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The Square Kilometre Array will be a revolutionary instrument for the study
of gas in the distant Universe. At frequencies below ~50 GHz, observations
of redshifted emission from low-J transitions of CO, HCN, HCO+, and HNC,
etc. provide insight into the kinematics and mass budget of the cold, dense star-
forming gas in galaxies. Over the past decade, sensitive imaging using ALMA
has detected and resolved the redshifted high-J molecular CO line emission and
far-infrared fine structure lines in samples of galaxies over a wide redshift range,
shedding light on active star-formation processes at the early epoch of galaxy
evolution. In recent years, increasing numbers of young galaxies at high redshift
are discovered by JWST, which significantly improved our knowledge of different
galaxy populations across cosmic time. In this updated chapter of the SKA
science book, we would like to highlight the importance of studies of the low-J
molecular lines in high-z galaxies using SKA toward high frequencies, discussing
the request of frequency coverage beyond 15 GHz and emphasizing its crucial
role in exploring the cold molecular gas content in the young galaxy populations
in the early universe and investigating the regions of active-star formation using
molecular CO and various dense gas tracers.
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Molecular gas at high-z with SKA Wang, R. et al.

1 Introduction:star formation and galaxy evolution at the early epoch

Measurements of star formation and the cold gas content are key elements for understanding
mass assembly and galaxy formation in the early universe. Sensitive submillimeter/millimeter
surveys provide the most efficient way to detect the infrared thermal dust emission and obscured
star formation in high redshift galaxies (e.g., Hodge and da Cunha, 2020; Bouwens et al., 2022;
Herrera-Camus et al., 2025). The millimeter bands of the modern interferometer arrays, such as the
Northern Extended Millimeter Array (NOEMA) and the Atacama Large Millimeter/submm Array
(ALMA), and the cm bands on the Karl G. Jansky Very Large Array (VLA) allow detection of CO
transitions from bright millimeter sources, which trace the molecular gas in the young galaxies in
the early universe (Decarli et al., 2016, 2022; Pavesi et al., 2018; Riechers et al., 2019; Birkin et al.,
2021; Urquhart et al., 2022). These studies, in combination with the deep optical/near-infrared
observations, reveal high molecular gas fractions in star-forming galaxies in early cosmic epochs
(e.g., Tacconi et al., 2020).

The large collecting area and broad frequency coverage of ALMA allow observations of the high-
z galaxies with star formation rates (SFR) down to a few to tens Mg yr~! through the bright
[CII] 158 um fine structure line and dust continuum, which detected and resolved the star formation
activity in the main sequence of star forming galaxies over a wide redshift range (Walter et al., 2016;
Aravena et al., 2016; Schreiber et al., 2017; Herrera-Camus et al., 2025), measured the star formation
rate in the earliest Lyman-break galaxies (LBGs), Lya emitters, and quasar hosts (Maiolino et al.,
2015; Smit et al., 2018; Hygate et al., 2023; Wang et al., 2024; Fujimoto et al., 2024), and provided
the first constraints on the number density of the obscured star-forming systems beyond z~6 (Uzgil
et al., 2021; Barrufet et al., 2023). These observations of the past decade significantly improved our
knowledge of the efficiency and distribution of star formation in early galaxies. The compact and
intense star formation discovered through ALMA fine structure line and continuum observations
reveals the formation of massive bulges in the early evolutionary phases of these luminous objects
(Lelli et al., 2021; Hodge et al., 2025; Bodansky et al., 2025). The kinematics of the star-forming
interstellar medium (ISM) traced by [CII] and high-J CO lines have provided the first measurements
of galaxy dynamical masses and offered insight into star formation and active galactic nuclei (AGN)
feedback in high-z galaxies (Pensabene et al., 2020; Jones et al., 2021; Neeleman et al., 2021; Walter
et al., 2022; Salak et al., 2024; Spilker et al., 2025).

The new generation of optical and infrared telescopes, such as the James Webb Space Telescope
(JWST) and Euclid satellite, plus the upcoming ground-based facilities, including the Vera C. Rubin
observatory and the Extremely Large Telescope (ELT), enable deep observations of the unobscured
star formation (via UV continuum, Ly, and He lines, etc.) and stellar light from the young galaxies
in the early universe. Over the past few years, the new JWST infrared data has revolutionized our
understanding of galaxy evolution. It discovered the first light from the earliest star-forming systems
and supermassive black holes, reported a dominant fraction of disk galaxies at z>3 in systems with
stellar masses of M, > 10° Mg (Ferreira et al., 2023), and probed the main sequence of star
formation galaxies at z~12 (Conselice et al., 2025). These deep infrared observations provide key
constraints on the evolution of galaxy morphology and distributions of stellar mass over cosmic

time, by enabling detailed measurements of their effective radii and Sérsic indices and tracing the
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evolution of galaxies from disk-like to bulge-dominated systems (Ormerod et al., 2024; Martorano
et al., 2025). While extensive studies have been carried out at optical and infrared wavelengths,
radio studies focused on the molecular gas in high-redshift galaxies have been limited, lacking a
comprehensive understanding of the cold gas reservoirs that fuel star formation in radio galaxies.

The high frequency bands of the Square Kilometre Array (Band 5b with SKA1-MID and Band 6
in a future array upgrade, Figure 1) with improved uJy-level sensitivity compared to the existing
facilities (e.g., the Green Bank Telescope, VLA) will open a unique opportunity for observations of
the ground state transitions of the important molecules, such as CO, HCN, and HCO+ etc., in young
galaxies at high redshift. While the obscured star formation and the high-J molecular lines are
imaged with ALMA, the stellar components are well studied with JWST, and the HI gas is expected
to be investigated with the low frequency bands of SKA, observations of the low-J transitions of
these molecules will directly constrain the mass budget of the molecular gas, and together with
the submm/mm line and dust continuum measurements, will provide diagnostics to determine the
physical conditions and excitation mechanisms of the star-forming ISM. Together, these multi-
wavelength observations will fill key gaps in our understanding of early galaxy formation and the
regulation of star formation across cosmic time.

2 Molecular CO line emission with the SKA

The Band 5b receiver installed on SKA1-MID will cover the frequency range of 8.3 to 15.4 GHz,
which will allow surveys of the CO J=1-0 line at z>6.5. In this redshift range, the molecular gas is
mainly explored through the CO J =6-5 and J=7-6 transitions which fall in the sensitive millimeter
windows of ALMA and NOEMA (e.g., Strandet et al., 2017; Decarli et al., 2022; Ono et al., 2022;
Hashimoto et al., 2023). The CO J=1-0 or J=2-1 lines were searched in several systems including
quasar host galaxies and star-forming Ly emitters (LAEs, Wagg et al., 2009; Wagg and Kanekar,
2012; Zavala et al., 2022; Kaasinen et al., 2024) with the GBT or VLA, and detected only in the
most luminous object with a infrared luminosity of Lig ~ 1013 Lo and warm dust temperature
of Tqust = 61 K (J2348—-3054, Kaasinen et al., 2024). Observations of the CO J=1-0 line with
SKA1-MID in the more common galaxy population with Lig < 10'2Ly or SFR about or less
then tens Mg yr~! at this highest redshift range remain difficult. As was discussed in Wagg et al.
(2015, AASKA14-161), even with a very long integration time of hundreds of hours, a low kinetic
temperature of Ty, < 20 — 30K will result in undetectable line flux against the cosmic microwave
background (CMB, da Cunha et al., 2013). Therefore, the best targets for SKA1-MID to conduct
a CO J=1-0 line survey are still the most luminous starburst systems at z~6.5-7 with SFRs of a
few hundreds to a thousand Mg yr~! and with a warm kinetic temperature of Ty, > 40K. Such
objects are rare at the earliest epoch and likely to be formed in the highly biased regions within
800 Myr after the Big Bang (Springel et al., 2005; Riechers et al., 2013; Barrufet et al., 2023; Wang
et al., 2024). However, every such example is of great importance to probe the formation of the first
massive galaxies. If other parameters such as the stellar mass, galaxy dynamical mass, dust mass,
and metallicity could be determined with deep ALMA and JWST observations, the CO J=1-0 line
detection will add a key constraint for detailed studies of the gas fraction, gas-to-dust ratio, star
formation efficiency, gas excitation and the CO — to — H; conversion factor (@co), providing crucial
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insights into the physical conditions of the starburst galaxies and their molecular gas contents.
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Figure 1: Observing frequencies of the low-J transitions of CO, HCN, HCO*, and CS vs. redshift (Updated
from Wagg et al. 2015). The grey region shows the Band 5a and 5b coverage of 4.6 to 15.4 GHz in
SKA1-Mid. The pink region denotes the frequency range of 15.4 to 25 GHz proposed for Band 6 of future
SKA. The hatched area represents the frequency range of VLA Ka band receiver (26.5 to 40 GHz), and the
yellow region denotes the coverage of 35 to 52 GHz for ALMA band 1.

With the availability of the Band 6 receivers (15.4 to 25 GHz) in the future, it would become
possible to expand CO J=1-0 line surveys to samples of dusty star-forming galaxies at redshift down
to z~3.6. For the warm star forming systems, the observed CO line flux will not be significantly
diminished by the CMB effect in this redshift range (Figure 2). These, together with deep line and
continuum measurements in optical to millimeter bands, will allow research programs to address
several key aspects in galaxy evolution, as discussed ahead.

Firstly, the CO J=1-0 line observation in a wide redshift range will allow a systematic study of
the evolution of gas fraction, gas-to-dust ratio, and star formation efficiency in the most active
star-forming populations over cosmic time. Secondly, the CO J=1-0 line, in combination with the
the mid and high-J CO transitions and fine structure lines (e.g., [CII], [CI], [O]] etc.) detected
with ALMA or NOEMA, will provide a full diagnostic of the star-forming ISM (Carilli and Walter,
2013; Yang et al., 2017; Boogaard et al., 2020; Li et al., 2024; Hagimoto et al., 2025). These
can be compared to the predictions from different models to determine the local conditions (e.g.,
density, kinetic temperature, radiation field, etc.) of the ISM and to investigate the roles of different
gas heating and excitation mechanisms, such as photodissociation regions (PDR) created by UV
photons, shocks powered by feedback from supernova or active galactic nuclei (AGN), or X-ray
dominated region created by AGN (Meijerink et al., 2007, 2013; Pound and Wolfire, 2008, 2023).

These studies will be particularly important for the population of AGN host galaxies discovered
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at high redshift. Active star formation was detected in the host galaxies of a large fraction of the
optically selected quasars through thermal dust continuum and the [CII] line (e.g., Decarli et al.,
2018; Wang et al., 2024). Molecular gas traced by mid-J CO transitions in these systems suggests a
high star formation efficiency and quick gas depletion (Bischetti et al., 2021; Bertola et al., 2024).
However, as the mid and high-J CO lines are mainly associated with dense gas, observations of
the ground state CO transition will provide a more reliable measurement of the total molecular gas
mass, addressing the question of whether AGN hosts tend to have lower gas fractions compared to
normal galaxies at similar redshifts and with similar stellar masses.

Lastly, for the most luminous objects with SFR of hundreds to thousands Mg yr~!, we will expect
to resolve the CO J=1-0 line at 0.1” ~ 0.2” resolution with a reasonable signal-to-noise ratio
(e.g., SNR>3). The resolved line image and velocity field will allow a detailed study of gas
dynamics, including measurements of rotation curves and comparisons of gas kinematics traced
by different CO transitions and fine structure lines. Moreover, the CO J=1-0 line maps, together
with the sensitive submm/mm images at similar angular resolution, will provide maps of line
ratios, star formation efficiency, as well as a resolved diagnostic of the gas conditions, including
gradients of gas density and temperature etc. This will further address how the local ISM conditions
change with the intensity of the star formation activity, galaxy structure, and gas kinematics. The
high-redshift luminous objects detected from existing/future submillimeter/millimeter single-dish
surveys provide the primary targets for such studies. E.g., large-area surverys carried out using the
South Pole Telescope (SPT, Everett et al., 2020) and Atacama Cosmology Telescope (ACT, Naess
et al., 2025) discovered the brightest high-redshift dusty galaxies in the southern hemisphere, which
are usually gravitationally lensed and hosting intense star formation with a warm dust temperature
(e.g., Marsden et al., 2014; Reuter et al., 2020).

Detection of the CO J=1-0 line from a star-forming galaxy with SFR on orders of 10 Mg yr~! at
z~4 to 6 will require between hundreds to a thousand hours of exposure time with Band 6 with the
SKA1 AA4 configuration, and will still be limited to the warm objects with Ty, > 40 K considering
the CMB effect (Figure 2). However, considering the increasing of star formation efficiency and
decreasing of gas metallicity toward high redshift which could result in a high radiation field
intensity, such warm temperature may be more common among the star-forming galaxies in the
early universe (Béthermin et al., 2015; Jarugula et al., 2021). As deep exposure is required to detect
CO J=1-0 from such population, the observation may be first considered for the fields with known
overdensity of star-forming galaxies, e.g., the regions with overdensity of Lyman break galaxies
identified from JWST or other deep optical/near-IR surveys, overdensities of submm/mm sources,
or the nearby fields around luminous quasars or massive starburst systems that are supposed to be
formed in the most massive halos at the early epoch. This will make efficient use of the telescope
time and field of view (e.g., ~ 4" at 20 GHz). Deep CO J=1-0 line observations with the SKA will
detect the gas-rich obscured/unobscured star-forming systems in such regions, as well as providing
very deep measurements of the radio continuum with the maximal instantaneous bandwidth of 5
GHz. If the frequency coverage could be expanded to 50 GHz, the CO J=1-0 line could be widely
searched in the large population of star-forming galaxies on the main sequence at z~2 where the
CMB effect is negligible. We will expect a more efficient high-z CO J=1-0 survey in the phase of
SKA2 where the sensitivity will be improved by a factor of ten.
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The ground-transition of molecular CO also provide a window to search for molecular gas outflows
in the young galaxies at high redshift which directly trace the feedback from both AGN activity and
intense star formation (Veilleux et al., 2020). High velocity components were detected in the mid-J
CO and [CII] 158um line spectra of a number of high-redshift quasars which suggest molecular
and neutral gas outflows on galactic scale and powered by the luminous AGN (e.g., Brusa et al.,
2018; Li et al., 2021; Bischetti et al., 2025). This provides the first evidence that AGN regulate
the surrounding gas reservoir in the early phase of black hole and galaxy evolution. The molecular
outflows from the high-z dusty star forming galaxies are mainly detected through absorption lines
of OH and H,O molecules(Spilker et al., 2018; Jones et al., 2019; Nianias et al., 2024). Neutral gas
outflow in the star-forming galaxies at z>4 was suggested by the broad component in the stacking
[CII] spectrum (Gallerani et al., 2018; Ginolfi et al., 2020) and was detected in the [CII] emission
from the z=5.5 main-sequence galaxy HZ4 (Herrera-Camus et al., 2021). Moreover, extended CO or
[CII] structures on >10 kpc scales were also reported in several quasar and star-forming galaxies at
high redshift, which may indicate gas injection to the circumgalactic medium by previous outflows
(Emonts et al., 2016, 2019; Fujimoto et al., 2019; Ginolfi et al., 2020; Li et al., 2021; Herrera-
Camus et al., 2021; Bischetti et al., 2024). The CO J=1-0 transition will offer a direct probe of the
cold, low-excitation gas component, which potentially carries the bulk of the outflowing mass and
remains largely unexplored in the high-redshift galaxies. These will provide key complement to
quantify the impact of AGN and star formation feedback on galaxy evolution.

3 Dense star-forming gas

In addition to CO transitions, the relation between star formation and molecular gas is also widely
explored using dense gas tracers, such as HCN, HCO*, HNC, and CS etc. (Gao and Solomon,
2004; Wu et al., 2010; Zhang et al., 2014; Rybak et al., 2022; Neumann et al., 2025; Rybak et al.,
2026). The line luminosities of the low-J rotational transitions of these molecules with high critical
densities above 10* cm™3 are linearly correlated with star formation rate (Gao and Solomon, 2004;
Garcia-Burillo et al., 2012; Kamenetzky et al., 2016). Therefore, they can directly constrain the
total mass of the dense molecular gas and star formation efficiency in actively star-forming regions.
However, as the line luminosities of these molecules are much fainter than those of the CO molecule,
detections are still limited to the sample of nearby star-forming galaxies. Observations of the low-J
transitions of HCN, HCO*, and HNC lines were carried out only on a number of objects at z>2
which are intrinsically luminous in infrared thermal dust emission with high SFRs of a few hundreds
to thousands Mg yr~! and/or are gravitationally lensed (Carilli et al., 2005; Solomon and Vanden
Bout, 2005; Rybak et al., 2022, 2026). Rybak et al. (2022) reported VLA observations of the HCN
J=1-0, HCO" J=1-0, and HNC J=1-0 lines from six lensed dusty star-forming galaxies with only
two detections, which suggests a low dense gas fraction. A recent study including more objects with
detections of higher-J transitions of these tracers further reveal a wide range of dense gas fractions
(Rybak et al., 2026). These measurements also indicate a shorter dense-gas depletion time scale in
these high-z dusty star-forming systems compared to that of nearby galaxies.

The Band 5b and future Band 6 receivers of SKA will cover the bright dense gas tracers such
as HCN J=1-0 and HCO™* J=1-0 at z>2.5. However, in the phase of SKAI, a detection of the
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Figure 2: The observed peak line flux densities of CO J=1-0, HCN J=1-0, and HCO" J=1-0 against CMB at
different observing frequencies/redshift. The blue solid, dashed, and dash-dotted lines represent CO J=1-0
transition from galaxies with SFRs of 500 My yr~!, 100 Mg yr~!, and 20 Mg yr~!, respectively. The blue
vertical bars mark the redshifts of z=2 to 7. The orange and yellow lines shows the peak flux densities of
HCN J=1-0 from a galaxy with SFR=500 M, yr~! and HCO* J=1-0 with SFR=1000 M, yr~', respectively.
The orange and yellow vertical bars marks the redshifts of z=1 to 5. We corrected for CMB effect adopting
a kinetic temperature of Ty, = 40K (da Cunha et al., 2013). The black dashed lines show the 30~ detection
limits with on-source integration time of 10, 50, and 500 hours. These are estimated from the rms line
sensitivity in SKA Memo 20-01.

HCN J=1-0 line at z~4-5 in systems with SFR~ 500 M, yr~! will in practice require hundreds of
hours of integration time. Therefore, a search for these dense molecular lines from the brightest
objects could be carried out synergistically with the deep, small-area continuum surveys which
will also provide deep measurements of the free-free SFRs from distant galaxies(e.g., Algera et al.,
2026). With the improved sensitivity compared to that of the VLA at similar frequencies, we will
expect a higher detection rate to increase the HCNJ=1-0 and HCO+ J=1-0 sample size in this
redshift range. This will significantly improve the measurements of dense gas fractions and better
constrain the luminosity relationships between the IR dust continuum and these dense gas tracers
for ultraluminous dusty star-forming galaxies at high redshift. More efficient searches of these two
lines as well as the ground state transitions of other fainter species (e.g., CS J=1-0, HNC J=1-0)
should be carried out with SKA2, to explore the dense molecular gas content and star formation
efficiency in the population of normal star-forming galaxies in a wider redshift range.

4 Predictions for SKA spectral line surveys

In order to predict the detectability of molecular lines in future SKA observations, we first esti-
mate the peak flux densities of the CO J=1-0 line emission in star forming galaxies with SFR of
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500 Mg yr~!, 100 Mg yr~!, and 20 Mg yr~! from z<2 to z>7, as well as HCN J=1-0 in galaxies with
SFR = 500 Mg, yr~! and HCO" J=1-0 with SFR = 1000 Mg, yr~! from z<1 to z>7. These SFRs can
be converted to 8um — 1000um infrared luminosity (Lir) adopting a Chabrier Initial Mass Function
(i.e., SFR/Mg yr‘1 ~ 1.09x 10~ 19L /Lo Chabrier, 2003), and represent extreme starbursts, ultra-
luminous infrared galaxies (ULIRGs, Lig > 10! L), and more typical infrared galaxies (LIRGs,
Lir > 10" Ly), respectively. We calculate the CO J=1-0, HCN J=1-0, and HCO* J=1-0 line
luminosities in K km s~! pc? adopting the literature relationships between line and IR luminosities
(Gao and Solomon, 2004; Garcia-Burillo et al., 2012; Kamenetzky et al., 2016; Neumann et al.,
2025), and the peak line flux densities are derived assuming a linewidth of FWHM = 300kms~!.
Finally, we calculate the observed line flux densities against CMB at different redshift, following
the formula described in Da Cunha et al. (2013). As discussed in Wagg et al. (2015), it is difficult
to detect the line against CMB in the systems with low kinetic temperature at high redshift. Here
we adopt Tyijn = 40K and develop the discussion focussing only on objects with a warm kinetic
temperature for the observations using Band 5b and Band 6. This high kinetic temperature is likely
to be a reasonable assumption for the high-z dusty star-forming systems and quasar host galaxies
with intense star formation (e.g., Zavala et al., 2022). A A—dominated cosmological model with
Qa =0.7,Qy = 0.3, and Hy = 70km s~ ! Mpc~! is adopted here. We plot the peak flux densities of
CO J=1-0, HCN J=1-0, and HCO* J=1-0 and the corresponding observing frequencies at different
redshifts in Figure 2. We also add the 30 detection limits for on-source integration time of 10
hours, 50 hours, and 500 hours. The 10 rms sensitivity for SKA between 10 GHz and 50 GHz are
taken from SKA Memo 20-01, which assumed 133 SKA-Mid dishes, 1 hour on-source integration,
and a channel width of 100 kms~".

Figure 2 demonstrates that, with the high-frequency end of Band 5b on SKA1-MID, it will be
possible to detect CO J=1-0 line emission from most IR luminous starburst systems at z~7 within
10 hours of integration time. E.g., with the empirical relations described above, an SFR of
500 M, yr~! corresponds to IR luminosity of Lig =~ 4.6 x 10'?Lg and a CO J=1-0 luminosity of
Lioso_o = 4.6 X 10" Kkms™! pc?(Kamenetzky et al., 2016). Such systems at z~7 will have a
CO J=1-0 line peak flux density of Sjine peak ~ S1uJy over the line emitting channels. For a more
precise calculation using the online SKA sensitivity calculator, in 10 hours of on-source integration
time, we can expect a 1o rms of 11 uJybeam™! per 100 kms~!, assuming the AA4 configuration
with 133 15-m antennas and pwv=10 mm. Considering a FWHM CO J=1-0 source size of < 0.5”
(the typical source size from ALMA [CII] observations of z~7 galaxies, Fudamoto et al. 2022;
Wang et al. 2024), we apply Briggs weighting with robust=1, and tapering to an angular resolution
of 1.2”7 x 1.1”” in the calculation. This will allow us to detect the line at ~ 4.5¢ in three consecutive
100 kms~! channels. In case the Band 5b receiver will also be installed on the 64 MeerKAT
antennas, we will expect to reduce the integration time to 5.8 hours to reach the above sensitivity
with the whole 197-antenna array (assuming an array System Equivalent Flux Density of 2.77 Jy,
Pellegrini et al., 2021).

In a CO J=1-0 line survey using Band 6, we should be able to detect the line from the population
of galaxies with SFR > 100 Mg, yr~! at z~ 3.6 — 6 in tens of hours of integration time. In Figure
3, we estimate the numbers of galaxies that are expected to be covered in a single pointing field
of view at different SFRs and CO J=1-0 line peak flux densities. Here we assume a bandwidth of
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Figure 3: Number of galaxies that are expected to be covered in a single pointing field of view for Band 6
observation with SKA at different SFRs (left) and CO J=1-0 line peak flux densities (Siine,peak, right). The
redshift range of z=4.37 to 6 corresponds to the frequency coverage of the CO J=1-0 line in a bandwidth
of 5 GHz. In the two panels, the black histograms show the number of sources in each SFR or Sjie peak
bins, and the red lines show the accumulated numbers integrated above the SFR or Sjine,peax limits. These
are calculated based on the IR luminosity function from the ALPINE survey(Gruppioni et al., 2020), and
the SFRs and Sijpe peak are converted to Lir using the empirical relations from the literature (Chabrier, 2003;
Kamenetzky et al., 2016, see the text for details).

5GHz in one frequency setup centered at 19GHz covering the redshift range of 4.37<z<6.0. The
SFRs and the CO J=1-0 line peak flux densities are converted to IR luminosities using a Chabrier
IMF and the CO J=1-0 to IR luminosity relation from Kamenetzky et al. (2016), respectively. A
factor of 1.3 is adopted here to convert the literature 42.5um — 122.5um far-infrared luminosity
to Lir(Garcia-Burillo et al., 2012). Then source numbers are integrated using the IR luminosity
function from the ALPINE survey (Gruppioni et al., 2020). According to these estimates, an object
with SFR > 100 Mg yr‘1 will have CO J=1-0 line peak flux density of Sjie peak = 0.03 mJy at z=5.
This could be detected at > 30 in ~30 hours of integration time in AA4 configuration. We will
expect to cover about 6 such galaxies in a single pointing of random field in this redshift range.

For the most luminous objects, e.g. with SFR > 500 Mg yr~! at z~5, in AA4 configuration and 50
hours of integration time, we will expect to well resolve the CO J=1-0 line emission and measure
the line surface brightness at > 3.50 with an rms of 7.6 uJy beam™! per 100 kms~' channel. Here
we adopt a tapering beam size of 0.2” X 0.2, and assume that we can resolve the CO J=1-0 source
into 4 beams.

As described in Sections 2 and 3, deep integrations of hundreds to a thousand hours in Band 6 will
allow us to detect the CO J=1-0 line from the star forming galaxies on the main sequence at z~3.6-6
with SFRs on order of 10 Mg yr™!, or HCN J=1-0 line from objects with SFR > a few hundreds
Mo yr~! at 2.5<z<5. Based on the prediction from SKA Memo 20-01, we will expect an rms line
sensitivity of 2.4 uJy beam ™! per 100 kms~! channel at 19.2 GHz in 500 hours of integration time.
Assuming a typical FWHM line width of 300 km s~!, the 3¢~ upper limit corresponds to a CO J=1-0
line luminosity of 3.0x 10° K km s~! pc? at z~5, or HCN J=1-0 luminosity of 2.7x 10° K km s~! pc?
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at z~3.6 (adopting Tyi, = 40K for CMB correction). According to Figure 3, we will expect to
detect tens of CO J=1-0 sources at this sensitivity level in one tuning at 4.37<z<6.

S Summary

In this chapter, we have evaluated the capabilities of the SKA to study key molecular lines, such
as COJ=1-0, HCNJ=1-0, and HCO"J=1-0 in high-redshift star-forming galaxies using SKA1-MID
Band 5b and the future Band 6. Our analysis shows that SKA will enable the detection of COJ=1-0
emission in luminous starburst galaxies out to z ~ 7, and in more typical star-forming galaxies
(with SFR 2 100 Mg, yr~!) at intermediate redshifts (z ~ 3.6-6) using Band 6. Deep integrations
will further allow the detection of dense gas tracers, such as HCNJ=1-0, up to z < 5. These SKA
capabilities will help fill a critical observational gap at radio wavelengths, offering complementary
molecular gas diagnostics to those provided by optical/IR and submillimeter facilities. By tracing
the cold molecular gas that fuels early star formation, SKA will help to build a more complete
picture of radio galaxy evolution at higher redshifts. In synergy with JWST, ALMA, and future
observatories like the ELT and Euclid, SKA will play a key role in advancing our multi-wavelength
understanding of galaxy assembly, star formation efficiency, and the evolution of the molecular
interstellar medium across cosmic time.

It is noteworthy that the frequency ranges of Band 5b and Band 6 will also be covered by the next
generation Very Large Array (ngVLA) in the future, which will provide exceptional sensitivity to
detect the ground transitions of the important molecular tracers mentioned in this paper. However,
developing high frequency bands on the SKA still has the advantage to carry out molecular line
observations in the southern hemisphere, targeting interesting populations/fields from previous
southern sky surveys (e.g., the sources discovered by SPT and ACT, Everett et al., 2020; Archipley
et al., 2024; Naess et al., 2025), or synergic observations/followups with the future facilities such
as the ELT and the Vera C. Rubin observatory.

6 Acknowledgements

R.W. acknowledges support from the National SKA Program of China (No. 2025SKA0130100),
the Ministry of Science and Technology of the People’s Republic of China under grant No.
2022YFA1602902, and the National Natural Science Foundation of China (NSFC) under grant
Nos. 12173002, 11991052.

References

H. S. B. Algera et al. In Advancing Astrophysics with the SKA — Il (AASKAII). 2026. arXiv search:
Report number AASKAII/Algera01.

M. Aravena et al. ApJ, 833(1):71, Dec. 2016. doi: 10.3847/1538-4357/833/1/71.

M. Archipley, J. Vieira, T. Crawford, and SPT-3G. In American Astronomical Society Meeting
Abstracts #243, volume 243 of American Astronomical Society Meeting Abstracts, 2024.

L. Barrufet et al. MNRAS, 522(3), 2023. doi: 10.1093/mnras/stad1259.

E. Bertola et al. A&A, 691:A178, 2024. doi: 10.1051/0004-6361/202450420.

10



Molecular gas at high-z with SKA Wang, R. et al.

M. Béthermin et al. A&A, 573:A113, 2015. doi: 10.1051/0004-6361/201425031.

J. E. Birkin et al. MNRAS, 501(3):3926-3950, 2021. doi: 10.1093/mnras/staa3862.

M. Bischetti et al. A&A, 645:A33, 2021. doi: 10.1051/0004-6361/202039057.

M. Bischetti et al. ApJ, 970(1):9, July 2024. doi: 10.3847/1538-4357/ad4a77.

M. Bischetti et al. ApJL, 990(2):L31, 2025. doi: 10.3847/2041-8213/ade6ft.

S. Bodansky et al. arXiv e-prints, 2025. URL https://ui.adsabs.harvard.edu/abs/
2025arXiv250719472B.

L. A. Boogaard et al. ApJ, 902(2):109, 2020. doi: 10.3847/1538-4357/abb82f.

R. J. Bouwens et al. ApJ, 931(2):160, 2022. doi: 10.3847/1538-4357/ac5a4a.

M. Brusa et al. A&A, 612:A29, 2018. doi: 10.1051/0004-6361/201731641.

C. L. Carilli and F. Walter. ARA&A, 51(1), 2013. doi: 10.1146/annurev-astro-082812-140953.

C. L. Carilli et al. ApJ, 618(2), 2005. doi: 10.1086/426014.

G. Chabrier. PASP, 115(809):763-795, 2003. doi: 10.1086/376392.

C. J. Conselice et al. ApJ, 983(1):30, 2025. doi: 10.3847/1538-4357/ada608.

E. da Cunha et al. ApJ, 766(1):13, 2013. doi: 10.1088/0004-637X/766/1/13.

R. Decarli et al. ApJ, 833(1):70, 2016. doi: 10.3847/1538-4357/833/1/70.

R. Decarli et al. ApJ, 854(2):97, 2018. doi: 10.3847/1538-4357/aaa5aa.

R. Decarli et al. A&A, 662:A60, 2022. doi: 10.1051/0004-6361/202142871.

B. H. C. Emonts et al. Science, 354(6316):1128-1130, 2016. doi: 10.1126/science.aag0512.

B. H. C. Emonts et al. ApJ, 887(1):86, 2019. doi: 10.3847/1538-4357/ab4514.

W. B. Everett et al. ApJ, 900(1):55, 2020. doi: 10.3847/1538-4357/ab9odf7.

L. Ferreira et al. ApJ, 955(2):94, 2023. doi: 10.3847/1538-4357/acec76.

S. Fujimoto et al. ApJ, 887(2):107, 2019. doi: 10.3847/1538-4357/ab480f.

S. Fujimoto et al. ApJ, 964(2):146, 2024. doi: 10.3847/1538-4357/ad235c¢.

S. Gallerani et al. MNRAS, 473(2):1909-1917, 2018. doi: 10.1093/mnras/stx2458.

Y. Gao and P. M. Solomon. ApJ, 606(1), 2004. doi: 10.1086/382999.

S. Garcia-Burillo et al. A&A, 539:A8, 2012. doi: 10.1051/0004-6361/201117838.

M. Ginolfi et al. A&A, 633:A90, 2020. doi: 10.1051/0004-6361/201936872.

C. Gruppioni, M. Béthermin, F. Loiacono, et al. A&A, 643:A8, 2020. doi: 10.1051/0004-6361/
202038487.

M. Hagimoto et al. ApJ, 990(1):29, Sept. 2025. doi: 10.3847/1538-4357/ade87e.

T. Hashimoto et al. ApJ, 952(1):48, 2023. doi: 10.3847/1538-4357/acdd5c.

R. Herrera-Camus et al. A&A, 649:A31, 2021. doi: 10.1051/0004-6361/202039704.

R. Herrera-Camus et al. A&A, 699:A80, 2025. doi: 10.1051/0004-6361/202553896.

J. A. Hodge and E. da Cunha. Royal Society Open Science, 7(12):200556, 2020. doi: 10.1098/rsos.
200556.

J. A. Hodge et al. ApJ, 978(2):165, 2025. doi: 10.3847/1538-4357/ad9a52.

A. P. S. Hygate et al. MNRAS, 524(2), 2023. doi: 10.1093/mnras/stad1212.

S. Jarugula, J. D. Vieira, A. Weiss, et al. ApJ, 921(1):97, 2021. doi: 10.3847/1538-4357/ac21db.

G. C. Jones, R. Maiolino, P. Caselli, and S. Carniani. A&A, 632:L.7,2019. doi: 10.1051/0004-6361/
201936989.

G. C. Jones et al. MNRAS, 507(3), 2021. doi: 10.1093/mnras/stab2226.

M. Kaasinen et al. A&A, 684:A33, 2024. doi: 10.1051/0004-6361/202348463.

11


https://ui.adsabs.harvard.edu/abs/2025arXiv250719472B
https://ui.adsabs.harvard.edu/abs/2025arXiv250719472B

Molecular gas at high-z with SKA Wang, R. et al.

J. Kamenetzky et al. ApJ, 829(2):93, 2016. doi: 10.3847/0004-637X/829/2/93.

F. Lelli et al. Science, 371(6530), 2021. doi: 10.1126/science.abc1893.

J. Lietal. ApJL, 922(2):L29, 2021. doi: 10.3847/2041-8213/ac390d.

J. Lietal. ApJ, 962(2):119, 2024. doi: 10.3847/1538-4357/ad1754.

R. Maiolino et al. MNRAS, 452(1), 2015. doi: 10.1093/mnras/stv1194.

D. Marsden et al. MNRAS, 439(2):1556-1574, 2014. doi: 10.1093/mnras/stu001.

M. Martorano et al. A&A, 694:A76, 2025. doi: 10.1051/0004-6361/202452919.

R. Meijerink, M. Spaans, and F. P. Israel. A&A, 461(3), 2007. doi: 10.1051/0004-6361:20066130.

R. Meijerink et al. ApJL, 762(2):L.16, 2013. doi: 10.1088/2041-8205/762/2/1.16.

S. Naess et al. JCAP, 2025(11):061, 2025. doi: 10.1088/1475-7516/2025/11/061.

M. Neeleman et al. ApJ, 911(2):141, 2021. doi: 10.3847/1538-4357/abe70f.

L. Neumann et al. A&A, 693:1.13, 2025. doi: 10.1051/0004-6361/202453208.

J. Nianias, J. Lim, and M. Yeung. ApJ, 963(1):19, 2024. doi: 10.3847/1538-4357/ad188a.

Y. Ono et al. ApJ, 941(1):74, 2022. doi: 10.3847/1538-4357/ac9eab.

K. Ormerod et al. MNRAS, 527(3), 2024. doi: 10.1093/mnras/stad3597.

R. Pavesi et al. ApJ, 864(1):49, 2018. doi: 10.3847/1538-4357/aacb79.

A. Pellegrini, J. Flygare, 1. P. Theron, et al. I[EEE Journal of Microwaves, 1(1):428-437,2021. doi:
10.1109/IMW.2020.3034029.

A. Pensabene et al. A&A, 637:A84, 2020. doi: 10.1051/0004-6361/201936634.

M. W. Pound and M. G. Wolfire. In R. W. Argyle, P. S. Bunclark, and J. R. Lewis, editors,
Astronomical Data Analysis Software and Systems XVII, volume 394 of Astronomical Society
of the Pacific Conference Series, page 654, Aug. 2008. URL https://ui.adsabs.harvard.
edu/abs/2008ASPC. .394..654P.

M. W. Pound and M. G. Wolfire. AJ, 165(1):25, 2023. doi: 10.3847/1538-3881/ac9blf.

C. Reuter et al. ApJ, 902(1):78, 2020. doi: 10.3847/1538-4357/abb599.

D. A. Riechers et al. Nature, 496(7445), 2013. doi: 10.1038/nature12050.

D. A. Riechers et al. ApJ, 872(1):7, Feb. 2019. doi: 10.3847/1538-4357/aafc27.

M. Rybak et al. A&A, 667:A70, 2022. doi: 10.1051/0004-6361/202243894.

M. Rybak et al. A&A, 706:A69, Jan. 2026. doi: 10.1051/0004-6361/202556845.

D. Salak et al. ApJ, 962(1):1, 2024. doi: 10.3847/1538-4357/ad0df5.

C. Schreiber et al. A&A, 599:A134, 2017. doi: 10.1051/0004-6361/201629155.

R. Smit et al. Nature, 553(7687), 2018. doi: 10.1038/nature24631.

P. M. Solomon and P. A. Vanden Bout. ARA&A, 43(1), 2005. doi: 10.1146/annurev.astro.43.
051804.102221.

J. S. Spilker et al. Science, 361(6406):1016-1019, 2018. doi: 10.1126/science.aap8900.

J. S. Spilker et al. ApJ, 982(2):72, 2025. doi: 10.3847/1538-4357/adb750.

V. Springel et al. Nature, 435(7042):629-636, 2005. doi: 10.1038/nature03597.

M. L. Strandet et al. ApJL, 842(2):L15, 2017. doi: 10.3847/2041-8213/aa74b0.

L. J. Tacconi, R. Genzel, and A. Sternberg. ARA&A, 58:157-203, 2020. doi: 10.1146/
annurev-astro-082812-141034.

S. A. Urquhart et al. MNRAS, 511(2):3017-3033, 2022. doi: 10.1093/mnras/stac150.

B. D. Uzgil et al. ApJ, 912(1):67, 2021. doi: 10.3847/1538-4357/abe86b.

S. Veilleux, R. Maiolino, A. D. Bolatto, and S. Aalto. A&ARv, 28(1):2, 2020. doi: 10.1007/

12


https://ui.adsabs.harvard.edu/abs/2008ASPC..394..654P
https://ui.adsabs.harvard.edu/abs/2008ASPC..394..654P

Molecular gas at high-z with SKA Wang, R. et al.

s00159-019-0121-9.

J. Wagg and N. Kanekar. ApJL, 751(2):L24, 2012. doi: 10.1088/2041-8205/751/2/1L.24.

J. Wagg, N. Kanekar, and C. L. Carilli. ApJL, 697(1):L33-L37, 2009. doi: 10.1088/0004-637X/
697/1/L33.

J. Wagg et al. In Advancing Astrophysics with the Square Kilometre Array (AASKA14), page 161,
Apr. 2015. doi: 10.22323/1.215.0161.

F. Walter et al. ApJ, 833(1):67, 2016. doi: 10.3847/1538-4357/833/1/67.

F. Walter et al. ApJ, 927(1):21, 2022. doi: 10.3847/1538-4357/ac49eS8.

F. Wang et al. ApJ, 968(1):9, 2024. doi: 10.3847/1538-4357/ad3fb4.

J. Wu, N. J. Evans, II, Y. L. Shirley, and C. Knez. ApJSS, 188(2):313-357, 2010. doi: 10.1088/
0067-0049/188/2/313.

C. Yang et al. A&A, 608:A144, 2017. doi: 10.1051/0004-6361/201731391.

J. A. Zavala et al. ApJ, 933(2):242, 2022. doi: 10.3847/1538-4357/ac7560.

Z.-Y. Zhang et al. ApJL, 784(2):L31, 2014. doi: 10.1088/2041-8205/784/2/L31.

13



	Introduction:star formation and galaxy evolution at the early epoch
	Molecular CO line emission with the SKA
	Dense star-forming gas
	Predictions for SKA spectral line surveys
	Summary
	Acknowledgements

