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Abstract
Submillimetre molecular lines (e.g., CO, HCN, SiO) provide a uniquely powerful view of the physical
and chemical processes that govern star formation (SF) and galaxy evolution. Yet, our current picture of
the molecular universe beyond the Milky Way remains strikingly incomplete: broad chemical inventories
exist for only a handful of galaxies, typically more extreme than the Milky Way, constrained by sensitivity
limits and narrow survey strategies. In the 2040s, surveying galaxies with multi-species, multi-transitions
observations across diverse galactic environments will be crucial to establish effective chemical diagnostics
of the various ISM processes from the early universe to z = 0. Extragalactic astrochemistry provides a
uniquely sensitive probe of the physical processes shaping galaxies, allowing us to understand, species by
species, how gas responds to its local environment and how galaxies grow, transform, and recycle matter
over cosmic time.

1 Scientific context and motivation
A central challenge in modern astronomy is to understand how galaxies form and evolve. Because galaxy
evolution is fundamentally driven by key physical processes unfolding within the interstellar medium (ISM),
it is essential to investigate the full molecular reservoir that fuels and regulates these phenomena in different
types of systems. Feedback from SF and active galactic nuclei (AGN) injects ultraviolet radiation, X-
rays, cosmic rays, and shocks into the surrounding medium, imprinting distinctive physical and chemical
signatures onto the molecular gas. These signatures manifest as specific combinations of molecular lines,
making molecular spectroscopy one of the most powerful tools for diagnosing ISM conditions (e.g., [1–3]).
Deciphering the chemical complexity of the ISM is therefore essential for understanding the diverse
processes that shape galaxies across cosmic time.

Since the first extragalactic detections of CO and OH in the 1970s, advancements in sensitive, broadband
(≥10 GHz) (sub-)millimetre (sub-mm) surveys in the early 2000s (e.g., [4–6]) revealed that external galaxies
host a molecular richness and complexity comparable to the Milky Way. To date, over 70 molecules have
been detected in external galaxies1, proving that the chemical ecosystems of galaxies are far more diverse
than once thought. Different molecular species and transitions encode variations in gas density, temperature,
metallicity, turbulence, radiation field, and feedback. Thus, tracing their emission across entire galactic
disks and outflow regions is an essential diagnostic of the physical mechanisms driving galaxy evolution.
Most molecular detections originate from single pointings toward the central regions of only a few nearby
galaxies (e.g., [4, 7–10]) and a handful of high-redshift galaxies (e.g., [11–13]), limited by line sensitivity,
mapping speed, and spectral coverage. Despite this progress, our current view remains incomplete. To
truly understand these relationships, we must move from isolated pointings to wide-field chemical mapping,
tracing how molecular composition evolves from galactic centres to outer disks, across dynamically diverse
structures, and among different evolutionary and environmental regimes.

2 Science cases
Astrochemistry stands at a pivotal moment: the chemical richness of the universe has been revealed, but its
structure, diversity, and environmental dependence across galaxy populations remain unknown. Addressing
major open questions - How does the ISM chemistry vary across galactic environments? How galactic out-
flows redistribute and process chemical species? How do extreme AGN and starburst (SB) regions imprint
their energetic signatures onto the ISM? How does the ISM of low-metallicity galaxies and low-density en-
vironments differ? What is the relationship between molecular complexity and the baryon cycle of galaxies?
Where does molecular gas form and condense? - requires a new generation of sensitive, broadband, wide-
field facilities capable of surveying the molecular universe far beyond the reach of current instruments.

Understanding galaxy evolution requires tracing how molecular gas forms and responds to its local and
global environment. While upcoming facilities such as the ELT and SKA will greatly advance our view

1https://cdms.astro.uni-koeln.de/classic/molecules
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of stars, ionized gas, and diffuse atomic material, the cold dense phase of the ISM, where the imprint of
feedback, energetics, and chemical processing is most directly encoded, remains the least explored. The
following science cases highlight the key questions that can only be answered through deep, spatially
extensive molecular-line studies across different galactic environments and population.
2.1 Molecular inventories across cosmic times
Molecular line surveys at sub-mm wavelengths allow us to observe simultaneously several species and tran-
sitions, and provide crucial information about the physical properties of the gas in galaxies. Combining such
observations with chemical models, several species were identified as "diagnostic tools" to probe specific
environments of the ISM. This is the case for example of CH3OH, HNCO or sulfur-bearing species, which
were found to be tracers of large-scale (several tens-hundreds of pc) shocks (e.g., [14–16]), or CH2NH as
a potential probe for compact obscured nuclei2 (e.g., [18]). Abundance ratios were found to be powerful
tools to constrain the cosmic ray ionization rate (HCN/HNC or H3O+/SO; e.g., [19, 20]) or to determine the
shock history (SiO/HNCO; [15]) in the nearby SB galaxy NGC 253. Constraining accurately abundances re-
quires access to several transitions of the same species, which is limited by the line sensitivity of the current
and planned facilities. To date, there exists only one unbiased molecular survey, ALCHEMI ([21]), which
mapped the central region of NGC 253. The survey results in the detection of a wide variety of species and
transitions, providing the most complete view of SB environment to date. Other recent line surveys have fo-
cused exclusively on a handful near and/or bright galaxies and regions, with limited frequency ranges (e.g.,
[8, 9, 22]). Our view of the ISM processes in galaxies is thus still very limited to a few individual sources.
To get significant statistics about the ISM processes and their feedback effects over a broad range of galactic
environments, we thus need to expand unbiased molecular line surveys to the broader galaxy population –
a task that will remain severely limited with the current and planned observing capabilities.

Studying the ISM in high-redshift (z ≳ 1) galaxies can give us crucial clues about temporal variation of
the SF and AGN processes, which were much more intense at z=1-4 (e.g., [23]). However, typical dense-gas
tracers (HCN, HCO+, and HNC) are often >10× fainter than CO, making them extremely challenging to
detect in high-z galaxies. To date, these tracers have been detected towards only a limited number of high-z
galaxies (e.g., [24–31]). A handful of high-z galaxies also show molecular richness (e.g., [11, 13]), with
the detection of even complex species of prebiotic interest (e.g., Formamide, NH2CHO; [11]). Expanding
dense gas and molecular line surveys towards a larger sample of high-z sources would allow us to fully
characterize the high-z dense ISM (hence the most extreme ISM conditions), test physical and chemical
theories of the ISM and ultimately, comprehend the chemical evolution and enrichment across cosmic times.

2.2 Probing the full molecular gas budget across galaxy population
Extensive surveys that probe the dense regions at or in the immediate surroundings of active SF are regularly
conducted across a wide range of nearby galaxies (e.g., [32]). However, these high resolution observations
only offer a narrow window into the full baryon cycle, as they generally miss the diffuse cold ISM sensitive
to feedback and SF/merger history. To understand how the molecular gas forms and condenses or how it is
redistributed via SF- or AGN-feedback driven activity, it is essential to trace also the diffuse, low-density
gas that extends over large galactic scales. Sensitive wide-field CO surveys probing down to ≲1M⊙ pc−2

are required to capture the transition regime between atomic and molecular gas in the galactic outskirts (e.g.,
[33]). Such observations will also be crucial for unveiling the effects of environmental processes on molec-
ular gas distribution. For example, recent studies using deep single-dish CO(1-0) observations recovering
the large scale diffuse emission highlight the necessity of wide-field single-dish mapping surveys of nearby
galaxy mergers/clusters to unveil low-density molecular gas shaped by large-scale dynamical processes (e.g.,
[34]). In addition, galactic-scale shocks and turbulence associated with mergers, AGN-driven jets/outflows
and SF-driven outflows can effectively heat up the molecular gas and enhance the emission of higher CO

2Compact (≤ 100 pc) buried (NH2 ≥ 1024 cm−2) nuclei (e.g., [17]).
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transitions (e.g., Jup > 4; e.g., [35–37]), which may dominate the global gas excitation of the system (e.g.,
[38]). Sensitive, multi-J CO mapping across a variety of local galaxies are challenging with current and
planned facilities, yet are necessary to understand how local physical environments shape molecular gas
conditions, and to detect and characterize molecular gas outflows beyond the brightest gas-rich starbursts
that have been focused on so far.

Using CO to trace the bulk of the molecular gas is however not always possible. In particular, in low-
mass or low-metallicity galaxies, large fractions of the molecular gas become "CO-dark" as the reduced dust
shielding allows far-UV radiation to photodissociate CO. In these environments, it thus becomes important
to use alternative tracers such as [CII] (at 1900 GHz) and [CI] (at 492 and 809 GHz) (e.g., [39, 40]). How-
ever, there is still a huge gap towards understanding the roles of [CII] and [CI] in tracing the cold molecular
gas and SF feedback and large-scale, spatially-resolved mapping of these tracers in nearby galaxies using
current facilities. Ground-based mapping of [CI] at ≲5′′resolution will be the best way in the next few
decades to probe the low-metallicity molecular ISM (e.g., [40]) that are prevalent in the early Universe. By
calibrating reliable tracers of the total H2 mass in these environments, we can refine the recipes governing
gas-to-star conversion under primordial conditions and thereby improve our understanding of how galaxies
form and evolve.

3 Technical requirements
With the current or planned facilities by 2040, expanding both molecular line surveys towards nearby (D <
100 Mpc) and high-z galaxies will remain inaccessible. A new sensitive (sub-)mm facility is required
to reach this goal. In particular, we need to be able to access the whole (sub-)millimetre wavelength
range (∼30-1000 GHz). This is crucial to target multiple species and transitions and hence derive the gas
physical conditions associated with each molecular tracer accurately. Then, we need a drastic increase
(a factor 10 higher) in the line sensitivity compared to current or planned facilities to be able to expand
unbiased molecular surveys to nearby galaxies, probe the dense ISM in fainter galaxies and environments
(e.g., dwarf galaxies or outer regions of galactic disks where the density might be lower) or in high-z
galaxies. A large (∼ deg) field-of-view, large collecting area (≳50 m, single-dish), and a drastic increase
(one order of magnitude) in spectral/spatial mapping speed capabilities are imperative to survey the
wider range of different galaxies and environments, be sensitive to large-scale structures, and recover faint,
extended emission in nearby galaxies which can span tens of arcminutes in the sky. All these technical
requirements are necessary for a comprehensive understanding of the dense, multiphase ISM – hence of the
galaxy formation and evolution process – across the Universe.
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