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Abstract28

The water molecule is a key ingredient in the formation of planetary systems,29

with the water snowline being a favorable location for the growth of massive30

planetary cores. New ALMA data of the ringed protoplanetary disk orbiting the31

young star HL Tauri show centrally peaked, bright emission from water vapour32

in three distinct transitions of the main water isotopologue for the first time in a33

quiescent planet forming disk. The spatially and spectrally resolved water content34

probes gas in a thermal range down to the water sublimation temperature. Our35

analysis implies a stringent lower limit of 3.7 Earth oceans of water vapour36

available within the inner 17 astronomical units. We show that, due to the high37

dust column density and absorption, our observations probe the water content in38

the atmosphere of the disk, indicating the main water isotopologue as the best39

tracer to unveil water vapour in planet forming regions.40

The water molecule is undoubtedly one of the most important molecular species in41

the whole universe. Being an extremely efficient solvent, water had a key role in the42

emergence of life as we know it on our planet. For this reason, the chemical charac-43

terization of exoplanetary atmospheres is often focused on detecting this particular44

molecular species [1–3]. Formed by the common H and O atoms, water plays a funda-45

mental role in the physics of the formation of planetary systems, due to its very high46

abundance in both gaseous and icy forms [4, 5]. Theoretical models predict that at the47

location of the phase transition from gaseous to solid form, dust grains can accumulate48

and grow very efficiently, promoting the fast formation of planetary cores. Across this49

particular radial location, called ‘snowline’, grains can drastically change their drift50

and fragmentation velocity, composition, and opacity. In synergy with vapour radial51

diffusion [6], these physical discontinuities can lead to the accumulation and growth52

of dust grains into planetesimals [7, 8]. The position of the snowline also defines the53

chemistry of the available planet building blocks. Since the H2O molecule is the major54

elemental oxygen carrier in the disk, its desorption and freezing affect the elemental55

C/O ratio in both the gas and solid phases [9–11].56

Because of its large binding energy, the H2O transition from ice to gas happens a57

few astronomical units (au) from the young star where the midplane temperatures are58
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in the range from 100 to 200 K, making it the last major ice component to sublimate.59

However, the proximity to the host star makes the detection of the snowline compli-60

cated even in the closest star forming regions. Both cold and warm water lines have61

been detected in a few disks by Herschel (see [12, 13] and references therein), Spitzer62

[14], JWST [15–17] and ground based observatories [18], but the low angular resolu-63

tion did not allow robust inferences about the extent of the water snowline. Observing64

directly water emission from the ground is complicated by the high water vapour65

content of the Earth’s atmosphere, resulting in strong telluric absorption. To circum-66

vent this problem, most programs at mm wavelengths have focused on attempting the67

detection of the rarer H18
2 O and HDO isotopologues, leading to the clear detection68

of spatially resolved water isotopologue emission in the outbursting source V883 Ori69

[19]. In quiescent sources, except the candidate detections in the AS 205N and HL70

Tau disks, no detection of thermal emission at (sub-mm) wavelengths has been71

reported in the literature [20–23].72

In this paper we focus on the text-book case of HL Tau, the first protoplanetary73

disk imaged at very high angular resolution (∼ 0.025′′) with the Atacama Large Mil-74

limeter/submillimeter Array (ALMA) [24]. The disk shows a spectacular pattern of75

concentric rings. With the source being young (≲ 1Myr), and the dynamical stel-76

lar mass being relatively high (2.1 ± 0.2M⊙, [25]), the inner disk temperatures are77

expected to be warm, due to irradiation and accretion heating. Warm and hot water78

has been detected in HL Tau both by Herschel in the Far Infrared (FIR, [26]) and79

by ground-based high resolution spectroscopy in the Mid-Infrared (MIR, [27]), with80

the lines not being spatially resolved. With this article, we report the detection81

of three rotational water lines in the inner regions of the HL Tau protoplanetary disk82

obtained with ALMA. The lines are spectrally resolved. Analysis of the interferomet-83

ric data confirms that the extent of the water emission is confined within a prominent84
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gap seen in the HL Tau continuum intensity. These new data present the first spa-85

tially resolved images of the emission from the main water isotopologue (H2O) in a86

protoplanetary disk, and pave the way to a new observational strategy to characterize87

the water vapour content of terrestrial planet forming regions.88

Observations89

We observed HL Tau in two different ALMA bands (Band 5, originally developed with90

the goal of studying water in the local Universe [28], and Band 7), to target three91

transitions of water (two lines of para-water, and one line of ortho-water): p-H2O92

313 − 220 and 515 − 422, at 183.31 and 325.15GHz, respectively, and o-H2O 1029 − 93693

at 321.22GHz. The first two lines are expected to trace warm water vapour94

outside the water snowline, while the third line is predicted to detect hot95

water within the water snowline [29, 30].We also observed a rotational transition96

of the water isotopologue p-H18
2 O at 322.46GHz. The molecular coefficients of the97

lines, and sensitivity of the observations, are reported in Table 1 (and Table S2).98

After self-calibration, we imaged both the continuum and the continuum-99

subtracted lines with the CASA software [31]. The continuum images are shown in100

Fig. 1. All the H2O lines and the H18
2 O line were imaged with CASA 6.2.1 with natural101

weighting, to maximise point source sensitivity. The 183GHz line presents a synthe-102

sized beam of 0.500′′ × 0.442′′ (PA −3.0 deg), and was imaged with a channel width103

of 0.8 km s−1. The resulting beam for the 325GHz water line is 0.640′′ × 0.491′′ (PA104

−42.1 deg), with a 1 km s−1 channel spacing. For the high excitation 321GHz line, only105

one long baselines execution block was available, and the beam is 0.067′′×0.061′′ (PA106

12.2 deg), with a 5 km s−1 channel spacing. The H18
2 O line was imaged with several107

different channel spacings. To have a one-to-one comparison with the main isotopo-108

logue line, in the paper we show the results with a channel width of 1 km s−1. The109

resulting beam is 0.779′′ × 0.626′′ (PA −46.7 deg).110
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The spectrum of the two lowest excitation lines was extracted over a circular area111

with 0.7′′ radius and is shown in Fig. 2. Both the 183GHz and the 325GHz lines112

are clearly detected across multiple channels, with the lines being centered on the113

systemic velocity of the system (7.1 km s−1; [32, 33]). The 325GHz line shows an114

absorption component at ∼ 10 km s−1, as seen for other lines at similar upper energy115

levels [33]. The 183GHz line shows a width of ∼ 12 km s−1, while the higher frequency116

lines show a slightly broader emission. The 183GHz line spectrum exhibits a peak117

signal-to-noise ratio (snr) of ∼ 9.6, with an rms of 13.2mJy over the flux density118

extraction area. The 325GHz line spectrum instead shows a peak snr of ∼ 5.8, with119

an rms of 14.0mJy. The higher energy line at 321GHz does not show a detection when120

integrating over the same area, due to the much smaller beam and the resulting high121

rms. We thus extracted a spectrum over a circular area with radius 0.06′′. The peak122

snr is ∼ 4.1, with an rms of 3.0mJy. This transition shows the broadest line profile123

among the three detected lines, consistent with originating from the inner regions with124

higher Keplerian velocities. In all cases, the integrated intensity map shows a strong125

detection with a peak co-located with the dust continuum peak (see Figure 1). We126

obtain a peak snr of 21.4, 19.8 and 8.1 in the integrated intensity maps of the127

183, 325 and 321GHz lines, respectively. The line fluxes extracted over a circular area128

centered on the continuum peak are reported in Table 1.129

The intensity weighted velocity maps (moment one maps) of the 183 and 325GHz130

lines are shown in Fig. 1. In the high snr map of the 183GHz line, disk rotation is clearly131

detected, with position angle and systemic velocity in agreement with other brighter132

lines from the same dataset [33], indicating that a displacement of the photocenter of133

blue-shifted and red-shifted channels is detected at the current resolution.134

For the H18
2 O line in Band 7, we extracted the spectrum with the same methodology135

described for the three main isotopologue lines, over a 0.7′′ radius circular area. A136

moment 0 map was computed over the same spectral range as the main isotopologue137

line. The line was not detected.138
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The spatial distribution of water vapour139

The integrated intensity morphology of the 183 and 321GHz lines are remarkably dif-140

ferent (see Figure 1), but so are the angular resolutions of the two moment maps. In141

order to derive radial profiles of the respective integrated intensities, we used two dif-142

ferent approaches. First, we focused on the highest snr line of the sample (at 183GHz),143

which is also the coldest and therefore expected to trace the largest spatial extent. We144

averaged in frequency the interferometric data of the continuum-subtracted line in the145

same frequency range used to compute the moment 0 map. We then fitted the line inte-146

grated intensity visibilities with a simple Gaussian model using the galario package147

[34], after fixing the inclination and position angle to 46.7 deg and 138.0 deg, respec-148

tively, as derived from high angular resolution continuum observations [24]. The fit149

converges well to a Gaussian with σG = 0.12± 0.01′′ (see Fig. 3; σG is the standard150

deviation of the Gaussian function). At a distance of 140 pc, this corresponds to151

σG = 16.8± 1.4 au. For the 321GHz line, the much higher angular resolution allowed152

us to compute the radial profile of the integrated intensity by azimuthally averag-153

ing the moment zero map, after de-projecting it by the known inclination (using the154

GoFish package [35]).155

Figure 3 compares the two integrated intensity profiles with the Band 7156

azimuthally averaged continuum intensity profile. Both line profiles are clearly cen-157

trally peaked, indicating that the water vapour emission must originate above the158

optically thick continuum from the disk midplane. The lower excitation line is signif-159

icantly more extended, showing that the water emission has a radially decreasing160

temperature (excitation), and that the high excitation line is not optically thick out-161

side the central beam. The same line shows detectable emission out to 0.3′′ when162

boosting the snr by azimuthally averaging. The 183GHz temperature gradient is con-163

firmed by fitting the high snr spectrum with a Keplerian disk model with a brightness164

temperature gradient, assuming that the line is close to being optically thick.165
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Declining temperature profiles are preferred to flat ones, in agreement with the derived166

integrated intensity profile.167

The warm brightness temperature profile of the 183GHz line, which far exceeds168

the midplane temperatures obtained by analysis of multiwavelength continuum data169

[36], indicates that the water vapour we are tracing originates in the warm disk upper170

layers. This is further supported by the peak of the 321GHz emission, which is slightly171

shifted from the continuum peak (see Figure 1, bottom right panel). Even though172

the two are consistent within the astrometric precision of the data, the apparent shift173

agrees with tracing water vapour on the side of the disk closer to the observer, which174

is in the North-East [25], unocculted by the optically thick dust continuum. These175

findings set a stringent upper limit on the radius of the water snowline at176

17 au. A more accurate determination will require simultaneous forward-177

modelling of the radial and spectral profiles of all three (sub-)mm lines178

with the aid of thermo-chemical codes.179

Water column density180

From the three main water lines, we computed the rotational diagram, under the181

assumption of optically thin emission and uniform excitation temperature across the182

energy range. While the very inner regions of the line emission are likely opaque, the183

bulk of the emission from the three lines cannot be optically thick, since this would184

imply a flux ratio that is equal to the square of the frequency ratio (in Rayleigh–Jeans185

regime and Local Thermodynamical Equilibrium – LTE), which we do not observe.186

While masing cannot be excluded to partly contribute to the emission, in the high187

spectral resolution spectra of the 183 and 325GHz lines we have not identified indi-188

vidual narrow spectral features which are in general a good signature for maser action189

together with high flux density. From the high densities of the inner disk, masing is not190

expected for the three lines analyzed here, and the only contribution could originate in191
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the very upper layers at low volume densities where collisional quenching of the192

masing action is less probable. In the rotational diagram, we used degeneracy193

quantum numbers that account for a 3:1 ortho-to-para ratio, and a parti-194

tion function that considers all states within the same assumption [37]. No195

rescaling of the ortho- and para- line fluxes is needed to compute the total196

water column. We accounted for 10% absolute flux systematic uncertainties in the197

line fluxes.198

The rotational diagram does not provide a unique solution for the rotation tem-199

perature, as shown in Figure 4. The Monte Carlo Markov Chain (MCMC) exploration200

individuates two distinct temperatures, which realistically indicate a continuous gra-201

dient in the excitation temperature of the water vapour. Fitting either the two lower202

energy lines or the two higher energy lines separately, the rotational diagram indi-203

cates excitation temperatures of 214+42
−29 and 790+127

−107 K, respectively, in line with the204

two classes of solutions obtained in the joint fit. The lower temperature solution is205

sensitive to colder water vapour in the range of expected desorption temperatures of206

water ice in space, suggesting that the bulk of the water emission from the 183GHz207

line traces water gas in the proximity of the snow surface. The higher temperature208

solution is driven by warm gas in the upper layers of the terrestrial planet forming209

regions of the disk, which are well imaged by the high resolution 321 GHz line inte-210

grated intensity map, and likely by the lines being close to be optically thick. The211

excitation temperature of the warm gas is in broad agreement with MIR line212

fluxes in the 12.37 – 12.41µm range on the same source (in particular the213

o-H2O 164 13 − 151 14 line with Eup = 4948K [27]). These high temperatures214

allow for water vapour formed in situ via gas-phase reactions [38, 39].215

All the rotational diagrams robustly constrain the column density of water gas (in216

the optically thin limit and above the optically thick continuuum). The joint217

fit shows a total water column density log10 (Nthin/cm
2) = 16.41+0.06

−0.09 within 0.7′′218
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(∼ 100 au) from the star. This corresponds to ∼ 3.7 Earth oceans (7.1 × 10−2
219

lunar masses) of water vapour. Given the optically thin assumption, this has to be220

considered as a tight lower limit. Since most of the emission originates from ≲ 0.12′′221

(17 au), assuming that the entirety of it is confined within this radial range we obtain222

an averaged column density of log10 (Nthin/cm
2) ∼ 18.10+0.06

−0.09, when accounting for223

the disk inclination.224

The non-detection of the H18
2 O line can determine an upper limit of the aver-225

age optical depth expected for the H2O 325GHz line (τH2O). Assuming that τH2O =226

530 τH18
2 O (using the oxygen isotope ratio measured in the solar wind [40]), we obtain227

that τH2O < 14. By turning the argument around, the optically thin assumption for228

the 325GHz line provides an upper limit of N(H2O)/N(H18
2 O)= 40 in HL Tau, well229

in agreement with oxygen fractionation levels in our own solar system [41]. The non230

detection of H18
2 O shows that observational campaigns aimed at targeting water in231

inner disks of quiescent disks with ALMA should privilege the main isotopologue as232

a first choice, with follow-up observations of robust detections targetting233

HDO and H18
2 O to derive more accurate column densities and set stringent234

limits on the water deuteration [19].235

Assuming that the bulk of the water emission originates from ≲ 17 au from the236

star, we can compare the total mass of water (MH2O) to the mass of dust Mdust237

estimated from multi-wavelength continuum analysis of ALMA and VLA data [36].238

By using the dust surface density from this study, we obtain Mdust ∼ 13MEarth, which239

leads to a water-to-dust mass ratio of MH2O/Mdust ∼ 6× 10−5. This number is much240

lower than the expected water abundance in inner disks (water-to-dust mass ratio241

∼ 10−2). The optical thickness of water can only marginally alleviate the problem,242

given the non-detection of H18
2 O. Continuum subtraction could also marginally reduce243

the water brightness temperature [42], but in this case is not expected to reduce the244

water fluxes by more than a factor of 2 (see Figure 3). The low water-to-dust ratio245
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further strengthens the interpretation that with ALMA we are probing only the upper246

layers of the disk, above the optically thick screen of the dust continuum emission,247

which shows optical depths between ∼ 5 − 10 at 0.9mm within the inner 17 au [36].248

The large cavity seen in the HDO and H18
2 O integrated intensity maps of249

V883 Ori [19] further supports that the observation of a large column of250

water is hindered by optically thick continuum in the inner disk.251

Conclusions252

These new ALMA data reveal high significance detections of three distinct rotational253

transitions of the main isotopologue of water vapour in the inner regions of the ringed254

HL Tau disk. These observations pave the way to the characterization of the water255

content of the inner regions of protoplanetary disks. The tremendous angular resolu-256

tion and sensitivity of the ALMA telescope, even in spectral ranges of low atmospheric257

transmission, are providing the first spatially and spectrally resolved images of the258

vapour of the main water isotopologue in a planet forming disk. Analysis of the mor-259

phology of the water emission, of the spectrum of the highest snr line, and of the260

excitation conditions, jointly indicate that the (sub-)mm lines are probing warm gas in261

the disk upper layers above the water snow surface, with a radially decreasing temper-262

ature profile. The non detection of H18
2 O and the low water-to-dust ratio in the inner263

17 au show that the observations are probing marginally optically thick gas above the264

opaque dust continuum emission. These results highlight that the water content of265

quiescent protoplanetary disks at (sub-)mm wavelengths is most efficiently unveiled266

by targeting the main isotopologue, in particular in disks with high continuum optical267

depths within the water snowline.268
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Transition ν0 Eu Ch. width rmsa Flux Mask radb

(GHz) (K) (km s−1) (mJy bm−1) (mJy km s−1) (′′)
p-H2O 313–220 183.31009 204.7 0.8 6.90 973± 89 0.70

p-H2O 515–422 325.15290 469.9 1.0 3.71 1332± 89c 0.70
o-H2O 1029–936 321.22569 1861.3 5.0 0.96 679± 135 0.28

p-H18
2 O 515–422 322.46517 467.9 1.0 1.75 < 33.6d 0.70

Table 1 Observed H2O isotopologue transitions. The upper state energies are taken from [43]. The
notation for the water energy levels in the vibrational ground state is JKa,Kc . Notes: a Obtained
over one single channel. b Circular radius used to extract the line flux. c This flux measurement
corrects for the absorption identified at ∼ 10 km s−1. The flux obtained without accounting for
absorption is 929± 89 mJy km s−1. d 3σ upper limit.
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1.7mm continuum H2O 183 GHz moment 0 H2O 183 GHz moment 1

H2O 325 GHz moment 1H2O 325 GHz moment 0

H2O 321 GHz moment 0

0.94mm continuum

0.94mm continuum 0.94mm continuum

Fig. 1 Top. Left: 1.7mm continuum image of HL Tau. Center: integrated intensity map of the
183GHz water line. Right: intensity weighted velocity map of the 183GHz water line, after a 4σ
clipping on individual channels, where disk rotation is clearly detected. Center. Same as top panels,
for the 0.94mm continuum and the 325GHz water line. The intensity weighted velocity map in
this case is computed after a 3σ clipping. Bottom. Left and center: same as top panels, for the
0.94mm continuum and the 321GHz water line. No moment one map is shown, due to low snr. Right:
zoom-in of continuum intensity, with [4,5,6,7,8]σ contours of the 321GHz line moment 0 map, with
σ = 13.3mJybeam−1 km s−1. The rms associated to the the integrated intensity maps of
the 183 and 325GHz lines are respectively: 28.2 and 46.3mJy beam−1 km s−1.
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Fig. 2 Top left: spectrum of the 183GHz water line, extracted over a circle with radius of 0.7′′

centered on the continuum peak. Top right: spectrum of the 325GHz water line, extracted over the
same area, highlighting the mirrored (flipped) version of the spectrum with the dashed-dotted line.
Bottom: spectrum of the 321GHz water line extracted over a circle with radius of 0.06′′ centered on
the continuum peak. The velocity range on the x−axis is different in the bottom panel. The grey
dashed line in all panels shows the systemic velocity of 7.1 km s−1. In the top left of each panel
2σ scale bars are reported for reference.
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Fig. 3 Left: integrated brightness temperature (Tb) radial profile of the 321GHz line, recon-
structed integrated Tb radial profile of the 183GHz line, and Tb profile of the 0.94mm continuum
emission. The thick orange line shows the best fit model assuming a Gaussian integrated intensity
profile. Thin lines show randomly sampled realizations of the posterior distribution. The lines in
the top right show the beam major axis. For the 183GHz line it portrays the smallest spa-
tial scales to which the uv-plane analysis is sensitive, which are ∼ 2.3 smaller than the
major axis of respective natural beam. Right: Re-centered and de-projected visibilities of the
integrated intensity of the 183GHz water line. The thick red line shows the best fit model reproducing
the profile shown on the left panel.

Fig. 4 Left: rotational diagram of the three water lines, with line fluxes extracted as in the main text.
The fit does not lead to a unique solution, indicating that the assumption of uniform temperature is
inadequate. Right: posterior distribution of the rotational diagram fit . The dashed lines indicate the
16th, 50th and 84th percentiles of the marginalized posterior distributions.
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Methods269

Observations, data reduction and imaging270

HL Tau was observed in both Band 5 and Band 7 with the ALMA Program271

2017.1.01178.S (PI: Humphreys), targeting the two para-water lines at 183.31004GHz272

and 325.15297GHz, respectively. HL Tau was also observed in band 7 to target the lat-273

ter water line with Program 2022.1.00905.S (PI: Facchini), together with the H18
2 O line274

at 322.46517GHz (see Table S1). The molecular coefficients for the three transitions275

are reported in Table 1 and S2.276

Within the 2017.1.01178.S ALMA program, the source was observed in Band 5 on277

September 21, 2018, for a total integration time of 46min, with 43 antennas and base-278

lines ranging between 15m and 1.4 km. The weather conditions during the observation279

were exceptional, with a median precipitable water vapour (PWV) column during280

the observations of ∼ 0.19mm. J0423-0120 was used as amplitude and bandpass cal-281

ibrator, whereas J0510+1800 for phase referencing. The Band 5 spectral setup had 6282

spectral windows (spws), five of which targeting different molecular transitions, includ-283

ing the 183GHz water line, and a 1.875GHz-wide spw for continuum observations at284

170.004GHz. Within the same program, HL Tau was observed in Band 7 in two spec-285

tral setups. The first one on August 12, 2019, with a time on-source of 31min, with 48286

antennas and baselines ranging between 41m and 3.6 km. With a median PWV column287

of 0.4mm, J0431+1731 was used to cross-calibrate phases, and J0538-4405 for ampli-288

tude and spectral response. This first spectral setup consisted of four spws in FDM289

mode; three of them with a maximum bandwidth of 1.875GHz, and one with 1920290

244 kHz channels, targeting the water 325 GHz line. The second spectral setup was291

used within the same program with an execution block observed on November 24th,292

2017. The median PWV was 0.5mm. J0519-4546 was used as amplitude and bandpass293

calibrator, and J0440+1437 as phase calibrator. The observation spent 33min on the294

science target with 49 antennas, with a maximum baseline of 8500m. The spectral295
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setup consisted of 4 spws in FDM mode, three of them with maximum bandwidth,296

and one of them with 1920 244 kHz channels, targeting the water 321 GHz line.297

Finally, new data were taken in October 2022 with a more compact array in Band298

7 with Program 2022.1.00905.S, with baselines ranging between 15 and 500m, and299

a total on-source time of 100 min with 41/45 antennas (in two execution blocks).300

The median PWV column was ∼ 0.3. J0423-0120 was used for flux and bandpass301

calibration, while J0431+1731 was used for phase referencing. With four spws, one302

of them was centered on the 325.15GHz water line, while another spw targetted the303

H18
2 O line at 322.46517GHz.304

The Cycle 6 (9) data were calibrated by the ALMA pipeline using CASA v5.4305

(v6.4) [31]. For the band 7 data, we combined the data from the two cycles. For both306

bands, we first self-calibrated each of the three execution blocks in phase, combining307

all spectral windows after flagging spectral ranges associated to line emission, and308

combining all scans. Following [44], we then aligned the data by fitting a Gaussian309

to the continuum, and shifting the phase-center to the continuum maximum with the310

fixvis and fixplanet tasks. We then self-calibrated the two short-baselines (in the311

case of band 5, only one set of baselines is available) execution blocks in both phase312

and amplitude, reaching a peak snr of 9950 (a ∼ 500% improvement). In the case of313

band 7, we then combined the long-baseline execution block from the Cycle 6 data,314

and self-calibrated the data again in both phase and amplitude, reaching a peak snr of315

5300 (a 210% improvement). We took particular care with the amplitude calibration,316

where the gain solution with scan-length intervals greatly improved the data quality.317

The models for self-calibration were constructed with CLEAN with Briggs weighting318

(robust=0.5). The gain solutions were then applied to the full spectral data.319

The Band 5 continuum data were imaged with robust=0.0. With a synthesized320

beam of 0.364′′ × 0.312′′ (PA −9.5 deg), the Band 5 (1.70mm) continuum presents321

an rms of 33µJy, with a peak snr of 2457. The band 7 (0.94mm) data were imaged322
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with robust=−1.0. The data exhibit an rms of 36µJy, with a peak snr of 403, over323

a synthesized beam of 0.037′′ × 0.029′′ (PA 1.5 deg). A flux density for both images324

was obtained over an elliptical area with a semimajor axis of 1.3′′, and semiminor axis325

and position angle (PA) to trace the disk inclination and PA (46.7 and 138.0 deg,326

respectively; [24]). Without accounting for absolute flux calibration uncertainties, we327

obtain a flux density of 323.0 ± 1.4mJy and 1677.7 ± 0.6mJy at 1.70 and 0.94mm,328

respectively, where the uncertainties have been computed as standard deviations of329

randomly selected masks with the same area of flux density extraction over emission-330

free regions of the continuum maps.331

While the water lines have been imaged with natural weighting (see main text),332

several additional attempts with a range of uv-tapers were performed to increase the333

sensitivity to extended emission, but they did not show any feature undetected with334

natural weighting. Both integrated intensity (moment zero) and intensity weighted335

velocity (moment one) maps were generated for the water lines. Moment zero maps336

were computed by integrating channels between −2 and 16 km s−1 without any clip-337

ping (Fig. 1) for the Band 5 line, between −6.4 and 20.6 km s−1 for the 325GHz338

line, and between −10.4 and 24.6 km s−1 for the 321GHz line. For the two brighter339

lines, we integrated the moment zero map over a circular area centered over the emis-340

sion peak and a radius of 0.7′′. We obtain line fluxes of 973 ± 89mJy km s−1 and341

929± 89mJy km s−1 (for the 183 and 325GHz lines, respectively). Since the 325GHz342

line shows an absorption red-shifted component, we also computed the underlying343

flux by considering the blue-shifted side only, and multiplying it by a factor of two.344

The resulting flux is 1332 ± 89mJy km s−1. The uncertainties on the line fluxes were345

computed by bootstrapping over 100 circular apertures in emission free regions of the346

map, and do not account for absolute flux calibration uncertainties. The same oper-347

ation was applied to the 321GHz line, using a smaller 0.28′′ radius extraction area.348
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The resulting flux is 679 ± 135mJy km s−1. The flux is much lower than the tenta-349

tive detection by [20] with the Submillimeter Array (SMA), where however the line is350

shifted by 30 km s−1 from the systemic velocity, indicating that the proposed emission351

may be originating from a large scale flow which we filter out in our high resolution352

data. For the 183 and 325GHz lines, intensity weighted velocity maps were generated353

using the bettermoments package [45] after applying 4 and 3σ clipping to individual354

channels, respectively.355

The non detection of the H18
2 O 322GHz line is shown in Figure 5.356

Fitting of the 183GHz line spectrum357

Given the high snr of the 183GHz line, we fitted its spectrum by analytically comput-358

ing model spectra of a geometrically thin Keplerian disk, similarly to [46]. To do359

so, we assumed that the peak brightness temperature of the line decreases with radius360

as a power-law:361

T (R) = T0

(
R

10 au

)−q

. (1)

For a given radius R, and azimuth ϕ, we assumed that the line intensity follows a362

Gaussian distribution velocity:363

I(R,ϕ, v) =
Bν(T )

d2
exp

(
−µmH(v − vK,proj)

2

2kBT

)
, (2)

where Bν(T ) is the Planck function at temperature T, kB is the Boltzmann364

constant, d is the distance of HL Tau (140 pc), µmH is the mass of the water molecule,365

and vK,proj can be written as follows:366

vK,proj =

(
GM⊙

R

)1/2

sin i cosϕ, (3)
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where i is the source inclination (46.7 deg). We considered an optically thick367

limit when assuming a thermal broadening with a kinetic temperature368

equalling the brightness temperature. The flux density of the line can then be369

computed at every velocity v by integrating across the whole disk:370

F (v) = cos i

∫ 2π

0

∫ Rout

Rin

I(R,ϕ, v)RdRdϕ, (4)

where cos i accounts for the geometrical projection on the sky. We fixed Rin371

to 0.1 au (but the model is not sensitive to this value for reasonably small radii), and372

sampled the disk with 150 points in radius, and 550 in azimuth. We then convolved373

the models with a Gaussian kernel with the same channel width as in the data, and374

sampled them at the same velocities. We kept three free parameters in the fitting375

procedure: T0, q and Rout. We fitted the spectrum shown in Fig. 2 with the emcee376

package, using flat priors on the three free parameters: [10,1500]K, [0,3], [2,200] au,377

respectively. We used 30 walkers, 1000 steps of burn-in, and 1000 additional steps to378

sample the posterior distribution. Fig. 6 shows the best fit model, and 100 random379

draws extracted from the posterior distribution. While the fit does not manage to380

constrain the outer radius of the emission, we obtain T0 = 287+180
−154, and q = 0.92+0.30

−0.47.381

The fit highlights a negative brightness temperature gradient in the radial profile, as382

seen in the reconstructed integrated intensity profile (see Figure 3), and as hinted by383

the rotational diagram shown in Fig. 4.384

Parametric fit of the integrated intensity profile in the visibility385

plane386

In order to extract the radial extent of the 183GHz line, we performed a paramet-387

ric fit of its integrated intensity radial profile in the visibility plane, by exploiting388

the galario package. After averaging the continuum-subtracted visibilities in the389
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same spectral range used to compute the moment zero map, we fitted the visibility390

data by Fourier transforming a projected integrated intensity profile in the same uv-391

points sampled during the observations. We modelled the radial profile with a simple392

Gaussian prescription:393

J(R) = J0 exp

(
− R2

2σ2
G

)
, (5)

where we considered four free parameters: J0, σG, and the disk center (∆RA and394

∆Dec). We fixed the inclination and position angle to the ones obtained from high395

resolution continuum imaging [24]. The fit was performed with the emcee package,396

where the J0 parameter was sampled in log-space. We used the following flat priors397

on the parameters: log10(J0/steradian) ∈ [1, 20], σG ∈ [0, 1.5]′′, ∆RA ∈ [−0.4, 0.4]′′,398

∆Dec ∈ [−0.4, 0.4]′′. The posterior distribution was sampled with 50 walkers and 1000399

steps, after 1000 steps of burn-in. The MCMC exploration of the posterior space well400

converges, as shown in Fig. 7.401

Rotational diagram and optical depth constraints402

To compute the rotational diagram of the water molecule, we use the same approach as403

in e.g., [47, 48]. In the optically thin assumption, we can compute the column density404

Nthin and the rotational temperature Trot by measuring the integrated flux Sν∆v:405

Nthin =
4π

Aulhc

Sν∆v

Ω

Q(Trot)

gu
exp

(
Eu

Trot

)
, (6)

where Ω is the solid angle used for flux extraction (see previous section), Aul is the406

Einstein coefficient of the considered transition, h and c are the Planck constant and407

the speed of light in vacuum, Q is the partition function, Eu is the upper state energy408

(in K) and gu the upper state degeneracy. Using the relation between Nu,thin and409

Nthin, the same equation can be written in logarithmic form [49]:410

ln
Nu,thin

gu
= lnNthin − lnQ(Trot)− Eu/Trot. (7)
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We performed a linear regression using the emcee sampler [50] in the411

[ln (Nu,thin/gu), Eu] space to extract Nthin and Trot. We used the molecular coeffi-412

cients reported in Table S3. In the fitter, the partition function was determined413

with a cubic spline interpolation across the rotational temperatures listed in [37].414

The same approach was used for the rotation diagram analysis with six to415

eight transitions of o- and p-water in evolved stars [51]. In the Monte Carlo416

Markov Chain (MCMC) sampling, we used 128 walkers, and 2000 steps (after 1000417

steps of burn-in). While Figure 4 shows the result and the marginalized posterior dis-418

tributions of the fit of all three lines, Figure 8 portrays the individual fits on the two419

colder and warmer lines, respectively.420

To compute the upper limit on the optical depth of the 325GHz water line, we421

exploited the non-detection of the H18
2 O line, which has almost identical molecular422

coefficients. Assuming that the column density of the main isopotologue line (τH2O)423

is equal to 530× τH18
2 O [40], we can write:424

(Sν∆v)H2O

(Sν∆v)H18
2 O

≈ 1− e−τH2O

1− e−τH2O/530
. (8)

Using the 3σ upper limit on the H18
2 O transition, and the measured flux of the H2O425

line (after correcting for absorption, since the absorbing column of H18
2 O will have the426

same scaling factor of 530), a numerical solution of the equations leads to τH2O < 14,427

as reported in the main text.428
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Extended data429
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Fig. 5 Spectrum of the 322GHz H18
2 O line, extracted over a circle with radius of 0.7′′ centered on

the continuum peak, as for Fig. 2. Two spectra are shown, from channel maps with two different
channel widths. The grey dashed line indicates the systemic velocity of 7.1 km s−1 [32, 33]. In the
top left 2σ scale bars are reported for reference.
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1.7mm continuum H2O 183 GHz moment 0

Fig. 6 Left: spectrum of the 183GHz H2O line, as in Fig. 2. The uncertainty associated to each data
point is shown in the left part of the spectrum as an errorbar. A random sampling of 100 profiles from
the posterior distribution of the MCMC fit is shown, with the dark red line indicating the bestfit
model. Right: marginalized posterior distribution of the fitted parameters, where no constraint can
be retrieved on Rout from this analysis.

Fig. 7 Marginalized posterior distribution of the galario fit of the visibility points of the integrated
intensity of the 183GHz line (see Fig. 3).
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Rotational diagram for two warmer lines

Rotational diagram for two colder lines

Fig. 8 Rotational diagrams and marginalized posterior distribution of the MCMC exploration for
individual fits on the two lowest and two highest energy lines, respectively.
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Program ID Lines Int. time PWV Bp/flux cal. Phase cal. Max. bl
(min) (mm) (m)

2017.1.01178.S p-H2O 313–220 46 0.2 J0423-0120 J0510+1800 1398

2017.1.01178.S p-H2O 515–422 31 0.4 J0538-4405 J0431+1731 3637
2017.1.01178.S o-H2O 1029–936 33 0.5 J0519-4546 J0440+1437 8547
2022.1.00905.S p-H2O 515–422 100 0.3 J0423-0120 J0431+1731 500

p-H18
2 O 515–422

Table 2 Observations IDs and Execution Blocks properties.

Transition gu Aul Q (100K) Q (200K) Q (300K) Q (400K)
(s−1) (K)

p-H2O 313–220 7 3.59× 10−6 35.1 97.4 178.1 274.6

p-H2O 515–422 11 1.15× 10−5 - - - -
o-H2O 1029–936 63 6.21× 10−6 - - - -
p-H18

2 O 515–422 11 1.05× 10−5 - - - -

Table 3 Molecular coefficients of the observed H2O isotopologue transitions are from the JPL
database [43], with radiative coefficients from [52] and the updated partition function
Q from the ExoMol database [37], which well agrees with the one by [52] in the
temperature range explored in this paper. Only some representative values are reported in
this table. The degeneracy quantum number of the ortho-state assumes an
ortho-to-para ratio of 3. The partition function is computed over all states with the
same ortho-to-para ratio.
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Pure Rotational Lines of Water in Protoplanetary Disks. ApJL 722, L173–L177495

(2010).496

[15] Grant, S. L. et al. MINDS. The Detection of 13CO2 with JWST-MIRI Indicates497

Abundant CO2 in a Protoplanetary Disk. ApJL 947, L6 (2023).498
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