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ABSTRACT

Context. Star formation governs galaxy evolution, shaping stellar mass assembly and gas consumption across cosmic time. The Kennicutt-Schmidt
(KS) relation, linking the star formation rate (SFR) and gas surface densities, is fundamental to understand star formation regulation, yet remains
poorly constrained at z > 2 due to observational limitations and uncertainties in locally calibrated gas tracers. The [CII] 158 µm line has recently
emerged as a key probe of the cold ISM and star formation in the early Universe.
Aims. We investigate whether the resolved [CII]–SFR and KS relations established at low redshift remain valid at 4 < z < 6 by analysing 13
main-sequence galaxies from the ALPINE and CRISTAL surveys, using multi-wavelength data (HST, JWST, ALMA) at ∼2 kpc resolution.
Methods. We performed pixel-by-pixel spectral energy distribution (SED) modelling with CIGALE on resolution-homogenised images. We de-
veloped a statistical framework to fit the [CII]–SFR relation that accounts for pixel covariance and compare our results to classical fitting methods.
We tested two [CII]-to-gas conversion prescriptions to assess their impact on inferred gas surface densities and depletion times.
Results. We find a resolved [CII]–SFR relation with a slope of 0.87 ± 0.15 and intrinsic scatter of 0.19 ± 0.03 dex, which is shallower and tighter
than previous studies at z ∼ 5. The resolved KS relation is highly sensitive to the [CII]-to-gas conversion factor: using a fixed global α[CII] yields
depletion times of 0.5–1 Gyr, while a surface brightness-dependent W[CII], accounting for local ISM conditions, places some galaxies with high
gas density in the starburst regime (<0.1 Gyr).
Conclusions. Future inputs from both simulations and observations are required to better understand how the [CII]-to-gas conversion factor
depends on local ISM properties. We need to break this fundamental limit to properly study the KS relation at z & 4.
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1. Introduction
The study of star formation in the early Universe (z > 2) is
a cornerstone of modern astrophysics, crucial for understand-
ing galaxy evolution, mass assembly, and cosmic star forma-
tion history (SFH; e.g. Madau & Dickinson 2014; Freundlich
2024). The Kennicutt-Schmidt (KS) relation, linking star for-
mation rate (SFR) surface density (ΣSFR) to gas surface density
(Σgas) through a power law, has been fundamental for under-
standing the conversion of the gas into stars across cosmic
time (e.g. Kennicutt 1998; de los Reyes & Kennicutt 2019). Ini-
tially proposed by Schmidt (1959) in terms of volume densi-
ties within the Milky Way, this relation was later reformulated
for extragalactic studies using measurements of surface densi-
ties (Kennicutt 1998). While extensively studied locally (e.g.
Bigiel et al. 2008; Kennicutt & Evans 2012; Leroy et al. 2013;
Pessa et al. 2021; Jiménez-Donaire et al. 2023), its high-redshift
behaviour (z & 2) remains poorly constrained, with signifi-
cant uncertainties in both the slope and intrinsic scatter of the
relation. These uncertainties arise primarily from low spatial
resolution, limited sensitivity (e.g. Freundlich et al. 2013), and
sample representativeness issues (e.g. Vallini et al. 2024), hin-
dering progress towards an understanding of early-Universe star
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formation. Thanks to existing observational facilities such as
Hubble Space Telescope (HST) and Atacama large millime-
tre/submillimetre array (ALMA), and the recent advancements
made possible with the James Webb Space Telescope (JWST),
we can now perform multi-wavelength analysis to probe galaxies
at unprecedented redshifts and resolutions (e.g. Nagy et al. 2023;
Hashimoto et al. 2023; Wang et al. 2023; Zavala et al. 2024).
Those observations have opened new avenues for investigating
the physical processes governing star formation in the first few
billion years after the Big Bang.

Traditional molecular gas tracers, such as CO, become
increasingly difficult to detect at higher redshift (z> 2, e.g.
Molina et al. 2019; Tacconi et al. 2020), creating a critical gap
in our understanding of early-Universe star formation (e.g.
Genzel et al. 2010; Scoville et al. 2016). This limitation has been
partially overcome by the use of the [CII] 158 µm emission
line, now regularly used as an alternative tracer of molecu-
lar gas (Zanella et al. 2018). That fine-structure line is typi-
cally one of the most luminous far-infrared line in star-forming
galaxies and is redshifted into ALMA’s atmospheric windows
at z & 4. This provides unique insights into cold gas kine-
matics and is found to correlate with star formation (e.g.
De Looze et al. 2014; Herrera-Camus et al. 2015). In particu-
lar, Herrera-Camus et al. (2015) discuss how [CII], as the main
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coolant of photo-dissociation regions (PDRs; see Wolfire et al.
2022), is physically linked to the SFR through the photoelectric
effect, which couples the heating of the gas to the presence of
young, massive stars. Several theoretical and observational stud-
ies have demonstrated that [CII] emission could also be strongly
linked to molecular gas mass, particularly in the local Universe
(e.g. Zanella et al. 2018; Madden et al. 2020; D’Eugenio et al.
2023).However, recentworkathigh redshift suggests amorecom-
plex scenario. For instance, Dessauges-Zavadsky et al. (2020)
find that, in main-sequence galaxies at z∼ 5, the gas masses
inferred from [CII] luminosity are comparable to those derived
from dynamical mass and far-infrared continuum estimates
(Scoville et al. 2014). This implies that either the total gas reser-
voir in these galaxies is predominantly molecular, or that [CII]
traces the total gas mass, including both molecular and atomic
components, rather than exclusively the molecular phase. The
complex origin of [CII] emission, arising from both PDRs and dif-
fuse ionised gas, further complicates its interpretation, necessitat-
ing careful analysis of observational data (e.g. Vallini et al. 2015;
Wolfire et al. 2022)

The ALMA large programme to investigate C+ at early
times (ALPINE; Le Fèvre et al. 2020; Béthermin et al. 2020;
Faisst et al. 2022) has significantly expanded our sample of [CII]-
detected galaxies at 4< z< 6, offering a first opportunity to
study star formation relations in main-sequence galaxies dur-
ing this epoch. This survey, comprising 118 star-forming galax-
ies, has already yielded important insights into the interstellar
medium (ISM) properties (Vanderhoof et al. 2022; Veraldi et al.
2025) and star formation characteristics of galaxies in the early
Universe (Schaerer et al. 2020; Faisst et al. 2022; Romano et al.
2022). Follow-up studies combining the higher resolution of four
ALPINE galaxies with HST observations have allowed a more
detailed view to be built of individual galaxy properties. The new
ALMA observations, allowing one to resolve the spatial extent of
[CII] emission on kiloparsec scales, provide information about
their morpho-kinematics (Devereaux et al. 2024) and the distri-
bution of star formation and cold gas linked through the KS
relation (Béthermin et al. 2023, B23 in what follows). The lat-
ter shows that, despite their disturbed morphologies, likely due
to mergers, the studied galaxies appeared to follow an extension
of the local KS relation at higher gas surface densities. These
studies have so far been limited to small sample sizes, which
limits the statistical significance of their conclusions. To over-
come this limitation, the [CII] resolved ISM in star-forming galax-
ies with ALMA (CRISTAL) large programme (2021.1.00280.L,
Herrera-Camus et al. 2025) was initiated as an ALMA Cycle 8
follow-up to the ALPINE survey. The programme aims to obtain
spatially resolved images of 19 [CII]-detected galaxies at 4.430 ≤
z ≤ 5.689 with existing HST rest-frame UV emission images.
These galaxies were selected based on their specific star forma-
tion rate (sSFR) within a factor of three of the star-forming main
sequence at their respective redshifts, and with stellar masses of
M? ≥ 109.5 M�.

Leveraging the expanded capabilities of the ALPINE and
CRISTAL surveys, we present an analysis of 13 main-sequence
galaxies at z ∼ 5, combining high-resolution data from JWST,
HST, and ALMA. This multi-wavelength approach probes both
dust-obscured and unobscured star formation, as well as the cold
gas component traced by [CII]. The inclusion of JWST data
significantly enhances our spectral coverage, enabling panchro-
matic rest frame UV-to-radio spectral energy distribution (SED)
modelling for each line of sight, which was previously unattain-
able with HST and ALMA data alone. This was performed using
the Python-based code investigating galaxy emission (CIGALE;

Boquien et al. 2019). With the production of spatially resolved
maps below the kiloparsec scale of inferred physical properties,
we can investigate the slope and scatter of Σ[CII] − ΣSFR rela-
tion in the spatially resolved manner. We adopt a comprehensive
statistical approach to handle uncertainties of the different mea-
surements and estimates, which allows us to derive the slope and
intrinsic scatter of the [CII]-SFR relation. We explore the impact
of different [CII]-to-gas conversion factors on estimates of gas
masses and star formation efficiencies via the KS relation.

The goal of this work is to determine whether the resolved
[CII]–SFR and KS relations established at low redshift remain
valid at z & 4, or if evolving ISM conditions and gas density
regimes at high redshift significantly impact the link between
cold gas and star formation. The structure of this paper is as fol-
lows. In Sect. 2, we describe the observations, sample selection,
and data homogenisation procedures. Sect. 3 details our method-
ology, including the resolved SED fitting and the statistical treat-
ment of uncertainties. Our main results, including the resolved
[CII]-SFR relation and the impact of [CII]-to-gas conversion fac-
tors on the KS relation, are presented in Sect. 4. We discuss the
implications of our findings in Sect. 5, and summarise our con-
clusions in Sect. 6. To ensure consistency with past works on the
ALPINE survey, we assume a flat Λ cold dark matter cosmol-
ogy (h = 0.7, ΩΛ = 0.7, Ωm = 0.3) and a Chabrier initial mass
function (IMF, Chabrier 2003).

2. Observations and data homogenisation

2.1. Sample selection

For this study, we selected a subset of 11 galaxies from
the CRISTAL survey with homogeneous ALMA, HST, and
JWST observations, for which there is the same filter cov-
erage across all sources: HST/ACS F814W, JWST/NIRCam
F115W, F150W, F277W, and F444W, along with ALMA [CII]
line and associated dust continuum observations. As ALMA
provides the coarsest spatial resolution among these datasets,
the effective resolution of our analysis is set by the ALMA
beam (see Sect. 2.2). This consistent multi-wavelength cov-
erage enables the application of a uniform data homogeni-
sation pipeline across the entire sample. In addition to the
CRISTAL objects, we considered another galaxy from the
ALPINE survey re-observed as part of the ALMA project
2019.1.00226.S (PI: E. Ibar). Although not part of the original
CRISTAL survey, this galaxy (DEIMOS_COSMOS_873756)
was assigned a CRISTAL identifier (CRISTAL_24). Finally, we
included vuds_cosmos_5110377875 (hereafter VC875) from the
ALPINE survey, as it meets our selection criteria (ALMA project
2022.1.01118.S, PI: M. Béthermin).

The final sample contains 13 star-forming main-sequence
galaxies between z = 4.439 and z = 5.689, all located in
the Cosmic Evolution Survey field (COSMOS; Scoville et al.
2007). Accurate redshifts for these galaxies have been com-
puted from extensive optical spectroscopy (Le Fèvre et al. 2015;
Hasinger et al. 2018) and then confirmed and refined with [CII]
ALPINE data (Béthermin et al. 2020). A summary of the final
sample is found in Table 1.

2.2. Observations

ALMA observations were conducted in Band 7, targeting the
158 µm rest-frame [CII] line (νrest = 1900.54 GHz) using var-
ious antenna configurations. For the CRISTAL survey objects,
the final data combined extended (C43-5 or C43-6; typical
beam sizes 0.1′′–0.3′′ and spatial scales of 1.2–2.0 kpc) and
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Table 1. Summary of the ALPINE-CRISTAL sample used in this work.

Original name CRISTAL ID z[CII] αJ2000 δJ2000 log10(M?) log10(SFR) Beam size
deg deg M� M� yr−1 arcsec × arcsec

CRISTAL large programme

DEIMOS_COSMOS_842313 CRISTAL-01 4.530 150.2271 +2.5762 10.65 ± 0.50 2.31 ± 0.74 0.18 × 0.18
DEIMOS_COSMOS_848185 CRISTAL-02 5.294 150.0896 +2.5864 10.30 ± 0.23 1.71 ± 0.29 0.33 × 0.28
DEIMOS_COSMOS_536534 CRISTAL-03 5.689 149.9719 +2.1182 10.40 ± 0.29 1.79 ± 0.31 0.51 × 0.40
vuds_cosmos_5100822662 CRISTAL-04a 4.520 149.7413 +2.0809 10.15 ± 0.29 1.89 ± 0.21 0.42 × 0.35
vuds_cosmos_5100541407 CRISTAL-06a 4.562 150.2538 +1.8094 10.09 ± 0.30 1.62 ± 0.34 0.37 × 0.28
DEIMOS_COSMOS_873321 CRISTAL-07ab 5.154 150.0166 +2.6266 10.00 ± 0.33 1.89 ± 0.26 0.45 × 0.28
DEIMOS_COSMOS_519281 CRISTAL-09a 5.575 149.7537 +2.0910 9.85 ± 0.39 1.51 ± 0.32 0.18 × 0.16
DEIMOS_COSMOS_630594 CRISTAL-11 4.439 150.1358 +2.2579 9.68 ± 0.33 1.57 ± 0.31 0.25 × 0.21
vuds_cosmos_5100994794 CRISTAL-13 4.579 150.1715 +2.2873 9.65 ± 0.34 1.51 ± 0.41 0.18 × 0.14
vuds_cosmos_5101244930 CRISTAL-15 4.580 150.1986 +2.3006 9.69 ± 0.33 1.44 ± 0.24 0.23 × 0.21
DEIMOS_COSMOS_494763 CRISTAL-19 5.233 150.0213 +2.0534 9.51 ± 0.36 1.45 ± 0.36 0.39 × 0.29

ALPINE follow-up
DEIMOS_COSMOS_873756 CRISTAL-24 4.546 150.0113 +2.6278 10.53 ± 0.08 2.06 ± 0.22 0.22 × 0.15
vuds_cosmos_5110377875 Nonea 4.551 150.3847 +2.4084 10.16 ± 0.21 1.99 ± 0.26 0.40 × 0.35

Notes. The first column presents the original COSMOS survey names, while the second column shows CRISTAL IDs following the naming
convention in Mitsuhashi et al. (2024). The z[CII] column lists redshifts derived from ALMA [C ii] line observations of the CRISTAL survey
(Herrera-Camus et al. 2025), for which formal uncertainty estimates are not provided. Nonetheless, these values are consistent with those from
Béthermin et al. (2020), who report typical uncertainties of approximately 0.0005. Co-ordinates are given in J2000 epoch. The integrated mass
and SFR are those reported in Herrera-Camus et al. (2025), apart from for VC875, whose values are from the Béthermin et al. (2020) catalogue.
Beam sizes of the ALMA observations are reported as major axis × minor axis in arcseconds. (a) VC875 has not been used in previous CRISTAL
work, therefore it has no CRISTAL ID.

compact array (C43-1 or C43-2; 0.7′′–1.0′′, 4.5–6 kpc) configu-
rations, incorporating available ancillary data. CRISTAL_24 was
observed using C43-3 (∼0.4′′, ∼2.7 kpc, medium-resolution) and
C43-5 (∼0.2′′, ∼1.5 kpc, high-resolution) configurations. The
CRISTAL team consistently re-processed these data to produce
[CII] moment and dust continuum emission maps using Briggs
weighting (see Sect. 5 of Herrera-Camus et al. 2025). VC875
was observed in the C43-4 configuration (∼0.3′′, ∼2.0 kpc) and
reduced independently (Béthermin et al. 2023).

The HST observations are cut-outs from the COSMOS sur-
vey (Koekemoer et al. 2007), obtained with the HST ACS cam-
era and the F814W filter, at a FWHM resolution of 0.13′′. At the
considered redshifts, this corresponds to rest-frame emission of
120–147 nm and spatial scales of 0.76–0.86 kpc.

All sources were observed with four JWST/NIRCam fil-
ters: F115W, F150W, F277W, and F444W, probing rest-frame
emissions at 183–211 nm, 238–276 nm, 440–509 nm, and 705–
816 nm, respectively. The achieved FWHM resolutions are
0.037′′, 0.049′′, 0.088′′, and 0.140′′, giving spatial scales of,
respectively, 0.21–0.24 kpc, 0.29–0.33 kpc, 0.52–0.59 kpc, and
0.82–0.93 kpc, for our redshift range. These observations were
part of the COSMOS-Web programme (PID: 1727; co-PIs:
Casey & Kartaltepe; Casey et al. 2023).

An example of the complete multi-wavelength coverage
available for our sample is presented in Fig. 1, for VC875.
VC875 shows two UV-bright components in HST F814W and
λ < 3 µm JWST bands, but the JWST/F444W and ALMA bands,
as well as the stellar mass map from CIGALE (see Fig. 3), reveal
a single component, supporting its treatment as a single galaxy
with UV-bright clumps.

2.3. Homogenisation of the resolution

To perform accurate pixel-by-pixel comparisons across all avail-
able bands for our SED modelling process, we need to ensure
that the information contained within each pixel corresponds to

the same region of the sky, for all observational bands. This con-
sistency is crucial for deriving reliable physical properties from
multi-wavelength data. Therefore, we performed point spread
function (PSF) homogenisation across all bands to match their
resolutions. We used the ALMA beam as the target resolution
since it is the coarsest in our sample. The HST and JWST
PSFs central lobes were modelled with 2D Gaussian functions
to retrieve their full width at half maximum and maximum
intensity.

Cleaned synthesised ALMA beams models were created
based on dust continuum map header parameters, assuming a
2D elliptical Gaussian shape. Convolution kernels were gen-
erated to transform HST and JWST PSFs to match the target
ALMA beam taking into account different grid orientations,
pixel scales, and normalisation conventions. We re-projected
HST and JWST convolved images onto the ALMA astromet-
ric grid using the reproject_interp module from the Python
package reproject1, ensuring consistent pixel sampling and
astrometric alignment across all bands. Applying the procedure
to a point-like source with unit flux in HST/JWST native reso-
lution, we find the reconstructed average flux to be 2.6% lower
than the expected peak value of unity across the different filters.
The missing flux likely resides in the secondary lobes not taken
into account, and we consider this effect to be negligible com-
pared to our overall flux calibration uncertainties.

Figure 2 shows the effect of the resolution homogenisation
of the JWST/NIRCam F150W filter in the case of VC875. The
complete set of homogenised observations for this source is
found in Fig. A.1. As a result of this resolution homogenisa-
tion, we achieve an average beam size of 0.3′′ (∼2 kpc) across
the sample. Although the pixel scale is ∼0.2 kpc, the physical
information is correlated on the scale of the beam. We take into
account these correlations induced by our resolution homogeni-
sation in our analysis of the [CII]-SFR relation (see Sect. 3.3).
1 https://reproject.readthedocs.io
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Fig. 1. Multi-wavelength data for the galaxy VC875, shown at their native resolutions. From left to right: The first row presents HST/ACS F814W
(rest-frame 145 nm), JWST/NIRCam F115W (207 nm), F150W (270 nm), and F277W (499 nm). The second row shows JWST/F444W (800 nm),
ALMA dust continuum emission around 157 µm, and ALMA [CII] 158 µm emission. The contours are those of the ALMA [CII] line emission
maps starting from 3σ increasing by steps of 2σ. Ellipses in the bottom left corners represent the central lobe of the PSF for HST and JWST
images, and the synthesised beam for ALMA images.
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Fig. 2. Native resolution image of VC875 (left panel) and the
homogenised version matching the ALMA resolution (right panel) for
the JWST/NIRCam F150W filter. The contours and ellipses are the
same as in Fig. 1.

2.4. Photometric and line flux unit conversion

To prepare the data for SED modelling, we converted all pho-
tometric data to micro janskys per beam, and ALMA dust con-
tinuum emission flux to dust luminosity. Here ‘beam’ refers to
the synthesised ALMA beam, not the PSF of each instrument.
Expressing fluxes per beam ensures that the measurements are
referenced to the area over which the instrument is sensitive.
The dust luminosity, LIR (W beam−1), was calculated from the
monochromatic flux, S ν (Jy beam−1), using

LIR = 10−26 ×
1

0.13
νem

4πD2
L

1 + z
S ν, (1)

where νem is the rest-frame emission frequency at 158 microns
(hertz), DL is the luminosity distance (metres), and z is the red-
shift. The factor 10−26 converts janskys to watts per square metre
per hertz, while the 1/(1 + z) term accounts for cosmological
redshift. We adopted the empirical conversion factor of 0.13 ±
0.02 from Khusanova et al. (2021) to convert the 158 µm rest-
frame monochromatic luminosity into the total infrared luminos-
ity, LIR. This value corresponds to the calibration for the redshift

bin 4 < z < 5 and is directly applicable to our sample, which pre-
dominantly lies within this range. The other sources are in the
5 < z < 6 bin, in which Khusanova et al. (2021) measured a
conversion factor of 0.12 ± 0.03. Since the two values are com-
patible with no redshift dependence, we use the more accurate
value found at 4 < z < 5 for the full sample. Both factors
were calibrated using stacked SEDs. A compilation of SED tem-
plates from the literature was fitted to these SEDs and only the
good fits were kept (reduced χ2 < 1.5). The conversion fac-
tor was then estimated using the mean and dispersion of these
templates. The typical dust temperatures corresponding to these
stacked SEDs are Td = 41 ± 1 K at z ∼ 4.5 and Td = 43 ± 5 K at
z ∼ 5.5 for galaxies with SFR > 10 M� yr−1 (see Appendix A of
Khusanova et al. 2021). We note that adopting a constant conver-
sion factor assumes a uniform dust temperature across the sam-
ple, and variations could introduce systematic effects on LIR and
thus ΣSFR estimates (Faisst et al. 2017; Cochrane et al. 2022). We
include this IR dust luminosity in the SED modelling process as
a constraint on dust attenuation models (see Sect. 3.1).

The [CII] surface brightness (Σ[CII] in solar luminosities per
square kiloparsec) was derived from the [CII] moment-0 map
(m[CII] in janskys kilometre per second per beam) using

Σ[CII] =
m[CII]

D2
A ΩBeam

(
1.04 × 10−3 L�

GHz Mpc2 Jy km s−1

)
D2

L νobs,

(2)

where D2
A ΩBeam is the physical area associated with the syn-

thesised beam, defined by DA, the angular distance (in kilopar-
secs), and ΩBeam, the solid angle of the beam. The remaining
factors correspond to the conversion from line flux to luminosity
(Solomon et al. 1992), where DL is the luminosity distance (in
megaparsecs) and νobs the observed frequency (in gigahertz).

2.5. Uncertainty estimation

For HST and JWST images, we incorporated the convolution
systematic error from Section 2.3. In addition, we applied a
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relative uncertainty of 3% to JWST images to account for poten-
tial calibration uncertainties (Gordon et al. 2018). The conver-
sion from continuum flux to LIR relies on an empirical factor of
0.13 ± 0.02, which introduces a relative systematic uncertainty
of approximately 15% (0.02/0.13) to the derived LIR values in
our continuum images. For images lacking error maps (HST
data and LIR), we assumed white noise at the native resolution
and estimated the measurement uncertainty using the standard
deviation of the noise in the convolved then reprojected image.
For Σ[CII], we used the pixel-by-pixel error maps provided by the
CRISTAL team.

JWST maps are provided with their associated error maps.
We produced variance maps of the resolution-homogenised
maps (in janskys per pixel) by convolving the noise variance map
(error map squared) by the kernel:

σ2
conv = σ2

pixel ∗ K2, (3)

where σ2
conv and σ2

pixel are the noise variance of the convolved
and original maps, respectively, and K is the homogenisation
kernel. We compared the results with the standard deviation of
the noise in an empty area of the homogenised map, and we
found a small excess, likely due to a small contribution from cor-
related noise already present in the original maps and not taken
into account by our computation. This excess remains negligi-
ble for the short-wavelength filters (less than 6% for F115W and
F150W), but becomes increasingly significant at longer wave-
lengths, reaching up to 14% for F277W and F444W. We thus
applied a scaling factor (1–1.14, depending on the source and
band) to the resolution-homogenised error maps to correct for
this effect.

To account for this error budget in our analysis, we gen-
erated 100 perturbed realisations of each image. This process
involves adding white noise with a standard deviation equal to
the measured pixel-level noise at the native resolution of each
image, followed by the application of systematic errors. The
HST and JWST perturbed images were subsequently convolved.
This method accounts for the non-independence of the pixels
from spatially correlated noise and the smoothing of the maps.

3. Methods

3.1. Resolved SED fitting

Our primary objective is to derive the SFR along each line
of sight for the galaxies in our sample by combining multi-
wavelength observations. At a spatial resolution of 2 kpc, the use
of an energy-conserving SED modelling code is justified, as the
energy balance assumption-where UV/optical energy absorbed
by dust is re-emitted in the IR-remains physically meaningful at
this scale (e.g. Boquien et al. 2015).

To this end, we used CIGALE, a versatile Python tool capa-
ble of modelling galaxy emission from X-ray to radio wave-
lengths (Boquien et al. 2019). Its modular design allows for the
inclusion of diverse SFHs, dust attenuation laws, and emission
line models tailored to specific scientific objectives. CIGALE
uses a Bayesian approach to perform parameter estimation, gen-
erating a large library of theoretical SEDs based on user-defined
models. Observed data were then compared to these models,
and posterior probability distributions were calculated for each
parameter. This Bayesian framework ensures that uncertainties
and degeneracies between parameters are properly propagated
into the resulting parameter estimates.

In this section, we present the SED modelling parameters
used for our analysis. We followed Boquien et al. (2022), who

analysed integrated measurements of the ALPINE galaxies (our
parent sample), and Buat et al. (2019), who focused on dust-rich
galaxies at z ∼ 2. We refer the reader to those works for a com-
prehensive discussion of parameter choices. Our focus here is to
detail the differences. A summary of our parameters is given in
Table B.1.

We adopted delayed SFH model with an additional recent
variation, as is described by Ciesla et al. (2017). In this frame-
work, star formation begins after an initial delay corresponding
to the time between the Big Bang and the onset of the first stars
(here set to 250 Myr). The main stellar population forms accord-
ing to a delayed SFH, which rises linearly from the onset, peaks
at a characteristic timescale, and then declines exponentially. To
capture recent deviations from this smooth evolution, we intro-
duced a modification to the SFR at a specified time in the recent
past. The SFH is thus expressed as

SFR(t) =

t exp
(
− t
τ

)
, t < tvar

rSFR t exp
(
− t
τ

)
, t ≥ tvar

, (4)

where t is the time since the onset of star formation, τ is the
SFH timescale, tvar is the time since the onset of the recent SFR
variation, and rSFR is the factor by which the SFR is increased
or decreased. This approach provides flexibility to model both
the overall stellar mass assembly and any recent changes in star
formation activity that a simple delayed SFH model would not
account for.

For all sources, we adopted the two-component dust attenu-
ation model of Charlot & Fall (2000). This choice is motivated
by its physical basis and agreement with radiative transfer pre-
dictions, allowing it to be applicable across the full range of
dust attenuation, from weakly to highly obscured regions. While
the modified Calzetti et al. (1994, 2000) relation (Noll et al.
2009) is often used for star-forming galaxies, it is less appro-
priate for low attenuation or highly obscured systems (e.g.
Boquien et al. 2022), and allowing its slope parameter (δ) to vary
could lead to overfitting given our limited number of photomet-
ric bands. Although for most of our sample there are no signif-
icant differences between the two models (as is illustrated by
VC875; see Appendix C), the Charlot & Fall (2000) law pro-
vides a substantially better agreement between SFR estimators
for CRISTAL_24 (see Fig. C.2), further consolidating our choice
of attenuation law.

We also evaluated the impact of including the ALMA-
derived total infrared luminosity (LIR, computed from the
158 µm continuum in Sect. 2.4) as a dust luminosity constraint in
our SED modelling. We find that omitting this constraint causes
the models to systematically overestimate the SFR compared
to estimates from combined UV and far-IR data. This finding
is consistent with Li et al. (2024), who reported a similar dis-
crepancy in an overlapping sample. Their analysis, using region-
averaged measurements with the magphys (da Cunha & Charlot
2011) SED fitting code, likewise highlights the necessity of
the dust luminosity constraint in SED modelling. Our results,
derived from a pixel-based CIGALE approach, reinforce this
conclusion.

In Appendix C, we discuss our final modelling choices in
detail, using the galaxy VC875 as a case study. These choices
include the dust luminosity constraint, the adopted dust attenu-
ation law, and the treatment of recent star formation episodes.
A similar analysis was performed for all other sources in the
sample.

To ensure robust measurements, we used only pixels with
Σ[CII] ≥ 5σ[CII] and S/N≥ 2 in at least three bands. The latter
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Fig. 3. Example of physical parameters maps obtained with the CIGALE SED modelling for VC875. From left to right: Stellar mass surface
density (solar masses per square kiloparsec), SFR surface density averaged over 10 million years (solar masses per year per square kiloparsec),
mass-weighted age (million years), and attenuation in the FUV rest frame (magnitudes). The contours are those of the [CII] luminosity map,
starting at 3σ and increasing by steps of 2σ. The ellipse in the bottom left of each panel represent the synthesised ALMA beam. The maps are
shown for the pixels having L[CII] ≥ 5σ[CII] and S/N≥ 2 in at least three bands.

cut, applied to the data used for SFR estimates, excludes only
about 6% of pixels that passed the L[CII] threshold, confirming
that our selection is primarily driven by [CII] detectability. This
ensures the robustness of the [CII] measurements, while min-
imising biases in the inferred SFR distribution.

The SFR uncertainties were estimated from the 16th, 50th,
and 84th percentiles of the log(SFR) distributions obtained
via resampling noise realisations (see Sect. 2.5). This approach
accounts for pixel correlations introduced by resolution-
matching. It avoids biases from assuming Gaussian errors, as the
SFR distributions are typically skewed.

Figure 3 presents the maps of stellar mass, SFR, mass-
weighted age, and FUV attenuation for VC875, derived from
SED modelling after applying all pixel selection criteria. These
spatially resolved maps help to verify the reliability of our results
by revealing whether parameters vary smoothly and align with
the galaxy’s morphology. These maps also make it easier to
search for modelling artefacts, such as abrupt discontinuities or
parameter saturation. This enables a direct comparison of physi-
cal property distributions with features seen at other wavelengths
or in simulations, providing a useful check on our assumptions.
Across the sample, we find that stellar mass and SFR peaks are
generally aligned. In contrast, the mass-weighted ages and FUV
attenuation exhibit more complex and asymmetric patterns (see
Appendix F).

3.2. Fitting the SFR-[CII] relation

To study the relationship between the SFR obtained by the SED
modelling and the [CII] luminosity, we parametrised this rela-
tion as a power law with an intrinsic scatter that accounts for the
variations in the physical conditions:

log10(ΣSFR) = log10(C) + β log10(Σ[CII]) ± σi, (5)

where β, C, Σ[CII], ΣSFR, and σi are the slope, the normalisation
constant, the [CII] surface brightness, the SFR surface density,
and the intrinsic scatter, respectively.

To estimate the slope and scatter of the [CII]-SFR relation,
we used a Bayesian fit relying on a maximum likelihood estima-
tor. We constructed a likelihood that properly accounts for both
normal distribution of [CII] maps error and log-normal nature
of SFR distributions, but also estimates the intrinsic scatter. To
mitigate potential degeneracies between the normalisation factor
and the slope when fitting the data, we introduced a normalised
[CII] surface brightness:

gk,norm = gk/g0, (6)

where gk represents the [CII] surface brightness measurement
for each data point, k, and the subscript norm indicate nor-
malisation by the reference value, g0. The parameter g0 is a
fixed normalisation pivot introduced to reduce the degenera-
cies between the slope, β, and the normalisation constant, C,
and was set to the median [CII] surface brightness in our sam-
ple, (log10(g0) = 7.5 L� kpc−2). The slope, β, is indepen-
dent of the choice of g0, while the normalisation constant, C,
is expressed relative to this pivot (denoted C0). The sample
log10 gk values ranges from 6.89 to 8.51, with an interquartile
range of 7.23 to 7.92, confirming the representativeness of this
choice.

Next, we addressed the statistical treatment of our data. For
each data point, k, in the [CII]-SFR plane, we considered the nor-
malised [CII] surface brightness (gk,n) and SFR surface density
(sk). To account for the uncertainties in the [CII] measurements,
we modelled the true value gt of a given gk,n measurement as
a normal distribution with standard deviation σg,k. This uncer-
tainty is incorporated into the likelihood through marginalisation
over the gt parameter.

Since the SFR estimates followed a log-normal distribu-
tion, we worked with the log-quantity, denoted as yk = ln(sk),
which then followed a normal distribution. The mean of this
distribution is given by µ = ln(C0) + β ln(gt). Finally, the
standard deviation of this new distribution, σT , accounts for
both the SFR estimate error and the intrinsic scatter of the
relation

σT,k =
√
σ2

i + σ2
y,k, (7)

where σy,k represents the SFR estimate error for a pixel, k, com-
puted from the yk = ln(sk) distribution and σi, the intrinsic scat-
ter of the SFR-[CII] relation.

With this description, the likelihood for a given pixel is
expressed as

p(yk, σy,k, gk,n, σg,k|C0, β, σi) =∫ +∞

−∞

p(yk, σy,k, gt|C0, β, σi)p(gt|gk,n, σg,k)dgt =

1
2πσTσg,k

∫ +∞

−∞

exp
− (yk − µ)2

2σ2
T

 exp

− (gk,n − gt)2

2σ2
g,k

 dgt. (8)

The first term in the likelihood, p(yk, σy,k|gt,C0, β, σi), repre-
sents the KS relation and its associated uncertainties, while
the second term, p(gt|gk,n, σg,k), accounts for the observational
uncertainty on the [CII] surface brightness measurements.
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Table 2. Best-fit parameters and uncertainties for the ΣSFR-ΣCII relation
derived from the different fitting methods described in Sect. 3.2.

Fitting Method log(C0)a β σi
Likelihood Model + L-BFGS-B integration

Original Fit 0.30 0.87 0.19
Source Bootstrapping 0.30+0.05

−0.04 0.86+0.15
−0.11 0.19+0.03

−0.03
Noise Sampling 0.33+0.02

−0.02 0.80+0.05
−0.06 0.20+0.02

−0.02
Hybrid Resampling 0.34+0.05

−0.04 0.80+0.15
−0.13 0.19+0.04

−0.03
Likelihood Model + MCMC

Original Likelihood 0.30 0.87 0.19
Normalised Likelihood 0.30+0.03

−0.03 0.87+0.09
−0.09 0.20+0.02

−0.02
Linmix

All Pixels 0.37 0.92 0.18
Region Averages (B23) 0.22+0.04

−0.04 1.02+0.12
−0.12 0.06+0.08

−0.08

Notes. Parameter uncertainties, when given, were computed using the
16th, 50th, and 84th percentiles of the associated distributions. (a)We
present the log(C0) using a normalisation factor (g0 = 107.5), since the
reported uncertainties have been derived using this g0 cannot easily be
extrapolated back to the un-normalised space. However, a subtraction
of 7.5 from log(C0) allows one to obtain the actual relation intercept.

By marginalising over gt, we propagated these uncertain-
ties into our parameter estimation. The marginalisation was per-
formed numerically by integrating on the gk,n ± 5(σg,k) range
spanned by a grid of 1000 linearly spaced values. This covers
99.99994% of the probability mass for a normal distribution, and
thus captures nearly the entire range of plausible true [CII] sur-
face brightness values. To estimate the model parameters, we
maximised the total log-likelihood across all data points. This is
equivalent to minimising the following negative log-likelihood:∑

k

− ln
(
p
(
yk|gk,n, σg,k,C0, β, σT

))
. (9)

Physical constraints enforcing positivity (C > 0, σi > 0)
were imposed via flat, uniform priors restricted to the physically
meaningful domain of positive values. Parameter optimisation
was performed using L-BFGS-B (from scipy.minimize func-
tion), a boundary-aware algorithm specifically designed for con-
strained optimisation.

To assess potential biases in this fitting methodology, we per-
formed an end-to-end numerical simulation that replicates the full
observational chain, from mock source generation, noise injec-
tion, and resolution homogenisation to the inference of the phys-
ical relation parameters. This revealed no systematic parameter
estimation biases on a simulated population similar to our sample
(see Appendix D). However, when considering individual galax-
ies with a limited amount of independent data points, we obtained
unreliable results, highlighting the necessity of combining multi-
ple objects to recover the proper physical relation.

3.3. Uncertainty quantification

To evaluate the robustness of our results and quantify uncer-
tainties in the model parameters, we implemented a systematic
resampling strategy. This approach used the ensemble of the
100 perturbed [CII] maps per source in our sample and their
corresponding SFR estimates (derived in Sects. 2.5 and 3.1),
combined with the unperturbed dataset. We investigated three
distinct methods to disentangle sources of uncertainty, apply-
ing each method 1000 times to generate robust parameter dis-
tributions. The first one, called source bootstrapping, consisted
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Fig. 4. Resolved [CII]-SFR relation for galaxies at z ∼ 5. The grey
contours show the individual pixel distribution for the whole sample.
Each pair of coloured points represents a high- and low-[CII] density
average region for each galaxy of the sample following B23 methodol-
ogy. The orange line and shaded region shows our best-fit power-law
model from the tailored likelihood-based approach with the param-
eters in the top left corner (where log10(C0) is the value at g0 =

107.5 L� kpc−2). The dashed black line presents the extrapolation of the
relation derived from a spatially resolved sample of 46 nearby galaxies
by Herrera-Camus et al. (2015). We represented the typical errors bars
for the individual pixels across the sample with three black squares.

of selecting 13 sources with replacement of the original noise
realisation. This was used to test the sample representativeness.
The second one, called noise sampling, selected the original 13
sources but with a random noise realisation, enabling an assess-
ment of the impact of observational noise. Finally, we performed
a hybrid resampling by selecting 13 sources randomly as well as
a random noise realisation to combine both effects. For the last
two methods, we accounted for the additional noise introduced
by the resampling process by using

√
2 times larger uncertainties

in our fitting procedure.
In addition to our primary resampling methods, we explored

alternative fitting methods. Details of these supplementary anal-
yses, including linmix2 Bayesian regression and Markov chain
Monte Carlo (MCMC) techniques, are presented in Appendix E.
The results of these secondary approaches are summarised in
Table 2 for direct comparison with the primary resampling meth-
ods, and are discussed in Sect. 4.1.

4. Results

4.1. Resolved SFR-[CII] relation

We began by fitting the resolved [CII]–SFR surface densi-
ties relation for our z ∼ 5 galaxy sample using our tailored
likelihood-based fitting routine, applied to the original noise
realisation of all 13 galaxies. This yielded a best-fit power-law
model with log(C0) = 0.30, β = 0.87, and σi = 0.19 dex. At this

2 Python port of Kelly (2007) LINMIX_ERR IDL code, available at
https://github.com/jmeyers314/linmix.git.
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stage, we just derived the best fit, and formal uncertainties were
not directly obtained. To assess the precision of these results, we
compared them to those obtained with our primary resampling
strategies. Using population bootstrapping, we found parame-
ter estimates that are consistent with the baseline fit and that
show uniform relative uncertainties of ∼15% for all parameters:
log(C0) = 0.30+0.05

−0.04, β = 0.86+0.15
−0.12, and σi = 0.19+0.03

−0.03 dex. These
uncertainties remain stable across 1000 resamplings, despite the
modest sample size (N = 13), indicating that the measured rela-
tion is not dominated by individual outliers. In contrast, the noise
sampling approach yields a slightly flatter slope (β = 0.80+0.05

−0.06)
and a marginally higher intrinsic scatter (σi = 0.20+0.02

−0.02). The
hybrid resampling method shows a combination of both trends
(β = 0.80+0.15

−0.13, σi = 0.19+0.04
−0.03). The largest error bars on the

slope arise from source bootstrapping, highlighting the influ-
ence of sample selection, whereas noise resampling yields lower
slope values. Importantly, the intrinsic scatter remains remark-
ably stable across all methods, providing a reliable measure of
how tightly [CII] emission traces star formation in our sample.
These results are summarised in Table 2.

Figure 4 shows the relation between SFR surface den-
sity and [CII] surface brightness for our z ∼ 5 sam-
ple. We present the best-fit model derived from our tailored
likelihood-based approach for both the original sample and the
region-averaged pairs following the B23 methodology. For com-
parison, we also plot the relation from Herrera-Camus et al.
(2015), which is based on spatially resolved measurements at
∼0.2–1.5 kpc scales for 46 nearby galaxies (d < 30 Mpc). While
the majority of our z ∼ 5 sample lies above their local [CII]–
SFR relation, our resolved analysis yields a shallower slope and
similar intrinsic scatter compared to the lower-redshift study
of Herrera-Camus et al. (β = 1.13 ± 0.01, σi = 0.21 dex,
reported without uncertainty). In addition to the redshift dif-
ference, the parameter space covered by the two samples is
very different: the Herrera-Camus et al. (2015) sample spans
4.4 < log Σ[CII] (L� kpc−2) < 6.5, whereas our sample cov-
ers 6.8 < log Σ[CII] < 8.6. This difference likely contributes
to the observed slope discrepancy as it may reflect the evolu-
tion in ISM physical conditions across cosmic time, such as
increased turbulence, lower metallicity, or changes in ISM struc-
ture at high redshift, yielding different dynamical range in Σ[CII]
as well as ΣSFR. We emphasise that methodological differences
also play a critical role, especially on observation-based stud-
ies. For instance, Herrera-Camus et al. (2015) employed a least-
squares bisector, which neglects pixel covariance. In contrast,
our tailored approach explicitly accounts for pixel covariance
and highlights the sensitivity of the slope estimate to this effect,
as is demonstrated by the various tests conducted below.

We also explored alternative fitting methods to further vali-
date our findings, which are presented in Appendix E. A MCMC
analysis of the unperturbed dataset reproduces the best-fit
parameters of the baseline fit, but initially yields unrealistically
narrow error bars. For example, the MCMC approach yields
an intrinsic scatter of σi = 0.19 ± 0.002, showing error bars
an order of magnitude smaller than uncertainties obtained via
hybrid resampling (∼0.03). This discrepancy likely arises from
neglected correlations in the data. To correct for this, we used
the likelihood normalised by half the number of pixels per beam,
resulting in more realistic uncertainties that closely match those
from the hybrid resampling approach (e.g. σi = 0.20 ± 0.02).
Using the linmix Bayesian regression method on the original
dataset produces a slightly steeper slope ({β = 0.92 ± 0.02)
and comparable intrinsic scatter (σi = 0.18 ± 0.04 dex), again
with very narrow uncertainties. To mitigate the impact of pixel

covariance, we also applied linmix to region-averaged points
following the B23 methodology that consists of averaging the
SFR and Σ[CII] measurements over large regions to obtain a suf-
ficiently elevated signal-to-noise ratio and by construction gives
a pair of points per galaxy corresponding to the low and high
regime of [CII] surface brightness (pairs of points in Fig. 4 and
Fig. 5). This approach yields a steeper slope than the pixel-based
fit (β = 1.02 ± 0.12) but a smaller and poorly constrained scatter
(σi = 0.06 ± 0.08 dex).

The MCMC and resampling methods yield parameter esti-
mates that agree within ∼1σ, demonstrating the robustness
of our resolved analysis. In contrast, the linmix method
yields a slightly higher slope and a poorly constrained intrin-
sic scatter, indicating a mild tension with the other primary
approaches. These comparisons highlight the importance of
properly accounting for pixel covariance, as methods that neglect
this effect can underestimate uncertainties or fail to reliably con-
strain the intrinsic scatter.

Because of the limitations of our model when applied on a
per-galaxy basis – that is, with restricted Σ[CII] dynamic ranges
(see Sect. 3.2) – we were unable to recover resolved [CII]–SFR
relations per galaxy. We therefore adopted the linmix method
for simplicity, acknowledging that it does not properly account
for pixel correlations. This method yields an average slope of
1.27, which is consistent with the mean value of 1.21 derived
from Li et al. (2024) using spatially bin-averaged measurements
on the same ALPINE-CRISTAL sample. As this value is manu-
ally measured from their Fig. 12, no formal uncertainty is pro-
vided. This agreement suggests that, despite the methodological
differences and the limited dynamic range within single galaxies,
the underlying scaling relation inferred from spatially resolved
data remains broadly compatible with results based on coarser
spatial binning.

Our results offer a valuable comparison to the theoretical
predictions of Ferrara et al. (2019), who used spatially resolved
models to investigate the [CII]-SFR relation within galaxies.
Their work explored how local ISM conditions (e.g. density,
metallicity) shape the resolved Σ[CII] − ΣSFR relation, finding
that it steepens at high surface densities due to Σ[CII] saturation.
We observe a similar trend on local scales, with the mean slope
within individual galaxies aligning with their predictions. How-
ever, our relation is significantly shallower for the population as
a whole, confirming that this steepening is a local effect. This
contrast highlights the critical role of spatial scale in interpreting
the [CII]-SFR relation. Furthermore, it underscores the need for
both local and population-wide perspectives to fully understand
the diverse ISM conditions at high redshift.

4.2. [CII]-to-gas conversion factors

To estimate the gas mass, we first used the prescription of
Zanella et al. (2018): the conversion factor is constant with a
value of α[CII] = 31 M� L−1

� , and the gas mass surface density
was derived as

Σgas = α[CII] Σ[CII]. (10)

It is well established that [CII] emission can originate from
multiple ISM phases, primarily PDRs and molecular gas, yet the
contributions of these phases to the total [CII] luminosity remain
debated and are sensitive to local ISM conditions. Consequently,
the dominant gas phase traced by [CII] can vary across differ-
ent environments, particularly at high redshift where ISM prop-
erties often diverge from those in local galaxies. This diversity
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Fig. 5. Kennicutt-Schmidt relation using the α[CII] conversion factor (left) and the W[CII] version (right). The grey contours show the distribution
of individual pixel measurements across the entire sample; the pair of points are the B23 region averages for individual galaxies, colour-coded by
redshift. The dashed grey lines show constant gas depletion time. The dashed black line represents the Wang et al. (2022) KS relation for local
Universe and high-redshift main-sequence galaxies. We show CO measurements of the global KS relation from the low-z COLD GASS sample
(Saintonge et al. 2012, crosses) and at redshifts up to z ∼ 2.5 from the PHIBBS (Tacconi et al. 2013, plus signs) and PHIBBS2 (Freundlich et al.
2019, three-branch stars) programmes, together with a resolved z = 2.6 lensed starburst (Sharon et al. 2013, red points).

has a direct impact on the appropriate [CII]-to-gas conversion
factor (e.g. Madden et al. 2020; Vizgan et al. 2022). Recent the-
oretical work reinforces this perspective: Vallini et al. (2025),
using galaxies from the SERRA cosmological zoom-in simu-
lation (Pallottini et al. 2022), derive a relation varying with the
[CII] surface brightness:

log W[CII] = −0.506 log Σ[CII] + 4.933, (11)

where the W[CII] notation is used to express the resolved, surface-
brightness-dependent conversion factor, in contrast to the global
α[CII] value. This relation exhibits a typical 1σ dispersion of
0.4 dex. The dependence on Σ[CII] encapsulates the expectation
that brighter [CII] regions are denser and more metal-enriched,
two conditions that drive higher [CII] emission efficiency per
unit gas mass. Across the 6.8 < log Σ[CII] (L� kpc−2) < 8.6 range
probed in our sample, W[CII] varies from 31 M� L−1

� in the faintest
regions down to 3.8 M� L−1

� in the brightest regions. This pre-
scription can therefore lead to a steeper slope in the KS relation
derived from [CII], particularly at high surface densities. It is
important to note that the conversion from Vallini et al. (2025)
yields a relation computed for the total cold gas content. This
total content encompasses both atomic and molecular phases,
thereby accounting for the outer layers of PDRs and the fully
molecular clumps within clouds.

To explore the implications of this conversion factor on our
interpretation of [CII]-based observations, we included it in our
analysis. Using the W[CII] formula from Eq. (11) in place of α[CII]
in Eq. (10) yields

Σ[CII] ∝ Σ1/0.494
gas . (12)

Substituting this relation into Eq. 5 gives

ΣSFR ∝ Σ
β
[CII] and thus ΣSFR ∝ Σ

β/0.494
gas . (13)

This implies that for a given slope, β, of the SFR–[CII] rela-
tion, the slope of the SFR–gas relation is expected to be approxi-
mately twice as steep. In contrast, the constant α[CII] prescription
leaves the slope, β, unaffected.

4.3. Impact on the Kennicutt–Schmidt relation

Figure 5 presents the resolved KS relation for our z ∼ 5 sample,
contrasting two [CII]-to-gas conversion prescriptions. The left
panel adopts the constant α[CII] from Zanella et al. (2018), and
the right applies the surface-brightness-dependent W[CII] from
Vallini et al. (2025). In both cases, we overlay a set of reference
data from CO-based global KS relations from the low-redshift
COLD GASS sample (Saintonge et al. 2012), as well as higher-
redshift measurements from PHIBBS (Tacconi et al. 2013) and
PHIBBS2 (Freundlich et al. 2019). The resolved z = 2.6 lensed-
starburst of Sharon et al. (2013) is also shown, providing a
benchmark for extreme star-forming environments. The dashed
black line in both panels represents the KS relation for local and
high-redshift main-sequence galaxies from Wang et al. (2022).
Due to the substantial dispersion inherent to both conversion fac-
tor prescriptions, our fitting methodology cannot robustly con-
strain the intrinsic scatter of the relation. As such, the follow-
ing discussion provides a qualitative assessment of the observed
trends, and reported parameter values should be interpreted with
caution.

When adopting a constant α[CII], our sample is compatible
with the Wang et al. (2022) results, despite a small slope differ-
ence (β = 1.13 ± 0.09 for Wang et al. 2022, β = 0.87 ± 0.06 in
this work). The data align with constant gas depletion times of
∼0.5−1 Gyr, extending the locus of the low- and intermediate-
redshift CO-based studies (Saintonge et al. 2012; Tacconi et al.
2013; Freundlich et al. 2019) to higher gas and SFR surface den-
sities. Interestingly, these are ∼2−3 times shorter than those usu-
ally found for local star-forming spirals at the similar physi-
cal scales using CO-based H2 tracers (e.g Schruba et al. 2011;
Leroy et al. 2023; Villanueva et al. 2021, 2024). Within indi-
vidual galaxies, we observe moderate internal variations, with
denser regions showing shorter depletion times, but no evidence
of extreme starburst-like behaviour, with depletion times above
0.25 Gyr throughout.

Applying the W[CII] prescription fundamentally alters the
picture. The derived slope steepens to β = 1.75 ± 0.14, and
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the sample bridges the gap between the low-redshift CO-based
locus and the regime occupied by the z = 2.6 starburst of
Sharon et al. (2013). Several regions within our galaxies, partic-
ularly in CRISTAL_09, CRISTAL_13, and CRISTAL_24, over-
lap with these resolved starburst measurements. This change is
accompanied by a pronounced decrease in depletion times across
the most [CII]-emitting regions, with values reaching as low as
0.1 Gyr, characteristic of starburst systems, in the brightest [CII]
regions. Importantly, this shift towards shorter depletion times
is not restricted to isolated, compact star-forming regions, but is
observed globally across the galaxies. While increasing spatial
resolution is generally expected to broaden the dynamic range of
depletion times and reveal localised starburst-like environments,
we do not observe such a trend here. Instead, the W[CII] conver-
sion produces a systematic reduction in depletion times through-
out all regions, compressing the inferred gas mass range. This
raises the possibility that, under certain conversion prescriptions,
main-sequence galaxies could exhibit global properties reminis-
cent of starbursts, challenging the classical separation between
main-sequence and starburst systems.

Recent results from the THESAN-ZOOM simulations
(Shen et al. 2025) show a similar trend towards shorter depletion
timescales for Σgas > 100 M� pc−2. In their sample of galaxies
with stellar masses up to 1011 M� at z ∼ 3 and 109.6 M� at z ∼ 5,
resolved depletion times for neutral gas (HI+H2) can reach as
low as 0.1 Gyr in the densest regions (see their Fig. 8). This is
consistent with the short depletion times inferred in our analysis.

Additionally, we colour-code our sample by redshift in
Figure 5 and find no clear redshift dependence of the rel-
ative position of the galaxies within the KS plane. Under
the constant α[CII] = 31 M� L−1

� , high-redshift main-sequence
galaxies exhibit KS behaviour remarkably similar to their low-
redshift counterparts, as traced by CO. In contrast, the W[CII]
approach reveals a population of short-depletion-time regions
that bridge the loci of main-sequence galaxies and starburst
regimes, demonstrating the strong sensitivity of inferred gas
properties, and thus depletion time estimates, to the adopted
[CII]-to-gas calibration. As a result, our ability to confidently
study the KS relation at high redshift is compromised.

5. Discussion

To further investigate the possible physical drivers of the derived
KS relations, we constructed a diagnostic plot shown in Fig. 6
encoding AGN activity, stellar mass, and merger status for our
sample by changing symbol type, size, and colour, respectively.
The AGN identification follows Ren et al. (in prep.), while
the merger status is classified according to Herrera-Camus et al.
(2025). Additionally, environmental classification distinguishes
between field galaxies and those residing in the z ∼ 4.57 proto-
cluster structure (CRISTAL_13, CRISTAL_15, and VC875; see
Lemaux et al. 2018; Staab et al. 2024). Visual inspection of the
KS diagram reveals no clear systematic offset or trend associ-
ated with AGN presence, merger stage, stellar mass, or environ-
ment across the KS plane. Within the dynamic range probed by
our study, none of these properties seems to have a significant
impact on the star formation. Nevertheless, we caution that the
uncertainties and limited sample size may reduce sensitivity to
subtle or systematic effects.

We also show KS relations for the most massive 25% of
galaxies at z = 4 in both the NewHorizon (Dubois et al. 2021;
Kraljic et al. 2024) and NewCluster (Han et al. 2025) simula-
tions, presented in their respective effective gas surface density
regimes. The main difference between the two simulations is
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Fig. 6. Similar to Fig. 5. This time, symbols indicate integrated
measurements for individual galaxies, colour-coded by interaction
state: light blue for major mergers, light yellow for interacting sys-
tems, and orange for isolated galaxies, following the classification of
Herrera-Camus et al. (2025). Symbol size encodes the total stellar mass
and symbol shape denotes AGN identification: circles for non-AGNs,
squares for AGN candidates, and triangles for robust AGNs as per Ren
et al. (in prep.). The solid blue line shows the z = 4 relation from
Kraljic et al. (2024), based on the 25% most massive galaxies in the
NewHorizon simulation, while the solid red line indicates the New-
Cluster analogue (Han et al. 2025). Both relations are plotted over their
effective gas mass ranges for direct comparison with our sample.

environmental: NewCluster targets a high-density proto-cluster
region, while NewHorizon samples an average-density field.
Both use similar physical models for star formation and feed-
back. In the constant α[CII] case, our observed sample aligns well
with predictions from the New Horizon simulation, though this
simulation primarily probes lower stellar masses (108.0−9.5 M�)
than our galaxies (109.5−10.6 M�). In comparison, the most mas-
sive 25% of galaxies in the NewCluster simulation span a similar
stellar mass range (M∗ = 109.5−10.5 M�). We find that employ-
ing a density-dependent W[CII] conversion factor aligns with their
results. This compatibility could support the fact that the stellar
mass affects the slope of the KS relation for high-redshift galax-
ies, specifically a steepening of the slope as the total stellar mass
of the population increases, as is hinted at by the z = 2−3 rela-
tions presented in Kraljic et al. (2024).

The contrasting behaviours obtained assuming the two differ-
ent gas-conversion prescriptions, and their respective alignments
with different simulations, show the need for reliable [CII]-to-
gas mass conversion methods that account for the ISM condi-
tions prevailing at a given redshift and in a specific population of
galaxies. Even though we cannot fully exclude it at this stage, the
lack of correlation with AGN or merger status further points to
intrinsic ISM properties, such as density, turbulence, and metal-
licity, as the dominant factors shaping the [CII]-to-gas calibra-
tion and, by extension, the inferred star formation law.

These results highlight the limitations of adopting a uni-
versal [CII]-to-gas conversion factor and motivate the develop-
ment of physically motivated, simulation-calibrated or locally
calibrated prescriptions that account for galaxy mass, environ-
ment, and ISM state. Joint analysis of resolved observations and

A206, page 10 of 19



Accard, C., et al.: A&A, 702, A206 (2025)

simulations, as is demonstrated here, is essential for building an
accurate picture of the star formation mechanisms in the high-
redshift Universe.

6. Conclusions

We present a spatially resolved analysis of the [CII]–SFR and KS
relations in a sample of 13 main-sequence galaxies at redshifts
of 4 < z < 6, combining ALMA, JWST, and HST data. Our
pixel-by-pixel SED modelling approach applied to resolution-
homogenised multi-wavelength datasets allows us to probe the
physical conditions of star formation down to correlated kilopar-
sec scales in the early Universe.

We have developed a new comprehensive statistical frame-
work that explicitly accounts for correlated noise and pixel
covariance introduced by resolution homogenisation. By com-
bining noise sampling, source bootstrapping, and hybrid resam-
pling techniques, we reliably estimate the intrinsic scatter and
slope of the spatially resolved [CII]-SFR relations. Comparison
with classical fitting methods demonstrates that neglecting pixel
correlations leads to underestimated uncertainties. This shows
the relevance of our approach for robust parameter inference.

Our analysis reveals that the resolved [CII]–SFR relation
exhibits a slope of 0.87 ± 0.15 and an intrinsic scatter of 0.19 ±
0.03 dex. These values are both shallower and tighter than those
reported in many studies of the local Universe, suggesting a pos-
sible saturation of the SFR emission at high [CII] surface den-
sities, population wise, while confirming a strong correlation
between [CII] and SFR at z ∼ 5. This tight relation supports
the use of [CII] as a reliable tracer of star formation in early
main-sequence galaxies.

In contrast, the resolved KS relation is highly sensitive to
the assumption of the [CII]-to-gas conversion factor. Using a
constant α[CII] (Zanella et al. 2018) yields a slope of 0.87 and
depletion timescales of roughly 0.5 to 1 Gyr, consistent with
expectations for main-sequence galaxies. However, adopting the
Σ[CII]-dependent W[CII] prescription (Vallini et al. 2025) results in
a much steeper slope of 1.75. The regions with our lowest probed
gas surface densities still behave as the disc sequence with deple-
tion timescales of the order of 0.5 Gyr, but high-density regions
exhibit shorter depletion times (<0.1 Gyr), placing them in the
starburst regime.

Notably, these two scenarios bracket the predictions from
recent simulations: the constant α[CII] case is in broad agreement
with NewHorizon results at z = 4 and low mass (108.0−9.5 M�),
while the W[CII] prescription produces KS slopes and depletion
times compatible with the galaxies seen in NewCluster in a sim-
ilar mass regime as the one of our sample (109.5−10.5 M�). The
range of predicted depletion times produced by these two con-
version factors points to a fundamental limitation in current gas
mass estimates from [CII] and illustrates the need for physically
motivated conversion factors that capture the evolving ISM con-
ditions, metallicity, and dynamical processes at high redshift.
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Appendix A: Homogenised data

The resolution-homogenised maps of VC875 is shown in Fig. A.1 as an example.
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Fig. A.1. Resolution homogenised version of Fig.1, with the ALMA resolution as the target. The first row presents, from left to right, HST/ACS
F814W (rest-frame 145 nm), JWST/NIRCam F115W (207 nm), F150W (270 nm), and F277W (499 nm). The second row shows JWST/F444W
(800 nm), ALMA dust continuum emission around 156.9 µm, and ALMA [CII] 158 µm emission. The black contours are the (3+2k)σ levels
(k ≥ 0) of the [CII] luminosity map, while the ellipses in the bottom left corners all panels indicate the synthesised ALMA beam. These images
illustrate the filter coverage available across all galaxies in our sample.

Appendix B: SED modelling parameters

Table B.1. Parameter values for different modules used for the CIGALE runs.

Module Parameter Value

sfhdelayedbq age_main (Myr) (Universe age at source redshift) - 250 Myr
tau_main (Myr) 100, 300, 500, 700, 900, 1100, 1300
age_bq (Myr) 0, 5, 10, 25, 50, 100, 150, 200, 250, 300, 350, 400, 450
r_sfr 33 log-spaced values from 0 to 900.0

bc03 imf 1 (Chabrier 2003)
metallicity 0.008

nebular logU −2.0
dustatt_modified_CF00 Av_ISM 101 linearly spaced values from 0.3 to 5

mu 0.5
slope_ISM −0.7
slpoe_BC −0.7

dustatt_calzleit E_BVs_young 100 linearly spaced values from 0.005 to 0.500
(tested but not used) powerlaw_slope 0 or [-2.0, 0.5]
redshifting redshift [CII] spectroscopic redshift from ALPINE (Béthermin et al. 2020)

Notes. The values for dustatt_modified_CF00 are from Buat et al. (2019) whereas the ones for dustatt_calzleit come from Boquien et al.
(2022). Any parameter of a given module not shown here or not discussed in Sect. 3.1 has been left to the default value.
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Appendix C: Assessing the validity of the SED
modelling

We assess the impact of different parametrisations in the
CIGALE SED modelling process on SFR estimates. To evaluate
the reliability of each model configuration, we compare the SFR
values derived by CIGALE (SFRSED) with those independently
inferred from combined UV and far-infrared (FIR) measure-
ments, following the methodology of Béthermin et al. (2023).
Figure C.1 presents this comparison for VC875 as an example
with each panel corresponding to a different set of CIGALE
parameters. The one-to-one relation (dashed line) and the ±50%
deviation lines (dotted) are included to facilitate a direct visual
assessment of model performance.

It is important to emphasise that agreement between SED-
based and UV+FIR SFR estimates does not necessarily guaran-
tee the absence of systematic uncertainties or biases, since both
methods may be subject to common assumptions regarding dust
attenuation laws, SFHs, or IMFs.

The top panel shows results from our fiducial model, which
employs the Charlot & Fall (2000) dust attenuation law com-
bined with a delayed SFH including a recent episode of star for-
mation variation. This configuration achieves the closest agree-
ment between SFR estimators, with most data points clustering
near the one-to-one line.

When the recent SFH variation is excluded (second panel),
the SED-based SFR estimates are systematically lower, with the
majority of pixels lying above the one-to-one relation, showing
a deterioration in fit quality.

Excluding the dust luminosity constraint from the modelling
(third panel) results in systematic overestimation of SED-based
SFRs relative to the UV+FIR values, with many points falling
well beyond the −50% deviation line. In this situation, the error
bars increase significantly, reflecting greater uncertainties in the
fits. This highlights the critical role of including infrared con-
straints to properly model dust attenuation and derive reliable
SFRs.

The fourth panel presents results obtained using the
Calzetti et al. (1994) dust attenuation law. Across the sample,
differences relative to the fiducial model are minimal. How-
ever, for CRISTAL_24 (see Fig. C.2), we observe the largest dis-
crepancy between attenuation prescriptions: the Charlot & Fall
(2000) law (top panel) achieves the best agreement between
SFR estimators, with most data points lying close to the one-to-
one line, while the fiducial model (centre panel) systematically
underestimates SFRs and yields a lower fraction of well-fitted
pixels. We verified that this difference is not attributable to the
choice of the δ parameter in the Calzetti law, as letting δ vary
produces identical results (bottom panel). Given the improved
consistency for CRISTAL_24 and the more physically moti-
vated nature of the Charlot & Fall (2000) law, we adopt it as our
default attenuation model for the entire sample.
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Fig. C.1. Comparison between SFR derived from SED mod-
elling (SFRSED) and those measured from IR+UV observations
(SFRIR + UV) for VC875, shown for different model parametrisations.
From top to bottom: (first) the fiducial model using the Charlot & Fall
(2000) dust attenuation law and a delayed SFH with a recent variation
episode; (second) the same, but without the recent variation episode;
(third) the fiducial model without ALMA dust luminosity constraints;
(fourth) the Calzetti et al. (1994) attenuation law model. Blue points
represent individual pixels, with error bars corresponding to the 16th
and 84th percentiles of the SED-derived SFR distribution (see Sect. 3.1).
Red arrows indicate upper limits. Black points show region-averaged
SFR values computed using the B23 method. The dashed line indicates
the one-to-one relation, and dotted lines mark the ±50% range.
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Fig. C.2. Same as Fig. C.1, but for CRISTAL_24. From top to bottom:
Results using the Charlot & Fall (2000) dust attenuation model, results
using the modified Calzetti et al. (1994) model with δ = 0, same but
letting the δ parameter vary between -2.0 and 0.5

Appendix D: Validation of the likelihood model

To evaluate the accuracy and robustness of our fitting method-
ology, we perform an end-to-end simulation designed to repli-
cate the observational conditions and intrinsic properties of our
dataset. Specifically, we generate 1000 independent mock real-
isations. For each of them, we create first gas surface den-
sity maps composed of a random number of elliptical Gaussian
clumps with varying amplitudes and positions. We then convolve
this map with the ALMA beam. Using a fixed star formation
relation characterised by a known slope, intercept, and intrinsic
scatter, we derive the corresponding SFR surface density maps
on a pixel-by-pixel basis. We then simulated the intrinsic scatter
by multiplying this map by a map containing log-normal fluc-
tuations at the scale of the ALMA beam with dispersion corre-
sponding to the intrinsic scatter and a mean value of unity. This
step is important, since we measure the intrinsic scatter at the
scale of the ALMA beam, and applying a pixel-based scatter
would lead to a smaller scatter after smoothing the maps by the
beam.

We then generate instrumental noise maps scaled to the noise
properties of our ALMA data. We first convolve these noise
maps to the same resolution, rescale their standard deviation,
and added them to the gas maps. For the SFR maps, we applied
the typical log-normal errors found by CIGALE for the real
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Fig. D.1. Distributions of the fitted parameters obtained from 1000 sim-
ulated datasets (see Appendix D). From top to bottom : intercept, slope,
and intrinsic scatter. The blue histograms show the results from our
likelihood-based fitting method, with the solid and dotted blue lines
indicating the mean and the ±1σ intervals. The true input value used
to generate the simulations is shown as a dashed green line. Each panel
is annotated with the mean and standard deviation of the fitted parame-
ter and the true input value in the top left corner.
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data. This process was repeated 13 times to produce a mock
population comparable in size and complexity to our observed
sample. Each mock dataset is subsequently analysed using our
likelihood-based fitting procedure of Sect. 3.2, identical to what
used for the real observations. We recover maximum likelihood
solution of the slope, intercept, and intrinsic scatter parameters.
The distributions of the fitted parameters across 1000 mock pop-
ulation realisations were then examined to assess the fidelity of
the fitting method, see Fig. D.1.

We find that, for each parameter, the true input value lies
well within the 1σ confidence interval of the recovered distribu-
tion. Still, small systematic offsets between the mean fitted val-
ues and the true parameters are observed. The intercept is over-
estimated by approximately 0.15 dex relative to the true value,
while the slope and intrinsic scatter are underestimated by about
0.017 and 0.06 dex, respectively. These relative differences cor-
respond to roughly 0.45, 0.39, and 0.43 times the respective 1σ
uncertainties, indicating that the deviations are minor compared
to the statistical errors. We note that the 1σ intervals from the
mock ensemble are systematically smaller than those from the
real data. It could be due to a better S/N or the larger number of
beams with a [CII] signal in our simulation. We therefore con-
clude that our approach does not systematically bias the esti-
mates of the key parameters of the star formation relation.

Appendix E: Alternative Fitting Methods

In addition to this primary analysis, we use two other fitting
methods to assess the validity of the likelihood model and its
maximisation approach: the Bayesian linear regression package
linmix and the MCMC sampler emcee (Foreman-Mackey et al.
2013).

For the MCMC analysis, we configure 32 walkers with 1,000
steps per chain, discarding the first 100 steps as burn-in and thin-
ning chains by a factor of 20 to mitigate autocorrelation. To
take into account the correlation between pixels, we normalise
the likelihood from Eq. 9 by the number of independent pixels
per beam. This approach aims to approximate the number of
independent points per resolution element. However, since beam
smoothing may effectively yield twice as many statistically inde-
pendent noise samples as naively expected (see Condon 1997;
Condon et al. 1998), we thus divide the likelihood by twice
the number of pixels per beam. The impact of this normalisa-
tion is illustrated by the following MCMC fitting results. With-
out any likelihood normalisation, we obtain β = 0.79+0.01

−0.02 and
σi = 0.17+0.00

−0.00. When normalising the likelihood by twice the
number of pixels per beam, the results broaden to β = 0.78+0.09

−0.08
and σi = 0.17+0.02

−0.02. This demonstrates that accounting for the
effective number of independent data points leads to larger and
more realistic uncertainty estimates on the fitted parameters.

The linmixmethod uses Bayesian regression to account for
measurement errors in both variables and intrinsic scatter, pro-
viding robust estimates of the slope, intercept, and intrinsic scat-
ter of the studied [CII]-SFR relation. However, like in classical
MCMC approach, it assumes uncorrelated pixels, ignoring spa-
tial correlations within the beam and thus underestimate uncer-
tainties in the presence of significant beam smoothing.

While both the linmix and MCMC fitting procedures pro-
vide estimates of the relation parameters and their uncertainties,
they do not fully account for all sources of correlation, noise
propagation, or population sampling effects present in our data.
In particular, neither method can rigorously handle the spatial
correlations and noise structure introduced by beam smooth-

ing, nor the potential biases arising from the small sample size.
For these reasons, we consider our primary resampling-based
approaches described in Sect. 3.2 and Sect. 3.3 to provide more
reliable and conservative estimates of the uncertainties and best-
fit parameters for the [CII]–SFR relation.
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Appendix F: Other sources property maps

As in Fig. 3, we show here example of spatially resolved physical parameters maps obtained with the CIGALE SED modelling for
the other sources in the sample in Figs. F.1,F.2 and F.3. In each case, we have: stellar mass surface density (M� kpc−2), SFR surface
density averaged over 10 Myrs (M� yr−1 kpc−2), mass-weighted age (Myr) and attenuation in FUV rest-frame (mag). Results are
shown with the final selection used for the [CII]-SFR and KS relation analysis, that is pixels with S/N ≥ 2 in at least 3 photometric
bands and where Σ[CII] > 5σ[CII]. Across the sample, we find that the peaks of stellar mass and SFR are generally aligned. In contrast,
regions of highest SFR tend to coincide with diminished FUV attenuation, and the mass-weighted age maps reveal that the oldest
stellar populations are preferentially located in regions of highest stellar mass surface density.
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Fig. F.1. Similar to Fig. 3 for CRISTAL_01, CRISTAL_02, CRISTAL_03, and CRISTAL_04 (top to bottom)
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Fig. F.2. Similar to Fig. 3 for CRISTAL_06, CRISTAL_07, CRISTAL_09, CRISTAL_11 and CRISTAL_13 (top to bottom)
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Fig. F.3. Similar to Fig. 3 for CRISTAL_15, CRISTAL_19, and CRISTAL_24 (top to bottom)
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