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Abstract -This article investigates the observational detectability of water formed in primordial supernova
remnants during the epoch of Cosmic Dawn (z ~ 15-20). Recent cosmological simulations have shown
that significant water abundances can arise in dense, metal-enriched cloud cores following Population III
supernovae. However, the observational feasibility of detecting such primordial water has remained unclear.

To addpress this, radiative transfer modelling is performed using RADMC-3D, adopting physical conditions
derived from high-resolution Enzo simulations. Adaptive mesh refinement simulation data is resampled onto
a uniform grid and used to compute molecular emission from a large set of rotational water transitions under
the assumption of local thermodynamic equilibrium. A high-throughput computational pipeline is developed
to efficiently evaluate line emission across many transitions, enabling the construction of the full water emission
spectrum.

The resulting intrinsic flux densities are redshifted to z = 22.2 and scaled using luminosity-distance relations
to obtain observable flux densities. These are compared directly with the sensitivity limits of the Atacama Large
Millimeter/Submillimeter Array (ALMA), with the emission grouped into relevant observational bands.

Background flux calculations are performed following the general formalism presented by for cosmological
radiation backgrounds. Instead of adopting a halo-mass-dependent luminosity relation, the luminosity derived
from radiative-transfer modelling yields a characteristic flux density for each emitting cloud in each ALMA
observing band.

The results show that the strongest signals from individual clouds lie three to four orders of magnitude
below the ALMA detection thresholds, making them observationally inaccessible. However, flux densities in
the background flux are increased by five orders of magnitude due to several objects falling in a single ALMA
beam. Flux densities of the background water-line haze are therefore potentially detectable with current

instrumentation within reasonable time frames.

Keywords - Primordial Water; Cosmic Dawn; Radiative Transfer.

1 Introduction

The formation of the first stars and the first heavier elements occurred during the epoch
known as Cosmic Dawn, spanning redshifts z ~ 15 — 20 [1]. Population III stars initiated the
tirst episode of stellar nucleosynthesis and metal enrichment via their supernova explosions
at these early epochs [2], and understanding the chemical products from the earliest stellar
generations is essential for understanding the formation of subsequent galaxies, stars, and
potentially habitable systems [3,4]. This project specifically aims to investigate the obser-
vational detectability of water formed in these primordial environments, bridging the gap
between theoretical predictions of early chemical enrichment and the capabilities of current
astronomical instrumentation.


https://doi.org/10.59973/emjsr.390
mailto:sophiethorne04@gmail.com

First Water in the Universe

Water is astrophysically important from these early explosions. Water plays a crucial role
in cooling dense gas, regulating fragmentation, and influencing the chemistry of star and
planet-forming regions, in addition to its relevance for life [5,6]. Traditionally, water has
been assumed to be rare or absent in the early Universe due to the low metallicities, as a
result of insufficient time for generations of chemically enriching supernovae and the intense
ultraviolet radiation fields expected at high redshift [7,8]. However, recent theoretical studies
have begun to challenge this view, suggesting that water formation may occur earlier and
more efficiently than previously thought [8].

Whalen et al. [9] present cosmic simulations showing significant quantities of water can
form in the remnants of primordial supernovae as early as 100 — 200 Myr after the Big Bang.
Their results imply that dense, metal-enriched cloud cores at cosmic dawn may have hosted
water abundances that, in some cases, were enriched with primordial water to mass fractions
within an order of magnitude of those in the Solar System today. While the paper establishes
the theoretical existence of these primordial water clouds, they have not yet been confirmed
observationally. This motivates investigating whether such structures are observable with
current facilities.

1.1 Water formation in the early Universe

Water formation in astrophysical environments requires both molecular hydrogen and oxy-
gen, the latter of which is produced almost exclusively through stellar nucleosynthesis [10].
The absence of metals strongly limited the formation of complex molecules beyond primor-
dial species [11,12]. Additionally, even after the first supernova, the low metallicities and
strong radiation fields at high redshift were expected to suppress the formation of complex
molecules [6].

Early theoretical work explored water formation using one-zone and semi-analytic mod-
els of collapsing gas clouds [6,8]. These studies demonstrated that water could form at
metallicities as low as Z ~ 107*Z, provided that the density was sufficiently high and ultra-
violet photodissociation was limited. In such models, water formation proceeds primarily
through gas phase reactions involving atomic oxygen, hydroxyl (OH), and molecular hy-
drogen. However, these approaches lacked spatial resolution and could not capture the
hydrodynamical processes that create dense structures in realistic cosmological environ-
ments.

Increasingly sophisticated chemical networks and cooling physics have been incorporated
into more recent simulations, enabling a more detailed exploration of molecular formation in
low-metallicity gas [13,14]. These studies show the importance of non-equilibrium chemistry,
dust-assisted hydrogen formation, and three-body hydrogen production at high densities
[15]. Prior to Whalen et al. [9], it remained unclear whether such environments that could
naturally produce the dense, metal-enriched regions for water formation were possible.

1.2 Primordial supernovae as sites of water production

Whalen et al. [9] address this problem using high-resolution cosmological simulations
performed with the adaptive-mesh-refinement code Enzo [16]. They follow the evolution of
two Population IIl supernovae, a 13 M,, core collapse supernova at z ~ 22, and a 200 M, pair
instability supernova [2] at z ~ 18. Both explosions take place within trapped HII regions,
where the surrounding gas densities are higher than in freely expanding environments [17,9].

The simulations include non-equilibrium primordial and metal chemistry [13], dust for-
mation and destruction [18,19], radiative cooling processes, and hydrodynamical instabil-
ities. As the supernova remnants expand and cool, oxygen synthesised in the explosions
reacts with hydrogen and molecular hydrogen to form water. Diffuse water vapour perme-
ates the surrounding haloes at low mass fractions, but the dominant sites of water production
are dense cloud cores that form either through the compression of pre-existing clumps or
through instabilities in the expanding ejecta [20,21].
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In the core collapse supernova case, a dense clump that formed before the explosion
survives photoionisation and is later enriched by supernova ejecta. Its metallicity is gradually
raised by turbulent mixing to Z ~ 107*Z,, allowing water formation to occur during collapse
[9]. By the end of the simulation, the core collapses to a radius of ~ 0.1pc and reaches water
mass fractions of order 1077, which is consistent with predictions from one-zone models at
similar metallicities [6].

In contrast, a pair-instability supernova produces a dense clump directly from the explo-
sion itself. Rapid metal enrichment and efficient cooling lead to early collapse, with central
densities exceeding 10" cm™ and water mass fractions approaching 107*, within an order
of magnitude below those in the Solar System today [9]. In both cases, water formation is
dominated by reactions involving OH and H,, with elevated temperatures suppressing the
formation of O, and favouring H,O production [8].

These results indicate primordial supernovae can generate compact, water-rich cloud
cores at cosmic dawn. Importantly, the simulations establish the physical existence and
chemical viability of such structures, but they do not directly address their radiative proper-
ties or observational signatures.

1.3 Observational context: water emission at high redshift

Molecular water has been detected in galaxies out to redshifts z ~ 6.9 using the Atacama
Large Millimeter/submillimeter Array (ALMA) [22], typically involving far-infrared tran-
sitions of H,O that are excited by warm dust, and subsequently redshifted into ALMA'’s
observational bands [23]. These observations show that water lines can, in principle, be used
as probes of the interstellar medium in the early Universe.

The systems in which water has been detected so far are massive, dust-rich, star-forming
galaxies with large molecular gas reservoirs [24]. In contrast, primordial haloes at cosmic
dawn differ substantially from these. They are expected to be much lower in mass and
luminosity and to consist of compact, unresolved emitting regions [3].

The sensitivity of ALMA to molecular line emission depends on excitation temperature,
column density, velocity dispersion, beam dilution, and integration time. While Whalen et
al. (2025) note that some water transitions would be redshifted into ALMA bands at z ~ 22,
they do not quantify expected line fluxes or compare them directly to instrumental sensitivity
limits. The key unresolved question is whether primordial water clouds are detectable with
existing instrumentation or remain below current sensitivity limits.

1.4 The gap between existence and detectability

Whalen et al. [9] clearly demonstrates that water-rich structures form at cosmic dawn, but
this does not guarantee observability. Confirming the feasibility of detecting these water
clouds at such high redshifts requires explicit modelling of radiative transfer, molecular
excitation, and cosmological abundances [25]. Assessing detectability requires calculating
the strength of water emission lines from primordial cloud cores, determining whether these
lines can be detected by ALMA given realistic sensitivities, and estimating the number of
such objects across the celestial sphere.

Even if individual water cloud cores at cosmic dawn are too faint to detect, their col-
lective emission may produce a diffuse molecular line background [26]. If these water-rich
haloes have sufficiently high number density, their integrated emission could form a quasi-
isotropic “water line haze” across the entire celestial sphere, potentially detectable regardless
of pointing direction. Assessing the plausibility of such a signal requires combining radiative
transfer calculations with estimates of the number density and spatial distribution of these
primordial water clouds.
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1.5 Aims and methodology of this project

This project aims to assess the observational detectability of primordial water clouds formed
in Population IIl supernova remnants. To achieve this, radiative transfer simulations will be
carried out using the RADMC-3D code [27], a widely used tool in astrophysical research for
modelling continuum and line emission in complex three-dimensional environments. The
methodology imposes physical conditions originating from [9], including density, tempera-
ture, metallicity, and water abundance profiles.

Emergent water line fluxes will be calculated for key rotational transitions and redshifted
into the appropriate ALMA frequency bands. These predicted fluxes will then be compared
with the ALMA sensitivity limits [28] to assess the detectability of individual cloud cores.
Finally, the cosmological abundance of such objects will be estimated using halo-formation
models [29,30] to determine whether their cumulative emission could produce a detectable
sky-wide water-line background.

The project links cosmological simulations of primordial water formation with realistic
observational constraints to determine whether the first water in the Universe is not only
theoretically abundant, but also potentially observable with existing astronomical facilities.

2 Methodology

2.1 Simulation Data and Preprocessing

Simulation outputs generated with the Enzo code form the basis of this analysis, as described
in Whalen et al. These outputs are provided as three-dimensional data cubes using an
adaptive mesh refinement (AMR) scheme based on an oct-tree grid. The AMR structure
preserves high spatial resolution in regions of interest while maintaining computational
efficiency, but introduces complexity in downstream data handling due to its non-uniform
structure.

To process this data, the yt analysis framework is used within the Python environment.
Numerical computations were carried out on the SCTAMA High-Performance Compute
(HPC) cluster, supported by the ICG and the University of Portsmouth. Python was chosen
due to its interoperability with yt, RADMC-3D, Astropy, and Colossus. Although lower-level
languages such as C can improve runtime performance, execution speed is not the primary
bottleneck for most stages of this pipeline. Instead, development efficiency, readability, and
ease of integration with existing scientific libraries are prioritised.

Due to incompatibilities between the AMR grid structure used by Enzo and the radiative
transfer code’s input requirements, the simulation data is resampled onto a uniform Carte-
sian grid with resolution 256°. 256° was chosen as a compromise between spatial resolution
and computational efficiency. Although RADMC-3D supports AMR grids, incompatibilities
with the Enzo grid structure make direct interoperability impractical. Additionally, the large
tile sizes of the original Enzo outputs substantially increase I/O overhead when working
directly with AMR data. A uniform grid is therefore adopted as a compromise between
computational tractability and spatial resolution. Although this transformation inevitably
smooths small-scale structure, the chosen resolution is sufficient to capture the large-scale
physical properties relevant for this study.

From the resampled grid, the following physical quantities are extracted: dust density,
dust temperature, gas temperature, gas velocity, molecular hydrogen (H,) number density,
and water (H,O) number density. These variables constitute the primary inputs required for
radiative transfer modelling of molecular emission.

To ensure the resampling process preserves the physical integrity of the simulation,
validation checks are performed by computing the total mass of key components (H,, H,O,
and dust) in both the AMR dataset and the resampled Cartesian grid. These calculations are
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carried out using custom Python scripts, which calculate

Mtotal = Z niMspeciesVi- (1)

i

Following validation, the extracted data is converted into the flattened one-dimensional
format required by RADMC-3D. The three-dimensional Cartesian grid is flattened into a
one-dimensional array in x-y—z order, with a length of 256°. Grid ordering was carefully
validated to ensure consistency with RADMC-3D input requirements, as inconsistencies
at this stage can lead to significant errors in the resulting simulations. Incorrect indexing
would result in spatial misalignment of physical quantities, leading to non-physical radiative
transfer results.

2.2 Radiative Transfer Modelling

Radiative transfer calculations are performed using the RADMC-3D code, which provides
a flexible framework for modelling both continuum and line emission in astrophysical en-
vironments. The code is compiled using the GNU Fortran compiler and executed within a
Linux-based operating system.

In addition to the simulation-derived inputs, several auxiliary data files are required. Dust
opacity tables are generated using the OpTool utility included with RADMC-3D, which com-
putes wavelength-dependent absorption and scattering coefficients based on assumed grain
properties. Molecular data for water transitions are obtained from standard spectroscopic
databases, such as those maintained by the Jet Propulsion Laboratory. Additional config-
uration files are created to specify model parameters, grid structure, and the line-emission
simulation mode.

Local thermodynamic equilibrium (LTE) is assumed when computing molecular-level
populations, with the excitation temperature equal to the gas’s kinetic temperature. At the
densities considered in the collapsing core, gas—dust thermal coupling is expected to be
efficient, and the level populations are expected to follow a Boltzmann distribution.

The validity of the LTE approximation depends primarily on the gas density relative to
the critical densities of the molecular transitions. In the simulation analysed here, the densest
regions reach number densities of order n ~ 10°-10™ ecm™, as reported in [9]. At such high
densities, collisional excitation rates dominate radiative processes, driving the molecular-
level populations toward thermal equilibrium. For water transitions in particular, typical
critical densities range from 107 to 10'° cm™, depending on the transition. Therefore, a
significant fraction of the emitting gas is expected to satisfy or exceed the critical density,
supporting the use of LTE.

The focus of this work is on integrated line fluxes rather than detailed excitation con-
ditions or non-LTE population inversions. Under these conditions, LTE provides a com-
putationally efficient and physically reasonable approximation that captures the dominant
emission behaviour without requiring significantly more expensive non-LTE radiative trans-
fer calculations. The assumption of LTE likely yields an upper limit on the emission, as
subcritical-density regions will exhibit sub-thermal excitation.

Initial test runs are conducted to validate the radiative transfer setup. These involve
simulating emission from individual spectral lines at high frequency resolution, sampling
each line with 200 frequency points to accurately capture its profile. To compute line flux
densities across a large number of transitions, a simplified approach is adopted in which
each line is evaluated at a single frequency point. In this configuration, the line is sampled
at its central frequency, and the returned value is equal to the peak flux density. Because
ALMA sensitivity is defined per spectral channel, detectability depends primarily on the
peak flux density rather than on the integrated luminosity, provided the line is unresolved
or marginally resolved.
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Figure 1: A fully resolved water line with 200 points

2.3 High-Throughput Line Emission

A key computational challenge arises from the fact that RADMC-3D processes only a single
spectral line per execution and does not natively support multithreading. Initial calculations
performed on a cloud-based virtual machine environment (SciServer) required approxi-
mately 5 minutes per line, yielding a total runtime of order 13 hours for the complete set of
water transitions.

To improve performance, computations are migrated to a local desktop system running
an Arch-Linux-based operating system with optimised scientific libraries, including NumPy,
Matplotlib, and Astropy. The desktop uses a 16-thread processor and 64 GB of RAM, provid-
ing high-speed single-thread performance and suitable memory for later parallelisation. The
migration improved performance by approximately a factor of five due to faster hardware
and optimised numerical libraries.

Further acceleration is achieved through process-level parallelisation. Since individual
line calculations are independent, the problem is well-suited to an “embarrassingly parallel”
approach, as no inter-process communication or synchronisation is required. Therefore, the
process can be parallelised by running multiple instances of RADMC-3D concurrently on
separate processors, eliminating the single-threading bottleneck imposed by RADMC-3D.
Instead, all CPU cores are utilised. However, because each simultaneous run is independent
and requires its own data cache, this results in significantly increased memory usage. A
custom Python pipeline is implemented using the ProcessPoolExecutor framework, enabling
multiple RADMC-3D instances to run concurrently. Each process operates within its own
temporary working directory to avoid file conflicts, with required input files provided via
hard links to minimise duplication of large files. The input files for the simulation total ~ 3.7
GB, so duplicating files would result in ~ 600 GB for a complete run while also reducing I/O
overhead.

During execution, each process runs RADMC-3D for a specific water transition, extracts
the resulting wavelength and flux density, and stores the output before proceeding to the
next assigned line. Upon completion, all outputs are aggregated, sorted by wavelength, and
written to a consolidated data file. By utilising all 16 available CPU threads on the local
system, this approach achieves a speed-up factor of ~ 52 (from 13 hours to 15 minutes),
consistent with near-linear scaling across 16 threads when accounting for 1/O overhead.

2.4 Cosmological Scaling of Model Outputs

The flux densities produced by RADMC-3D are normalised to a source distance of 1 parsec.
To obtain physically meaningful observational predictions, these outputs are rescaled to a
cosmological redshift of z=22.2 as established in [9].
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The luminosity distance is computed using the cosmological parameters from [9] (H, =
67.7, O = 0.3089, Q) = 0.691) via numerical integration of the Friedmann equations
following [31], to give a luminosity distance of 7.98 x 10* cm. Fluxes are scaled using the
inverse square law F oc 1/D5.

In addition to distance scaling, cosmological redshift effects are applied to both wave-
length and flux. Emitted wavelengths are shifted to the observer frame according to
Aobs = Aemit(1l + z), and flux densities are reduced by a factor of (1 + z) due to bandwidth
stretching, and converted from cgs units (erg s™' cm™ Hz™!) to the more common Jansky (Jy)
for observational comparison.

2.5 Detectability Analysis

The detectability of the simulated emission is assessed by comparison with the sensitivity
limits of the Atacama Large Millimeter/submillimeter Array (ALMA). ALMA is selected
due to its capability to observe in the millimetre and submillimetre regimes, including the
~ 600 m wavelength range relevant to the redshifted water emission considered here. The
sensitivity of ALMA depends on the integration time and the selected bandwidth.

ALMA has 10 wavelength bands spanning 30-50 GHz to 787-950 GHz, so the computed
spectral lines are grouped by the frequency bands accessible to ALMA. For each band, the
total flux density contributed by all lines within the bandpass is summed. This assumes that
the lines fall within a single spectral channel or are unresolved at the chosen spectral reso-
lution. These fluxes are then compared against instrument sensitivity thresholds, obtained
from the ALMA sensitivity calculator, to determine the total integration time and assess
whether the emission would be detectable under realistic observing conditions.

2.6 Number Density Analysis

A sufficiently numerous population of primordial water-emitting clouds could, in princi-
ple, generate a detectable diffuse cosmological background. To investigate this possibility,
a number density analysis was performed following the general formalism presented by
Dijkstra (2018) [32] for cosmological radiation backgrounds. In their work, the background
Lyman-Werner radiation field was computed through the sequence:

dn
dinM

where the halo mass function determines the abundance of emitting haloes, which are then
converted into a comoving emissivity and integrated over redshift to obtain the observable
background intensity. The original framework was first reproduced to verify the numerical
implementation, and then adapted for primordial water emission. Figure 2.3 shows the
reproduced graph of redshift evolution of i~

The same cosmological integration structure was subsequently modified to model pri-
mordial water line emission. Instead of adopting a halo mass-dependent luminosity relation,
the radiative transfer calculations described previously provide a characteristic flux density
for an individual emitting cloud in each ALMA observing band. The calculation pipeline
becomes

— LM, z) — €(z) = Jgg, @)

= Haua(®) = €2) - 1, 3)
where 144 is the comoving number density of water-emitting clouds, €, is the comoving
emissivity, and I®C is the resulting diffuse background intensity.

Halo abundances were generated using the Diemer (2018) [33] Colossus cosmology pack-
age with the Sheth-Tormen halo mass function formalism. The cosmological parameters

adopted were consistent with those used throughout this work: Hy = 67.7 km s Mpc‘l,
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Figure 2: Comparison between the reproduced (left) and original Lyman-Werner background Figure 3 in [32].

Q,, = 0.3089, (),
imposed,

= 0.0486, 0g = 0.816, and n, = 0.967. A minimum halo mass threshold was

-3/2
Munin(2) = 3% 10° (1 =M (4)
20
which approximates the minimum mass required for collapse and cooling at high redshift.
The halo mass function was integrated between Myn(z) and 10” M. An average of 0.2
cloud-forming CCSN per halo and 5 water cloud cores per CCSN were assumed. Additional
analysis with 1 CCSN per halo and 0.02 CCSN per halo was also performed. Under this
assumption, the effective occupation fraction was

faoud = 0.2 X 5. (5)

A duty cycle correction was also included to account for the finite emitting lifetime of
the clouds. Assuming a characteristic cloud lifetime of 30 Myr within a Hubble timescale of
150 Myr, the duty cycle becomes

taloud 30 Myr
u = = = 6
Jauy =7 = 150 Myr (©)
equal to the duty cycle used in [32].
The comoving emissivity was calculated as
10" Mg dn
€,(z) =L, . dInM ——— fdloud fduty dIn M, (7)

where L, is the characteristic luminosity of an individual cloud in a given ALMA observing
band.

The cloud luminosities were obtained by converting the simulated observed flux densities
into intrinsic luminosities using;:

L, =4nD:S,(1 +z), (8)

where S, is the observed flux density from the radiative transfer calculations, D; is the
luminosity distance evaluated at the reference redshift z = 22.2, and the additional factor of
(1 + z) accounts for cosmological bandwidth compression.

Finally, the observable diffuse background intensity was obtained through cosmological
line-of-sight integration,

6
L H(z)(1 +2) z) ©)
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where H(z) is the Hubble parameter. The resulting intensity was converted into observational
units of Jy sr™!, and the corresponding flux within an ALMA beam was computed using the
beam solid angle approximation

Qbeam = 1.13 67, (10)

with 6 = 0.5” taken as the representative beam size.

2.7 Reproducibility
e RADMC-3D Version: 2.0

Python Version: 3.14.4

Numpy Version: 2.4.4

AstroPy Version: 7.2.0

Matplotlib Version: 3.10.8

Colossus Version: 1.3.17

Operating System: CachyOS Linux
e Kernel Version: 7.0.0-1-cachyos (64-bit)

3 Results

3.1 Overview of Results

The primary aim of this work was to determine whether water-rich cloud cores formed in pri-
mordial supernova remnants at cosmic dawn could be detected using current observational
facilities. To address this question, radiative transfer calculations were performed to obtain
intrinsic water-line fluxes, which were then redshifted and compared with the sensitivity
limits of ALMA. The results show that individual clouds produce flux densities of approx-
imately 10~ Jy in the most favourable ALMA bands, which is approximately three orders
of magnitude below ALMA'’s detection thresholds (e.g., a typical 24-hour detection limit of
~ 107° Jy). Additionally, a diffuse background signal was calculated to assess whether the
cumulative emission from the population, given estimated cloud number densities, could
generate a detectable water-line haze. Under standard assumptions regarding the abun-
dance and duty cycle of water clouds, the findings indicate that the integrated background
signal may reach flux densities of up to 3.2 x 10~* Jy per ALMA beam in Band 7, exceeding
the minimum required sensitivity and suggesting the possibility of detection by ALMA.

3.2 Intrinsic Water Emission

Figure (3| demonstrates that the intrinsic emission is dominated by discrete rotational tran-
sitions concentrated between 15-175 m. The overall emission shape forms an envelope
resembling a thermal distribution, with a peak near 28 m. At a distance of 1 pc, the peak flux
density reaches approximately F, max ~ 2.7 X 107 erg s7! cm™ Hz™! while the weakest lines
fall to values as low as 1077 erg s™' ecm™ Hz™.

When converted into observational units, the peak corresponds to approximately 2.8x10
Jy. Atlocal scales, the cloud exhibits intrinsically strong molecular emission, comparable in
brightness temperature to that of dense molecular environments in present-day star-forming
regions.

The emission spectrum is highly non-uniform, with only a small number of transitions
contributing to the total luminosity. Although the overall envelope resembles a blackbody
curve, the individual line intensities vary substantially, even over small wavelength intervals.
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Figure 3: Intrinsic water emission spectrum evaluated at a distance of 1 pc. The spectrum is dominated by discrete rotational transitions
between approximately 15 and 175 um, with peak emission near 28 pm.

The strongest emission is concentrated in the 20-75 m range, corresponding to transitions
efficiently excited at the temperatures and densities present in the simulated cloud core.
Outside this range, line strengths decline rapidly, forming extended tails toward both shorter
and longer wavelengths.

Within the peak region, line-strength variation remains significant. Transitions separated
by only a few microns can differ in intensity by an order of magnitude or more. This be-
haviour reflects the detailed quantum mechanical structure of the water molecule, including
variations in transition probabilities, level populations, and excitation conditions.

Consequently, the emission is dominated by a relatively small number of strong lines,
rather than being evenly distributed across many transitions. While numerous weak lines
are present, their cumulative contribution to the total flux is subdominant compared to the
brightest transitions.

The line-dominated spectrum strongly constrains the observational strategy. Rather than
appearing as a smooth continuum, the emission would manifest as a sparse set of discrete
spectral features. As a result, detection strategies based on line stacking or targeted searches
for specific strong transitions are more appropriate than continuum-based approaches.

3.3 Effects of Cosmological Distance and Redshift

1e—10 Water Lines at z=22.2

Band 10
Band 9
1.5 A1 Band 8
Band 7
Band &
1.0 Band 5
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0.0 J| | ||“‘MH| W
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Observed Wavelength [micron]
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Figure 4: Observer-frame H,O emission spectrum at z = 22.2. Cosmological redshifting moves the strongest mid-infrared transitions into
ALMA bands 7-8, although the resulting fluxes remain several orders of magnitude below instrumental sensitivity limits.

To assess observability, the intrinsic emission must be translated into the observer frame
at redshift z=22.2, introducing two major effects: wavelength redshift and flux dimming.
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First, the emitted wavelengths are stretched by a factor of (1 + z), shifting the peak
emission from the mid-infrared into the millimetre regime. Specifically, the intrinsic 20-75
m range is shifted to approximately 0.4-3.5 mm, placing the emission within the ALMA
frequency coverage. The strongest concentration of emission falls between 0.5 and 1.5 mm,
corresponding to ALMA Bands 7 and 8§, as illustrated in Figure

Second, and more significantly, the flux density is reduced due to the enormous lumi-
nosity distance. At z=22.2, the luminosity distance is D;, ~ 7.98 X 10° cm. Applying the
inverse-square law, along with the additional (1 + z) redshift correction for flux density,
results in a total reduction of approximately 24 orders of magnitude in observed flux to
~ 1071%7y. This is consistent with the expected cosmological scaling,

1pc !
Fo s — Pemi = 11
b ( da ) L (1)
where we can perform order of magnitude analysis, with 1 pc ~ 10'8cm,
14 10'%)* 1 10
Fops = 1 — | —= =10 12
bs = 10 (1029) 23~ 10 (12)

which yields an order-of-magnitude estimate of ~ 107 as expected; the cosmological dis-
tance dominates the object’s intrinsic luminosity.

3.4 Band-Integrated Fluxes

For comparison with observational data, the redshifted emission is grouped into the fre-
quency bands accessible to ALMA. The total flux density within each band is computed by
summing the contributions of all lines falling within the corresponding wavelength. The
results are presented in Table (I} The highest flux densities are found in bands 7 and 8, with
peak values of order 10~ Jy. Bands 2-6 and 9 closely follow with flux densities of order 10
Jy, while the lowest frequency bands fall to 1072 Jy.

The distribution closely mirrors the intrinsic spectral shape, with the strongest observed
emission corresponding to the redshifted peak of the original spectrum. The concentration of
flux in a limited number of bands suggests that any observational attempt should prioritise
these regions. However, even the most favourable bands remain faint in absolute terms.
The peak band-integrated flux of 1.42 X 10~ Jy remains well below the sensitivity limits of
current instrumentation.

Table 1: Flux in ALMA bands

Band Lower Bound (m) Upper Bound (m) Total Flux Density (Jy)

10 300 400 6.88 x 10711
9 400 500 3.00 x 10710
8 600 800 1.42 x107°
7 800 1100 1.30 x 107°
6 1100 1400 7.03 x 10710
5 1400 1800 5.04 x 10710
4 1800 2400 2.93 x 10710
3 2600 3600 1.17 x 10710
2 2600 4500 1.60 x 10710
1 6000 8600 5.79 x 10712

Within each ALMA band, the total flux is not evenly distributed among all contributing
transitions; the spectrum remains strongly line-dominated, with a small number of transi-
tions governing the total band-integrated emission.
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The distribution has two important implications. First, it limits the effectiveness of band
integration for boosting detectability, since adding many weak lines does not significantly
increase the total flux. Second, it suggests that observational strategies should focus on iden-
tifying and targeting the strongest individual transitions, rather than relying on broadband
detection.

3.5 Comparison with ALMA Sensitivity

The final step in the analysis is to compare the predicted flux densities with the ALMA
sensitivity limits. Using the ALMA sensitivity calculator, an observing configuration was
adopted: all 50 12m antennas, a frequency of 450 GHz, and an integration time of 24 hours.
A frequency of 450 GHz correlates to ALMA band 8, which contains the peak flux density
emitted by a water cloud. Under these conditions, the root-mean-square (RMS) sensitivity
required is approximately ¢ ~ 550 Jy. Comparing this to the predicted fluxes reveals a
substantial discrepancy. Even in the most favourable case of band 8, the expected flux of
~ 107 Jy is approximately 5 orders of magnitude below the detection threshold.

However, ALMA is significantly more sensitive at lower frequencies. Adopting the same
observing configuration as before but in band 7 at 350 GHz, the RMS sensitivity required for
an integration time of 24 hours is ¢ ~ 4.5 Jy. Despite band 8 having a slightly higher flux
density, the 2 orders of magnitude greater RMS sensitivity dominates the outcome, providing
a much more favourable detection possibility in band 7. Despite this, the flux density in
band 7 remains 3 orders of magnitude below the detection threshold.

3.6 Diffuse Background Constraints

The previous sections considered the detectability of individual primordial water clouds.
Even if isolated objects are too faint to observe directly, a sufficiently numerous cosmological
population could, in principle, produce a detectable diffuse line background.

To investigate this possibility, the number density formalism described in Section 2.7 was
applied using halo abundances generated with the Colossus package. Adopting a duty cycle
of 0.2, and conservatively assuming 5 water-emitting clouds per CCSN and 0.2 CCSN per
halo, the resulting background flux per ALMA beam was found to be much greater than an
individual water cloud, with ALMA receiving 2.89 x 10~* Jy in band 7.

Table 2: Background flux with 0.2 CCSN per halo

Band Background intensity (Jy/sr) Flux per ALMA beam (Jy)

10 2.30 x 10° 1.52x107°
9 9.99 x 10° 6.63x107°
8 4.76 x 107 316 x107*
7 4.35 x 107 2.89 x 1074
6 2.35 x 107 1.56 x 1074
5 1.68 x 107 1.12x 1074
4 9.79 x 10° 6.50 x 10~
3 3.89 x 10° 256 x 107°
2 5.32 x 10° 3.53x 107>
1 1.93 x 10° 1.28 x 107

An optimistic upper limit scenario was also explored, in which every halo hosts a CCSN.
In this case, the resulting cumulative signal is 5X higher, corresponding with the 5X increase
in CCSNs per halo.

These calculations demonstrate that population statistics substantially improve detectabil-
ity; a diffuse background may be detectable under optimistic assumptions. Even a pessimistic
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cosmological abundance of 0.1 clouds per halo, or 0.02 CCSN per halo, provides a detectable
flux of 29]y.

4 Discussion

4.1 Physical Interpretation

The extreme faintness of the predicted emission arises primarily from cosmological distance
effects. The inverse-square law, combined with redshift dimming, reduces the intrinsic
brightness by over twenty orders of magnitude. The results demonstrate an important
distinction between chemical abundance and observational accessibility. Although water can
form efficiently in primordial supernova remnants, molecular abundance alone is insufficient
for detectability. Observable emission depends critically on the combination of emitting
volume, excitation conditions, and cosmological distance. In the present case, the compact
physical scale of the cloud cores severely limits the total luminosity despite relatively high
local water abundances.

Unlike massive star-forming galaxies, these primordial systems lack strong infrared ra-
diation fields and significant dust content. This differs fundamentally from high-redshift
dusty star-forming galaxies in which the earliest water has been detected, where large gas
masses, high star formation rates, and strong radiation fields combine to produce detectable
water emission. The primordial clouds considered here represent a fundamentally different
regime, characterised by small scales and limited energy input.

4.2 Implications for Observability

The most immediate conclusion is that individual primordial water clouds are not detectable
with ALMA, even under optimistic assumptions regarding excitation conditions and integra-
tion times. ALMA is optimised for compact but comparatively luminous molecular sources
such as dusty star-forming galaxies and protoplanetary disks. In contrast, primordial water
clouds combine small emitting volumes with extreme cosmological distances and limited
radiative pumping. Consequently, the observational regime explored here lies outside the
parameter space for which current millimetre interferometers are most effective.

The failure of line stacking to significantly improve detectability stems from the spectrum
being dominated by a relatively small number of transitions rather than a quasi-continuous
molecular forest. Consequently, adding weaker lines contributes only a small additional
signal-to-noise ratio.

Nonetheless, this does not necessarily imply that primordial water is entirely unobserv-
able. Cumulative emission from many such objects within a single ALMA beam reaches
detectable levels.

4.3 Diffuse Background and Population Effects

Unlike individual sources, a molecular line background arising from the combined emission
of water clouds would not require spatial resolution and, in principle, could be detected as
a statistical signal. Performing a calculation of the number density within the framework
of Dijkstra (2018) [32], under standard assumptions, a background flux of 4.35 x 107 Jy/sr is
created. Assuming individual spectral lines are not resolved, a single ALMA beam would
receive 2.89 X 107 Jy in band 7. A flux density of 289 Jy is significantly larger than the
minimum required RMS sensitivity for a detection with 24 hours of integration time of
o ~ 4.5 Jy, requiring an integration time of 20 seconds.

Because the total flux is dominated by a small number of transitions, the strongest indi-
vidual lines are only an order of magnitude weaker than the total band-integrated flux. Flux
densities of ~ 28 Jy per line are detectable with 33 minutes of integration time, indicating
that individual water lines could likely be resolved.
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Under an upper-limit assumption in which every halo hosts a core collapse supernova, the
cumulative background signal reaches approximately 1445 Jy, substantially above current
instrumental sensitivity limits. Under a lower-limit assumption where only 2% of halos
contain an appropriate core collapse supernova, a background flux of 29 Jy is produced,
which requires an integration time of 33 minutes.

These results indicate that cumulative population effects are sufficient to overcome the
observational limitations imposed by cosmological distance. However, it is important to ac-
knowledge that significant uncertainties remain regarding the detectability of such a diffuse
cosmological background signal. Factors such as assumptions about halo number densities,
the duty cycle of emitting clouds, and the adopted local thermodynamic equilibrium (LTE)
approximation may all bias the predicted fluxes. Additionally, uncertainties arising from
grid interpolation in simulation post-processing and possible variations in cloud properties
across the population could further affect these estimates. Therefore, the potential detectabil-
ity of their integrated background emission with existing facilities should be regarded as an
upper limit, contingent upon these unresolved uncertainties.

44 Are These Results Expected?

The results obtained in this work are broadly consistent with theoretical expectations.
Whalen et al. (2025) [9] demonstrated that significant water abundances can form in pri-
mordial supernova remnants, but also noted that the resulting emission would likely be
observationally inaccessible.

Their estimate that individual sources would be invisible to facilities such as the Square
Kilometre Array or next-generation radio observatories is supported by the findings pre-
sented here, as is their estimate that a global population of water clouds may produce a
cosmic line background detectable by ALMA.

The present analysis provides quantitative support for previous qualitative predictions
regarding the observability of primordial water clouds. Earlier studies posited that individ-
ual water cloud cores would remain undetectable and that detecting a background flux was
a goal for future, more advanced observatories. In contrast, the results here demonstrate
a shift in this consensus: although individual water cloud cores remain beyond the reach
of current facilities, the cumulative background flux is likely already within the detection
capabilities of existing instrumentation.

4.5 Robustness and Uncertainties

Several assumptions in this work likely lead to an overestimation of the predicted fluxes. The
greatest uncertainty in this analysis arises from resampling the AMR data onto a uniform
Cartesian grid, which significantly affects water mass estimates. For example, while Whalen
et al. (2025) [9] reports a total water mass of 10™°M,, direct extraction from the original
Enzo AMR dataset yields 10M,, and analysis with the resampled grid produces about
5% 107°M,. The latter discrepancy is primarily due to smoothing and loss of small-scale
density structure during interpolation. In particular, interpolating from AMR to uniform
grids tends to smooth sharp density gradients and fine features, thereby further biasing
regions of the simulation in which the majority of the water mass is confined to dense, sub-
grid clumps. Consequently, the interpolation process may artificially dilute high-density
peaks, thereby under-representing compact mass concentrations, or, conversely, introduce
artificial mass into low-density regions, both of which can result in erroneous estimates of
the integrated water mass. The extent of this bias depends on the selected grid resolution for
resampling: coarser grids exacerbate smoothing effects, whereas higher-resolution grids may
mitigate, but not eliminate, the loss of feature fidelity. The resulting uncertainties in water
mass estimates directly affect the predicted fluxes and, therefore, the overall assessment of
detectability; they represent a key methodological limitation that can propagate through
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all subsequent calculations, ultimately affecting the robustness of the study’s conclusions
regarding the observational signatures of primordial water clouds.

Additionally, the assumption of local thermodynamic equilibrium (LTE) ensures maxi-
mal excitation of molecular levels. The LTE assumption likely biases the predicted fluxes
upward because sub-thermal excitation in lower-density regions would reduce level popu-
lations relative to the Boltzmann distribution. Consequently, the derived fluxes should be
interpreted as optimistic upper limits. Physical processes such as radiative feedback, tur-
bulence, and velocity gradients are not fully captured in the current model, leading to local
underestimates of molecular excitation and reduced fluxes. While this partially offsets the
overestimate arising from the LTE assumption, the LTE approximation is likely the dominant
source of systematic uncertainty, and so these additional physical processes are unlikely to
yield a significant difference. The overall modelling framework, therefore, most likely biases
the calculations toward an optimistic estimate of detectability.

Furthermore, cosmological uncertainties arise from assumptions about halo abundances.
The implemented duty cycle of 0.2 is an assumption rather than a first-principles-motivated
value, as are the chosen values for the number of CCSNss per halo. Additionally, this work
assumes that the analysed water cloud is representative of the entire population of clouds
identical to it and that these clouds do not evolve over time.

Taken together, these considerations suggest that the results presented here should be
interpreted as upper limits. Most modelling assumptions adopted here bias the calculation
toward enhanced detectability rather than suppression. The true fluxes are likely to be even
lower, but unlikely to be sufficient to achieve the ~ 3 order of magnitude difference to cause
the background flux to become undetectable.

4.6 Limitations and future work

The primary limitation is the resampling of adaptive mesh refinement (AMR) simulation data
onto a uniform Cartesian grid, which introduces uncertainties in cloud mass estimates and
may bias predicted fluxes. Future work should develop and apply methodologies for direct
radiative transfer on AMR grids by enabling direct interfacing between Enzo AMR outputs
and radiative transfer tools such as RADMC-3D or alternative codes that support AMR
structures, thereby retaining small-scale features and minimising interpolation artefacts.

An additional limitation of this study is the assumption of local thermodynamic equi-
librium (LTE), which may not hold in all regions of the simulated clouds, particularly at
densities below the critical threshold for thermalisation. Future research should there-
fore incorporate a non-LTE radiative transfer framework, such as large-velocity-gradient or
Monte Carlo methods, to more accurately determine molecular-level populations in both
high- and low-density environments. Implementing non-LTE calculations would improve
the physical realism of water-line emissivity predictions and enable sensitivity testing of
results to departures from LTE, though this would increase computational complexity.

The current study also relies on parametric assumptions regarding the number of Pop-
ulation IIT supernovae per halo, the fraction of halos hosting water-emitting clouds, their
lifetimes, and the adopted duty cycles. These parameters could be refined using advanced
cosmological simulations that incorporate improved treatments of Pop III star formation,
such as time-dependent stellar feedback, metal enrichment, and radiative transfer, across
a range of halo masses and redshifts. Recent advances in simulations, including coupled
radiation-hydrodynamics and self-consistent modelling of metal and dust production, would
enable more accurate determination of supernova rates and occupation fractions. Incorpo-
rating these simulation results would provide physically motivated inputs for temporal
statistics and background flux calculations.

Moreover, further progress could be made by simulating a representative ensemble of
water-bearing clouds with a range of physical properties, such as mass, metallicity, and
evolutionary stage, to better characterise the population-averaged emission and variance.
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The temporal evolution of cloud structure and emission should also be investigated using
time-dependent radiative transfer modelling.

Additional refinements may include improved treatment of radiative and mechanical
teedback (e.g., from subsequent star formation, ionising flux, or supernova shocks), the
incorporation of microturbulence, and accounting for grain-surface chemistry that could
affect water formation rates.

5 Conclusion

This project set out to determine whether water-rich cloud cores formed in primordial
supernova remnants at cosmic dawn could be detected with current observational facilities.
By combining cosmological simulation data with radiative transfer modelling, this work
provides a direct link between the theoretical formation of the first water molecules and
their potential observability. More broadly, establishing the detectability of primordial water
addresses foundational questions in astrophysics about the earliest chemical enrichment
of the Universe and informs our understanding of when and where conditions for the
emergence of life-supporting environments first arose.

Under the assumptions adopted in this work, the results strongly indicate that individual
water clouds are not detectable with current instruments such as ALMA. Although the in-
trinsic emission from these objects is strong, cosmological effects dominate the observational
outcome. The vast luminosity distance at z ~ 22 reduces the flux densities by more than
twenty orders of magnitude, placing even the brightest emission lines approximately three
orders of magnitude below the 24-hour ALMA RMS sensitivity. The result persists across
all relevant ALMA observing bands and remains robust even under optimistic modelling
assumptions.

A further objective of this work was to determine whether a population of primordial
water clouds could collectively generate a detectable diffuse background signal. By adapting
the cosmological emissivity formalism of [32] and combining it with halo abundances gener-
ated using Colossus, the cumulative contribution from high-redshift water-emitting clouds
was estimated. Under standard assumptions, a background flux of 289 Jy is produced, which
is two orders of magnitude higher than the minimum required RMS sensitivity, indicating
that population statistics are sufficient to enable detection with current instrumentation.
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