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Fig. 4. Infrared dust continuum SED modeling of J2310+1855 (yellow), J1148+5251 (blue), and J0439+1634 (red). The upper-left panel shows
continuum data retrieved from the literature derived for the wavelength range A,y =~ 50 — 1000 pm and our NOEMA 2-mm continuum mea-
surements (see the legend). The solid curves are the best-fit models to the observed data while shaded areas indicate the 1-o- confidence inter-
vals. The green band is the 2-mm wide-band of the NOEMA PolyFix correlator scaled to the quasar rest frame wavelengths using the average
redshift of the quasars. The adjacent panels show the posterior probability distribution of the dust SED model (free) parameters. The best-fit
values and uncertainties are reported at the top of the distributions and they are defined as the 50th, 16th, and 84th percentiles. The 2D con-
tours show the [1, 2, 3]o- confidence intervals that are also highlighted in the marginalized distributions. References. Bertoldi+03 (Bertoldi et al.
2003a); Robson+04 (Robson et al. 2004); Beelen+06 (Beelen et al. 2006), Riechers+09,+ (Riechers et al. 2009, Riechers et al. in prep.); Wal-
ter+09 (Walter et al. 2009); Wang+11,+13 (Wanget al. 2011, 2013); Leipski+13 (Leipski et al. 2013); Gallerani+14 (Gallerani et al. 2014);
Cicone+15 (Cicone et al. 2015); Feruglio+18 (Feruglio et al. 2018); Carniani+19 (Carniani et al. 2019); Hashimoto+19 (Hashimoto et al. 2019);
Shao+19 (Shao et al. 2019); Yang+19 (Yang et al. 2019a); Li+20a,+20b (Li et al. 2020a,b); Meyer+22 (Meyer et al. 2022).

“luminosity-weighted” in contrast to the “mass-weighted”
dust temperature physically associated to the bulk of the
cold dust emission in galaxies (see, e.g., Scoville et al.
2016; Behrens et al. 2018; Liang et al. 2019; Faisst et al. 2020;
Di Masciaet al. 2021; Sommovigo et al. 2021; as well as
Harrington et al. 2021 for further discussion).

6. Radiative transfer analysis

The observed line and continuum luminosities incorporate key
information on the physical properties of the emitting regions.
Such information can be extracted by a forward modeling of
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the observed quantities under a number of simplified assump-
tions on the geometry of the emitting region and on the atomic
or molecular excitations and radiative transfer processes. In this
work, we adopt the publicly-available radiative transfer code
MOLPOP-CEP! (Asensio Ramos & Elitzur 2018) in order to
simulate the emission of H,O lines from a molecular cloud
under the effect of a dust radiation field. Compared to other
methods, this code solves “exactly” (i.e., in principle, at any
level level of accuracy), the radiative transfer equations for a

! The code is available at the following link: https://github. com/
aasensio/molpop-cep


https://github.com/aasensio/molpop-cep
https://github.com/aasensio/molpop-cep
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Table 4. Dust properties in quasar host galaxies.

Object ID J2310+1855  J1148+5251  J0439+1634
Taust (K) 84+3 8011 89+
Log Mau/Mo 891 ;+§=;'§ 8.39;§;§2 9.2@033433
TI00 3.670 L.O0%5% 5,01'0:5
Lirpa2.5-122.5 um) (101 L) D 1.87+0.96 1.5670.03 31453
Litkiao-400 ] (105 L) @ 2.08+0% 1.66*005 35403
Ly (10 L) @ 34102 27403 6.1417
SFRyg (Mg yr) 50714333 406214 8985 L

Notes. (@3 Far-IR and total IR luminosities obtained by integrating
the best-fit modified black body model in the (rest-frame) wavelength
range 42.5-1225pm (Helouetal. 1985), 40-400pum (Helou et al.
1988), and 8—1000 um (Sanders et al. 2003), respectively. “For this
parameter we employed a prior in the fitting procedure (see Sect. 5).

multi-line problem via the coupled escape probability approach
(CEP, Elitzur & Asensio Ramos 2006) in the case of a one-
dimensional (1D) plane-parallel slab of gas that can present
arbitrary spatial variations of the physical conditions. This code
divides the source in a set of zones in which the level popula-
tion equations are derived from first principles and solved self-
consistently including interactions with the transferred radiation
and (possibly) an external radiation field. Therefore, the emer-
gent line fluxes are predicted as a function of the depth into
the line-emitting region that can be directly compared with the
observations. This level of sophistication is necessary since we
are dealing with radiative transfer under very optically thick con-
ditions, both in the continuum and in the lines.

Within MOLPOP-CEP we studied the water vapor emis-
sion lines by setting up uniform slab models of molecular cloud
impinged by an external radiation field produced by the dust.
The parameters of interest for the molecular system are: the
density of molecular hydrogen (ny,), the kinetic temperature of
the gas (Tin), the water abundance (Xu,0), and the H,O col-
umn density (Nu,0). We characterized the external dust radia-
tion field by adopting a single modified black body model of the
form (1 — e ™)B,(Tqust) impinging the molecular medium from
a side. The radiation field is therefore determined by the dust
temperature (Tgys), and the continuum optical depth at each fre-
quency (7). In addition, we take into account the effect of CMB
at z ~ 6 by inserting a blackbody radiation field with temper-
ature of Teyg = 19.08 K illuminating the molecular slab from
both sides.

In order to model the H,O emission in our quasar host
galaxies, we assumed fiducial values of Logny, (em™3) =
4.5, Tiin = 50K, and XH20 = 2 x 1076 (see,
e.g., Meijerink & Spaans 2005; Gonzilez-Alfonso et al. 2010;
Liuet al. 2017; van Dishoeck et al. 2021). We therefore gen-
erated a 16 x 25 grid of models with different dust radia-
tion fields by varying the dust temperature in the range of
Taust = [45,195]K (with 10K linear spacing) and continuum
optical depth at 100pum in the range of 190 = [0.01,150]
(~0.17 dex spacing). The continuum optical depth at every
wavelength is then determined by a tabulation available within
the code, corresponding to the properties of standard ISM
dust (see Asensio Ramos & Elitzur 2018). For para- and ortho-
H;0 collisional excitations we assume both ortho- and para-
H; molecules as collisional partners by adopting collisional
rate coefficients from Daniel et al. (2011). The radiation field
impinges the molecular system and the code computes the
radiation transfer all the way into the cloud until the water

vapor column density reaches Ny,0 = 1 x 10 cm™2 (Mg, =
5 x 10%*cm™2). The allowed range of the various parame-
ters are set in order to encompass the typical values observed
in local and high-z galaxies (see, e.g., van der Werf et al.
2011; Gonzilez-Alfonso et al. 2014; Yangetal. 2016, 2020;
Liuet al. 2017; Pensabene et al. 2021). Following the prescrip-
tions reported in Asensio Ramos & Elitzur (2018), we set up
the calculations by dividing the molecular cloud into 20 zones,
achieving a relative accuracy in the solution of the non-
linear level population equations of <0.01 with the accelerated
A-iteration method (ALI).

The models adopted in this work are suitable to simulate
the emission of a typical molecular cloud in a galaxy. The sim-
plified assumptions make these models undoubtedly less ade-
quate to provide a realistic picture of the complex ISM con-
ditions in galaxies. In particular, our model is based on one-
dimensional slabs with no defined volume. Therefore, our model
cannot provide us with volume-integrated quantities (e.g., total
IR luminosities, total line fluxes, molecular mass, etc.). We
also note that a comprehensive modeling of water vapor emis-
sion should include the contribution of multiple gas and dust
components in order to perform a fairer modeling of the col-
lisionally excited low-J and radiatively excited high-J H,O
lines simultaneously (see, e.g., Gonzdlez-Alfonso etal. 2010;
van der Werf et al. 2011; Liuet al. 2017; Yang et al. 2020; see
also Riecherset al. 2022). Specifically, a cold (extended) gas
component associated with the collisional excitation of the low-
lying H;O lines mainly driven by the gas density and tem-
perature, and (at least) one warm or hot (compact) component
responsible for the radiative excitation of high-J H,O transitions
that are mainly sensitive to the dust temperature. However, we
verified that our current data do not enable us to constrain the gas
temperature and density such that any multicomponent approach
would be inconclusive. This drives our analysis strategy consist-
ing in a single gas and dust component assuming fiducial values
of the gas density, temperature, and water vapor abundance (as
discussed above).

7. Results and discussion
7.1. H20 spectral line energy distributions

In order to investigate the excitation of the H,O lines we study
the spectral line energy distribution (SLED), that is, the water
vapor line ratios as function of the energy of the upper level
of transitions (Eyp). In Fig. 5, we compare the HyO (312 —
3p3)-normalized SLEDs (using line velocity-integrated fluxes
in unit of Jykms™!) in our quasars, with the average SLEDs
of local ULIRGS, including cases with mild AGN contribu-
tion (“HIT+mild AGN™), and AGN-dominated galaxies (“strong-
AGN?”) as reported by Yang et al. (2013). In order to extend the
comparison, in Fig. 5, we also report three detailed H,O SLED
available in the literature, for the local Type-1 Seyfert galaxy
Mrk 231 (Gonzilez-Alfonso et al. 2010), the local ULIRG Arp
220 (Rangwala et al. 2011), and the SMG HFLS 3 at z = 6.34
(Riechers et al. 2013). To the first order (within the measurement
uncertainties), our quasars show H,O SLEDs that resemble the
ones of other high-z galaxies (with or without prominent AGN).

More specifically, Yang et al. (2013) report a high detection
rate of HyO 141 — Opp in luminous AGN, possibly indicating
strong H,O collisional excitation due to the high density gas in
the AGN circumnuclear region (see discussion in Sect. 3). How-
ever, we detected the para-H,O ground state transition only in
quasar J1148+5251. In accordance with the discussion in Sect. 3,
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Fig. 5. H;O (315 — 3¢3)-normalized intensities (in
Jykms™) as a function of the energy of the upper
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levels. Colored diamonds are the H,O line ratios of
our three quasars as indicated in the legend at the
top of the panel. The red and blue dotted lines are,
respectively, the average HoO SLED of local strong-
AGN- and HII+mild-AGN-dominated galaxies reported
in Yang et al. (2013). The solid black line is the aver-
age SLED of the whole sample with the gray shadowed
area representing the 1-o uncertainty. We also report data
retrieved from the literature for the nearby ULIRG Arp
220 (Rangwala et al. 2011), the AGN-dominated galaxy
Mrk 231 (Gonzalez-Alfonso et al. 2010), and the SMG
HFLS 3 at z = 6.34 (Riechers et al. 2013). The energy of
upper levels of 2y — 24y and 3y, — 33 transitions were
shifted for clarity to —15K and +25 K, respectively. We

this may suggest that the bulk of the H,O emission in this source
arises from a warm ISM with low continuum opacity. At the
same time, J1148+5251 is the only one source in our sample
that is not detected in its H;O 49, — 443 transition. This might
point to a weaker contribution of the warm dust in J1148+5251,
compared to the other two sources.

In particular, H;O 35y — 35 is the brightest observed H,O line
in most of our quasar host galaxies. This is especially evident for
J2310+1855, which shows a peak in the H20 SLED at the posi-
tion of this line as in the average local SLED of ULIRGs and
AGN. The H;0 35 level is indeed not only approximately ther-
malized by collisions in the warm medium, but also efficiently
populated by absorption of 75 pm photons of the warm dust (e.g.,
Liuvet al. 2017). In addition, in optically thin conditions, every
de-excitation in HyO 33; — 313 line will be followed by a cascade
either in the HyO 313 — 3¢5 or 313 — 2;; transition (see Fig. 1),
with relative intensities determined by the A-Einstein coeffi-
cient of spontaneous emission (see Table 2). In this situation,
Gonzélez-Alfonso et al. (2014) predicted a 331 — 312-t0-312— 303
flux ratio of 1.16, which is fully consistent with the measure-
ments we obtained for J1148+5251 (0.9*03) and J0439+1634
(1.3*04). On the other hand, the higher value of this ratio in
J2310+1855 suggests that larger line or continuum optical depth
(or both) may possibly decrease the strength of 312 — 3p3 line
relative to 33; — 342 via the absorption of 313 — 3p3 photons re-
emitted in the 337 — 29 line or significant IR pumping of the
H,0 4,3 — 3, transition due to absorption of continuum photons
at 78 pm (see Fig. 1).

In optically thin conditions, the HoO 230 — 241, 211 — 202,
and 2g2 — 14; lines (powered via pumping by 101 pm pho-
tons) form a closed loop and are expected to have approxi-
mately equal fluxes due to the statistical equilibrium (see, e.g.,
Gonzalez-Alfonso et al. 2014; Liu et al. 2017). However, high
dust temperature and continuum optical depth increase the effi-
ciency in the 3 — 21 90 pm radiatively pumped transition, thus
decreasing the 2;—2¢; line relative to the other transitions within
the loop. In particular, since the HoO 2¢; — 143 transition is pre-
dicted to be easily excited by collisions in the warm medium
(Liu et al. 2017), the 2pp — 141-t0-241 — 2q2 flux ratio is expected
to be = 1 for optical thick continuum and high H,O column
density (Ng,0 > 107 cm™2, see, e.g., Gonzilez-Alfonso et al.
2014; Liu et al. 2017). In J1148+5251, we found that 259 — 241,
211 — 202 and 2g3 — 1;; exhibit consistent fluxes, with 2pp — 13-
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700 also slightly shifted the SLEDs of Arp 220, Mrk 231,
HFLS 3 horizontally to —5 K, and those of our quasars
to +5 K for clarity.

to-2y; — 2g, flux ratio ~1, thus suggesting optically thin con-

ditions. Similarly, J2310+1855 shows a 29 — 111-t0-230 — 24y
flux ratio lower limit >0.9, possibly indicating very warm dust
and optically thick continuum, which make an efficient radiative
pumping of the 33; — 259 line due to absorption of 67 pm photons
(see, e.g. Liuet al. 2017). We also note that the H,O 2p; — 113
can be boosted relative to the 259 — 241 due to the efficient col-
lisional excitation of the lower line; however, the non-detections
of the HyO 141 — Ogp line in J2310+ 1855, the prominent peak in
321 — 312 as well as the relative high flux in the 45, — 443 line
point to a minor contribution of this effect in this source. In this
line, J0439+1634 is expected to be an intermediate case in terms
of excitation conditions with respect to the other two sources.

7.2. Modeling water vapor SLEDs

In Fig. 6, we show our MOLPOP-CEP predictions of the
H,0 fluxes for different values of Ny,0, Ti00 and Tgyus. Our
model predictions clearly reveal the effect of the IR-pumping
of J = 3, and J = 4 lines. Indeed, for each pair of parame-
ters (Nu,0, T100), the fluxes of high-energy H,O lines display a
larger variation by increasing T4,y relatively to low-lying lines.
Additionally, we found that H,O fluxes at Eyp, > 250K system-
atically increase at high values of continuum optical depth, with
larger absolute variations occurring at the largest Tg,s values.
This is not surprising as higher dust temperatures and contin-
uum optical depths significantly boost the amount of IR pho-
tons that can be absorbed by H,O molecules. This increases
the fluxes of high-J H,O lines, where the populations of the
levels are primarily determined by radiative pumping. Such
levels are expected to be described by a Boltzmann distri-
bution, with Tex ~ Tgust (see, e.g., Liuetal. 2017, see also
Sect. 7.3). In order to infer the ISM conditions in our quasar
host galaxies, we employed our MOLPOP-CEP grids of mod-
els with which we perform fits of the observed quasar H,O
SLEDs. By assuming a single component model, we explored
the (discrete) parameter space (Taust, T100, Nu,0), adopting a
Bayesian approach via the MCMC ensemble sampler emcee
Python package (Foreman-Mackey et al. 2013). In this proce-
dure, we assumed uniform priors for all the three free param-
eters within the ranges of the model grid. We therefore retrieved
the posterior probability distributions by maximizing the log-
likelihood function under the hypothesis that each data point
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Fig. 6. H,O line fluxes as a function of the energy of the upper levels obtained from our MOLPOP-CEP runs. Here we report output predictions
for different values of water vapor column density (from left to right Nu,o = 10'7,10'®,10'"®5 cm™) and continuum optical depth (from top to
bottom ti99 = 0.1, 1.0, 10) as reported at the upper right corner of each panel. The H,O fluxes in each panel are color-coded according to the dust

temperature (7 g,q).

follows an independent Gaussian distribution. We also took into
account the measurement upper limits by assuming one third
of their 3o limits both as nominal values and uncertainties. In
Fig. 7, we show the best-fit H;O SLED models and the posterior
probability distributions of the free parameters. In Table 5, we
report the best-fit parameters obtained from the fits of the H,O
SLEDs.

In general, our best-fit models aptly reproduce the observed
H,0 SLEDs in our quasar host galaxies. All the modeled H,O
line luminosity ratios are consistent within the uncertainties with
the measured data, except for a few line ratios. The worst case is
that of 12310+1855 SLED fit, where the best-fit model underes-
timates the H,O 22— 11;- and 32;—32-t0-312—3¢3 ratios — which,
however, are consistent within ~2c- with the observations. How-
ever, we note that deviations in ratios involving low-J lines may
be expected if there is an additional low-excitation ISM com-
ponent (see, e.g., Gonzdlez-Alfonso et al. 2010; Liu et al. 2017;
Yang et al. 2020).

The posterior probability distributions of free parameters in
Fig. 7 point to very high dust temperature ranging in Tguse ~
80—190K with the highest values found in those sources in
which the high-J H,O 45, — 443 line is detected. This fact is
in accordance with our discussion given in Sect. 7.1. The best-
fit models predict optically thin continuum conditions at 100 pm
(i.e., 00 < 1), except in the case of the J2310+1855 quasar
for which 1199 ~ 1 is favored within the uncertainties. The lat-
ter result is consistent within ~1.5¢- with what we found from
the modeling of the dust SED at FIR wavelengths (1190 =~ 3.6).
In the case of J1148+5251, the analysis of dust SED points
to 790 = 1.0 £ 0.4 which is still consistent within ~2c with
the optically-thin regime suggested by the best-fit H,O SLED
model. Conversely, the dust SED modeling of J0439+1634 sug-

gests instead optically thick conditions. However, the latter is
affected by large uncertainties. Finally, high H,O column density
Nu,0 ~ 2% 107 = 3 x 10" cm2 is needed in order to match the
observations. Assuming our fiducial values of H,O abundance
(Xm0 = 2% 107) and gas density (ng, 10*3 cm™), the
best-fit HoO column densities translate to molecular hydrogen
column densities of Ny, ~ 1 x 103-2x 10 cm~2, which corre-
spond to typical molecular cloud dimensions of R = Ny, /ny, ~
1-20 pc. This sanity check suggests that our model results are
reasonable”. However, the best-fit results are affected by large
uncertainties reflecting the spread of the parameter distribu-
tions in Fig. 7. The most precise predictions are obtained for
J0439+1634, which is not surprising given the achieved high
signal-to-noise ratios (S/N) of these observations.

Our simple analysis reveals the presence of an intense warm
dust component that can be responsible for the water vapor exci-
tation in molecular clumps with high column density. In particu-
lar, for the quasar J2310+ 1855, we estimated a dust temperature
of the optically-thick warm component of Ty, ~ 150 K, which
yields a blackbody SED peak at around rest-frame ~20pm.
Remarkably, this value resembles the wavelength peak of the
dusty torus component found by Shao et al. (2019), who per-
formed a dust SED decomposition of J2310+1855 continuum
emission over a wide wavelength range. This result could indi-
cate a significant MIR contribution of the dusty torus in trig-
gering the water vapor emission, at least in the quasar nuclear
region. However, we cannot reach a similar conclusion for the
quasar J1148+5251 when comparing the best-fit dust radiation
field temperature with the dusty-torus component inferred by

2 We stress that these values have to be taken with caution since they
depend on the model assumptions.
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111 —Oon
211 — 22

20— 211

20— 111
1312—2n
4312 — 303

Table 5. Best-fit dust and gas properties of quasar host galaxies
retrieved from H,O SLED modeling.
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Fig. 7. Modeling of H,O SLEDs of quasar host galaxies. Top panels:
colored diamonds are the observed H,O line luminosities normalized to
the HyO 33 —3y3 line as a function of the energy of the upper level (Ey,).
The green filled circles are the best-fit models obtained by using our
MOLPOP-CEP grids. The best-fit parameters are reported at the top-
left corner of each panel. The reported uncertainties take into account
only statistical errors ignoring any systematics. Both the E,, and the
normalized Ly,o are reported in linear scale. Bottom panels: MCMC
output posterior probability distributions of free parameters. The con-
tour plots show 1-o- and 2o confidence intervals. The same intervals are
reported in the marginalized distributions.

Leipski et al. (2013, 2014). For this source, our radiative trans-
fer analysis predicts a dust temperature that is consistent within
the uncertainties with that derived from dust SED modeling.
Finally, we estimate a high dust temperature of Tgus ~ 180K in
J0439+1634, suggesting the presence of a hot dust component
in this quasar. Interestingly, Carnianietal. (2019), Yue et al.
(2021), Walter et al. (2009), and Meyer et al. (2022) performed
modeling of high-angular resolution ALMA/NOEMA observa-
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J2310+1855

14743
0004

J1148+5251

12143}
~1.240

J0439+1634

183+14

~0.9%03

18.0702

Object ID

Tdusl (K)
Log Tio0 03 0.6
Log Nu,0 (cm™2) 17.9%0% 17.940°
Tyin (K) 50
Log nu, (cm™) 45
XHZD 2% 106

Notes. The first three rows of the table are free parameters constrained
in the H,O SLED fit. The bottom part of the table summarizes the values
for the other parameters adopted in our models and therefore valid for
all the sources.

tions of J2310+1855, J0439+1634, and J1148+5251, determin-
ing a FIR continuum half-light radius of =~0.66 kpc, ~0.74 kpc,
and =1.9kpc, respectively. This highlights that at least 50% of
the dust mass is contained in a compact central region, espe-
cially in the case of J2310+1855, thus further supporting a sig-
nificant contribution of compact warm or hot dust component
in heating the molecular gas in this quasar host galaxy. In any
case, with the current analysis and data, it is not possible to infer
the geometrical properties (e.g., extension) of the bulk of the hot
and warm dust components and the warm line-emitting region.
Future high-angular resolution MIR/FIR studies will possibly
reveal if the warm dust component we found could be actually
associated to a central dusty torus in high-z quasars. Overall,
our results are in line with similar analysis conducted in other
sources at low- and high-z (e.g., Gonzdlez-Alfonso et al. 2010;
van der Werf et al. 2011; Liuet al. 2017; Jarugula et al. 2019;
Yang et al. 2020; Walter et al. 2022), predicting hot or warm dust
components in the core regions of quasars, ULIRGs, SMGs,
and normal star-forming galaxies, notwithstanding the different
modeling details.

In order to find a constraint on the fraction of warm or
hot dust component in our quasar host galaxies, we com-
puted the expected observed flux density via Eq. (3), using
the best-fit parameters obtained from MOLPOP-CEP. In
the case of J2310+1855, and J1148+5251, we scaled My
in order to match the Herschel/PACS (Photodetector Array
Camera Spectrometer; Poglitsch et al. 2010) data at (observed-
frame) 100pum (Leipskietal. 2014; Shaoetal. 2019), while
in the case of J0439+1634 we scaled the graybody model
to match the JCMT/SCUBA-2 (James Clerk Maxwell Tele-
scope/Submillimetre  Common-User Bolometer Array-2;
Holland etal. 2013) 666 GHz (observed-frame) upper limit
(Yang et al. 2019a). As a result, we found that the fraction of
warm or hot dust in our quasar host galaxies is <5—10% of the
dust mass obtained from the dust FIR SED modeling. This result
is in line with recent theoretical predictions on dust content in
z ~ 6 galaxies (Di Mascia et al. 2021).

7.3. Boltzmann diagrams of H»O levels

We note that the H,O SLED, despite being a powerful diagnos-
tic tool, remains quite elusive for a intuitive understanding of the
ISM excitation conditions without a detailed investigation of the
various line ratios. This is mainly due to the interplay of colli-
sions and radiative pumping mechanisms in exciting the water
vapor lines. An analysis of the level population is required to
better understand the H,O excitation by varying the gas and dust
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Fig. 8. Models of H,O population level diagrams (upper and lower
panel, respectively, for ortho- and para-H,0O) for our three quasar host
galaxies. Each of the model shows the level volume density (weighted
with their quantum degeneracy) at the Ny,0, Ti00, and Tyug values
corresponding to the MOLPOP-CEP best-fit HyO SLED models (see
Sect. 7.2). The straight lines are the analytical population diagrams
computed assuming Boltzmann distribution color-coded by the excita-
tion temperature. The green line corresponds to the LTE case (Ty, =
Tex)-

400

radiation field properties. The Boltzmann statistics predict that
in local thermodynamical equilibrium (LTE) conditions the level
population of a specie obeys to ni/mg = gi/ Q(T)exp(—E;/kgT),
where n; is density of the i-th level at energy E;, g; is its quantum
degeneracy, ny is the total density of the species, and Q(T) is
the partition function. Therefore, a thermalized level population
is represented by a straight line in a In(n;/g;)— E;/kg diagram, the
intercept and slope of which are determined by n/Q(T), and
—1/T, respectively. Collisional excitation is expected to drive
the level population of low H,O energy levels (E < 100K)
toward a Boltzmann distribution with an excitation temperature
(Tex) near the gas kinetic temperature (Tin), while the absorp-
tion of IR photons populates the high-energy level, such that
Tex ~ Taust as soon as Taust > Tkin. AS a result of the inter-
play between collisional and radiative excitation, the H,O level
population can be approximated by a double Te: one value for

the low-J lines (with Tex ~ Tyin) and one for the higher-J lines
(with Tex ~ Tgygt)-

In Fig. 8, we show the level population diagrams for our
three quasars as predicted by MOLPOP-CEP. These represent
the volume densities of the level (weighted with their quan-
tum degeneracy) at the H,O column density, continuum optical
depth, and dust temperature obtained via the H,O SLED model-
ing discussed in the previous sections. In Fig. 8 we show a com-
parison of the population of the H,O levels in our quasars. The
results show a significant contribution of the dust radiation field
in exciting the high-J H,O lines in J2310+1855 compared to the
other quasars. This is in line with the prominent peak of the H,O
SLED in the 3,; — 3;, transition, and the mere detection of the
H>0 457—443 line in the latter source. Indeed, significantly higher
Tqust and T1gp values are inferred for this source. On the contrary,
J1148+5251 appears much less excited in the high energy H,O
levels consistently with the lack of H,O 455 — 443 line emission
and the detection of the ground state line 1;; — Ogp indicating
a minor contribution of the radiative pumping as a level popu-
lating mechanism. Finally, as also pointed out from the qualita-
tive analysis in Sect. 7.1, J0439+1634 represents an intermediate
case between J1148+5251 and J2310+1855.

7.4. Ly,0 — L1ir correlations

Previous studies have revealed the existence of nearly linear cor-
relations between the luminosity of H,O lines (Ly,0) and the
total infrared luminosity (Ltr) extending over ~12 orders of
magnitude from young stellar objects (YSOs, San José-Garcia
2015; San José-Garcia et al. 2016), where H,O molecules are
collisionally excited in shocked gas (e.g., Mottram et al. 2014),
to high-z galaxies (Omont et al. 2013; Yang et al. 2013, 2016;
Liu et al. 2017), in which radiative pumping plays an important
role in populating the high-J H,O levels. However, these correla-
tions have been interpreted differently in the Galactic and extra-
galactic context. In protostellar environments the H,O emission
is spatially compact and located either in the very proximity
of the protostars or in their molecular outflows that happens
in the earliest stages of star formation. Here, the FIR luminos-
ity traces the material in which the stars are forming in the
protostellar envelopes but it has no direct effect on the water
vapor excitation (see, e.g., van Dishoeck et al. 2021). On the
other hand, in the extragalactic context the Ly,0 — Ltr corre-
lations are thought to be the direct consequence of the IR pump-
ing. In this sense, the water vapor emission arises in molecular
clouds that are not necessarily co-spatial with the star-formation
activity. However, recent studies (see, e.g., van Dishoeck et al.
2021, and references therein) showed that low- and mid-J H,O
(Ewp < 300K) line ratios do not significantly differ in Galac-
tic and extragalactic environments. This suggests a common
mechanism for water vapor excitation extending from individ-
ual Galactic YSOs to high-z sources; namely, the HO emis-
sion is likely a good tracer of star formation activity buried in
the protostellar envelopes. Therefore, H,O traces proportionally
the SFR as in the case of other dense gas tracers (e.g., HCN,
Gao & Solomon 2004a,b). In particular, if a large fraction of the
mass of the warm molecular ISM, where the bulk of the H,O
emission arises, is spatially-correlated with the physical regions
where most of the FIR is generated, the nature of the Lyj,0 — Ltr
correlations could be easily explained as driven by the size
of the emitting region (see, e.g., Gonzdlez-Alfonso et al. 2014;
Liu et al. 2017). Indeed, similar linear correlations are found for
CO transitions which are collisionally excited in the molecular
gas (see, e.g., Greve et al. 2014; Lu et al. 2014; Liu et al. 2015;
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Fig. 9. Correlations between H,O line luminosities and total IR luminosities. The reference transition is reported in the upper left corner in

the upper panels. Lower panels: report the correspondent Ly,o/Lyr as a

function of Lyg. Data points show measurements of local and high-z

Hy/ULIRGs, SMGs, DSFGs/Hot DOGs, and QSO hosts retrieved from the literature, color-coded by their type. Different symbols indicate the
literature references according to the legend. For the lensed quasar J0439+1634 we report the 95% confidence interval (red diamonds connected by
a line) of intrinsic luminosities by adopting the magnification factor reported in Yang et al. (2019a, see also Sect.4). We use the mean magnification

factor as the fiducial value in the fit. Data points with empty symbols are

not corrected for gravitational lensing and were excluded from the fit.

‘We also excluded those data reported with dotted error bars as explained in the text. Downward arrows are 3o upper limits that we also ignored
in the fit. The solid purple lines show our best-fit models. The inset panels show the posterior probability distribution of the slope a of the
Ly,0 — Lyr correlations and 8 for Ly,o/Ltr. The best-fit values are reported at the bottom right corner of each panel. For comparison we also
show results obtained assuming an exact linear relation (dot-dashed green lines) and the best-fit models, from Yang et al. (2013, as dashed black

lines). The shaded areas are 1-o confidence intervals. References. van der

Werf+11 (van der Werf et al. 2011), Combes+12 (Combes et al. 2012),

Bothwell+13 (Bothwell et al. 2013), Omont+13 (Omont et al. 2013), Riechers+13 (Riechers et al. 2013), Yang+13,+16 (Yang et al. 2013, 2016),
Rawle+14 (Rawle et al. 2014), Apostolovski+19 (Apostolovski et al. 2019), Casey+19 (Casey et al. 2019), Jarugula+21 (Jarugula et al. 2021),

Pensabene+21 (Pensabene et al. 2021), Stanley+21 (Stanley et al. 2021).

Kamenetzky et al. 2016; Yang et al. 2017). These linear correla-
tions reflect the well-established fact that star-formation (traced
by L) occurs within the molecular ISM (which mass is traced
by the CO line emission). On the other hand, if the radiative
pumping drives the excitation of H,O emission in high-z galax-
ies, then we might expect that this affects to some extent the
LH;O — Lg relation.
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Gonzilez-Alfonso et al. (2014) showed that steeper than lin-
ear Ly,0 — Lyr relation is expected if (on average) oo is an
increasing function of Ltr. By using FIR pumping models, they
predict a Ly,o L]r[::z for the H,O 22 — 14; line and simi-
lar supralinear relations for the other H,O transitions. However,
Liu et al. (2017) showed that collisions significantly contribute
to the excitation of the mid-J H,O lines, thus suggesting that the
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correlations are not the mere consequence of the radiative pump-
ing effect. However, all the aforementioned investigations seem
to suggest that Ly;,0 — Lir correlations are expected to be a con-
sequence of either collisional excitation or IR pumping of H,O
transitions. The lack of a clear correlation between H,O and TIR
luminosities would suggest that a larger-than-expected variety in
the ISM properties (gas density, temperature, geometry, chemi-
cal composition, etc.) is in place in the emitting regions.

In Fig. 9, we report the Ly,o— Lrr correlations and the Ly,o-
to-Lyg ratios for the available lines in our quasar host galax-
ies. In order to study the correlations, we complement our data
with previous observations from the literature. In particular, we
retrieved measurements of local and high-z Hy/ULIRGs samples
(Omont et al. 2013; Yang et al. 2013, 2016). We also included
additional individual measurements of the quasar host galaxies
APM 08279 at z = 3.9 (van der Werf et al. 2011), and PJ231-20
(PSO J231.6576-20.8335) at z = 6.59 (Pensabene et al. 2021);
the Hy/ULIRGs/SMGs HLSJ0918 (HLSJ091828.6+514223,
Combes et al. 2012; Rawle et al. 2014) at z = 5.2, and HFLS
3 at z = 6.34 (Riechersetal. 2013); the dusty star-forming
galaxies (DSFGs) SPT 0538-50 at z = 2.78 (SPT-S J053816-
5030.8, Bothwell et al. 2013), MAMBO-9 at z = 5.85 (MM
J100026.36+021527.9, Casey et al. 2019), SPT 0346-52 at z =
5.66 (SPT-S J034640-5204.9, Apostolovskietal. 2019), and
SPT 0311-58 at z = 6.9 (SPT-S J031132-5823.4, Jarugula et al.
2021); and the hot dust-obscured galaxy (Hot DOG) W0410-
0913 (Stanley et al. 2021, with Ltr taken from Fan et al. 2016).
When possible, we report the values corrected for gravitational
lensing. In Fig. 9, we show that our data provide new constraints
to the H,O — TIR luminosity relations at Lyg > 10'3 L, and
Lu,0 2 108 Lo, where only sparse detections are available in the
literature thus far.

By assuming linear functional form of the type Log Ly,0 =
a Log Lt + B, we performed linear regressions in log-log space
through a hierarchical Bayesian approach using the linmix
Python package (Kelly 2007). In order to reduce possible biases
in the fitting results, following Yang et al. (2013, 2016) we
excluded M82 due to its peculiar very low values of its H,O
lines (see WeibB et al. 2010; Yang et al. 2013, for a discussion);
we then excluded SDP 81 due to missing flux filtered out by
interferometer (Omont et al. 2013), and the H,O 3,; — 35 tran-
sition of HFLS 3 due to its high Ly,o-to-Ly ratio. Finally, we
excluded all the sources not corrected for gravitational magni-
fication and all upper limit measurements on H>O luminosity.
In the case of the lensed quasar J0439+1634, we derived the
intrinsic luminosities by adopting a mean magnification factor
of 4.6 (see Sect. 4, Yang et al. 2019a; Yue et al. 2021) and we
used them as fiducial values in the fit. Finally, we also fit the
Ly,o0/L1r ratios by adopting the same aforementioned assump-
tions. Our best-fit results are reported in Fig. 9, and Table 6. For
comparison, we report the relation found by (Yang et al. 2013)
and the best-fit models obtained assuming an exact linear rela-
tion (i.e., @ = 1).

Overall, our best-fit slopes suggest slightly supralinear rela-
tions in all the cases except for the ground base transition H,O
111 —Ogp that is consistent with a linear relation within the uncer-
tainty. A similar result is valid in the case of HyO 455 — 443 line
which relation is also roughly linear within ~1-o~. However, the
relations involving the H,O 117 — Opp, and 49, — 443 lines are
constrained using a low number of data points available in the
literature. This is reflected in the larger relative error on the cor-
relation slopes with respect to the other lines. The slopes of the
correlations are all consistent within the uncertainties with those
found by Yang et al. (2013, 2016). The supralinear trend of the

Table 6. Best-fit slopes of Ly,0— Ltir relations and averaged Ly,o0/ Lt
ratios.

H,0 line a &0 (Lyo/Ltr) % 107°
111 —0pp 1.03x0.11 0.23*319 42+06
20— 111 110004 0.197903 13.0£0.5
211 -202 111004 0.205003 5402
20-2nn 1.13£006 0.18:2% 79+£0.5
312303 1.09£005 0.17+3% 8.8+0.5
31312 1.08x0.05 0.207003 10.8 £0.5
4 -4z 1.09+008 0.16*00 6.9+0.8

Notes. ("' The estimate of the dispersion of the intrinsic scatter about the
regression line.

Lu,0 — L1r correlations support the idea that (at least for mid-
and high-J H,O lines) the correlations are likely driven by the
IR pumping effect rather than the mere co-spatiality of the line-
and IR-continuum-emitting region (see Gonzilez-Alfonso et al.
2014). The intrinsic scatter about the H,O — TIR relations are
~0.2dex (see Table 6), which is comparable or even lower with
regard to that of the linear relation between CO lines and the FIR
luminosity (see, e.g., Liuet al. 2015; Kamenetzky et al. 2016).
Our analysis of the Ly,o/Lrr ratios leads to similar average val-
ues than that reported by Yang et al. (2013, 2016). We do not find
any substantial difference in the HoO-to-TIR luminosity ratios
measured in our high-z quasars than those of local AGN and
star-forming galaxies, which is expected if H,O is a pure tracer
of the buried star-formation activity.

8. Summary and conclusions

We present NOEMA observations toward three IR-bright
quasars (J2310+1855, J1148+5251, J0439+1634) at z > 6 that
were targeted in multiple water vapor lines as well as in the FIR
continuum. These quasars were previously detected in multiple
ISM probes including some H,O lines. The lines targeted in the
new observations are the para-/ortho-H,0 312 — 303, 111 — Opo,
250 — 241, and 44, — 4,5 emission lines, with most being detected
in all three quasars. The combination of our new and the pre-
vious H,O detections enable us to investigate the warm and
dense phase of the ISM, and the local IR dust radiation field
in intensely star-forming galaxies at cosmic dawn. We pose new
constraints on the Ly, — Lyg relations which enclose key infor-
mation on the H,O excitation mechanisms. In order to inter-
pret our results and place quantitative constraints on the physical
parameters of the ISM, we employed the MOLPOP-CEP radia-
tive transfer code. The main results of this work are as follows:

— We model the FIR dust continuum emission in all quasar host
galaxies by assuming a single-component modified black-
body and taking into account the effect of the dust optical
depth and the CMB contrast. With this approach, we infer
the dust masses, temperatures, continuum optical depths, IR
luminosities, and SFRs for the three quasar host galaxies (see
Sect. 5 and Table 4). Our results suggest Tgust ~ 80-90K,
which is higher than the values previously reported in the
literature, assuming optically thin dust emission.

— Our H;0O SLEDs do not show any obvious imprinting of
powerful AGN activity characterizing our sources when
compared to the SLEDs of local ULIRGs, AGN, as well
as other high-z sources. However, on the basis of the H,O
excitation physics, a detailed qualitative analysis of the
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individual line ratios suggests that the bulk of H,O emis-
sion in J1148+5251 arises from warm ISM phase with a low
continuum opacity. A similar analysis point to the presence
of relatively warmer dust in J2310+1855, and J0439+1634
that boosts the excitation of high-J H,O lines compared to
J1148+5251.

— Using MOLPOP-CEP predictions, we modeled the observed
H,O SLEDs of the quasar host galaxies. Our results repro-
duce the observed data well. The best-fit models reveal the
presence of a warm dust component the temperature of
which ranges in Tgy¢ ~ 80—190 K. Here, the highest tem-
peratures are found in those sources that are detected in their
high-lying J = 4 H,O transition. This warm dust compo-
nent is presumably more compact than that probed by stan-
dard dust SED modeling. From our results we estimate that
the mass fraction of the warm or hot dust component in our
quasars host galaxies is <5-10%.

— Our best-fit models point to water vapor column densities in
the range Ny,0 ~ 2 x 107-3 x 108 cm™2. Optically thin
conditions (7190 < 1) for the continuum are predicted in all
sources, except for J2310+1855 for which 1y9p ~ 1, consis-
tent with the qualitative analysis of the HoO SLEDs. Inter-
estingly, our radiative transfer analysis on the HO SLED of
J1148+5251, and J2310+1855 predicts values of 1199 which
are consistent within ~2¢- with the results obtained from the
dust SED modeling. We find a significantly higher contri-
bution of IR pumping in populating the high-J H,O lines
in J2310+1855 compared to the other quasars. The exci-
tation temperatures of £ > 200K H,O levels are roughly
T ~ 40-50K, while they are around T, ~ 25-30K in
J1148+5251.

— We studied the correlations between H,O and TIR lumi-
nosities and the HoO-to-TIR luminosity ratios. OQur obser-
vations, in combination with data from the literature, allow
us to put constraints on the Lyg = 103 L, and Ly,o >
10® L, part of the correlations. Our results suggest supralin-
ear trends in all the cases — except for the HoO 111 — Ogo
lines whose correlation with Lg is aptly consistent with
a linear trend, albeit poorly sampled. Overall, our results
support the notion that (at least for mid- and high-J H,O
transitions) the Ly,o — L correlations are driven by the
radiation pumping of the lines rather than the co-spatiality
of the H,O-line- and IR-continuum-emitting regions. The
analysis of the Ly,o/Ltr ratios does not highlight any sig-
nificant difference between values measured in high-z and
local AGN and that observed in local star-forming galax-
ies. Given the small intrinsic scatter of the H,O-TIR rela-
tions, this result suggests that H,O can be also used as
a robust proxy of star formation in high-z quasar host
galaxies.

We showed how the combination of multiple H>O lines enables
us to shed light on the properties of the warm molecular medium
in massive galaxies in the Epoch of Reionization. Water vapor
lines are also powerful diagnostics of the warm dust component
that is difficult to unveil through a simple analysis of the dust
continuum SED. However, at z ~ 6, many key H,O lines are
shifted in ALMA/NOEMA (sub-)mm bands such that they can
be simultaneously targeted. In particular, at z = 6, the combina-
tion of HyO 313 — 313, 312 — 271 (the latter of which is blended
with the CO(10 — 9) line), or the H,O 317 — 3¢3 together with
the H,0 141 — Ogp, are encompassed in a <3 GHz bandwidth and
can be therefore secured with a single ALMA or NOEMA fre-
quency setting. Despite the complexity of the water vapor exci-
tation analysis that requires multiple H>O line detections, our
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work suggests that the aforementioned combinations of lines
maximize the scientific return of H,O observations for the pur-
pose of probing the warm and dense ISM in galaxies at z > 6.
Such observations will also provide relatively tight constraints
on TIR luminosity (the HyO 351 — 33 — TIR shows small intrinsic
scatter).

Our studies were limited by the low S/N of the current data.
Further investigations on a larger sample of sources targeting
multiple H,O lines with deeper observations are required in
order to determine if our results are characteristic of the z > 6
quasar population. Overall, our analysis shows that the H,O
lines do not seem to be significantly affected by the extreme
BH feedback in z > 6 quasars when compared to water vapor
emission in local star-forming galaxies. However, larger sam-
ples are required to further understand whether H,O lines can
provide information on AGN activity or if they can be used as
pure tracers of star formation in high-z quasar host galaxies. In
addition, the brightness of H,O lines, compared to other typ-
ically used molecular tracers, makes them ideal probes of the
shocked medium by AGN-driven outflows. Future deeper (sub-
)mm spectroscopic observations of primeval quasar host galaxies
would also enable the systematic search for H,O lines featuring
P-Cygni profiles that are known to be a smoking gun of massive
molecular outflows.
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