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Abstract

We report Atacama Large Millimeter/submillimeter Array (ALMA) high-resolution (0.3″) observations of water
emission lines p-H2O(202− 111), o-H2O(321− 312), p-H2O(422− 413), in the strongly lensed galaxy
HATLASJ113526.2-01460 at redshift z ∼3.1. From the lensing-reconstructed maps of water emission and line
profiles, we infer the general physical properties of the interstellar medium (ISM) in the molecular clouds where the
lines arise. We find that the water vapor lines o-H2O(321− 312), p-H2O(422− 413) are mainly excited by far-
infrared (FIR) pumping from dust radiation in a warm and dense environment, with dust temperatures ranging from
70 to ∼100 K, as suggested by the line ratios. The p-H2O(202− 111) line, instead, is excited by a complex interplay
between FIR pumping and collisional excitation in the dense core of the star-forming region. This scenario is also
supported by the detection of the medium-level excitation of CO resulting in the line emission CO (J= 8–7).
Thanks to the unprecedented high resolution offered by the combination of ALMA capabilities and gravitational
lensing, we discern the different phases of the ISM and locate the hot molecular clouds into a physical scale of
∼500 pc. We discuss the possibility of J1135 hosting an active galactic nucleus in its accretion phase. Finally, we
determine the relation between the water emission lines and the total IR luminosity of J1135, as well as the star
formation rate as a function of water emission intensities, comparing the outcomes to local and high-z galactic
samples from the literature.

Unified Astronomy Thesaurus concepts: Star forming regions (1565); Interstellar thermal emission (857)

1. Introduction

A key goal of modern physical cosmology is to understand
the process by which an initially uniform dense gas distribution
gave birth to gravitationally bound galaxies and their stellar
populations. It is now well established that, over a relatively
short period around redshift z∼ 2–3 (the cosmic noon), the
overall galaxy population formed about half of their current
stellar mass. At these early cosmic times, a major contribution
to the star formation rate (SFR) density came from the dustiest
and gas-rich objects, nourishing SFRs as high as 103Me yr−1

(Blain 1996; Casey et al. 2014). Because of this huge dust
content, these objects appear heavily obscured in the optical/
UV bands, where the photons from the most massive newborn
stars are absorbed and reprocessed by the dust component of
molecular clouds, producing a balancing, extremely bright
continuum flux in the far-infrared (FIR) and submillimeter
bands (S870μm� 1 mJy), which justifies their denomination of
submillimeter galaxies (SMGs; Carilli & Walter 2013; Blain
et al. 2002).

Dusty star-forming galaxies have been identified as the
progenitors of massive quiescent early-type galaxies. In fact,
they are found to be abundant at high redshift (z> 1), they are

the main contributors to the total star formation history at
1< z< 4, and they have been detected up to z∼ 6 (Simpson
et al. 2014).
Observationally, these high-redshift SMGs appear to have a

large reservoir of molecular gas, which fuels their extreme star
formation activity, which in turn requires an efficient cooling
process via continuum and line photon emission. Together with
the continuum emission observations, spectroscopic analysis
can shed light on the basic cooling mechanisms necessary for
their substantial star formation process. Cooling through
molecular and/or atomic emission lines becomes effective as
long as collisions with collisional partners result in the
excitation of atomic or molecular electronic, rotational, or
vibrational quantum states, followed by radiative emission and
deexcitation.
In this framework, several molecular tracers of star formation

have been exploited. CO rotational lines significantly con-
tribute to the cooling process of the molecular clouds, with a
spectral line energy distribution (SLED) responding to the local
gas density and kinetic temperature. Nonlocal thermodynamic
equilibrium (non-LTE) models including multicomponent
molecular gas are usually required to constrain the CO SLED
of high-redshift galaxies. Nevertheless, observations of indivi-
dual high-z galaxies show that the low-J CO lines, with their
minimal excitation requirements, are mostly collisionally
excited by an extended cool molecular component, thus tracing
the bulk of the H2 gas. In particular, the CO(1–0) emission is
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dominated by the dense gas component; at higher redshifts
(n(H2) ∼105 cm−3), galaxies have a higher gas fraction and a
denser gas than at low redshifts, which implies that the
CO-to-H2 conversion factor should be higher than that for local
galaxies (Weiß et al. 2007). Furthermore, this conversion factor
is also dependent on metallicities, making it more unreliable
especially at high z (Bolatto et al. 2013).

On the other hand, the mid-J to high-J CO emission is
responsive to a warm molecular component, with a volume
density of 103− 104 cm−3, thus probing the molecular gas that
fuels the star formation activity (Weiß et al. 2007; Ivison et al.
2010; Danielson et al. 2011). A caveat is that high-J CO
transitions are plausibly also excited in X-ray-dominated
regions (XDRs) associated with active galactic nuclei (AGNs;
Carilli & Walter 2013; Kirkpatrick et al. 2019; Pozzi et al.
2017; Mingozzi et al. 2018), which can bias the determination
of the SFR in all those cases in which a mild and/or obscured
AGN cooperates with the star formation to the gas heating and
excitation.

Another interstellar molecule of key importance in the
astrophysical environments of star-forming galaxies is H2O.
Milky Way observations (Caselli et al. 2010) suggest that water
abundance in the gas phase, defined as [H2O]/[H2] =X(H2O),
is quite low in cold molecular clouds, where it is strongly
depleted on dust grains to levels X(H2O)< 10−9. However,
water becomes the third most abundant species (after H2 and
CO) in dense warm regions, where star formation raises the
dust temperature above the ice evaporation limit, or in shock-
heated regions such as those dominated by AGN-driven winds
(Bergin et al. 2003; González-Alfonso et al. 2013; Cernicharo
et al. 2006; Pensabene et al. 2022). This makes water a unique
and powerful tracer of the gas component involved in the
highly energetic processes associated with compact nuclear
starbursts or with the extreme environments of AGNs,
potentially even more reliable than other molecular gas tracers
(such as CO and HCN) traditionally used to probe the densest
interstellar medium (ISM) regions. In fact, the H2O lines offer
diagnostics of warm gas regions, which are usually deeply
buried in dust and in star-forming regions, and they can be
almost as intense as CO lines and more prominent than HCN,
as observed in the ULIRG Mkr 231 (Feruglio et al. 2015; Aalto
et al. 1995; van der Werf et al. 2011). All in all, we can
consider H2O as a “beacon” signaling the molecular clouds
energy repository (van Dishoeck et al. 2021; Liu et al. 2017,
hereafter L17).

Because of its high dipolar moment, extremely rich
spectrum, and high-level spacing (compared to other molecules
with low-level transitions in the millimetric range), H2O is
strongly coupled with the FIR radiation in compact and warm
star-forming regions; in this vein, Omont et al. (2013), Yang
et al. (2013) found a strong correlation L LH O IR2 submm µ a , with
α∼ 0.9− 1.2, extending from local to high-z sources. In
addition, the excitation of water lines is also sensitive to
collisions with hydrogen molecules. Since the lowest vibra-
tional band of H2O lies at ∼6.3 μm (shorter than collisionally
excited lines, e.g., HCN at ∼14.7 μm), the continuum radiation
is too weak to excite H2O vibrational states: the relevant water
transitions involve rotational states at the ground vibrational
level. Pumping through pure rotational transitions, over the
lowest vibrational level, is particularly important for an
asymmetric top molecule like H2O, since it makes the energy

level structure more complex than the simple rotational ladder
typical of linear or spinless molecules like HCN or CO.
The importance of radiative pumping in water vapor

rotational transitions has been extensively discussed by
González-Alfonso et al. (2004, 2008), Weiß et al. (2010),
González-Alfonso et al. (2010, 2014, 2021, 2022), Pereira-
Santaella et al. (2017), and L17. Absorption of FIR photons can
populate mid- to high-energy (Eup> 150 K) rotational levels,
which decay through a cascade process in which submillimeter
photons are emitted; such energy levels are then radiatively
excited even when collisions alone are ineffective due to their
inadequate kinetic energy. However, the relative importance of
collisions and IR pumping on water excitation in extragalactic
sources turns out to be strongly dependent on the ambient ISM
conditions. We aim to investigate this issue by taking
advantage of the high spectral and spatial resolution offered
by the Atacama Large Millimeter/submillimeter Array
(ALMA) on a strongly lensed optical- and near-IR (NIR)-dark
galaxy HATLASJ113526.2-01460 (hereafter J1135) at redshift
z∼3.1. The lensed system was originally discovered in the
Gama 12th field of the Herschel-ATLAS survey and is found to
be remarkably peculiar, given the strong faintness of the
background source and the foreground deflector in the optical
and NIR regime. Giulietti et al. (2023) analyzed its continuum,
the CO(8–7), and [C II] spectral line emissions detected from
ALMA archival data. The detailed lens modeling of these
components revealed that J1135 is magnified by a factor
μ∼ 6− 13. Thanks to gravitational lensing that stretches the
angular sizes by factors 3m ~ , it is possible to locate the
SFR region in a compact core of 0.5 kpc, with no clear
evidence of gas rotation or ongoing merging events.
In this paper, we present the modeling, analysis, and thermal

interpretation of three molecular water line transitions, namely
p-H20 202− 111, o-H20 321− 312 and p-H20 422− 413 made
available from the high-resolution (0.3″) ALMA observations
in different bands of J1135, and we provide a calibration of the
SFR–LH O2 relation. The paper is organized as follows: in
Section 2, we describe the ALMA data set used in this analysis;
in Section 3, we introduce water excitation models from
literature, outlining the main intervening physical processes in
the water spectra. In Section 4 and Section 5, we discuss the
imaging of water emission and the distribution of their fluxes
with respect to the continuum emission in the mapping, and
provide a model to fit the corresponding line shapes. In
Section 6, we interpret our results in light of the most updated
radiative transfer models existing in literature. In Section 7, we
discuss the reliability of water lines as SFR calibrators. In
Section 8, we finally draw our summary and conclusions.
Throughout this work, we adopt a flat ΛCDM cosmology
(Planck Collaboration et al. 2020) with h= 0.67, Ωm= 0.3, and
ΩΛ= 0.7, and a Salpeter initial mass function (IMF).

2. ALMA Data

J113526 has been the target of several ALMA observations,
including continuum between 250 and 450 GHz, [C II], CO,
and water lines (Giulietti et al. 2023). In this paper, we analyze
the observations of our target included in a cycle 6 project
(2018.1.00861.S, PI: Yang), publicly available on the ALMA
Science Archive. These observations aimed at tracing H2O and
CO (J= 8−7) lines in candidate lensed galaxies at high redshift
(z∼ 2−4); they are performed by exploiting ALMA bands 6
and 7 data with a maximum baseline of 1397 m, corresponding
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to a ∼0.2″ resolution in both bands. Band 6 targets the spectral
line emission of H2O(J= 20,2–11,1) and CO(J= 8–7) with two
spectral windows centered at 239.376 and 223.583 GHz
respectively, while another two windows centered at 235.940
and 221.705 GHz are dedicated to continuum observations.
The H2O(J= 32,1–31,2) and H2O(J= 42,2–41,3) spectral lines
are targeted in band 7 with two spectral windows, centered at
281.766 and 292.621 GHz respectively. The remaining two
windows centered at 280.314 and 294.266 GHz observe the
continuum emission. In both of the bands, each spectral
window has 1.875 GHz bandwidth and 240× 7.8 MHz
channels.

The calibration was performed by running the available
pipeline scripts in the Common Astronomy Software Applica-
tions (CASA; McMullin et al. 2007) package version 5.4.0–68.
The continuum subtraction was manually done using the task
uvcontsub. The imaging was performed manually by
adopting a Briggs weighting scheme with a robustness
parameter equal to 0.5 and a Hogbom deconvolution algorithm.
The images’ cubes are generated with a spectral resolution of
10.6 km s−1 per channel. The details of the beam size and
observing frequencies are collected in Table 1, together with
the rest-frame properties of the lines (rest frequency, upper
energy value of the transition, Einstein coefficient).

3. Water Excitation

H2O lines are among the strongest molecular lines in high-z
ultraluminous starburst galaxies. They are a powerful probe of
the physical, geometrical, and dynamical structure of the ISM
under the peculiar and extreme conditions of star-forming
molecular clouds. However, retrieving such key information is
not straightforward, both because most observed water lines
have high optical depths, which prevent us from directly
inferring the column densities from the measured line
intensities, and because the water spectrum is less trivial than
other gas tracers, such as CO, due to the fuddled and complex
interplay between collisional and radiative excitation processes.

H2O can be an efficient coolant of the dense, warm ISM, as
long as it is excited mainly collisionally below the critical
density; in this case, the interactions with a colliding partner
(typically, H2 or He) are able to bring kinetic energy off the gas
through spontaneous decay since each collision results in the
emission of a photon (Draine 2011) and the level deexcitation.
However, due to its high dipolar moment (1.85 Debye) and its
strong coupling with the background radiation field, the water
molecule is also subject to an important radiative excitation
mechanism channeled by the FIR continuum. FIR photons
radiatively excite the water molecules from low-lying base
levels; the water molecule responds to this pumping through a
cascade process back to the starting level, thus triggering a

pumping cycle that fuels the observed submillimeter lines’
emission. In other words, both collisions and photon absorption
may, in principle, contribute to populate an energy level, while
the deexcitation mechanism generating the observed lines is
radiative and requires subcritical density. In Figure 1, we
highlight with red downward arrows the three transitions
targeted by ALMA observations of J1135, which are the
subject of this paper: namely, a low-excitation (Eup< 250 K)
line, p-H2O (202− 111), a medium-excitation (150< Eup<
350 K) line, o-H2O (321− 312), and a high-excitation
(Eup> 350 K) line, p-H2O (422− 413). They are pumped in
the corresponding cycles by dust-emitted photons at 101, 75,
and 58 μm, respectively.
Radiative excitation is not independent on collisions, though:

the latter may significantly contribute to populate the lower
backbone level of a cycle, boosting the FIR pumping itself. In
particular, the collisional excitation of the 111 and 212 rotational
energy levels can significantly affect the pumping cycles
corresponding to the absorption of dust-emitted photons at 101
and 75 μm, enhancing also the emission of two of the lines
under study, namely the p-H2O 202− 111 and the o-H2O
321− 312. Furthermore, the emission of the p-H2O 202− 111
line may be enhanced in regions of low continuum opacity but
warm and dense gas, where the population of the upper-level
p-H2O 202 may get a collisional contribution in addition to that
coming from the decay of 211 in the FIR pumping cycle
(González-Alfonso et al. 2014). In order to quantify the relative
importance of FIR pumping and collisions, a radiative transfer

Table 1
Rest-frame Properties of the Water and CO(J = 8-7) Lines (Frequency, Upper-level Energy, Critical Density) and Information of the Relative ALMA Images (Band,

Spectral Window Central Frequency, Resolution, Position Angle, Pixel Scale, and rms) Analyzed in This Work

Transition νrest Eupper Log Aij ALMA νobs Resolution P.A. Pixel Scale rms
[GHz] [K] [s−1] Band [GHz] [arcsec2] [deg] [arcsec] [mJy beam−1 km s−1]

p-H2O 202–111 987.927 100.8 −2.23 6 239.376 0.305 × 0.270 −86.74 0.048 0.44
o-H2O 321–312 1162.912 305.2 −1.64 7 281.766 0.259 × 0.226 −77.51 0.039 0.26
p-H2O 422–413 1207.639 454.3 −1.55 7 292.621 0.251 × 0.220 −78.19 0.039 0.24
CO(J = 8–7) 921.800 199.1 −4.29 6 223.583 0.328 × 0.289 −85.21 0.048 0.35

Note. For comparison, we also report the line properties’ values for the [C II] fine structure transition 2P3/2→
2P1/2.

Figure 1. Energy levels of rotational water transitions. The red arrows indicate
the FIR pumping from dust photons; the corresponding wavelengths are also
indicated. The downward arrows indicate the radiative cascade of deexcitations
in the pumping cycles. The three purple downward arrows highlight the three
emission lines, which are the subject of this work. Collisions may partially
contribute to the population of the backbone levels. The energy levels are taken
from the LAMDA database (Schöier et al. 2005).
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model must include the parameters of the dust radiation field as
well as those describing the physical properties of the gas
component. In particular, the low-level transition analyzed in
this work will reflect the before-mentioned interplay between
collisional and radiative excitation mechanisms. In general (van
Dishoeck et al. 2021; Yang et al. 2013), the lines connected
with the ground state levels of o-H2O and p-H2O are prime
diagnostics of the cold gas; they usually show strong self-
absorption or can even be purely in absorption. The medium-
level lines probe the warm gas and are less affected (if not at
all) by absorption. The high-level excited lines originate from
energy levels only populated in high-temperature gas and
strong shocks.

The interpretation of the observed line intensity ratios would
require a radiative transfer model for the ISM in local
thermodynamic equilibrium (LTE), which includes the inter-
play between collisions and FIR pumping. Building such a
model is beyond the purpose of this paper. Nevertheless, such a
physical model (describing mainly in situ processes) does not
depend on the source redshift, and we can take advantage of
radiative transfer models existing for local star-forming
galaxies, as the one described by L17, to extract some general
diagnostics about J1135. This model was used to analyze a
survey of multiple velocity-resolved water vapor FIR spectra in
a sample of local galaxies with different nuclear environments,
from pure nuclear starbursts to starburst nuclei hosting an
AGN. To assess the relative importance of collisions and FIR
pumping on the line emission, they modeled each ISM
component as an ensemble of clumps with identical physical
properties, varying the parameters characterizing the radiation
field as well as those of the gas in each clump model. Then,
water excitation in a multiphase ISM is obtained using an
extended 3D escape probability method to solve non-LTE
radiative transfer that includes the dust emission, with the aim
of probing the physical and chemical conditions in the nuclei of
actively star-forming galaxies. The water excitation is calcu-
lated for three typical ISM components: a cold extended
component (with gas and dust temperatures of 20–30 K, the
density of the order ∼104 cm−3, and column density
∼1023 cm−2); a warm component with gas and dust
temperature between 40 and 70 K, typical densities of the order
∼105−106 cm−3, and column density of ∼1024 cm−2; and a
third, hot, and dense component, needed to explain the high
excitation transitions (such as those observed in Arp 220 and
Mrk 231, which are commonly thought to host an AGN in their
nuclei, see, e.g., Soifer et al. 1999; Downes & Eckart 2007;
Aalto et al. 2009; González-Alfonso et al. 2014; Fischer et al.
2010; van der Werf et al. 2011; Rangwala et al. 2011); this hot
component has gas and dust temperatures ∼100−200 K at
densities n(H)�106, with high column densities NH� 5×
1024 cm−2. Figure 3 of L17 illustrates the excitation model for
these ISM components, which will be used as a reference
model to interpret ALMA water lines observations of J1135.

4. Imaging Analysis

The 0.3″ resolution ALMA images presented here provide
the highest angular resolution of water emission ever reached in
observations of high-z star-forming galaxies. This high angular
resolution, combined with the stretching of angular scales
provided by the intervening gravitational lens, allows us to
dissect the (lensed) image plane (IP) of the observations, and to
map it into a detailed reconstruction of the unlensed galaxy in

the source plane. We take advantage of the gravitational
amplification of angular scales to circumscribe the molecular
clouds from which the observed water spectra arise, and whose
physical properties will be discussed in Section 6.
In Figure 2, we report IP moment maps of J115326 from

ALMA observations, showing zero, first, and second momenta
for the three H2O line transitions analyzed in this work,
respectively the integrated brightness, velocity distributions,
and velocity dispersion. Momenta are computed considering
the velocity range vp± FWHM reported in Table 3 (see
Section 5) and including only pixels above a 5σ threshold,
where σ is the rms of the map. Besides random pixels of no
statistical significance, the three transitions seem to arise from
the same physical region, a nucleus stretched into an Einstein
ring up to a size of a few kiloparsecs in the IP. The observed
emissions are consistent with a single molecular component,
due to the strikingly similar kinematic properties; in addition,
average velocities and velocity dispersions show no indication
of merging nor rotation of the emitting cloud.
The left panel of Figure 3 shows the contour plots of the

same lines at 5σ, 6σ, 9σ, and 12σ and the peak of the
corresponding emissions, superimposed to the continuum
emission at 640 μm. For completeness, we also show the
emission peak and contours of the CO (8–7) emission
described in Giulietti et al. (2023). The lens modeling of
J1135 is then performed through the open-source Python 3.6+
code PyAutoLens (Nightingale et al. 2018, 2021), which
implements the regularized semilinear inversion (SLI) method
described in Warren & Dye (2003) together with the adaptive
source plane pixelization scheme described in Nightingale &
Dye (2015) adapted to interferometric data. Further details on
this method are available, e.g., in Dye et al. (2018, 2022), Enia
et al. (2018), Massardi et al. (2018), and Maresca et al. (2022).
We modeled the three water spectral line emissions adopting
the best-fit lens model obtained in Giulietti et al. (2023),
described as a singular isothermal ellipsoid (Kormann et al.
1994), i.e., an elliptical power-law density distribution, which
goes as ρ∝ r− γ, with r being the elliptical radius, and with a
fixed slope value γ= 2. The parameters describing the lens
model are the Einstein radius θE, the lens centroid positions xc,
yc, the ratio between the semimajor and semiminor axis q, and
the positional lens angle f. The corresponding best-fit values
are 0.4241 0.0005Ein

massq =  , yc=−0.2329± 0.0005, xc=
0.1494± 0.001, q= 0.637± 0.001, and f=−35.31± 0.04.
The details on the modeling pipeline and the computation of

the physical parameters are described in Giulietti et al. (2023).
The pipeline consists of two main steps. First, we determined
the best-fit lens model via a nonlinear parametric fitting
performed by PyAutoLens through the nested sampling
algorithm Dynesty (Speagle 2020), sampling the parameter
space and computing the posterior probability distributions for
the parameters of a given lens model. We assumed a Sérsic
light profile for the source and simultaneously fit the three
ALMA continuum bands (including spectral lines). In the
second step, we kept fixed the best-fit lens model parameters
described above and reconstructed the source emission for all
three water spectral lines through the regularized SLI method.
The fit is performed on a number of pixels delimited by a

circular mask, where the radius changes according to the
resolution of the cleaned ALMA image, in order to obtain a
satisfactory fit without exceeding in terms of computational
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Figure 2. Zero, first, and second momenta for the three H2O line transitions analyzed in this work, corresponding to the integrated brightness, and velocity
distributions and the velocity dispersion, integrated over the velocity range vp ± FWHM. Moments 1 and 2 include pixels 5σ.

Figure 3. Left panel: lensed image of J1135 ALMA band 8 continuum at 640 μm. The superimposed contours of water lines and CO(8–7) moment 0 maps are shown
at 5σ, 7σ, 9σ, 12σ levels. Circles represent the position of the respective peak emissions. Right panel: reconstructed (delensed) source and line emissions. Contours are
shown at 3σ and 11σ levels.
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cost. The resulting reconstructed source contains only pixels
excluded from the masked lensed image area.

Magnification factors are computed as μ= AIP/ASP, where
AIP and ASP are the areas enclosing significant (i.e., >3σ and
>5σ) pixels in the reconstructed IP and the reconstructed
source plane (SP) respectively. The noise is estimated as the
rms in the reconstructed source map. From the area enclosing
all the pixels with signal-to-noise ratio 3 and 5 in the
reconstructed source plane, the effective radius can be
computed as r Aeff SP

0.5( )p= . Uncertainties on magnifications
and effective radii are computed from a set of samples provided
by the nonlinear search performed during the inversion. Each
sample corresponds to a set of inversion parameters (i.e., the

regularization coefficient and the pixelization’s shape) that
were evaluated and accepted by the nonlinear search.
Uncertainties are then retrieved as the 16th and 84th quantiles
of the parameter distribution drawn from ∼200 accepted
samples (see Table 2).
In Figure 4, we report the results for the lens modeling of the

water lines p-H2O(202− 111), o-H2O(321− 312), and p-H2O
(422− 413).
In the right panel of Figure 3, the 3σ and 11σ contours of the

same lines in the source plane are superimposed to the
continuum in band 8. The reconstructed image reveals the H2O
with an unprecedented resolution of <500 pc scale. Notice that
the comparison is made between observations at different
ALMA resolutions: the low-level line is observed in band 6,
where the resolution is lower with respect to the other lines.
However, we can still locate a central nucleus, showing a
clumpy structure corresponding to a region of less than 500 pc,
where all the water lines have their peak of emission,
superimposed to the CO(8–7) emission peak and adjacent to
the 640 μm continuum peak. The reconstructed low-level
transition peak is slightly (500 pc) displaced from the peak of
the other two lines, but still located in the central region. The
3σ contours’ level of this line shows a tail of few hundred
parsecs stretching from the nucleus, resulting in a more

Figure 4. Results of the lens modeling and source reconstruction procedure for J1135 water lines’ emission. From the left column to the right column: the ALMA dirty
image, the best-fit lensed model dirty image, the residuals, the image plane’s model, and the reconstructed source plane. Please note that surface brightness values of
the former are demagnified. The color bar indicates the surface brightness in units of Jy arcsec−2.

Table 2
Output Properties of the Lens-modeling and Source Reconstruction Analysis

μ3σ μ5σ Reff,3σ Reff,5σ

(pc) (pc)

p-H2O (202–111) 7.67 0.31
0.68

-
+ 6.73 0.78

0.99
-
+ 1043 56

55
-
+ 912 65

67
-
+

o-H2O (321–312) 12.74 0.66
0.27

-
+ 12.23 0.47

0.31
-
+ 739 64

57
-
+ 672 31

33
-
+

p-H2O (422–413) 12.04 1.82
1.49

-
+ 10.83 1.01

1.06
-
+ 78289

76+ 745 75
62

-
+

Note. Columns from left to right: magnification factors and effective radii
computed at 3σ and 5σ.

6

The Astrophysical Journal, 952:90 (16pp), 2023 July 20 Perrotta et al.



extended region in which the low-level line emission is
appreciably detectable, with respect to the medium- and high-
level lines. Noticeably, the peaks of CO(8–7) and
p-H2O(422− 413) turn out to be completely superimposed to
each other on both observed and reconstructed maps: the
absence of differential lensing between these two emissions is
another confirmation that they stem from the very same
physical region. In order to interpret the observed emissions in
terms of the underlying gas and dust physical properties, we
analyze the corresponding line profiles in the next section.

5. Lines’ Reconstruction

Figure 5 reports the observed (magnified) p-H2O (202− 111),
o-H2O (321− 312), and p-H2O (422− 413) lines of J1135. For
comparison, the line profile of CO(8–7) of the source, detailed
in Giulietti et al. (2023), is also shown. The intensity of the
water lines is smaller (by a factor 2–4) but comparable to that
of CO, with H2O covering the same velocity range as CO. The
water emission-line profiles, scaled to the peak value of the CO
profile for better visualization of the line profiles, are super-
imposed to the CO(8–7) line in Figure 6. The CO(8–7) and the
water vapor lines show consistent velocity dispersion, reinfor-
cing the idea that they plausibly stem from the very same
physical region inside the galaxy. The extended emission tail of
the low-level transition in Figure 3 is only weakly widening the
velocity profile of the line.

This result is confirmed by the mapping represented in
Figure 3, evidencing a central, compact nucleus of <500 pc

where CO (8–7) and the water lines have their maximum. As
for the low-level line, the reconstructed emission of p-H2O
(202− 111) (right panel of Figure 3) is spread over a larger
zone, approximately delimited by its 3σ contour extending for
about 1 kpc. We reconstructed the shape of each spectral line
exploiting a Bayesian Markov Chain Monte Carlo (MCMC)

Figure 5. Targeted water lines as observed in ALMA bands (6) and (7), and CO(8–7) line observed in ALMA band (6), from Giulietti et al. (2023). Lines are extracted
within a region enclosing pixels above 5σ drawn from the moment (0) map. The zero velocity corresponds to the rest-frame frequency of the spectral line. Data are
represented by the blue step function along with the associated errors, i.e., the gray bars. The fit of the spectral lines is represented by the black solid line. In the bottom
boxes, we have shown the magnitude of the residuals (red step function) relative to each fit together with their mean value (black solid line) and their standard
deviation (spanning the gray filled area).

Figure 6. Water emission-line profiles superimposed to the CO(J = 8–7) line
and scaled to the CO peak. The velocity scale is relative to the systemic
velocity of J1135.
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framework, implemented numerically via the Python package
emcee (Foreman-Mackey et al. 2013; further details on the fit
procedure and the resulting contour plots can be found in the
Appendix). We fit each spectral line with a single-Gaussian
function, described by the parameter vector θ= {Sp, vp, σv}
where Sp stands for the peak flux, vp represents the position of
the peak in the velocity axis, and σv is the standard deviation of
the Gaussian (also called Gaussian rms width). The main
parameters of the spectral line fit are reported in Table 3, along
with estimates of the FWHM of the fitting functions, line flux,
the mean, and the standard deviation of the residuals of the fits.
The water line luminosities are obtained from the velocity-
integrated line flux from the relation given in Solomon &
Vanden Bout (2005):

L I D z1.04 10 1 . 1LH O
3

H O rest
2 1

2 2( ) ( ) ( )n= ´ +- -

In order to identify possible signatures of rotations or outflows,
we also performed a fit of the profiles using two (and even
three) Gaussian components, without finding any striking
statistical evidence in favor of any of these supplementary
components.

The joint water line and maps analysis is thus pointing
toward a single, homogeneous, and compact (< 500 pc) ISM
component in the core of J1135, in which water transitions are
ignited by FIR pumping and collisions, together with
collisional excitation of CO and, partially, of the low-level
water line. The latter is also weakly excited in a more extended
region of the ISM. In Section 6, we will discuss these findings
comparing them with radiative transfer models’ predictions
existing in literature.

6. Qualitative Thermal Diagnostics

The high angular resolution observations of J1135 presented
in the previous section reveal that our target galaxy has a
central, compact zone where low, medium, and high Eup water
transitions are ignited, as well as emission from CO(8–7)
transition. Although the rigorous diagnostic from these
observations would require a full radiative transfer model,
some general considerations can be done by sticking to the
detailed models of L17 and González-Alfonso et al.
(2010, 2014, 2022). The L17 model was specifically developed
in order to produce a diagnostic tool for the ISM in the nuclei
of star-forming galaxies. Several nuclear environments are
covered, from pure nuclear starbursts to starburst nuclei hosting
an AGN. Each galaxy is modeled with different ISM
components, where each component is an ensemble of
molecular clumps with identical physical properties. The

excitation temperature and level population of the gas
molecules in a cloud are determined under different physical
conditions of the dust and of the gas itself. The spectral energy
distribution (SED) modeling of J1135 by Ronconi et al. (2023)
shown in Figure 7, successfully reproduces the continuum
emission with two dust components: one is associated with the
molecular clouds hosting star formation, where the young
stellar populations, still embedded in their dense envelope, are
heating the dust up to Tdust ∼70 K; the second component is
associated with the diffuse, optically thinner ISM; here, the
diffuse dust is heated by the radiation field of the old stars
populations and by the photons, which could escape the
molecular clouds sites of star formation, making a diffuse cold
component at Tdust ∼40 K. In the starburst core, the molecular
clouds hosting young stellar populations are assumed to be
embedded in the diffuse component. We take these fiducial
values of Tdust together with the L17 model as starting points to
interpret the thermal status of the ISM associated with the
observed water excitation. For each of the two dust
components, we calculate the total flux (integrated over the
whole galaxy) expected from the SED modeling at the water-
pumping frequencies we are interested in; the corresponding
values are reported in Table 5, normalized to the flux at
101 μm. The L17 model analyzes, in particular, the water
excitation, in terms of levels’ population, in a single clump
having characteristic parameters of a typical warm molecular
component, with gas kinetic temperature TK= 50 K, number
density n(H)= 105 cm−3, and water abundance X(H2O)=
10−5, for increasing dust temperatures. Ignoring the effect of
pumping (i.e., setting Tdust= 0 K), collisions alone excite
p-H2O (o-H2O) up to levels with upper energy 250 K (350 K).
This scheme is almost unchanged until the dust temperature
increases to a value of 40–50 K, when FIR pumping starts to
populate levels with 250−350 K< Eup/KB< 500−700 K. The
line strength of transitions is sketched in Figure 5 of L17: the
intensity of transitions with Eup> 250 K (350 K) (as the p-H2O
(422− 413) line) increases with dust temperature, while the
transitions with Eup< 250 K (350 K) (as the o-H2O (321− 312)
line) weakly depend on Tdust, and some of the low-level lines
with Eup< 200 K disappear for increasing Tdust, because of the
depopulation by the dust photons. In this framework, line
p-H2O (202− 111) in this dense, warm gas (Tgas∼ 50 K)
component, and for dust temperatures 50 K, feels the
combined effect of collisions (populating levels 111 and 202)
and the weak effect of pumping, which populates level 220
through the transition 111–220 while depopulating the same
level 220 through the transition 220–331. The last two effects
balance, in such a way that the pumping effect on the transition

Table 3
Observed Emission-line Parameters Derived from the Bayesian MCMC Gaussian Fit

Line Sp vp σv FWHM Sp · FWHM 〈Sr〉 σr μL
(10−4 Jy) (km s−1) (km s−1) (km s−1) (Jy km s−1) (Jy) (Jy) (108 Le)

p-H2O 202–111 183 ± 4 18 ± 3 108 ± 3 255 ± 7 4.7 ± 0.2 1.5 · 10−4 1.9 · 10−3 8.22 ± 0.35
o-H2O 321–312 204 ± 4 9 ± 2 100 ± 2 235 ± 4 4.8 ± 0.2 4.3 · 10−5 8.2 · 10−4 9.88 ± 0.41
p-H2O 422–413 107 ± 3 10 ± 3 92 ± 3 218 ± 8 2.3 ± 0.2 −1.7 · 10−5 8.9 · 10−4 4.92 ± 0.43
CO(8–7) 404 ± 5 1 ± 1 93.0 ± 0.8 219 ± 2 8.8 ± 0.2 2.7 · 10−4 1.7 · 10−3 14.4 ± 0.03

Note. Here Sp is the Gaussian’s peak, vp is the peak position on the velocity axis, σv is the standard deviation (or the Gaussian rms width) and FWHM Represents the
FWHM of the Gaussian, computed as FWHM 2 2 ln 2 vs= . The product Sp · FWHM represents the line flux. 〈Sr〉 and σr represent the mean fit residuals and their
standard deviation, respectively. The last column reports the inferred magnified luminosity. The fit refers to the lensing-magnified line profiles in Figure 5.
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p-H2O (202− 111) is subdominant with respect to the
collisional excitation. This explains the weak dependence on
the dust temperature of this line at these relatively high density,
and thus we can infer with a certain level of confidence that this
line is mainly collisionally excited in the ISM component
associated with the molecular warm dust. The L17 analysis of
the level population fractions shows that the collisional
excitation drives the p-H2O (o-H2O) lines with Eupper< 100
(200) K toward a Boltzmann distribution at the gas kinetic
temperature (thermalizing these levels) and dominates the
population of levels with Eupper< 250 (350) K, almost
independently on the dust temperature. Therefore, line p-H2O
(202− 111) is collisionally excited, as long as the gas density is
as large as n(H)= 105 cm−3.

This thermalization can occur also at gas densities much
smaller than the critical density of these water transitions
(ncrit∼ 108− 109 cm−3, reflecting the large values of the
Einstein coefficients for water rotational transitions), due to the
small escape probability of the emitted photons and the
consequent large optical depth and important radiative
trapping, which lowers the effective density for thermalization.
For Eupper> 250–350 K, the excitation is almost completely
determined by the FIR pumping alone. In this range, the
population of the levels is driven toward a Boltzmann
distribution at the dust temperature. At the typical gas density
of dense molecular clouds, p-H2O (422− 413) line is excited by
pumping from dust photons (58 μm) only for dust temperatures
above 50 K, and the level population of 422 with respect to 321
increases for increasing Tdust. We can infer that also the
intensity of line p-H2O (422− 413) with respect to o-H2O
(321− 312) is increasing with Tdust, although their ratio depends
on line optical depths, and the solution of the radiative transfer
equation is necessary to diagnose the dust temperature from the
line ratios.

Considering the nuclear region of J1135 depicted in
Figure 3, roughly delimited by the 3σ contours of the medium-

and high-level water lines, we can compare the observed
excitation of the lines with the trend arising from the thermal
model of L17. We will analyze this nucleus separately from the
extended tail of line p-H2O (202− 111) later in this section.
Adopting the continuum modeling of J1135 previously

described, the observations of the water line in the central core
are consistent with a ∼500 pc extended ensemble of molecular
clouds hosting bursts of star formation activity, featuring a
warm molecular dust component at a temperature of Tdust∼
70 K or higher, embedded in a diffuse dust component, and
warm gas with density n(H) ∼ 105 cm−3 and Tgas∼ 50 K.
The contribution of the colder, diffuse dust component at

∼40 K (in which the warm component is embedded) adds up to
contribute FIR photons, in the central starburst region, although
with fractional fluxes different than those in the molecular
warm component (see Table 4). This means that the FIR
photons from the diffuse dust component are most effective in
exciting the low-level line, with 101 μm photons, than the
medium- and high-level, which require a continuum injection
of 75 and 58 μm photons respectively.
Summarizing, the water emission in the core region of the

starburst J113625 witnesses the effect of radiative pumping on
all three water lines, due to FIR photons injected by both the
molecular (warm) and diffuse (colder) dust component, as well
as the effect of collisions on the low-level (and, partially, on the
medium-level) line. In the denser ISM, the p-H2O (202− 111)
line is mostly excited by collisions, while the medium- and
high-level lines are mostly excited by FIR pumping. In the
diffuse, colder ISM, in which warm molecular clouds are
embedded, FIR pumping is mostly exciting the low-level line.
In the core of the galaxy, we assume these components are
mixed.
It is important to stress here that the relative balance between

FIR pumping and collisional excitation of the low-level lines is
strongly dependent on the gas and dust environment para-
meters, which present a plethora of conditions in a different
context (see, e.g., González-Alfonso et al. 2021).
While the aforementioned L17 model refers to a dense and

warm gas component, we can tentatively interpret the more
extended emission of the low-level line (Figure 3) as arising far
from the dense clouds cocooning young stellar populations,
i.e., in a region where only the diffuse dust component is
contributing to the local radiation field. Here, the effect of
collisions is reduced with respect to the central nucleus, due to
the lower gas density, although they are still efficient in
populating level 111, the basis of the 101 μm pumping. The
continuum from the diffuse dust component is then appreciably
populating the low energy water levels by absorption of
101 μm photons, but it is ineffective to excite the medium- and
high-level lines, due to a reduced injection of photons with the

Figure 7. Best-fit model (black line) and 1σ and 2σ confidence intervals around
the mean of samples (dark and light gray shaded areas, respectively) of the UV-
to-radio SED of J1135 performed with GalaPy (Ronconi et al. 2023).The total
best-fitting model is decomposed into the different emission components: green
and red solid lines show respectively the unattenuated and dust-attenuated
stellar emission (including line and free–free emission from nebular regions as
well as the supernova synchrotron continuum); the yellow and purple solid
lines mark the gray body emitted by the two assumed dust components with
temperatures of about ∼40 and ∼70 K respectively. Round markers with error
bars represent the detected fluxes while round markers with downward arrows
represent 1σ upper limits.

Table 4
Flux Ratios of J1135 FIR Pumping Photons from Dust Associated with the
Dense Molecular Clouds (Warm Dust Component) and from the Diffuse (Cold)
Dust Component, Having Dust Temperature, Respectively, of ∼70 and ∼40 K
(from the SED Modeling by Ronconi et al. 2023, Represented in Figure 7)

Dust Component F58/F101 F75/F101

Dense molecular clouds 1.66 1.40
Diffuse dust 0.66 0.95

Note. F58, F75, and F101 are the fluxes at 58, 75, 101 μm, respectively,
integrated over all the source.
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proper pumping frequencies (see the second row of Table 5).
The abundance of H2O molecules may also be reduced here
since the lower temperature of the radiation field is lowering
the fraction of water evaporation from the dust grains’ ice
mantles into the gas component. The low-level line in this
extended tail is then plausibly FIR pumped by the 101 μm
photons of the colder, diffuse dust component, in a less dense
and more extended region where the other lines do not emit,
owing to the weaker FIR continuum at 75 and 50 μm.

Translating level populations into line intensities is not
trivial, since the observed emission lines are differently affected
by radiative trapping and, ultimately, by their line and
continuum optical depths. Usually, while the low-level lines
in the water spectrum feature high optical depths (τline> 1)
(and lower escape probabilities, which allows them to trace
densities much lower than the line critical density), the
medium–high lines are found to be optically thinner
(τline∼ 1) because of the higher energy required for excitation.
Because of the different optical depths of those lines, the
interpretation of their flux ratios requires the solution of the full
radiative transfer problem, which will be the subject of a
forthcoming study (F. Perrotta et al. 2023, in preparation).

Finally, we notice that we are assuming an a priori value of
Tdust∼ 70 K, as derived from the SED fitting, but the observed
excitation of the high-level water line is also consistent with a
higher dust temperature Tdust∼ 100 K (the “hot” component in
the L17 model). Nevertheless, the possible contribution of this
hot dust component to the integrated continuum emission is
expected to be subdominant, as it might be compact and deeply
buried. The continuum emission by this component would be
attenuated by the dense surrounding ISM, making J1135
strongly obscured at optical and NIR wavelengths. Due to the
lack of mid-infrared (mid-IR) detections, this possible hot dust
component is still largely unconstrained although it could still
be included consistently with the upper limits in the mid-IR.

The ratios of the line intensities, after correcting for lensing
magnification, are represented in Figure 8, where they are
compared with the results of Yang et al. (2013) for two samples
taken from the NASA/IPAC Extragalactic Database (NED),
with Mrk 231 (González-Alfonso et al. 2010), with Arp 220
(Rangwala et al. 2011), and with the lensed QSO APM
08279+ 5255 (van der Werf et al. 2011). One of the NED
samples has optically identified, strong, AGN-dominated
sources (Seyfert types 1 and 2), and the other sample has
star-forming-dominated galaxies, possibly with mild AGNs
(classes H II, composite, and LINER of Kewley et al. 2006,
“HII+mild-AGN”). The two groups show similar ratios in H2O
emission, indicating that a strong AGN may have little impact
on water excitation. Noticeably, the ratio of the high to the
medium water lines of J1135 (which are the lines excited

mostly by FIR photons from dust) is analogous to that of the
sample containing a mild AGN. In each sample, as well as in
our target galaxy, collisions alone cannot explain the relevant
excitation of the medium- and high-level transition. One could
formulate a dubitative hypothesis since, up to date, there is no
striking evidence for an obscured AGN (the radio luminosity of
J1135 at 6 cm from available EVLA observations is consistent
with the star formation activity so that no significant
contribution from a central AGN is emerging, see Vishwas
et al. 2018). Our results seem to point to a hot nucleus possibly
powered by a starburst and maybe hosting a mild AGN in
J1135.
To further explore this possibility, we analyzed the HCN/

HCO+ ratio (data taken from ALMA Science Archive, project
2017.1.01694.S, P.I. Oteo), which we will discuss in the next
subsection.

6.1. Is J1135 Hosting an AGN?

Coevolutionary models between supermassive black holes
(BHs) and their host galaxies predict that processes in the early
stages of galaxy formation, such as nuclear activity and star
formation, are strictly related and coordinated in time (Lapi
et al. 2006; Lilly et al. 2013; Mancuso et al. 2017; Pantoni et al.
2019). In this (in situ) scenario, the star formation and BH
accretion are triggered by the fast collapse of baryons toward a
gravitational center, during which most of the mass of the
system is accreted and fuels the central region of the galaxies
with gas (Lapi et al. 2018). The intense star formation activity
is accompanied by an exponential growth of the active nucleus,
whose feedback will eventually sweep away the ISM.
Observing a star-forming galaxy hosting an AGN would thus
substantiate this scenario, fortunately catching the shortly
lasting time period in which star formation coexists with the
central AGN accretion. The star formation would indeed be
eventually quenched on a relatively short timescale, while the
nucleus will shine as an optical quasar.
From the galactic evolutionary point of view, then, a mostly

important issue is to determine whether the obscured compact
cores in high-z star-forming galaxies are powered by very
compact starbursts and/or AGNs, from which strong emission
is produced in very compact regions around the central
accreting BH.
The question is if our target galaxy J1135 is confirming this

scenario. Our analysis of the water excitation is pointing to the
presence of a high excitation status in the ISM associated with
the central region, but how could we distinguish between a
purely starburst excitation and a (buried) starburst+AGN
mechanism? Being J1135 obscured in the optical and IR, and
due to the lack of data in the X band, the question of whether it
hosts a buried AGN is still open. The lack of a good sampling

Table 5
Demagnified Luminosities of the Water Lines Analyzed in This Paper

Line LH O2 (LH O2 /LIR) × 106 L L 10H O IR
6

2( )/ ´* α α* SFR/LH O2
(107 Le) Me yr−1 L 1


-

p-H2O 202–111 11.4 ± 0.2 9.4 ± 1.6 7.58 0.97 ± 0.06 1.12 ± 0.04 1.56 × 10−5

o-H2O 321−312 7.9 ± 0.6 6.54 ± 0.55 10.70 0.83 ± 0.03 1.11 ± 0.05 2.25 × 10−5

p-H2O 422–413 4.3 ± 0.83 3.56 ± 0.65 5.71 0.58 ± 0.07 0.94 ± 0.12 4.13 × 10−5

Note. Ratios of water luminosities to the IR total luminosity of J1135, where the asterisk refers to the results reported in Yang et al. (2013); α coefficient for the
relation LH O2 = L ;IR

a SFR versus water line luminosity. The SFRs were obtained from Equation (2) and linked to the luminosities of the water transitions.
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of the mid-IR part of the SED and of X-ray data for J1135
prevents the characterization of the central BH properties. The
CO high-J transition line (J= 8–7) in J1135 reveals the
presence of warm high-density molecular gas, which can be
associated with either the far-UV photons produced by star
formation processes or to the X-ray emission originated by the
AGN (e.g., Vallini et al. 2018). Indeed, the inner regions of the
galaxy (∼0.5 kpc) are the most affected by the photons coming
from the AGN, which penetrate deeply in the giant molecular
clouds generating XDRs (Maloney et al. 1996).

Generally, the extreme compact nature of high-z galaxies
hinders establishing the extension of the XDRs even with high-
resolution observations performed with ALMA (e.g.,
Schleicher et al. 2010), and the effects of the AGN could be
visible on the global CO SLED. Figure 9 compares the results
of Kirkpatrick et al. (2019) to the CO SLED of J1135, which
includes data from the IRAM 30 m (Yang et al. 2017), from
ALMA (Giulietti et al. 2023), and from the Green Bank
telescope (Harris et al. 2012). From this comparison, we found
that our target is consistent with the CO SLED of high-redshift
sources with mid-IR AGN fraction >0.5. However, Figure 9
should not be considered as a diagnostic, as one cannot find
from the analysis of Kirkpatrick et al. (2019) a robust
statistically significant difference between the CO excitation
of star formation dominated galaxies and AGN using the line
flux alone.

Thanks to the strong-lensing effect, Giulietti et al. (2023)
reconstructed and resolved the CO(8–7) emission extension for
J1135, inferring a quite large effective radius of Reff ∼ 1.2 kpc.
This result is strongly hinting toward the presence of a heavily
obscured AGN activity in J1135 at the stage of its accretion or,
alternatively, of a feedback associated with the central star
formation activity.

Besides the indications from mid- and high-water excitations
and from the (8–7) CO transition, previously discussed, one of
the keys to discern between a starburst and a putative AGN, or
the ensemble of both, relies in the different mechanisms, which
rule their energetic mechanisms. Specifically, the main power-
ing source in starbursts is nuclear fusion, while in AGNs is
accretion into a supermassive BH. As a consequence, UV is the

predominant energetic radiation in a starburst, while an AGN
strongly emits in the X band in addition to the UV. However,
this has consequences on the physical properties and on the
excitation state of the dust and molecules surrounding the
nuclei.
In particular, a peculiar and sensitive probe of the excitation

mechanism resides in submillimeter and millimeter wavelength
emission lines (weakly affected by dust extinction) from those
molecules that mostly characterize these very dense regions
where star formation takes place, i.e., HCN and HCO+, and in
their abundance ratio. Both HCN and HCO+ are powerful
tracers of the densest (nH2 > 104 cm−3) molecular gas, thanks
to their high dipole moment, so their intensity ratio is
insensitive to the fraction of dense molecular gas, relative to
diffuse. While their typical ratio in our galactic molecular cloud
is ∼1 (Blake et al. 1987; Pratap et al. 1997; Dickens et al.
2000), an overabundance of HCN relative to HCO+ is
predicted for dense molecular gas when illuminated by an
X-ray-emitting source (Meijerink & Spaans 2005; Krips et al.
2008). The observations of the HCN and HCO+ (J= 1–0),
(J= 2–1), (J= 3–2), and (J= 4–3) transitions initially con-
firmed this trend because it was found that the HCN emission is
systematically stronger than the HCO+ in AGN-dominated
galaxy nuclei than that in starburst galaxies. The trend of a
strong (>1) HCN (1−0) to HCO+ (1–0) emission ratio was
further confirmed in luminous buried AGN candidates (Krips
et al. 2008; Bussmann et al. 2008; Graciá-Carpio et al. 2008;
Juneau et al. 2009; Gao et al. 2007; Riechers et al. 2006;
Kohno 2005; Imanishi et al. 2004, 2006; Imanishi &
Nakanishi 2006; Imanishi et al. 2007, 2009, 2010; Aalto
et al. 2015; Imanishi et al. 2016; Oteo et al. 2017). For this
reason, an enhanced emission from the dense gas tracer HCN
(relative to HCO+) has been proposed as a signature of AGNs.
However, this diagnostic was later questioned by Privon et al.
(2020), following the hard X-ray observations of a sample of
four galaxies with HCN/HCO+ (1–0) intensity ratios consis-
tent with those of many AGNs. No X-ray evidence of an
obscured AGN was found, indicating that HCN/HCO++
intensity ratios are not driven by the energetic dominance of
AGN, nor are they reliable indicators of ongoing supermassive
BH accretion (Costagliola et al. 2011; Snell et al. 2011). Low
HCN/HCO+(1–0) intensity ratios were also found in AGNs
(Sani et al. 2012). This inconsistency could be due to spectral
contamination from a coexisting starburst activity that dilutes
emission from an AGN. Furthermore, the reason for the
HCN/HCO+ enhancement in AGNs is still not totally clear: it
may reside in a high temperature-driven chemistry (Izumi et al.
2013), in a noncollisional excitation such as an IR pumping
through the reradiation from UV and/or X-ray heated dust
(Sakamoto et al. 2010; Aalto et al. 1995; García-Burillo et al.
2015), or in shocked regions at a few hundred parsecs from the
supermassive BHs due to outflowing material (Martín et al.
2015). Different heating mechanisms, higher gas opacities,
densities, temperatures, and abundance variations can con-
tribute to this enhancement.
The HCN and HCO+ (J= 1–0) transitions have rest

wavelengths λrest= 3.385 mm, and λrest= 3.364 mm, respec-
tively, thus suffering the limited resolutions of current
observations. Izumi et al. (2013) proposed a possibly more
reliable diagnostic based on the so-called “submillimeter HCN-
enhancement,” making use of the HCN/HCO+ (J= 4–3) ratio,
whose integrated intensity seems again to be higher in AGNs

Figure 8. Integrated fluxes of the three J1135 demagnified water lines in Jy km
s−1 (this work), compared with the sample analyzed in Yang et al. (2013) and
with Mrk 231 (González-Alfonso et al. 2010), APM 08279 (van der Werf
et al. 2011), Arp 220 (Rangwala et al. 2011). The fluxes are normalized to the
intensity of the p-H2O (202 − 111) line.

11

The Astrophysical Journal, 952:90 (16pp), 2023 July 20 Perrotta et al.



than in starburst galaxies. These higher-J lines have sub-
millimeter rest-frame wavelengths so that higher angular
resolution is easily achievable compared to (J= 1–0) transi-
tions; this is especially important to exclude contaminations
from starburst activity to the line emission from AGN-heated
gas. Moreover, such submillimeter lines can be covered by
ALMA up to a redshift of ∼3–4. Since this feature could
potentially be an extinction-free energy diagnostic tool of
nuclear regions of galaxies (Izumi et al. 2015, 2016), we did a
preliminary analysis of the ratio HCN(4–3)/HCO+ (J= 4–3)
in J1135 (purely rotational transition in the fundamental
vibration state, rest frequencies νrest= 354.5 GHz for HCN
(J= 4–3), and νrest= 354.5 GHz for HCO+ (J= 4–3), using
archive ALMA data from 2017.1.01694.S, P.I. Oteo). The
HCN/HCO+ ratio turns out to be ∼2.2 (F. Perrotta et al. 2023
in preparation); this observed value of the HCN-to-HCO+

(J= 4–3) is suggestive of possible AGN coexisting with a
starburst-dominated region. Further observations are required,
though, to confirm this result, which would be an important
piece of information for the galaxy evolution scenarios.

7. The LH O2 –LIR Relation and SFR Calibration

Multiwavelength observations, ranging from UV to radio
frequencies, have greatly improved our understanding of the
SFR calibration. Direct tracers, like UV emission from
newborn stars, recombination lines such as Hα, or FIR cooling
lines like [C II] at 158 μm, are, however, largely affected by
dust attenuation (Casey et al. 2014). In contrast, the total IR
luminosity LIR (IR luminosity integrated into the rest-frame
8–1000 μm band) is a promising SFR indicator precisely
because of dust: in the limit of high obscuration, essentially all
of the UV-optical light from young stars is absorbed and re-
emitted into the IR. Thus, the IR luminosity should be one of
the best SFR indicators in those situations, such as for starburst
galaxies. The SFR–LIR correlation is much more robust than it
is for the [C II] fine structure line or for the CO(J= 1–0) line,
which are sublinearly correlated with LFIR even when only pure
star-forming galaxies are considered. (Díaz-Santos et al. 2013;
Solomon et al. 1997; Aravena et al. 2016). The total IR

luminosity of galaxies has been used to infer the SFR of
galaxies for decades (see Kennicutt 1998; Kennicutt &
Evans 2012 for reviews). The SFR is generally estimated from
the scaling relations of Kennicutt & Evans (2012), which
assumes a Salpeter IMF in the mass range 0.1–100 Me and
solar metallicity, and for continuous bursts of age 10–100Myr,

M L LSFR yr 1.47 10   . 2 
1 10

IR[ ] [ ] ( ) » ´- -

A caveat to take into account is that LIR may overestimate
the SFR in all those cases in which dust heating is enhanced by
physical mechanisms other than star formation, for example,
extra UV emission or X-rays, as arising in the light of evolved
stars or AGNs (Kennicutt et al. 2009; Murphy et al. 2011;
Hayward et al. 2014). In all those cases, converting the IR
luminosity into an SFR using a standard calibration will
overestimate the true SFR. Besides this caveat, retrieving LIR
requires a good sampling or modeling of the source SED,
which is not always available. A way to encompass this
possible lack of detailed information about the SED is to use
tracers of LIR itself. LH O2 was found to have a strong
dependence on the IR luminosity, varying as LH O2 ∼L IR

1.2

(Omont et al. 2013; Yang et al. 2013, 2016), slightly steeper
than linear, and equivalent to a linear relation in log-log space
with a slope very close to unity. It extends over 4 orders of
magnitude of the luminosity range, regardless of whether or not
a strong AGN signature is present. This relation is indicative of
the fundamental role of radiative IR excitation of the water
lines and implies that high-z galaxies with LIR 1013 Le tend
to be very strong emitters in H2O, which have no equivalent
excitation in the local Universe.
Our modeling of J1135 SED with a warm dust component

and a cold, diffuse one allows us to infer for the total IR
luminosity a value of LIR≈ 1.21× 1013 Le, and an FIR
luminosity, integrated into the (42.5–122.5 μm) band,
LFIR≈ 7.05× 1012 Le, after correcting for lensing magnifica-
tion. Equation (2) then provides an SFR of ∼1.77×
103Me yr−1. After the demagnification of the water line
intensities given in Table 2, we calculate for each transition the
corresponding ratio to the total IR luminosity, and the steepness
α for the relation LH O2 = L IR

a , where, for each water emission
line, the luminosity LH O2 is in units of 107 Le, and LIR is in
units of 1012 Le. Our results are reported in Table 5 and
compared with the best-fit values for the sample by Yang et al.
(2013), initially performed on a sample of 45 water-emitting
galaxies spanning a luminosity range (1–300 × 1010 Le) and
on high-z dusty star-forming galaxies, and later also including
lensed hyperluminous IR galaxies at z ∼2−4 (Yang et al.
2016, 2020).
Comparing our ratios with those from Yang et al. (2013), we

find a consistent value (within 3σ) for all the transitions. In
particular, this confirms the trend, already found in Yang et al.
(2013), that the inclusion of high-z dusty star-forming galaxies
at the high LIR end of the LH O2 –LIR relation has the effect of
slightly increasing LH O2 /LIR when looking at the 202− 111
transition. We explain this effect by noticing that, according to
our interpretation of the J1135 water emission described in
Section 6, the 988 GHz line is enhanced by a substantial
contribution from collisions; since collisions are not a direct
tracer of the warm/hot phase of the star-forming ISM, the use
of this low-level line may bias the LH O2 –LIR correlation. Thus,
the use of the H2O 202− 111 line as a tracer of IR emission may
result in overestimating the SFR. This mechanism could be
acting in high-z DSFGs, explaining the observed enhancement

Figure 9. Median CO SLEDs and line ratio uncertainties for selected sources
with mid-IR AGN fractions �50% (red open squares and thick lines) and mid-
IR AGN fractions <50% (dark blue filled squares and thick lines), from
Kirkpatrick et al. (2019). The magenta line refers to the CO SLED of
HATLAS-J113625 (Harris et al. 2012; Giulietti et al. 2023; Yang et al. 2017).
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of the steepness in the LH O2 –LIR relation for this particular class
of sources, in which J1135 is included.

In the same manner, our detailed imaging analysis, joined
with our model for the J1135 dust components, suggests that
considering the total IR luminosity may not give precise
results, as the flux between 8 and 1000 μm may also include
small contributions from old stellar populations and possibly
relevant AGNs. In this way, the LIR would not be a direct tracer
of the dust emission strictly related to star formation. Thus, it
would overestimate the SFR if used as a direct star formation
tracer, or underestimate it if we use water lines only excited by
IR pumping (such as the H2O 422–413 or higher Eup) as
calibrators since they would be divided by LIR instead than by
the effective warm/hot dust component emission (smaller than
LIR).

For this reason, we find it more reliable to relate any SFR
indicators to the FIR luminosity rather than to the total IR. As
outlined in Kennicutt (1998), the efficacy of the FIR luminosity
as an SFR tracer depends on the contribution of young stars to
the heating of the dust, and on the optical depth of the dust in
the star-forming regions. The simplest physical situation is one
in which newly born stars dominate the UV–visible radiation
field, and the dust opacity is high everywhere, in which case the
FIR luminosity measures the bolometric luminosity of the
starburst. In such a limiting case, the FIR luminosity is the
ultimate SFR tracer. For this reason, at the high optical depths,
typical of starbursts, LFIR, integrated over the rest-frame
wavelength range 42.5–122.5 μm, turns out to be a reliable
tracer of SF, possibly more than LIR. As long as our analysis is
limited to high FIR luminosities typical of starbursts (i.e.,
LFIR� 1012 Le), the luminosity of the spectral water line
p-H2O (202− 11,1), corresponding to the rest-frame frequency
of 988 GHz, does linearly correlate with LFIR, suggesting that
the luminosity of this particular water line, L 2 11,102( )- , may be
conveniently used as an SFR calibrator of high-redshift
starbursts. The crucial point here is that, as discussed in
Section 6, this correlation could be easily explained by the
partial fuelling of this transition by 101 μm photons from the
diffuse dust component in which the dense component is
embedded (Jarugula et al. 2019; van der Werf et al. 2011; Yang
et al. 2013, 2016). We have to notice, however, that the
excitation fraction due to pumping depends on the gas and dust
parameters, since, as shown in the L17 model and discussed in
Section 6, FIR pumping of this line in a dense warm ISM
component starts to contribute for Tdust> 40 K weakly, and it is
more important in the less dense ISM component, while
collisions in a dense ISM are contributing to excite this line
even without an FIR radiation field. Noticeably, Jarugula et al.
(2019) found that the 988 GHz line is correlated with LFIR not
only on global scales but also on resolved kiloparsec scales
within starbursts and AGNs, in source regions with uniform
dust temperature and opacity. On this respect, high-resolution
observations could select the water emission arising from a
selected zone around the peaks of the line luminosities with
high signal-to-noise ratio, and plausibly uniform physical
conditions. For the p-H2O (202− 11,1) transition, considering
the whole area of this line emission, we have a lower limit,
because we are also counting the line flux coming from a
region not directly associated with the molecular clouds hosting
star formation: LH O2

/LFIR 1.63± 0.03 × 10−6, in good
agreement with the results from Jarugula et al. (2019) for a
sample of gravitationally lensed dusty star-forming galaxies at

z∼ 3. This reinforces the hypothesis that p-H2O (202− 11,1) in
such galaxies is correlated with the FIR luminosity of the
starburst. However, we suggest that a more reliable diagnostic
of the SFR in dusty starburst galaxies, based on the thermal
dust emission, should better rely on the high-level H2O
transitions (like the 422− 413 analyzed in this paper). Indeed, in
this case, the ratio LH O2 /LFIR is dominated by IR pumping
(actually, almost purely pumping induced); thus, it is expected
to increase for increasing dust temperatures and SFR, unlike
the low-level transition at 988 GHz, whose upper energy level
tends to depopulate at increasing temperatures. For complete-
ness, then, we report in the last column of Table 5 our J1135
calibrations for the SFR/LH O2 obtained from Equation (2),
from the measured water line luminosities, and from the
LIR/LFIR= 1.72 value obtained by Ronconi et al. (2023) for
our target galaxy.

8. Summary and Conclusions

We presented the high-resolution ALMA images of the
water emission lines in the strongly lensed highly optical/NIR
obscured galaxy J1135 at z∼ 3.1. We analyzed the distribution
of the water and that of CO(8–7) emission lines with respect to
the continuum emission, modeled through the data SED fitting
to include a diffuse dust component and a warmer component
associated with molecular clouds hosting young stellar
populations.
We have been able to directly associate, already in the visual

imaging, a central nucleus (the possible starburst region) to the
peak of those lines, which are more sensitive to the FIR
pumping of photons from a warm (Tdust∼ 70 K) dust
component (namely, o-H2O 321− 312 and p-H2O 422− 413).
The low-level line p-H2O 202− 111 peaks in the same central
nucleus, despite a small displacement, and presents a more
extended emission; its excitation, on the core and on the
extended tail, is probably due to different combinations of
collisions and pumping of 101 μm photons from the denser,
warmer dust component and from the diffuse, colder dust
component.
An accurate fitting of the line profiles showed no evidence

for outflows nor rotation of the central nucleus from which the
water lines arise, confirming previous results obtained by
Giulietti et al. (2023) on the basis of the [C II] emission. A
single-Gaussian fit turned out to reproduce the water and the
CO(8–7) emission lines at a high confidence level, indicating
that the mid- and high-level water excitation region encom-
passes the same dense gas region where CO is collisionally
excited. We compared our imaging and line analysis to the
existing radiative transfer models, which account for the effect
of dust-emitted photons in the excitation of ISM molecules as
well as of the collisional excitations. This comparison is
suggestive of a warm, or even hot (70 K), dust component in
the central nucleus, which, together with a colder, diffuse
component, could explain the observed excitations. The lack of
X-ray observations and mid-IR detections of the continuum is
currently preventing us from discerning the nature of this
central hot nucleus.
We discussed the importance, for the in situ evolutionary

scenario, of detecting an accreting AGN in a star-forming
galaxy, outlining the spectroscopic observations, which are, to
date, suggestive of that case, although further observations are
needed to confirm the case.
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Finally, we exploited the robustness of the water lines as
possible SFR calibrators, comparing water luminosity–IR
luminosity correlation with the values obtained in literature
for samples of local and high-z sources and for strongly lensed
dusty star-forming galaxies. Our physically motivated analysis,
based on the high-resolution imaging of the targeted source,
suggested that the better SFR indicators should be the high-
level water transitions, since they are exclusively excited by
FIR pumping from dust, with negligible contribution from a
collision, and direct tracers of the warm and hot dust typically
powered in star-forming environments. The sensitivity of the
high-level water line to FIR pumping in starburst can thus be a
faithful SFR calibrator, bypassing the knowledge of the full IR
or FIR galaxy spectrum. We provided the corresponding
calibrations for J1135, but a similar analysis on additional
galaxies will be needed to obtain a statistically significant
confirmation of our results.
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Appendix
Bayesian Lines’ Shape Reconstruction

This appendix summarizes relevant information about the
technique of spectral line fitting. Our MCMC fit maximizes the
likelihood 22( ) ( ) q c qº - , where 2 2 2[ ( ) ]  c q s= -
is obtained by comparing the expectations of our empirical
model ( ) q with the data  having uncertainties 2

s . We
adopted flat prior π(θ) on the fit parameters, sampling the
posterior distribution ( ) ( ) ( ) q q p qµ by running emcee
with 104 iterations and 300 walkers. We initialized each walker
with a random position uniformly sampled from the (flat) priors
and discarded a fraction of the initial iterations of the MCMC to
allow the chain to reach statistical equilibrium. The fraction of
the chain to discard was determined from the Markov Chain’s
autocorrelation time computed for each parameter thanks to the
Gelmen–Rubin criterion (Gelman & Rubin 1992). In our case,
the fraction of rejected chain is about 18% of the MCMC on
average for each fitted spectral line. In Figure 10, we show the
contour plots obtained from the chains via the Python package
getdist (Lewis 2019).
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