoff, Leemker, et al. 2023, Leemker et al. 2025



Image credit:
ESO/L. Calcada

e.g., Cieza et
al. 2016, van 't
Hoff et al. 2018,
Leemker et al.
2021, Tobin et

al. 2023, Wang

et al. 2025
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Flux density (m]y)

D->0O observations in a disk

V883 Ori
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CH3°0OH
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First detection of D2O in a disk
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Rest frequency (GHz)
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Leemker et al. 2025



Observed D,0O/H>0
=
<

10~/

Is water inherited?

D>0O/H,0

L4383

_' B335 inheritance

V883 Ori

|67P

NGC 1333
IRAS 2A
reset
Class 0 Disk Comet

reset

suolldipald [9po

D,O/HDO
HDO/H,0

Observed

o
o
N

-
-

-
)
o

=
3
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(D,O/HDO) / (HDO/H50)

NGC 1333
IRAS 2A | 67P -
@)
o
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B335 5}
5
=
reset a
reset
Class 0 Disk Comet

Coutens et al. 2014, Altwegg et al. 2017, Furuya et al. 2017, Jensen et
al. 2021, Tobin, van 't Hoff, Leemker, et al. 2023, Leemker et al. 2025



~ Trailof starand , planetformation B

Does the water survwe the
journey from cloud to dlsks"

es!

Where is the water B
Iocated in dlsks" e iR

Credit: ESO/L. Calgada



3 reservoirs of water

Reservolr 1: Reservolir 2: R eservoir 3.
thermally desorbed photodesorbed '
reformed water
water water

v

water
snhowline

~1-10 au




Flux density (m]y)

ALMA can distinguish these water reservoirs
D20 HDO H2180 H2O

0- 150 L u | | | | |
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« Expensive

« Inheritance vs
reset

. Line blending

e Inheritance vs
reset

. Line blending

« Expensive

Leemker et al. 2025, Tobin et al. 2023, Facchini et al. 2024

« Detectable



ALMA can distinguish these water reservoirs
H2180 H20O

0. 020 ey . 0.150p ; ey .
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Same transition

 Line blending - Detectable

e More efficient
than H2180

Leemker et al. 2025, Tobin et al. 2023, Facchini et al. 2024

« Expensive



Spatially and/or spectrally resolved H20 in disks with ALMA

321 GHz line Ah 325 GHz line 183 GHz line
ELo = 1861 K Euo = 470 K Euo = 205 K N/

Moderate NS
| resolution ==X\ W\

0.3 0.0 -0.3 0. 0.0 -0. 0.3 0.0 -0.3
AR.A. (arcsec) Carr et al. 2018, Bosman et al. 2021, Facchini et al.

J LT, C J I 1. JLU, I 1. J 2 U




Two H20 components in HL Tau

1. CompaCt emiSSion 300 <—— water snowline

250

beam

200 -

» Compact, unresolved component on source 2 ...
-
» Large column of water 100- - ——_
50 - 351 GHz ——
° Tb Z Tsnowline e | continuum | |
10 20 30 40 50

r (au)

e Water snowline @ <6 au

water snowline
< 6 au

Leemker et al. 2026



Two H20 components in HL Tau

2. Diffuse emission

H,O 183 GHz r=2.0

k| (400

|
300 £

« Moderate resolution data of 183 GHz line:

200 g

mJy km s

- Water is spatially resolved & detected out to ~75 au

100

Leemker et al. 2026



Two H20 components in HL Tau

2. Diffuse emission

Excitation temperature
@

700
SF24
600 1

500

« Moderate resolution data of 183 GHz line:

Q - T<1 _4 4
= 400{ ==

I~ —

300 - T<K1

- Rotational diagram on 183 GHz & 321 GHz lines: 200-

100 -

- Water is spatially resolved & detected out to ~75 au

« Diffuse component is warm at ~350 K

» Tracing the reformed water in disk surface

Leemker et al. 2026



(Non-)LTE excitation of water?

HL Tau
Rotational diagram
» Some H20 lines prone to masing 107 . ortho
+ ALMA lines much brighter than ~ 10%: E  (eubdmm
(F)IR lines 1024 far-IR
<% 5 mid-IR
» Possible causes: e 107
L = 1012.
 Non-LTE excitation =S
| , 1011
« Continuum optical depth
1010_§
109—;

0 1000 2000 3000 4000 5000 6000
E, (K)

Riviere-Marichalar et al. 2012, Alonso-Martinez et al. 2017,
Salyk et al. 2019, Facchini et al. 2024, Leemker et al. 2026



Optically thick dust hides less water in (sub-)mm
HL Tau

i | id-|
0.6 (sub-)mm far-IR mid-IR
-4
0.51
-5
0.4 - snow surface ~
-6 <
~~
w o
~ 0.3 only visible at 7 T
N onger wavelengths S
In the far-IR : ®)
0.2 l 5'—8 O
T — 7 only visible at | Bt |
0.1 TR longer wavelengths -9
—_— in the (sub-)mm invisible |
invisiblé ~ — — \/-10

100 ||||||1||01 ||||||1|(|)2 100 |||||1|(|)1 ||||||1|(|)2 100 |||||1|(|)1 ||||||1|(|)2
r (AU) r (AU) r (AU)

« 30-70% of all gas-phase H20 is visible in (sub-)mm, 0.02-2% in MIR-FIR

- Much more water visible at longer wavelengths

Leemker et al. 2026



(Non-)LTE excitation of water?

HL Tau
Rotational diagram corrected for visible H,O mass
1016‘
» Correct each line for
— 1043
N H,O gas above opt. thick dust TE .y :
- O ]
N H,O gas total |7 1013-
. Corrected (sub-)mm fluxes 2| ¢ 1012-
.. Z |5 ] e ortho
and FIR fluxes are similar 101 ®x para
o o 23 5 (sub-)mm
« H20 is not strongly masing 100 2R
- mid-IR

0 1000 2000 3000 4000 5000 6000
E, (K)

Riviere-Marichalar et al. 2012, Alonso-Martinez et al. 2017,
Salyk et al. 2019, Facchini et al. 2024, Leemker et al. 2026



R Does the water survive the
journey from cloud to disks?
- YesI : '

- - Frrst detectron of DQO in drsk

Water |sotopologue ratros mvolvrng
DzO Confrrm mherltance of material

tl‘aCed by HDO/HZO | Leemkeret aI.2025

Where IS the water ”
Iocated in dlsks"

Water snowlrne |s at < 6 au rn the HL Tau drsk
‘- lefuse Water |s Warm ( 350 K) L

Water IS Irkely not strongly masrng Leemkeretal2026 B e ol



