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ABSTRACT

We present the ALMA-CRISTAL survey, an ALMA Cycle 8 Large Program designed to investigate the physical properties of star-forming galaxies
at 4 . z . 6 through spatially resolved, multiwavelength observations. This survey targets 19 star-forming main-sequence galaxies selected from
the ALPINE survey, using ALMA Band 7 observations to study [C ii] 158 µm line emission and dust continuum, complemented by JWST/NIRCam
and HST imaging to map stellar and UV emission. The CRISTAL sample expanded to 39 after including newly detected galaxies in the CRISTAL
fields, archival data, and pilot study targets. The resulting dataset provides a detailed view of gas, dust, and stellar structures on kiloparsec scales
at the end of the era of reionization. The survey reveals diverse morphologies and kinematics, including rotating disks, merging systems, [C ii]
emission tails from potential interactions, and clumpy star formation. Notably, the [C ii] emission in many cases extends beyond the stellar light
seen in HST and JWST imaging. Scientific highlights include CRISTAL-10, exhibiting an extreme [C ii] deficit similar to Arp 220, and CRISTAL-
13, where feedback from young star-forming clumps likely causes an offset between the stellar clumps and the peaks of [C ii] emission. CRISTAL
galaxies exhibit global [C ii]/FIR ratios that decrease with increasing FIR luminosity, similar to trends seen in local galaxies but shifted to higher
luminosities, likely due to their higher molecular gas content. CRISTAL galaxies also span a previously unexplored range of global FIR surface
brightness at high-redshift, showing that high-redshift galaxies can have elevated [C ii]/FIR ratios. These elevated ratios are likely influenced by
factors such as lower-metallicity gas, the presence of significant extraplanar gas, and contributions from shock-excited gas.

Key words. galaxies: high-redshift – galaxies: interactions – galaxies: ISM – galaxies: kinematics and dynamics –
galaxies: star formation – galaxies: structure

1. Introduction

The study of galaxy formation and evolution is key to under-
standing the diversity of galaxies in the Universe. Investigating
the first billion years after the Big Bang is especially important,
as it marks a critical period when galaxies transitioned from pri-
mordial gas clouds into organized systems, rapidly assembling
their stellar mass, forming stars, growing their gas, metal, and
dust content, and playing an important role in reionizing the Uni-
verse (e.g., Bromm & Yoshida 2011; Stark 2016).

Multiwavelength observations are crucial for studying these
distant galaxies, as they allow us to probe different compo-
nents of the interstellar (ISM) and circumgalactic (CGM) media.
In particular, observations with the Atacama Large Millime-
ter/submillimeter Array (ALMA) are key for tracing the cold
gas and dust reservoirs in galaxies, which fuel star formation
and are closely linked to galaxy evolution (e.g., Tacconi et al.
2020; Hodge & da Cunha 2020). When combined with observa-
tions with the James Webb Space Telescope (JWST) of the stellar
and nebular components (e.g., Robertson 2022), these provide a
? Corresponding author: rhc@astro-udec.cl

comprehensive view of how galaxies evolved during the first bil-
lion years of cosmic history.

Among the diverse population of galaxies in the Universe,
this paper focuses on those that follow the well-established cor-
relation between stellar mass (M?) and the star formation rate
(SFR), commonly referred to as the main sequence of star-
forming galaxies (e.g., Brinchmann et al. 2004; Rodighiero et al.
2011; Speagle et al. 2014). These galaxies represent the major-
ity of star-forming systems across cosmic time, and this rela-
tionship has been observed to persist at least up to z ∼ 6 (e.g.,
Rinaldi et al. 2025). Their location on the main sequence reflects
a balance between gas accretion, star formation, and feedback
processes, making them ideal laboratories in which to study the
interplay between these phenomena, commonly referred to as
the baryon cycle of galaxies (e.g., Tumlinson et al. 2017).

In the early days of submillimeter astronomy, studies
of high-redshift galaxies focused on the brightest systems
due to the limited sensitivity of the available facilities.
These included extreme objects such as luminous starbursts,
quasars, and highly magnified galaxies observed through
gravitational lensing (e.g., Maiolino et al. 2005; Iono et al.
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2006; Stacey et al. 2010; Wagg et al. 2010; Cox et al. 2011;
De Breuck et al. 2011; Venemans et al. 2012; Walter et al. 2012;
Vieira et al. 2013; Gullberg et al. 2015; Decarli et al. 2018).
Initially, these studies were confined to global properties
of galaxies, but the advent of facilities such as ALMA
and the Northern Extended Millimeter Array (NOEMA)
enabled spatially resolved investigations on kiloparsec scales
(e.g., Riechers et al. 2013; Gullberg et al. 2018; Neeleman et al.
2019, 2020; Rizzo et al. 2021, 2022; Fraternali et al. 2021;
Herrera-Camus et al. 2021; Spilker et al. 2022; Fujimoto et al.
2024). While these studies provided valuable insights into the
most extreme cases of galaxy evolution, they did not fully
capture the broader, more representative population of main-
sequence galaxies that dominate cosmic star formation at high
redshifts.

The first comprehensive efforts to study the cold gas and
dust in main-sequence galaxies at 4 . z . 6 began with small
ALMA surveys, observing the [C ii] 158 µm line and dust con-
tinuum emission in roughly ten galaxies in the COSMOS field
(Capak et al. 2015). These were followed by larger surveys, such
as the ALMA Large Program ALPINE (Le Fèvre et al. 2020;
Béthermin et al. 2020; Faisst et al. 2020a), which expanded the
sample to over 100 galaxies. Additionally, the REBELS sur-
vey (Bouwens et al. 2022) extended the study of massive,
star-forming galaxies to even higher redshifts (z ∼ 7−8), offer-
ing insights into the cosmic dawn. While these surveys that
focused on main-sequence star-forming galaxies provided valu-
able global measurements of cold gas and dust, they lacked
the angular resolution needed to resolve their detailed internal
structures. This also complicates the comparison between the
cold gas and dust traced by ALMA and the stellar and ion-
ized gas components traced by HST and JWST. To address
this limitation, the “[CII] Resolved ISM in STar-forming galax-
ies with ALMA” (CRISTAL) survey was designed. The pri-
mary scientific goal of the CRISTAL survey is to build a
detailed census of gas, dust, and stars on kiloparsec scales
in typical star-forming galaxies at 4 < z < 6. The goal
of this survey paper is to detail the selection process of the
CRISTAL galaxies, describe the observations and data reduc-
tion methods, summarize the available multiwavelength data,
present the results regarding detections and the main proper-
ties of the [C ii] and dust continuum emission, and highlight
key scientific findings from both individual cases and the overall
sample.

This paper is organized as follows. In Sect. 2, we sum-
marize the contributions of the CRISTAL survey to four key
areas of galaxy evolution: kinematics, outflows, morpholo-
gies, and the properties of the ISM and star formation. In
Sect. 3, we describe the selection criteria and main proper-
ties of the CRISTAL galaxy sample. Section 4 provides an
overview of the ALMA observations, while Sect. 5 outlines
the data reduction and processing steps for the ALMA data.
Section 6 presents the ancillary data available for CRISTAL
galaxies, including observations from the Hubble Space Tele-
scope (HST) and JWST. In Sect. 7, we report the results,
featuring a multiwavelength view of the CRISTAL galaxies.
Section 8 explores two case studies focused on CRISTAL-10
and CRISTAL-13. In Sect. 9, we analyze the [C ii]/FIR ratio
across the CRISTAL sample. Finally, Sect. 10 presents the
summary and conclusions. Throughout this paper, we assume
a flat Universe with cosmological parameters of ΩM = 0.3,
ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1. All stellar masses
and SFRs are normalized to a Chabrier (2003) initial mass
function.

2. Overview of first science results of the CRISTAL
survey

2.1. Kinematics

The kinematic properties of galaxies offer valuable insights
into their formation history and their current state of evolu-
tion. For example, the intrinsic velocity dispersion (σ0) of the
gas is a measure of the level of turbulence, with high σ0 val-
ues resulting from star formation feedback and radial gas trans-
port (e.g., Krumholz et al. 2018). Moreover, the ratio between
the rotation velocity (Vrot) and σ0 serves as an indicator of disk
stability. Galaxies with ordered rotation and Vrot/σ0 & 2−3
are generally classified as dynamically cold, stable disks (e.g.,
Förster Schreiber & Wuyts 2020).

For main-sequence galaxies in the redshift range 4 <
z < 6, early morpho-kinematic analyses using low-angular-
resolution [C ii] observations suggest that only a small frac-
tion (.40%) exhibit evidence of ordered rotation (Le Fèvre et al.
2020), including a more detailed analysis by Jones et al.
(2021) using the tilted ring model fitting code 3DBarolo
(Di Teodoro & Fraternali 2015). More recent high-resolution
[C ii] observations at kiloparsec scales have provided a clearer
view of the kinematics of these galaxies. For instance, there
is evidence of rotationally supported cold disks in star-
forming main-sequence galaxies at z = 4.3 (Vrot/σ0 =
3.4; Neeleman et al. 2020) and z = 5.5 (HZ4 or CRISTAL-
20: Vrot/σ0 = 2.2; Herrera-Camus et al. 2022), although
JWST/NIRSpec data for the latter system suggests a more
complex scenario (Parlanti et al. 2025). The same is true for
dusty star-forming galaxies above the main sequence (e.g.,
Rizzo et al. 2021). Similar conclusions are drawn from NIR
rest-frame morphological studies, which reveal the existence
of massive, unperturbed disk-like galaxies at z ∼ 4−6 (e.g.,
Huertas-Company et al. 2024).

More recently, based on ALMA observations from the
CRISTAL survey, in Posses et al. (2025) we analyze the kine-
matics of the main-sequence galaxy CRISTAL-05 (also known
as DEIMOS_COSMOS_683613 and HZ3). In contrast to ear-
lier classifications of CRISTAL-05 as a single source, these new
observations reveal it to be a close interacting pair surrounded by
an extended region of carbon-enriched gas. The overall veloc-
ity is irregular across the full system, although one of the pair
member is consistent with disk rotation; the velocity disper-
sion is roughly constant and around 80 km s−1. Another notable
example is the HZ10 system (CRISTAL-22), where CRISTAL
and JWST/NIRSpec IFU observations show that this massive
galaxy consists of at least three closely projected components,
with complex kinematics suggesting a possible close merger or
disturbed disk (Jones et al. 2024; Telikova et al. 2025).

The findings from individual CRISTAL systems highlight
the intricate kinematics of star-forming galaxies during the first
∼1 Gyr. In Lee et al. (2025), we present a detailed morpho-
kinematic analysis of 35 CRISTAL galaxies, reporting that
nearly ∼50% of them are classified as disk-dominated. Addi-
tionally, CRISTAL galaxies exhibit high intrinsic velocity dis-
persions (∼70 km s−1), likely driven by gravitational instabilities.

2.2. Outflows

Outflows, driven by stellar and active galactic nucleus (AGN)
feedback, are expected to play a key role in regulating star
formation and shaping galaxy evolution (e.g., Veilleux et al.
2020). Despite recent progress, we still lack a comprehensive
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characterization of the outflow properties in individual galax-
ies during the early cosmic epochs. Recently, JWST/NIRSpec
observations have found potential signatures of outflows in
low-mass galaxies at z & 4, probing the ionized gas phase
(e.g., Zhang et al. 2024; Carniani et al. 2024). However, low
ionization or colder (T ∼ 300−400 K) gas in the outflow,
traced for example by [C ii] emission (e.g., Contursi et al. 2013),
remains largely unexplored. Understanding this cold compo-
nent is critical, as it likely dominates the mass of outflows
(e.g., Fluetsch et al. 2019; Herrera-Camus et al. 2020). Simula-
tions (e.g., Pizzati et al. 2020, 2023) suggest that these outflows
are also connected to the diffuse [C ii] emission observed around
galaxies, extending into the CGM (Fujimoto et al. 2019, 2020).

For main-sequence galaxies at z & 4, Gallerani et al.
(2018) conducted one of the earliest efforts to characterize out-
flows using stacked global [C ii] spectra from galaxies in the
Capak et al. (2015) sample, finding tentative evidence of out-
flows. Building on this work, Ginolfi et al. (2020), using the
larger ALPINE sample, detected broad [C ii] emission in stacked
profiles, with velocities of ∼500 km s−1. This broad compo-
nent is particularly prominent in galaxies with SFRs exceeding
≈25 M� yr−1.

For individual galaxies, Herrera-Camus et al. (2021)
focus on the neutral outflow phase in HZ4 (CRISTAL-20,
DEIMOS_COSMOS_494057), reporting evidence of outflow-
ing gas from the central star-forming region. They find projected
velocities of ∼400 km s−1 and a neutral gas mass outflow rate
∼3−6 times higher than the SFR in the central region. Recent
JWST/NIRSpec observations have also identified the ionized
phase of the HZ4 outflow, confirming that the mass outflow
rate is predominantly driven by neutral gas traced by the [C ii]
transition (Parlanti et al. 2025).

Among the CRISTAL sample, we identify additional evi-
dence of outflowing gas traced by [C ii] line emission. One key
advantage relative to previous programs such as ALPINE is the
higher angular resolution, which allows one to search for out-
flows in the nuclear regions of galaxies, or centered at star-forming
clumps identified with HST or JWST, at a comparable or bet-
ter sensitivity. For example, CRISTAL-02 exhibits the strongest
[C ii] outflow, with the ionized counterpart also detected in recent
JWST/NIRSpec observations (Davies et al. 2025). CRISTAL-08
exhibits evidence of outflowing gas associated with the giant star-
forming clumps abundant in its disk, which will be discussed
in detail in a forthcoming letter by Herrera-Camus et al. (in
prep.). Additionally, in Birkin et al. (2025) we report tentative evi-
dence of modest outflows with velocities of ∼300 km s−1 based
on the stacking of [C ii] spectra for CRISTAL galaxies, exclud-
ing systems with kinematic evidence of gravitational interactions
from high-angular-resolution observations. Overall, we find that
mass loading rates in CRISTAL galaxies are generally modest
but can reach values comparable to the ones observed in nearby
starbursts.

2.3. Morphology

During the early cosmic epochs covered by the CRISTAL sur-
vey, galaxies experienced rapid growth and intense star forma-
tion. Observing their sizes and morphologies – such as disks,
clumps, and spatial offsets between various tracers – reveals how
these galaxies assembled under the influence of gravity, mergers,
and feedback. Ultimately, morphological studies are important
for characterizing the turbulent conditions of the early Universe,
providing important tests for models of galaxy growth and the
role of physical processes such as feedback.

For main-sequence galaxies at 4 . z . 6, one of the key dis-
coveries by ALMA was detecting [C ii] line emission extending
well beyond the star-forming regions traced by rest-frame UV
or dust continuum emission. Fujimoto et al. (2019) found evi-
dence of a 10 kpc-scale extended gas component through stacked
[C ii] emission from ALPINE galaxies, with further analysis
by Fujimoto et al. (2020) revealing [C ii] emission sizes typi-
cally 2−3 times larger than the UV or dust continuum. Sev-
eral scenarios could explain these extended [C ii] emissions,
such as outflows depositing gas in the surrounding medium
(e.g., Pizzati et al. 2020, 2023), unresolved satellite galaxies,
or circumgalactic photodissociation regions (PDRs). Disentan-
gling these origins requires deep, multiwavelength, spatially
resolved observations. Such data have started to emerge; for
example, Lambert et al. (2023) find that [C ii] emission in HZ7
(CRISTAL-21) is about twice the size of its rest-frame UV
emission, likely due to a merger resulting in a nonrotating
disk. For HZ4 (CRISTAL-20, DEIMOS_COSMOS_494057),
the extended [C ii] emission may be linked to the outflowing gas
from the central region (Herrera-Camus et al. 2021).

The CRISTAL survey offers an advantage over previous
studies by providing deep, spatially resolved [C ii] observations
that allow one to test various scenarios to explain the extended
nature of [C ii] emission. Based on CRISTAL observations, we
report in Ikeda et al. (2025) that, on average, [C ii] emission
extends approximately three times farther than rest-frame UV
emission and twice as far as the dust continuum. Notably, this
extended emission can be well modeled by an exponential disk,
without requiring an additional halo-like component. Interest-
ingly, Ikeda et al. (2025) detects extended [C ii] emission in
CRISTAL galaxies both with and without companions, suggest-
ing that the contributions from PDRs, in addition to diffuse neu-
tral medium (atomic gas) at large radius, may further enhance
the spatial distribution of [C ii] emission.

An excellent illustration of the complex morphology and
spatial distribution of the [C ii] emission in z ∼ 5 galax-
ies is the analysis of the CRISTAL-01 field (DEIMOS_
COSMOS_842313) by Solimano et al. (2024, 2025).
This system features a close interaction between the dis-
turbed CRISTAL-01 and the submillimeter galaxy (SMG1)
J1000+0234 (Gómez-Guijarro et al. 2018; Fraternali et al.
2021), surrounded by two companion systems (CRISTAL-01b
and -01c; see Sect. 7.3) and embedded within a giant Lyman-α
blob (Jiménez-Andrade et al. 2023). Most notably, a ∼15 kpc
plume of [C ii] gas emerges from the center of the SMG, poten-
tially driven by AGN activity, as revealed by JWST/NIRSpec
observations (Solimano et al. 2025).

Regarding the dust morphology of star-forming galaxies at
z ∼ 5, the depth of the CRISTAL survey enables one to probe
FIR surface densities an order of magnitude lower than those
typical of SMGs. In Mitsuhashi et al. (2024), we find that the
effective radius of the dust continuum is, on average, twice as
large as that of the UV continuum – contrary to trends predicted
by the TNG50 simulations (Popping et al. 2022). One possible
interpretation for this intriguing result is that the dust continuum
emission traces more extended, global (obscured) star formation,
while the rest-frame UV continuum is associated with concen-
trated star-forming clumps within galaxies and/or less obscured
lines of sight.

1 Here we use the definition in Hodge & da Cunha (2020) of a sub-
millimeter galaxy: a system with a high submillimeter flux density of
S 850 mm & 1 mJy.
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2.4. Interstellar medium and star formation

By observing both the [C ii] line and dust continuum emission,
the CRISTAL survey provides valuable information about the
ISM of z ∼ 4−6 star-forming galaxies. The [C ii] line, the pri-
mary coolant of the ISM, arises from multiple phases – including
dense PDRs, diffuse atomic gas, and ionized gas – making it an
effective tracer of the ISM complex structure (e.g., Pineda et al.
2013). Observations of the dust continuum, on the other hand,
provide information on the heating mechanisms within the ISM.
Dust grains and polycyclic aromatic hydrocarbons absorb UV
photons and release electrons, heating the gas through the pho-
toelectric effect. This balance of [C ii] cooling and dust-driven
heating, often measured by the [C ii]/FIR ratio, is important for
studying star formation and galaxy evolution in the early Uni-
verse (e.g., Wolfire et al. 2022).

In an ISM in thermal equilibrium, cooling via the [C ii] line
can also trace heating from star formation activity. A strong rela-
tionship, both globally and on spatially resolved scales, exists
between [C ii] line emission and SFR in nearby galaxies (e.g.,
Pineda et al. 2014; De Looze et al. 2014; Herrera-Camus et al.
2015, 2018a), with little evolution observed in this relation
across the redshift range of CRISTAL galaxies (Schaerer et al.
2020). For CRISTAL galaxies, Li et al. (2024) report a strong
correlation between [C ii] and SFR. However, they also iden-
tify significant scatter at larger radii and variable slopes in the
[C ii]-SFR relation across different CRISTAL systems. A more
detailed analysis of the sources of this scatter will be presented
in Palla et al. (in prep.).

In spatially resolved observations of CRISTAL galaxies,
Herrera-Camus et al. (2021) find that the [C ii]/FIR ratio in HZ4
(CRISTAL-20) spans ∼2−4 × 10−3, similar to values seen in
star-forming regions of nearby starbursts such as M82 and M83,
which exhibit comparable levels of star-formation rate surface
density. In CRISTAL-05, Posses et al. (2025) report [C ii]/FIR
ratios in the main galaxy component of ∼2−8 × 10−3, while
in outer regions where [C ii] line emission is extended, the
high [C ii]/FIR lower limits (&10−2) are comparable to val-
ues observed in local merging systems where [C ii] emission is
enhanced by shocks (e.g., Appleton et al. 2013; Peterson et al.
2018). In the system HZ10 (CRISTAL-22), Villanueva et al.
(2024) measure [C ii]/FIR ratios between ∼1−3 × 10−3. This
analysis is particularly robust, benefiting from ALMA Band 9
observations at the peak of the dust spectral energy distribution
(SED), enabling a robust determination of the dust temperature
of Tdust = 46.7±6.8 K, and thus a more accurate FIR luminosity.

Spatially resolved dust continuum observations in CRISTAL
galaxies are also important to improve the SED modeling and
obtain more accurate mapping of physical properties (e.g., age,
SFR, M?, dust extinction AV). One key finding we present in
Li et al. (2024) and Lines et al. (2025) is that, on ∼0.5–1 kpc
scales, the stellar mass is not underestimated despite the fact that
light from younger stars can outshine and mask the contribution
from older, fainter stars – a process typically referred to as out-
shining.

Additionally, as has been shown by Li et al. (2024), com-
bining JWST/NIRCam stellar light data with ALMA dust con-
tinuum measurements helps resolve the age-dust degeneracy,
leading to more robust estimates of dust obscuration, which
are often overestimated when ALMA data is excluded. These
refined obscuration estimates impact the inferred spatial dis-
tribution of specific SFRs, offering a clearer view of trends
in galaxy growth and quenching, such as inside-out evolution.
There results are further supported by the fact that CRISTAL

galaxies show a high fraction of dust-obscured star formation
– averaging around 50% but varying widely from 20% to 90%
– indicating substantial diversity in dust properties and mor-
phology, as we discuss in Mitsuhashi et al. (2024). This level
of dust obscuration is comparable to what has been observed
in star-forming galaxies at 4 . z . 6 in the ALPINE sam-
ple (Khusanova et al. 2021; Fudamoto et al. 2020), and massive
star-forming galaxies at z & 6.5 (Inami et al. 2022).

2.5. The emerging picture

The CRISTAL survey provides a detailed view on kiloparsec
scales of galaxies during the first billion years of cosmic history,
highlighting their complexity and dynamic evolution. The kine-
matic analyses suggest that star-forming galaxies in this epoch
exhibit a wide range of behaviors, from rotationally supported
cold disks (∼50%) to complex, irregular velocity fields indica-
tive of interactions or mergers (Lee et al. 2025). Such findings
challenge simplified models of early disk formation and point to
a dynamic interplay of turbulence, feedback, and environmental
interactions shaping galaxy evolution at z = 4−6.

Beyond kinematics, the CRISTAL survey has significantly
advanced our understanding of outflows, morphologies, and
the ISM properties in young galaxies. Outflows traced by
[C ii] emission, observed in systems such as CRISTAL-20
(Herrera-Camus et al. 2021; Parlanti et al. 2025), CRISTAL-
02 (also detected in the ionized phase with JWST/NIRSpec;
Davies et al. 2025), and through the stacking of non-interacting
CRISTAL systems (Birkin et al. 2025), highlight the role that
the neutral gas ejection can have regulating star formation and
enriching the CGM.

Our morphological studies reveal extended [C ii] emission
components, often spanning several times the extent of UV or
dust emission regions, which suggest contributions from dif-
fuse gas or feedback-driven processes (Ikeda et al. 2025). More-
over, our analysis of the dust morphology highlights the pres-
ence of extended obscured star formation, with dust emission
typically reaching approximately twice the size of the rest-frame
UV emission (Mitsuhashi et al. 2024). Collectively, these find-
ings emphasize the importance of multiphase, multiwavelength
observations in unraveling the complex assembly and evolution-
ary processes of galaxies during the early Universe.

3. The CRISTAL sample

3.1. Sample selection

The first step in the CRISTAL target selection was to search in
the ALMA archive for galaxies in the redshift range 4 ≤ z ≤ 6
detected in [C ii] line emission with a signal-to-noise of S/N ≥ 3.
This was motivated by the need to preselect galaxies with a reli-
able redshift determination and a measured [C ii] line flux that
allows us to plan follow-up spatially resolved observations. The
choice of redshift range, in addition to the scientific motivation
described before, was set by the requirement to observe the [C ii]
transition in Band 7.

About 95% of the preselected galaxies from the ALMA
archive at the time were part of the Capak et al. (2015) sample
and the ALPINE survey (Le Fèvre et al. 2020; Béthermin et al.
2020; Faisst et al. 2020a). In these two programs, galaxies were
typically observed for .1 h and with an angular resolution &0′′.8
(&5 kpc), so most of the systems were barely resolved or spa-
tially unresolved.
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The next step was to select galaxies based on the following
criteria:
1. Main sequence: With the goal of selecting typical or rep-

resentative systems of the galaxy population between 4 ≤
z ≤ 6, we only considered galaxies within ±0.5 dex of
the main sequence of star-forming galaxies as defined by
Speagle et al. (2014). As is shown in Fig. 2, this calibration
is is in good agreement with those of Schreiber et al. (2015)
and Khusanova et al. (2021) for a similar redshift range. The
SFRs and stellar masses for these systems were drawn from
the literature (e.g., Capak et al. 2015; Faisst et al. 2020a).

2. Stellar mass: We selected systems with stellar masses greater
than M? ≥ 109.5 M� according to the values from the
ALPINE catalog presented in Faisst et al. (2020a). Given
that the preselected systems are part of the main sequence,
a cut in stellar mass also correspond to a cut in SFR of
approximately ≥20 M� yr−1, which in turn is also closely
associated with the [C ii] luminosity (e.g., Sargsyan et al.
2012; De Looze et al. 2014; Herrera-Camus et al. 2015;
Schaerer et al. 2020). For galaxies with M? . 109.5 M� we
estimated that we would need observing times larger than
∼15 h to achieve our required sensitivity. Therefore, apply-
ing a stellar mass threshold at M? = 109.5 M� was important
to keep the program within the observing time available for
Large Programs in ALMA Cycle 8.

3. Rest-frame UV emission: To achieve our scientific goals
regarding the study of kinematics, morphology, and star for-
mation, we selected galaxies detected in rest-frame UV emis-
sion with the HST Wide Field Camera 3 (WFC3). Given that
most of the preselected galaxies that fulfill this criteria are
in the COSMOS field (Scoville et al. 2007), observations in
at least three WFC3 filters were available for all systems,
except for CRISTAL-14 and CRISTAL-19 for which only
F160W data exist.

Having JWST data available, which trace the stellar and ionized
gas light, was not part of the selection criteria (as the telescope
had not yet been launched at the time of the proposal). How-
ever, because a large fraction of the preselected systems are in
the COSMOS field, there are programs such as COSMOS-Web
(PID 1727; co-PIs: Kartaltepe & Casey; Casey et al. 2023) and
PRIMER (PI: Dunlop, PID 1837) that provide NIRCam and/or
MIRI observations in multiple filters for a large fraction of sys-
tems. There is also NIRSpec observations of the main nebular
lines from programs such as GA-NIFS (PI: Luetzgendorf, PID
1217), ORCHIDS (PI: Aravena, PID 5974) and PID 3073 (PI
Faisst). We discuss this in more detail in Sect. 6.

After applying the initial selection criteria based on redshift
(4 ≤ z ≤ 6), [C ii] signal-to-noise ratio (S/N ≥ 3), and main-
sequence membership (| log10(∆MS)| ≤ 0.5 dex), we selected
81 out of 124 systems. Subsequently, applying the additional
criteria of stellar mass (Mstar ≥ 109.5 M�), observability, and
the availability of ancillary HST data reduced the sample to 25
galaxies. Seven of them, however, already had spatially resolved
[C ii] line observations in the ALMA archive. These systems are:
HZ4 (PI R. Herrera-Camus; Herrera-Camus et al. 2021, 2022),
HZ3 (PI M. Aravena; Posses et al. 2025), HZ7 (PI M. Aravena;
Lambert et al. 2023, HZ10 (PI M. Aravena; Telikova et al. 2025)
(all of them designed as pilot programs for the CRISTAL
ALMA Large Program), and DEIMOS_COSMOS_818760,
DEIMOS_COSMOS_873756, and vuds_cosmos_5101218326
(PI E. Ibar; Devereaux et al. 2024). Except for HZ3, we did not
request additional Band 7 observations as the sensitivity and
angular resolution achieved in the programs was good enough
to pursue the main scientific goals of CRISTAL.

In summary, the sample that was observed with ALMA as
part of the CRISTAL Large Program consisted of 19 targets. The
details of the ALMA observations are presented in Sect. 4.

3.2. Final CRISTAL sample

After the ALMA observations were completed, the CRISTAL
sample increased in size for two main reasons:
1. Additional galaxies in CRISTAL fields: The deeper, higher

angular resolution observations revealed additional compan-
ion galaxies in the field-of-view of the main 19 CRISTAL
targets. In total, we detected seven additional new galax-
ies in the field (CRISTAL-01b, c, -07c, d, -09b, -10b, -13b)
and we spatially resolved four interacting systems into pairs
(CRISTAL-04b, -06b, -07b, -16b). A thorough search and
characterization of all systems in the CRISTAL [C ii] cubes
will be presented in van Leeuwen et al. (in prep.).

2. Galaxies in the ALMA archive: In total we included 6 sys-
tems from the ALMA archive with angular resolution and
sensitivity comparable to that achieved by the CRISTAL pro-
gram. Three of them are from pilot programs (HZ4, HZ7,
and HZ10), and the other three are from an ALPINE follow-
up program (PI E. Ibar; DEIMOS_COSMOS_818760,
DEIMOS_COSMOS_873756, vuds_cosmos_5101218326;
Devereaux et al. 2024). The high-angular-resolution obser-
vations of HZ10 and DEIMOS_COSMOS_818760 allow us
to spatially resolve the systems into two (CRISTAL-22a, b)
and three galaxies (CRISTAL-23a, b, c), respectively.

In total, the final CRISTAL sample includes 39 main-sequence
star-forming galaxies, including companion galaxies detected
around the originally targeted main galaxies. Among the sys-
tems added to the original sample, those with measurable stellar
masses meet the criteria for being on the main sequence. How-
ever, their stellar masses can extend below the initial selection
threshold of M? = 109.5 M�.

Table A.1 summarizes the main properties of all CRISTAL
systems. The stellar masses and SFRs were derived using
the CIGALE code (Boquien et al. 2019), and the details for
these calculations are described in Mitsuhashi et al. (2024)2.
In general, there is a good agreement between the stellar
masses and SFRs derived by Mitsuhashi et al. (2024) using
CIGALE, by Li et al. (2024) using MAGPHYS (including
JWST/NIRCam data), and those in the ALPINE database
(Faisst et al. 2020a) based on the LePhare SED fitting code
(Arnouts et al. 1999; Ilbert et al. 2006), with a mean difference
of only ∼0.1 dex between the estimates. The coordinates and
redshifts in Table A.1 are derived from the [C ii] data, with the
exception of CRISTAL-18, which is undetected in the [C ii] tran-
sition despite deep observations (see Sect. 7 for further details).

Together with the 39 star-forming galaxies in CRISTAL,
our ALMA observations also included two SMGs, J1000+0234
(Fraternali et al. 2021) and CRLE (Pavesi et al. 2018), which
are within the field of view of CRISTAL-01 and CRISTAL-
22 observations, respectively. Their properties are also listed

2 Mitsuhashi et al. (2024) use all available broad and medium bands
in optical to near-infrared for the SED fitting. From the COSMOS2015
catalog, these include 10 broad bands (u∗, B,V, r+, i+, z++,Y, J,H,Ks),
12 medium bands on Ground-based telescopes, and 4 Spitzer bands.
Mitsuhashi et al. (2024) also take 4 broad bands (U, B,R,Ks) and
23 medium bands on ground-based telescopes, and 10 HST and 4
Spitzer bands on space telescopes from the ASTRODEEP catalog.
The CRISTAL galaxies for which the ALMA Band 7 continuum was
included in the SED fitting are listed in Table 1 of Mitsuhashi et al.
(2024).
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Fig. 1. Histograms showing the distribution of redshift (left), stellar mass (center), and SFR (right) for the CRISTAL (green), ALPINE (gray;
Le Fèvre et al. 2020; Béthermin et al. 2020; Faisst et al. 2020a), and REBELS samples (gold; Bouwens et al. 2022).

Fig. 2. Stellar mass-SFR plane for galaxies between 4 . z . 6. The
CRISTAL sample consists of 39 star-forming galaxies between 4 . z .
6 that are representative of the population of massive (M? & 109 M�)
galaxies at this redshift range. CRISTAL galaxies are shown as green
circles, color-coded according to their redshift. The main sequence of
star-forming galaxies at z = 5 is shown following the calibrations by
Speagle et al. (2014) (with ±0.5 dex width represented by the shaded
orange region), Schreiber et al. (2015), and Khusanova et al. (2021).
Galaxies from the pilot programs and drawn from the archive are
shown as squares. SMGs in the CRISTAL fields are shown as stars.
Star-forming galaxies detected in [C ii] line emission observed as part
of the ALPINE survey (Le Fèvre et al. 2020; Béthermin et al. 2020;
Faisst et al. 2020a) are shown as gray circles.

in Table A.1. All the ALMA Band 7 observations – new and
archival – for the CRISTAL galaxies and the SMGs were
processed together through a common and optimized pipeline
described in Sect. 5.

Figure 1 presents the distribution of redshift, stellar
mass, and SFR for the CRISTAL galaxies in comparison
to the ALPINE (Le Fèvre et al. 2020; Béthermin et al. 2020;

Faisst et al. 2020a) and REBELS (Bouwens et al. 2022) sam-
ples. The median properties of the CRISTAL galaxies are: red-
shift z = 5.1, stellar mass M? = 1010.1 M�, and SFR =
58 M� yr−1. Figure 2 shows the CRISTAL galaxies in the context
of the stellar mass-SFR plane for star-forming galaxies between
4 ≤ z ≤ 6. The scaling relations between SFR and M? at
z ≈ 5 from Speagle et al. (2014), Schreiber et al. (2015), and
Khusanova et al. (2021), which are displayed in the figure, are
generally consistent with one another. The colorscale indicates
the redshift of the systems. Galaxies in the original CRISTAL
sample and detected in the CRISTAL fields are shown as circles.
There are three systems with stellar masses below the M? ≥

109.5 M� selection cut. One of these is CRISTAL-12, for which
our CIGALE-based stellar mass resulted in M? ≥ 109.3 M�,
a factor of ∼3 lower than the value in the ALPINE database
(Faisst et al. 2020a). The other two galaxies are the minor com-
panions in the interacting systems CRISTAL-04 and CRISTAL-
06, with stellar masses of 108.91 M� and 109.19 M�, respectively.
Finally, the SMGs in the CRISTAL fields are shown as stars.

4. Observations

ALMA observations for the CRISTAL galaxies were carried out
during Cycle 8 and Cycle 9, between December 2021 and April
2023. Each galaxy was observed using a combination of a com-
pact (typically C43-1 or -2) and a more extended (typically C43-
4 or -5) array configuration. The goal was to spatially resolve
the [C ii] line and dust continuum emission on kiloparsec scales,
while at the same time continue to be sensitive to large-scale
(∼5′′ or ∼15 kpc), more diffuse [C ii] line and dust emission that
has been found in high-z galaxies (e.g., Fujimoto et al. 2019,
2020; Lambert et al. 2023; Ikeda et al. 2025; Mitsuhashi et al.
2024).

For each CRISTAL source, we determined the required inte-
gration time and angular resolution based on the global [C ii] flux
from ALPINE (Béthermin et al. 2020) and the expected [C ii]
size. To estimate the latter, we scaled the rest-frame UV size
measured from the HST data by a factor of ×1.5 following the
size analysis of the ALPINE galaxies by Fujimoto et al. (2020).
Then, we determined the observing time and angular resolution
required to detect (&4σ) and spatially resolve in [C ii] line emis-
sion each CRISTAL galaxy with at least ∼4 independent beams
within one [C ii] effective radius. We chose the best combination
of array configurations to achieve the desired angular resolution
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Fig. 3. Histogram showing the distribution of observing time (first panel), synthesized beam size (second panel), noise measured in the cubes
for 20 km s−1 channels (third panel), and Band 7 continuum (fourth panel). The average values for ALPINE galaxies (Le Fèvre et al. 2020;
Béthermin et al. 2020; Faisst et al. 2020a) are indicated by a gray line.

with the help of the simobserve task in CASA and the recom-
mendations made by the ALMA Observing Tool. The final list
of array configurations used and angular resolutions achieved for
each CRISTAL target can be found in Table B.1.

The number of antennas used for the observations varied
from track to track ranging from 41 to 50, with an average of
45. The flux calibrator for most of the CRISTAL sources was the
quasar J1058+0133. The detail of the mean number of antennas
and flux calibrator used for each CRISTAL target can be found
in Table B.1. As can be seen from the first panel of Fig. 3, the
observing times typically ranged from ∼4−5 h for the most mas-
sive sources to ∼8−15 h for the less massive systems.

The observations were performed in frequency division
mode (FDM). In order to fully characterize the [C ii] line pro-
file of each CRISTAL target, in particular of systems with broad
line profiles such as J1000+0234 in the CRISTAL-01 field, we
placed two of the four spectral windows next to each other
with an overlap of 0.12 GHz centered at the frequency of the
line as detected in the ALPINE lower-angular resolution data
(Le Fèvre et al. 2020; Béthermin et al. 2020). This way we pro-
vided contiguous frequency coverage of about 3.6 GHz around
the line. The spectral resolution for the two spectral windows
assigned for the line detection was set to 3.9 MHz, which corre-
sponds to about ∼4 km s−1 for the representative frequency of the
CRISTAL galaxies. The remaining two spectral windows were
placed in the opposite sideband with the goal of detecting the
continuum emission. We chose, however, to use a spectral win-
dow with a relatively high resolution of 7.8 MHz (∼8 km s−1) in
order to use these data to search for serendipitous line detection
in the field given the depth of the CRISTAL data (van Leeuwen
et al. in prep.).

5. Data processing

5.1. ALPINE-ALMA

All CRISTAL galaxies were first observed with ALMA Band
7 as part of the ALPINE Large Program (Le Fèvre et al. 2020;
Béthermin et al. 2020; Faisst et al. 2020a), and some also as part
of the Capak et al. (2015) program (CRISTAL-02, 03, 05, 07, 10,
20, 21, 22). There are two main differences between the ALPINE
and the CRISTAL observations:
1. ALPINE was a program with the aim of building a large

sample of star-forming galaxies at 4 . z . 6 detected
in [C ii] line emission. For this reason ALMA observa-
tions were carried out in the compact array configura-
tion, achieving angular resolutions typically of θbeam ∼

0′′.8−1′′.2 (Béthermin et al. 2020), which corresponds to

physical scales of ∼5−7 kpc at this redshift. With CRISTAL,
our goal was to spatially resolve our sources, achieving as
close as possible to kiloparsec scale resolution.

2. ALPINE observations were carried out in Time Divi-
sion Mode (TDM), which implies a spectral resolution of
31.2 MHz. For a typical Band 7 representative frequency
of 300 GHz, this corresponds to a velocity resolution of
31.2 km s−1. In contrast, CRISTAL observations were carried
out in FDM, achieving a spectral resolution 8× higher.

In the next section (Sect. 5.2), we describe how we combined the
ALPINE and CRISTAL data and address the differences in the
spectral observing mode (TDM versus FDM).

5.2. Combination, calibration, and imaging

Data calibration and a combination of the different observations
were performed using the CASA software (CASA Team 2022).
Table C1 lists the IDs of the ALMA observing programs that
were used to produce the CRISTAL data products.

We processed the datasets from the different programs using
the corresponding pipeline versions: 5.6.1 for the ALPINE pro-
gram, 5.6.1 for the CRISTAL pilot program, and finally, ver-
sion 6.5.2 for the CRISTAL program. No extra manual flagging
was needed beyond what was already identified by the observa-
tory and automatically flagged by each pipeline. We combined
the calibrated datasets into a single measurement set (ms) used
to create the images and data cubes, using the task concat.
This task and the following procedure are performed using ver-
sion 6.5.2 of CASA software. For the concatenation process, we
opted for the default values for the frequency (freqtol) and
direction (dirtol) tolerances. This decision was deliberate, as
it ensures that all individual field and spectral windows (SPWs)
are kept separately in the concatenated ms. This approach effec-
tively handles any combination of the observations by tclean,
not concat.

During the whole process of image and data cube cre-
ation, we used clean and the auto-multithresh algo-
rithm. This mode automatically masks regions based on the
signal-to-noise of the emission in the image. The creation
of these regions is determined by the following parame-
ters: Sidelobethreshold = 2, Noisethreshold = 4.5,
Lownoisethreshold = 2, and Minbeamfrac = 0.0. This value
choice is intended to match similar results when using man-
ual cleaning. In all cases, the cleaning was performed down to
1σ by selecting nsigma = 1, where σ is estimated automati-
cally by tclean using robust statistics (σ = 1.4826 × MAD
with MAD being the median absolute deviation). The critical
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parameter is Noisethreshold = 4.5, which puts cleaning
regions around pixels with signal-to-noise higher than 4.5. This
value works well for continuum images, where the combination
of the synthesized beam and image size results in 4.5 being a rea-
sonable limit for significant positive emission. We kept the same
value for the cubes, even where noise peaks above 4.5 are more
common than in the multifrequency synthesis (mfs) images. We
checked that the number of 4.5 noise peaks in the cubes was
low and that the background noise distribution did not change
by cleaning them.

The first step in creating the data cubes and continuum maps
was to make an initial mfs using natural weighting and a uv-
taper to 1 arcsec to identify the presence of detections manually.
Then, we created data cubes using natural weighting and a chan-
nel width of 40 km s−1 for each of the sidebands. These cubes
are used to identify the frequency ranges where the [C ii] line is
detected and define the spectral range to avoid when creating the
continuum images. Pure continuum images were then created
by avoiding the frequency ranges where the line was identified.
In the case of continuum emission detected at the position of
the central CRISTAL galaxy, we then subtracted the continuum
using uvcontsub and fitorder = 0.

From the ms file with the continuum subtracted, we created
data cubes with different spectral resolutions. First, we mea-
sured the full width at half maximum (FWHM) in the same cube
where the frequency range for the [C ii] detection was selected.
Subsequently, we generated spectral cubes with resolutions of
FWHM/5, 20 km s−1, and 10 km s−1. All these cubes cover a
velocity range from −1000 km s−1 to +1000 km s−1, relative to
the reference frequency of the [C ii] emission as defined by the
source in the ALPINE catalog (Le Fèvre et al. 2020). The cubes
were created using three different weighting schemes: (i) nat-
ural weighting, (ii) Briggs weighting with robust = 0.5, and
(iii) natural weighting combined with a uv-taper of 1′′.

The final step was to inspect the synthesized beams for the
continuum and cubes created with Natural and Briggs weighting
and retrieve their BMAJ value ranges. We then selected the max-
imum value of BMAJ in those products and used it to circularize
the beams for the continuum and spectral cubes. We used the
same parameters for creating the continuum and [C ii] cubes as
stated above, but now we are setting the restoringbeam param-
eter into a circular beam of size with the maximum value of
BMAJ. These cubes should be a good reference for comparing
the properties of the continuum and [C ii] emission in beam-by-
beam or pixel-to-pixel basis.

One final note on the ALMA-CRISTAL data reduction is that
the products presented here are not corrected for the “JvM effect”
(Jorsater & van Moorsel 1995; Czekala et al. 2021). However,
the impact of this effect is expected to be minimal because the
data were cleaned deeply, using nsigma = 1. The “JvM effect”
occurs in datasets combining multiple array configurations of
an interferometer, where the tclean algorithm produces final
images that mix dirty and clean beam units. A detailed analy-
sis of the JvM correction for the individual source CRISTAL-05
is provided in Posses et al. (2025), while a broader assessment
of its impact on the full CRISTAL sample will be presented in
González-López et al. (in prep.).

5.3. Moment maps

We generated moment maps for integrated intensity, intensity-
weighted velocity, and velocity dispersion (moments 0, 1, and
2). The maps were produced in Python, with two versions cre-
ated. In the first version we integrated the line emission over

a frequency range defined by the full width at tenth maxi-
mum (FWTM). We refer to the resulting moment maps as the
“FWTM-mask” moment maps. The second version involved
applying a blanking mask to suppress noise that could other-
wise dominate faint line emission. Starting from the naturally
weighted cube binned in 20 km s−1 channels, we convolved with
a σ = 100 km s−1 Gaussian kernel along the velocity axis, and a
σ = 10 pix – 2D Gaussian kernel in the spatial axes (the pixel
size in arcseconds depends on the beam size of the cube, and it
was determined using the CASA extension tool pickCellSize
with npix = 7). We then measured the root mean square (rms)
in the signal-free regions of the convolved cube. Finally, we split
cells above and below a 2× rms threshold into a 3D mask, which
we then fed to casa task immoments to obtain the intensity,
velocity, and velocity dispersion maps from the original cube.
We refer to the resulting moment maps as the “dilated-mask”
moment maps.

The dilated-mask maps are particularly valuable for iden-
tifying systems within the [C ii] cubes that exhibit line emis-
sion outside the frequency range used to generate the FWTM
moment maps of the main CRISTAL targets. They are also effec-
tive in detecting companion systems with a central frequency
within the FWTM frequency range but with significantly nar-
rower [C ii] line profiles. This is the case for example of the
detection of CRISTAL-01c, located approximately 32 kpc away
from CRISTAL-01a, which we confirmed as a real detection
after identifying its stellar counterpart in NIRCam imaging of
the field. A full analysis of the detection of serendipitous sources
in the [C ii] cubes of the CRISTAL fields will be presented in van
Leeuwen et al. (in prep.). Another demonstration of the utility of
the dilated-mask approach is the detection of extended emission
around CRISTAL galaxies where the gas traced by the [C ii] line
emission extends beyond the stellar light traced by JWST and
HST images, such as the case of CRISTAL-09 or CRISTAL-13
(see Sect. 7.3).

5.4. Achieved beam sizes and sensitivities

The achieved synthesized beam sizes for the Natural- and
Briggs-weighted [C ii] cubes are listed in Table B.1. For the nat-
ural weighting, the median size of the minor axis is 0′′.43 (rang-
ing from 0′′.11 to 0′′.68) and for the major axis is 0′′.53 (ranging
from 0′′.12 to 0′′.82). For the Briggs weighting, the median size
of the minor axis is 0′′.26 (ranging from 0′′.08 to 0′′.44) and for
the major axis is 0′′.30 (ranging from 0′′.08 to 0′′.54). The second
panel of Fig. 3 displays the distribution of beam sizes (calculated
as the geometric average between the minor (BMIN) and major
(BMAJ) beam axis size) for the Briggs weighting applied to the
CRISTAL galaxies.

To illustrate the improvement in angular resolution achieved
by CRISTAL relative to ALPINE, Fig. 4 shows the [C ii] inte-
grated (top) and velocity field (bottom) maps of CRISTAL-05
(vuds_cosmos_5100822662, HZ3). From left to right, we show
the ALPINE and the CRISTAL data using Natural and Briggs
weighting. The increase in the angular resolution going from
the ALPINE (∼1′′, ∼6 kpc) to the CRISTAL (∼0′′.2, ∼1.2 kpc)
observations reveal that this system is not a single source, but
in fact an interacting system with at least two major compo-
nents, plus extended emission for about ∼10 kpc in the north-east
direction. The kinematics go from what could be considered a
smooth velocity gradient in the ALPINE data, to complex, dis-
turbed kinematics consistent with a multicomponent system. A
detailed morpho-kinematic analysis of this source is presented
in Posses et al. (2025).
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Fig. 4. Comparison between the ALPINE and CRISTAL [C ii] observations of the CRISTAL-05 galaxy at z = 5.5 (Posses et al. 2025). Top: [C ii]
integrated intensity map based on the ALPINE Natural weighting observations (left), and the CRISTAL higher-angular observations using the
Natural (without applying a uv-taper; center) and Briggs (right) weighting. Bottom: Similar to the top panels, but this time showing the [C ii]
velocity field.

Table B.1 also list the noise measured in the [C ii] cubes in
channels of 20 km s−1 width and the continuum maps. For the
cubes, and for the Natural and Briggs weighting, the median
noise levels are 0.15 mJy beam−1 and 0.18 mJy beam−1, respec-
tively. For the continuum maps, the median noise levels are
10.3 µJy beam−1 and 11.2 µJy beam−1 for the Natural and Briggs
weighting, respectively. The third and fourth panels of Fig. 3
show the distribution of noise measured in the Natural cubes
(20 km s−1 channels) and continuum images, respectively3.

5.5. Comparison to other surveys of [C II] 158µm line
emission in normal, star-forming galaxies

To contextualize the contribution of the CRISTAL survey to
the study of normal, main-sequence galaxies, Fig. 5 summa-
rizes [C ii] 158 µm line surveys of star-forming galaxies at dif-
ferent cosmic epochs. At z ∼ 0, we include the Herschel
Space Observatory PACS (Pilbratt et al. 2010; Poglitsch et al.
2010) KINGFISH (Kennicutt et al. 2011) and SHINING
(Graciá-Carpio et al. 2011; Herrera-Camus et al. 2018a,b) sur-
veys. For consistency, we exclude galaxies that significantly
deviate from the main sequence, such as elliptical galaxies,
dwarf systems, and luminous infrared galaxies. At z ∼ 2, we
include the sample of six main-sequence star-forming galaxies
studied by Zanella et al. (2018). At 4 . z . 6, we include the
ALPINE and CRISTAL surveys. For reference, at 6 . z . 8, we

3 All the relevant ALMA data products discussed here can be down-
loaded from the CRISTAL data repository: www.cristal.udec.cl

Fig. 5. [C ii] 158 µm line surveys of typical or main-sequence star-
forming galaxies as a function of redshift. The surveys included
are: Herschel Space Observatory-based KINGFISH (Kennicutt et al.
2011) and SHINING (Graciá-Carpio et al. 2011; Herrera-Camus et al.
2018a,b), as well as ALMA-based ALPINE (Le Fèvre et al. 2020;
Béthermin et al. 2020; Faisst et al. 2020a), REBELS (Bouwens et al.
2022), and CRISTAL (Zanella et al. 2018). The circles represent
the average redshift and physical angular resolution (in kiloparsecs)
achieved by each survey. The circle sizes indicate the number of galax-
ies detected in [C ii] line emission in these surveys (also listed inside
each circle). The gray boxes indicate the full range of redshift and angu-
lar resolution covered by each survey. The color bar illustrates the sen-
sitivity achieved in 200 km s−1 channels, except for the Herschel-based
surveys.

include the REBELS survey (Bouwens et al. 2022) as the closest
match at higher redshift to the ALPINE and CRISTAL surveys.
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Fig. 6. [C ii] 158 µm line spectra for all the star-forming galaxies in the
CRISTAL sample listed in Table A.1, except for CRISTAL-18 which is
undetected. [C ii] line intensities are arbitrary.

Figure 5 illustrates the physical resolution achieved by each
survey (y axis). The circles are centered at the average resolution,
while the gray boxes indicate the range covered by each sur-
vey. The circle size represents the number of galaxies detected
in [C ii] 158 µm line emission, and the color scale indicates
the sensitivity of each survey (measured in 200 km s−1 chan-
nels), excluding the Herschel-based surveys. While sensitivity
measurements for the KINGFISH and SHINING surveys are
unavailable, the lower end of [C ii] surface brightness for KING-
FISH regions, around ∼105 L� kpc−2 (e.g., Herrera-Camus et al.
2015), is comparable to the sensitivity achieved by the CRISTAL
survey.

Building on the pioneering work of surveys such as ALPINE
and REBELS, the CRISTAL survey extends the study of star-
forming galaxies to kiloparsec scales for a significant sample
when the Universe was ∼1 Gyr old. Notably, CRISTAL galaxies
also have rest-frame UV and optical observations (see Sect. 6),
providing a comprehensive view of the gas, dust, and stars in
early galaxies. This approach parallels the detailed understand-
ing of nearby galaxies achieved over the past decade through
a combination of Herschel/PACS observations, ground-based
optical data, and GALEX UV imaging.

Fig. 7. [C ii] integrated flux measured from the CRISTAL and ALPINE
data. The colorscale represents the S/N of the integrated line detection
in the ALPINE data (Béthermin et al. 2020). In general there is good
agreement between the CRISTAL and ALPINE fluxes, except for four
systems that were detected with S/N . 5 in the ALPINE data.

6. Ancillary data

Most of the CRISTAL galaxies are located in the COSMOS
field (Scoville et al. 2007; Weaver et al. 2022), which implies
that there is a wealth of optical and near-infrared data avail-
able (e.g., Faisst et al. 2020a). Figure 8 shows the position in
the sky of the CRISTAL galaxies and the JWST and HST foot-
prints pointings from large surveys such as COSMOS-Web (PID
1727; co-PIs: Kartaltepe & Casey; Casey et al. 2023), PRIMER
(PI: Dunlop, PID 1837), COSMOS-CANDELS (Grogin et al.
2011), COSMOS-DASH (Mowla et al. 2019), and 3D-HST
(Brammer et al. 2012). Table D1 summarizes the HST/WFC3
and the JWST Near Infrared Camera (NIRCam; Rieke et al.
2023) data available for each CRISTAL source. In this section,
we describe how we reduced and processed the HST and JWST
data.

6.1. HST

We employed the grizli pipeline (Brammer 2023) to retrieve
and process archival HST Advanced Camera for Surveys (ACS)
and HST/WFC3 data for all selected targets. The pipeline auto-
matically retrieves, calibrates, and resamples the individual raw
exposures that overlap with the target coordinates for each fil-
ter. The calibrated frames were then precisely aligned using sev-
eral astrometric reference catalogs, including the DESI Legacy
Imaging Survey DR9, PANSTARRS (PS1), and Gaia, leading
to an uncertainty of about 0′′.1. Finally, the aligned frames were
combined into the final mosaics.

6.2. JWST/NIRCam

The extensive JWST/NIRCam data available for the CRISTAL
galaxies enable us to probe the rest-frame optical light, comple-
menting the HST data, which is limited to the rest-frame UV
and sensitive to dust obscuration. Of the 25 main systems in our
sample, 19 have been observed with NIRCam, with the longest
wavelength covered by the F444W filter, as part of several
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Fig. 8. Position in the sky of the CRISTAL galaxies including the JWST pointings footprints from programs COSMOS-Web, PRIMER, JADES,
and FRESCO, and HST pointings footprints from programs COSMOS-DASH, CANDELS, and 3D-HST. CRISTAL galaxies from the original
sample, pilot programs, and extracted from the ALMA archive are shown as red circles, blue squares, and magenta diamonds, respectively. SMGs
in the field of CRISTAL galaxies are shown as orange triangles. CRISTAL galaxies that are not part of large HST surveys are covered by individual
HST programs.

programs: PRIMER (PI: Dunlop, PID 1837), COSMOS-Web
(PID 1727; co-PIs: Kartaltepe & Casey; Casey et al. 2023),
GOODS-S (PID 1286, PI Eisenstein), and various GO programs
(PIDs 3215, 2198, 3990).

For the CRISTAL galaxies in the PRIMER-COSMOS field,
we used the data products from the Dawn JWST Archive (DJA)
Mosaic release v7 (Heintz et al. 2025), which used the grizli
pipeline (Brammer 2023). For the rest of the CRISTAL systems,
we processed the data using a modified version of the official
JWST pipeline (version 1.10.0, pmap 1075). The processing fol-
lowed the methods outlined in Bagley et al. (2023) to remove
wisps, snowballs, and 1/ f noise, applying flat field corrections
and wisp templates from the NIRCam team. We also removed
stripes using de-striping techniques aligned with the diffraction
spikes of the PSF, specifically addressing tilted stripes affecting
PRIMER data. We then applied constant background subtrac-
tion following prescription from Bagley et al. (2023). The final
mosaic was drizzled to a pixel scale of 0′′.03 with the default
square kernel and pixel fraction of 1.0. For the astrometry, we
first use the 3D-HST catalog and align it to Gaia DR3, then use
the astrometry-corrected 3D-HST catalog as the absolute refer-
ence catalog for the JWST pipeline, so that the final mosaic has
an astrometry corrected.

7. Results

7.1. Line widths and fluxes

Figure 6 shows the [C ii] line spectra extracted for all CRISTAL
galaxies, plus the two sub-millimeter galaxies J1000+0234 and
CRLE located in CRISTAL fields (see Table A.1 for details).
The global [C ii] spectra of all CRISTAL galaxies can be well

fitted by a single Gaussian component, except four: CRISTAL-
02, -04, -06 and -22. For CRISTAL-02, there is evidence that the
need for a broad, second Gaussian component could be associ-
ated with widespread outflow activity. This is discussed in detail
in Davies et al. (2025). For CRISTAL-04, -06 and -22, the most
likely explanation for the need of a second Gaussian component
is the interacting nature of these systems. This is discussed in
more detailed in the kinematic analysis of the CRISTAL galax-
ies presented in Lee et al. (2025).

Based on a single Gaussian fit, we measure the FWHM of the
[C ii] line. The results can be found in Table 1. The line widths
range from ∼250–350 km s−1, for the most massive systems, to
∼120 km s−1 for the small companions detected around some
of the main CRISTAL systems (e.g., CRISTAL-01c, CRISTAL-
04b).

To measure the [C ii] and continuum fluxes, we used the
Natural-weighted integrated intensity maps (see Sect. 5.3) and
three different methods.
1. Aperture photometry: With the astropy photutils package, we

used circular apertures of increasing size to measure the inte-
grated flux and construct a flux curve-of-growth. We iden-
tified the radius where the curve-of-growth flattens out or
where an increase in flux due to the presence of a com-
panion galaxy is detected. This radius was used to measure
the total flux. This method can be useful to disentangle the
emission from interacting systems, as the presence of a com-
panion system can be identified by a second increase in the
enclosed emission after the initial convergence of the flux
curve.

2. Two-dimensional Gaussian fit: Using the CASA tool imfit,
we measured the flux fitting a two-dimensional ellipti-
cal Gaussian choosing a fitting box with a variable size
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Table 1. CRISTAL line widths and fluxes.

Name [C ii] FWHM [C ii] Flux Band 7 Cont.
km s−1 Jy km s−1 mJy

CRISTAL-01a 375.5 ± 47 0.99 ± 0.19 <0.03
CRISTAL-01b 205.9 ± 31 0.98 ± 0.13 0.47 ± 0.08
CRISTAL-01c 117.3 ± 28 0.37 ± 0.07 <0.03
CRISTAL-02 326.2 ± 12 2.58 ± 0.21 0.29 ± 0.04
CRISTAL-03 290.9 ± 16 0.43 ± 0.04 0.06 ± 0.02
CRISTAL-04a 210.8 ± 12 0.86 ± 0.08 0.18 ± 0.04
CRISTAL-04b 120.8 ± 19 0.43 ± 0.07 0.09 ± 0.05
CRISTAL-05 333.0 ± 24 0.96 ± 0.10 0.18 ± 0.06
CRISTAL-06a 183.3 ± 7 1.85 ± 0.14 0.26 ± 0.04
CRISTAL-06b 186.1 ± 12 0.55 ± 0.06 <0.03
CRISTAL-07a 199.5 ± 14 0.62 ± 0.06 0.08 ± 0.02
CRISTAL-07b 214.1 ± 16 0.64 ± 0.08 0.06 ± 0.01
CRISTAL-07c 258.0 ± 16 0.77 ± 0.08 0.08 ± 0.02
CRISTAL-07d 374.9 ± 73 0.73 ± 0.07 <0.03
CRISTAL-08 247.0 ± 12 1.61 ± 0.14 0.25 ± 0.07
CRISTAL-09a 305.0 ± 31 0.54 ± 0.05 0.32 ± 0.08
CRISTAL-09b 147.1 ± 31 0.33 ± 0.09 <0.03
CRISTAL-10a 324.3 ± 31 0.50 ± 0.10 0.28 ± 0.06
CRISTAL-10b 251.7 ± 63 0.60 ± 0.17 <0.03
CRISTAL-11 306.0 ± 24 0.97 ± 0.08 0.23 ± 0.07
CRISTAL-12 124.3 ± 24 0.12 ± 0.02 <0.03
CRISTAL-13a 234.5 ± 16 1.12 ± 0.10 0.12 ± 0.03
CRISTAL-13b 88.0 ± 29 0.41 ± 0.07 <0.05
CRISTAL-14 307.4 ± 33 0.33 ± 0.08 <0.03
CRISTAL-15 316.8 ± 35 0.52 ± 0.06 <0.05
CRISTAL-16 255.7 ± 31 0.34 ± 0.04 0.10 ± 0.04
CRISTAL-17 154.9 ± 69 0.11 ± 0.03 <0.03
CRISTAL-18 <0.03 <0.03
CRISTAL-19 277.3 ± 14 0.68 ± 0.03 0.09 ± 0.02
CRISTAL-20 192.9 ± 7 1.00 ± 0.05 0.15 ± 0.02
CRISTAL-21 255.7 ± 26 0.91 ± 0.14 0.41 ± 0.15
CRISTAL-22a 588.2 ± 24 4.08 ± 0.23 1.04 ± 0.09
CRISTAL-22b 348.5 ± 19 2.75 ± 0.18 0.73 ± 0.06
CRISTAL-23a 281.8 ± 16 4.48 ± 0.46 0.77 ± 0.21
CRISTAL-23b 177.9 ± 14 2.37 ± 0.37 0.37 ± 0.10
CRISTAL-23c 240.6 ± 24 1.50 ± 0.24 0.23 ± 0.05
CRISTAL-24 754.1 ± 35 5.70 ± 0.42 0.74 ± 0.09
CRISTAL-25 274.7 ± 19 3.35 ± 0.43 0.44 ± 0.11

depending on the source size. For interacting systems, we
defined the fitting box to minimize any additional flux contri-
bution from the companion galaxy. The error in the flux mea-
surement was calculated following the formalism described
by Condon (1997).

3. Flux above a S/N threshold: We measured the flux by inte-
grating the emission above a specified S/N threshold, anal-
ogous to the isophotal magnitude method used in optical
astronomy. This technique can be particularly useful for
measuring flux in sources with complex structures. How-
ever, it encounters difficulties in the presence of interacting
systems, especially when galaxies are connected by diffuse
emission. To address this, we restricted our flux measure-
ments to the area within the fitting box defined for the two-
dimensional Gaussian fit method. For our measurements, we
used a S/N threshold of 2σ on the integrated map.

The [C ii] and continuum flux measurements obtained using the
three methods are consistent within 10%, with the exception of

CRISTAL-04b, -07a, -07b, and -09b. In these cases, the flux
measured using the S/N threshold method is approximately 20%
higher than the flux obtained from the other methods. This dis-
crepancy is expected, as these four galaxies are part of interact-
ing systems connected by diffuse emission.

Table 1 lists the [C ii] and dust continuum fluxes for the
CRISTAL galaxies based on the aperture photometry method.
The CRISTAL fluxes are consistent with those measured
from the low-angular resolution ALPINE data reported by
Béthermin et al. (2020), with discrepancies within ∼15%, as
illustrated in Fig. 7. The exceptions are four galaxies where we
observe differences of around 50%. In these cases, however, the
integrated [C ii] line emission was detected with S/N . 5 in the
ALPINE data, which could be the cause for the discrepancy.

The [C ii] and continuum fluxes in Table 1 agree on aver-
age within a ∼10% and ∼20% with the fluxes measured in
Ikeda et al. (2025) and Mitsuhashi et al. (2024). The latter fluxes
were measured directly in the visibility plane, making them inde-
pendent of imaging parameter choices.

7.2. CRISTAL family portrait

Figure 9 shows the integrated [C ii] 158 µm line emission maps
for all CRISTAL galaxies, providing a comprehensive view of
the gas distribution across the sample. Complementing this,
Fig. 10 displays composite JWST/NIRCam images of the same
galaxies, overlaid with contours of [C ii] line and dust continuum
emission. To ensure consistent comparison, all maps are scaled
to the same physical size.

These visualizations highlight the diversity in sizes, mor-
phologies, and structural features among CRISTAL galaxies,
offering valuable insights into their assembly histories and evo-
lutionary pathways during the first ∼1 Gyr of the Universe. A
significant number exhibit evidence of morphological distur-
bances, likely driven by dynamic processes in their environ-
ments. For example, systems such as CRISTAL-02, -03, -09,
-12, and -13 feature extended emission structures reminiscent
of tidal tails, suggesting interactions with minor companions.
Meanwhile, galaxies such as CRISTAL-01, -04, -06, and -07
appear to be undergoing merger events, with their morphologies
indicating complex dynamical states. The properties of individ-
ual CRISTAL systems are discussed in detail in the following
section.

7.3. Multiwavelength view of individual CRISTAL galaxies

One of the advantages of the CRISTAL survey is the availability
of multiwavelength data for a large fraction of the systems. This
includes observations of the rest-frame UV and optical stellar
light with HST/WFC3 and JWST/NIRCam, as well as more
recent observations of the ionized gas with JWST/NIRSpec IFU
(e.g., PID 1217, 3073, 4265, 5974). Figures 11 to E.4 show,
for each system detected in the CRISTAL survey at z ≈ 4−6, a
series of panels that include the integrated [C ii] line emission,
the [C ii]-based velocity field, the dust continuum, and the
[C ii] line and dust continuum emission overlaid on compos-
ites images of the stellar light derived from HST/WFC3 and
JWST/NIRCam observations. Based on this multiwavelength
view of the CRISTAL galaxies, we provide a brief description
of their main characteristics:

CRISTAL-01 (DC-842313): This galaxy is among the most
massive in the CRISTAL survey. While initial stellar mass esti-
mates from ALPINE suggested M? = 1010.84 M� (Faisst et al.
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Fig. 9. [C ii] integrated line emission maps for the CRISTAL galaxies, constructed from the naturally weighted cubes. All maps have been scaled
to the same physical size, indicated by a white line on the left side representing 6 kpc. The colorscale represents the integrated flux emission, and
the contours correspond to [3, 4, 5, 7, 9, 11, 13, 15]σ, except for CRISTAL-01, where the emission intensity is shown in logarithmic scale and the
contours represent the [4, 6, 8, 10, 50, 150]σ levels (the last two in red). The beam is shown in the lower left corner of each panel.

Fig. 10. JWST composite images of CRISTAL galaxies, overlaid with [C ii] line emission (white contours) and dust continuum emission (pink
contours). Contour levels correspond to [3, 5, 10]σ, except for CRISTAL-01, where the emission intensity is shown on a logarithmic scale, and
contours represent [4, 6, 8, 20, 60, 100]σ levels. All maps are scaled to the same physical size, with a 6 kpc scale bar shown as a white line on
the left side of each panel. For galaxies CRISTAL-10, -20, -22, and -23 we show the HST composite images as there are no JWST/NIRCam
observations available.

2020a), updated photometry by Mitsuhashi et al. (2024) revised
this to M? = 1010.65 M�. CRISTAL-01a is undergoing a
major interaction with its companion, the SMG J1000+0234
(Fraternali et al. 2021), and this explains its very disturbed mor-
phology. Despite its significant mass, CRISTAL-01a was not
detected in dust continuum emission.

The depth of the [C ii] map from the combination of the
CRISTAL and the ancillary data reveals, for the first time in
this system, an elongated structure (or plume) of [C ii] line
emission connected to the SMG and extending north for about
a projected distance of ∼15 kpc. The origin of this extended
component is discussed in detail in Solimano et al. (2024), who
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Fig. 11. Multiwavelength view of the CRISTAL galaxies including from left to right: integrated [C ii] line emission, [C ii]-based velocity field, dust
continuum emission, [C ii] and dust continuum emission overlaid on a composite image based on HST/WFC3 and JWST/NIRCam observations.
The redshift, stellar mass, and SFR are listed in the top left corner of the second panel. S/N contours correspond to 3, 4, and 5σ and then increase
in steps of 2σ, except for CRISTAL-01, where the emission intensity is shown in logarithmic scale and the contours represent the [4, 6, 8, 10,
50, 150]σ levels (the last two in red). Additional figures showing the multiwavelength view of the remaining CRISTAL galaxies are included in
Appendix E.

consider four potential scenarios: a conical outflow, a cold accre-
tion stream, ram pressure stripping, and gravitational interac-
tions. New JWST/NIRSpec observations presented in detail in

Solimano et al. (2025) reveal a compact component at the base
of the [C ii] plume exhibiting broad [OIII] line emission, consis-
tent with the presence of an ionized outflow. The source of this
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broad line emission could be a compact AGN or represent the
escape path for an outflow from the center of SMG J1000+0234.

CRISTAL-01 resides in a protocluster environment, where
multiple Lyα emitters and Lyman-break galaxies have been
detected in its vicinity (Jiménez-Andrade et al. 2023). In our
ALMA-CRISTAL observations, we identify two additional
[C ii] line emitters, CRISTAL-01b and CRISTAL-01c, at similar
redshifts (|∆z| . 0.02) and located approximately ∼7′′ (∼45 kpc)
and ∼5′′ (∼32 kpc) from the CRISTAL-01a/J1000+0234 inter-
acting pair, respectively. While CRISTAL-01c is not visible in
the HST data, it is detected in the JWST/NIRCam imaging.

CRISTAL-02 (DC-848185, HZ6, LBG-1): This galaxy is
located in the field of the galaxy protocluster associated with
the SMG AzTEC-3 at z = 5.3, at a projected distance of
∼15′′. CRISTAL-02 was first detected in [C ii] line emission by
Riechers et al. (2014), and then re-observed under the name HZ6
by Capak et al. (2015), detecting for the first time the dust con-
tinuum emission. The connection between the [C ii] line emis-
sion and the distribution of the neutral gas as traced by the Lyα
line emission is discussed in Guaita et al. (2022).

The rest-frame UV and optical stellar emission in this
galaxy is dominated by four stellar clumps of approximately
kiloparsec size (∼0′′.2), three in the central part of the galaxy
and one in the north. The dust continuum emission is strong
and peaks in the central region, coincident with the three central
stellar clumps. The [C ii] line emission traces the gas in the
extended disk and shows interesting asymmetries perpendicular
to the major morphological axis: a lump of emission extending
from the center to the east, and a tail of [C ii] emission to the
west extending for about ∼10 kpc. The [C ii] line profile in
CRISTAL-02 is best modeled by a double Gaussian fit including
a broad and a narrow component (see Fig. 6). The interpretation
of the broad component as an outflow is discussed in detail in
Davies et al. (2025).

CRISTAL-03 (DEIMOS_COSMOS_536534, HZ1): This
system shows rest-frame UV and stellar light emission that
is extended approximately in the same direction as the [C ii]
kinematic axis. Similar to CRISTAL-02, there is a tail of [C ii]
line emission extending in the north-east direction for about
∼10 kpc. The dust continuum peaks in two locations: at the
center, where reddened optical emission is observed in the
NIRCam data, and to the north of the center, at the base of the
[C ii] tail, where no stellar light counterpart is detected.

CRISTAL-04 (vuds_cosmos_5100822662): This system is
experiencing a merger event with a stellar mass ratio between
CRISTAL-04a and CRISTAL-04b of approximately 17:1. Both
galaxies are detected in the rest-frame UV, optical, [C ii] line,
and dust continuum emission (although the dust continuum
detection in CRISTAL-04b is marginal). It is important to
note that the spatial distribution of the [C ii] line emission is
very extended (∼30 kpc long), disturbed, and connects the two
galaxies (Ikeda et al. 2025). This is expected from a tracer of
the cold neutral gas, and resembles the perturbed and extended
atomic HI emission observed in merging systems in the nearby
Universe (e.g., Hibbard & van Gorkom 1996).

CRISTAL-05 (DEIMOS_COSMOS_683613, HZ3): This
galaxy, also shown in Fig. 4 and analyzed in detail by
Posses et al. (2025), exhibits a complex structure. It comprises
a close pair of interacting galaxies surrounded by an extended
gas component traced by [C ii] line emission. As is described

by Posses et al. (2025), this component extends to about four
times the size of the star-forming disk traced by the rest-frame
UV emission, and accounts for about 40% of the total [C ii]
emission. The L[CII]/LFIR ratio upper-limits in this extended
component are consistent with values found in shocked
regions of nearby merging systems (e.g., Appleton et al. 2013;
Peterson et al. 2018).

CRISTAL-06 (vuds_cosmos_5100541407): Similar to
CRISTAL-04, this system represents a major merger involving
at least two galaxies, CRISTAL-06a and CRISTAL-06b, with a
stellar mass ratio of 8:1. Both galaxies are detected in rest-frame
UV and optical emission and are connected by a disturbed,
extended gas component traced by the [C ii] line emission.

A closer inspection of CRISTAL-06a reveals two distinct
components: one to the west, faint in rest-frame UV and optical
data but bright in dust continuum and [C ii] line emission; and
one to the east, bright in rest-frame UV and optical emission
but less prominent in dust continuum and [C ii] line emission.
Notably, CRISTAL-06a is the only system in the CRISTAL
survey classified as “multiple-[C ii]” by Ikeda et al. (2025),
indicating the presence of multiple [C ii] line emission peaks
associated with a single UV component. The kinematic analysis
of CRISTAL-06a suggests two systems counter-rotating, imply-
ing that CRISTAL-06a itself may represent an advanced-stage
merger of two galaxies.

CRISTAL-07 (DEIMOS_COSMOS_873321, HZ8): This
system is composed of two galaxies, CRISTAL-07a and
CRISTAL-07b, likely in an advanced stage of a major merger
(1.5:1), separated by a projected distance of approximately
∼9 kpc. This was already hinted by the low-angular resolution
[C ii] observations analyzed in Capak et al. (2015). CRISTAL-
07a and CRISTAL-07b have comparable [C ii] luminosities,
although only CRISTAL-07a is detected in the dust continuum.
Additionally, another system of galaxies, CRISTAL-07c and
CRISTAL-07d, is detected about ∼75 kpc west of CRISTAL-
07ab. CRISTAL-07c is more massive and brighter in [C ii] line
emission than CRISTAL-07a and CRISTAL-07b, and it shows
disturbed, extended emission to the south, which is connected
to a smaller companion in size, CRISTAL-07d, located at a
projected distance of approximately ∼15 kpc. CRISTAL-07d is
nearly as bright in [C ii] line emission as CRISTAL-07c, but has
a wider line profile (FWHM[CII] = 375 ± 73 km s−1).

CRISTAL-08 (vuds_efdcs_530029038): The rest-frame UV
and optical emission from HST and JWST reveal at least eight
kiloparsec-sized stellar clumps with a range of colors. SED mod-
eling of these clumps following the same method as Li et al.
(2024) indicates stellar masses ranging from ∼2−8 × 108 M�
and ages between ∼70−200 Myr (Herrera-Camus et al. in prep.).
The [C ii] line emission is extended and the peaks is offset from
the stellar clumps, with prominent regions in the northwest and
southwest. In contrast, the [C ii] line emission is faintest in the
east, where the largest concentration of stellar clumps is located.
The dust continuum peaks near the [C ii] line emission maxi-
mum in the northwest.

Despite its clumpy structure, CRISTAL-08 exhibits evi-
dence of smooth, ordered rotation (see Lee et al. 2025, for a
detailed kinematic analysis). This behavior is reminiscent of
main-sequence star-forming galaxies at cosmic noon, where reg-
ular rotating disks are observed in ≈70–80% of cases, even when
stellar light reveals significant clumpiness (e.g., Wisnioski et al.
2015; Förster Schreiber & Wuyts 2020).
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Notably, there is evidence of outflows traced by the [C ii]
line emission, potentially emerging from some of the giant star-
forming clumps. The outflow velocities are consistent with those
observed in other CRISTAL systems (e.g., Herrera-Camus et al.
2021; Davies et al. 2025; Birkin et al. 2025). These outflows,
along with their properties, will be analyzed in detail in Herrera-
Camus et al. (in prep.).

CRISTAL-09 (DEIMOS_COSMOS_519281): This galaxy
exemplifies how ALMA [C ii] observations can provide a
complementary and more revealing view of the complexity of
z ≈ 4−6 galaxies compared to HST and JWST observations. The
rest-frame UV and optical emission of CRISTAL-09a is compact
(Reff ≈ 0.7 kpc) relative to the [C ii] line emission that extends
for about ∼12 kpc to the west and connect CRISTAL-09a with a
potential minor companion, CRISTAL-09b (Ikeda et al. 2025).
Notably, CRISTAL-09b has no counterpart in HST or JWST
observations.

CRISTAL-10 (DEIMOS_COSMOS_417567, HZ2): This sys-
tem is particularly intriguing due to the complexity of its gas,
dust, and stellar morphology. The stellar emission reveals three
clumps, with the brightest located to the west. The cold neutral
gas, traced by the [C ii] line emission, covers all three clumps
but peaks at the central stellar clump. Interestingly, the stellar
and [C ii] emissions form a semi-ring around the dust contin-
uum emission, which is detected in an offset position. This com-
plex morphology and the implications of the observed L[CII]/LFIR
ratio are discussed in more detail in Fig. 12 and Sect. 8.1.

We detect an additional galaxy in the field, designated
CRISTAL-10b, located at a projected distance of approximately
∼47 kpc to the northeast of CRISTAL-10a. The [C ii] morphol-
ogy of this system is highly disturbed, with no corresponding
rest-frame UV or optical emission detected.

CRISTAL-11 (DEIMOS_COSMOS_630594): Similar to
CRISTAL-09, the rest-frame and optical emission in this galaxy
is compact (Reff ≈ 0.8 kpc) relative to the extent of the [C ii]
line emission. The [C ii] line emission extends significantly
to the east, forming a tail with a disturbed morphology that
stretches for a projected distance of approximately ∼36 kpc.
There is no corresponding stellar light emission detected in the
HST or JWST data for this extended component (Ikeda et al.
2025). The dust continuum is detected at the 3σ level, peaking
in the northern part of the stellar distribution. Lines et al.
(2025) model the SED of CRISTAL-11 based on NIRCam
observations from the PRIMER survey. They find that the
northern region shows higher dust attenuation and an older
stellar population (≈200 Myr) compared to the southern region,
which exhibits minimal dust attenuation and a young stellar
population (≈10 Myr).

CRISTAL-12 (CANDELS_GOODSS_21): Similar to
CRISTAL-01a, the updated SED modeling by Mitsuhashi et al.
(2024) scaled down the stellar mass and SFR of this system by
a factor of ∼3 relative to the values reported by the ALPINE
survey (Faisst et al. 2020a), although the two values remain con-
sistent within a 1σ uncertainty. This difference could be due to
the use of updated fluxes from the ASTRODEEP-GS43 catalog
(Merlin et al. 2021) in Mitsuhashi et al. (2024). CRISTAL-12 is
detected in rest-frame UV emission, and the [C ii] line emission
peaks at the position of the stellar light, and then extends to the
west. There is a hint of [C ii] line extended emission toward the
northwest, resembling the tails of [C ii] line emission observed
in other CRISTAL systems (e.g., CRISTAL-09, -11).

CRISTAL-13 (vuds_cosmos_5100994794): This galaxy
exhibits a complex structure, with rest-frame UV and optical
stellar emission revealing a main component to the east and a
tail of stellar emission extending approximately ∼10 kpc to the
northwest. Lines et al. (2025) use the NIRCam data from the
PRIMER survey to model the SED and find that this extended
tail is composed of at least five stellar clumps with high specific
SFR (sSFR ≈ 10−8 yr−1), young age (tage ≈ 50 Myr), and blue
rest-frame UV slope (βUV ≈ −2.25). The stellar mass of the
system is dominated by the stellar component on the east, which
has an age of ≈100 Myr. This complex system is discussed in
more detail in Sect. 8.2 and Fig. 13.

CRISTAL-14 (DEIMOS_COSMOS_709575): This galaxy
has one of the smallest rest-frame UV sizes in the CRISTAL
sample, and therefore our planned ALMA observations aimed
to have a higher angular resolution than the average of the other
CRISTAL targets to spatially resolve the source. The resulting
beam size, for natural weighting, was 0′′.11 × 0′′.12, correspond-
ing to a physical scale of approximately ≈700 pc at the redshift
of the source. The [C ii] line emission is more extended than the
stellar component traced by NIRCam observations, with a hint
of extended [C ii] line emission toward the northwest, which our
ALMA observations appear to tentatively detect.

CRISTAL-15 (vuds_cosmos_5101244930): The composite
HST and JWST imaging reveal three main clumps of rest-frame
UV and optical light emission. However, detailed analysis
of the blue filters of JWST/NIRCam show that there are at
least five separate star-forming clumps that are only a few
million years old (Lines et al. 2025). The [C ii] line emission
is elongated and connect these three clumps displaying a well
defined velocity gradient from northwest to southeast. Notably,
the [C ii] line emission also extends toward the northeast,
resembling the tail-like [C ii] line emission observed in other
CRISTAL systems such as CRISTAL-02, CRISTAL-03, and
CRISTAL-09.

CRISTAL-16 (CANDELS_GOODSS_38): This galaxy
appears to have two distinct components. The first is the main
component, which shows a clear counterpart in HST rest-frame
UV emission and exhibits a velocity gradient oriented from
north to south. Additionally, there is a tentative detection of
dust continuum emission in this region. The second component,
located to the west, initially seems to be an extension of the
disk. However, its distinct kinematic properties suggest that
it is, in fact, a minor companion. We refer to this system as
CRISTAL-16b.

CRISTAL-17 (DEIMOS_COSMOS_742174): This system
is only weakly detected in rest-frame UV emission with HST.
The JWST NIRCam image from the PRIMER survey is also
low signal-to-noise but it is still possible to identify two main
stellar clumps and a faint tail of emission extending from the
eastern component (Lines et al. 2025). The [C ii] line emission
is detected, but only with a S/N ≈ 4.

CRISTAL-18 (vuds_cosmos_5101288969): This system was
selected to be included in the ALPINE survey based on spectro-
scopic data from the VIMOS Ultra-Deep Survey (Le Fèvre et al.
2015). The spectrum contained a single emission line, which, if
identified as Ly-α, corresponds to a redshift of zLyα = 5.6982.
Given the presence of only one line in the spectrum and the
observed continuum, this redshift has an estimated probability of
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Fig. 12. Left: Multiwavelength view of CRISTAL-10, a main-sequence star-forming galaxy at z = 5.67. The background image is a composite of
three HST/WFC3 filters, highlighting the rest-frame UV stellar light emitted by young, massive stars. Overlaid on this image are white contours
showing the integrated [C ii] line emission (3, 4, 5, 7 and 10σ levels), and orange contours showing the dust continuum emission at rest-frame
158 µm (2.5, 3, 4 and 5σ levels). The dust continuum reveals two distinct peaks, designated as Region 1 and Region 2. In Region 1, the dust
continuum emission lacks a corresponding rest-frame UV light counterpart, and the [C ii] line emission is faint. Region 2, on the other hand,
correspond to a star-forming region where the rest-frame UV, dust, and [C ii] line emission peak. Right: [C ii]/FIR luminosity ratio as a function
of the FIR luminosity observed in nearby star-forming galaxies and starbursts (beige points; Lutz et al. 2016; Herrera-Camus et al. 2018b) and
high-z star-forming galaxies (gray points; Spilker et al. 2016, and references therein). The [C ii]/FIR luminosity ratio measured in the star-forming
Region 2 (light blue circle) is comparable to that measured in the dense PDR of the Orion complex, while the [C ii]/FIR luminosity ratio of Region 1
(yellow) is significantly low, comparable only to extreme local systems such as Arp 220 (e.g., Luhman et al. 1998, 2003), characterized by deeply
embedded star formation. The FIR luminosities where measured based on the Band 7 continuum using the conversion factor by Béthermin et al.
(2020) and assuming a dust temperature of 50 K. The diagonal line represents how much the measurements of Regions 1 and 2 change if we
assume a dust temperature of 40 K and 60 K. We also show the global value (orange circle) measured using the LFIR in Mitsuhashi et al. (2024)
and the integrated [C ii] flux from Table 1.

Fig. 13. Left: Composite image based on three JWST/NIRCam blue filters (F090W, F115W, F150W) that show the stellar light from multiple
young stellar clumps in CRISTAL-13, a main-sequence star-forming galaxy at z = 4.58. Overlaid are the integrated [C ii] line emission (white
contours; ) and the dust continuum (orange; ). The ALMA beam is shown in the lower right corner. Right: Cartoon representation of the distribution
of the stellar clumps traced by JWST (blue and green), the cold gas traced by the [C ii] line (red), and the dust continuum (orange). The properties
of the stellar clumps are based on the SED modeling presented in Lines et al. (2025).
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∼80% to be correct (Le Fèvre et al. 2015). The ALPINE ALMA
follow-up observations tentatively detected the [C ii] line emis-
sion with a S/N ≈ 4 at a redshift z[CII] = 5.7209, differing by
only |∆z| = 0.002 from the Lyα redshift.

As is described in Sect. 4, we placed two of the four spec-
tral windows next to each other with a small overlap centered at
the frequency of the line, based on the ALPINE [C ii] line ten-
tative detection. Despite a deep integration, we did not detect
the [C ii] line in any of the four spectral windows. If the Lyα
detection is real and the ALPINE [C ii] line detection spurious,
this would imply a record velocity offset of the [C ii] line rela-
tive to the Lyα line of &1000 km s−1 (e.g., Hashimoto et al. 2019;
Baier-Soto et al. 2022).

At the sensitivity of our observations (S [CII],Nat =
0.1 mJy beam−1), and if we assume a line width of 250 km s−1,
the 3σ upper limit for the integrated [C ii] line flux is
0.03 Jy km s−1. This translates to a 3σ upper limit [C ii] line
luminosity of ≈106.7 L�.

CRISTAL-19 (DEIMOS_COSMOS_494763): The [C ii] line
and dust continuum emission in this system are significantly
detected and are co-spatial with the rest-frame UV and optical
emission. The velocity gradient observed in the [C ii] line emis-
sion is also aligned with the major morphological axis of the stel-
lar light. As is seen in other systems such as CRISTAL-09 and
CRISTAL-10, CRISTAL-19 exhibits extended [C ii] line emis-
sion to the south, spanning approximately 23 kpc.

This concludes the discussion of the 19 fields observed as
part of the CRISTAL ALMA Large Program. The following
six systems discussed here have been included in the final
CRISTAL sample given that they fulfill all relevant sample
criteria outlined in Sect. 3.

CRISTAL-20 (DEIMOS_COSMOS_494057, HZ4): This
galaxy has been extensively discussed in Herrera-Camus et al.
(2021, 2022). The [C ii] line emission extends well beyond the
star-forming disk as traced by the rest-frame UV emission and
the dust continuum. There is also evidence of a neutral gas
outflow traced by a broad component of the [C ii] line emission
that is aligned with the minor morphological and kinematic
axis, similar to the case of nearby starbursts such as M 82 or
NGC 253 (for a review see Veilleux et al. 2020). The kinematic
analysis of the [C ii] line emission suggest that CRISTAL-20
(or HZ4) has a regular rotating disk (Vrot/σ0 ≈ 2) with a high
intrinsic velocity dispersion (σ0 ≈ 65 km s−1), but the analysis
of JWST/NIRSpec data suggest that the galaxy is undergoing a
merger (Parlanti et al. 2025).

CRISTAL-21 (HZ7): A detailed analysis of the [C ii] line
emission in this galaxy is presented in Lambert et al. (2023).
The analysis reveals that the system exhibits a complex [C ii]
line morphology and kinematics, with the [C ii] line emission
being approximately twice as extended as the rest-frame UV
emission. This evidence strongly suggests that the galaxy is an
interacting system.

CRISTAL-22 (HZ10): This system is one of the brightest in
the CRISTAL sample, exhibiting a broad [C ii] line profile that
requires fitting with a double Gaussian profile. The line widths
of the two components are FWHM1 = 201 ± 24 km s−1 and
FWHM2 = 590 ± 27 km s−1. The HST rest-frame UV emission
shows two main young stellar components, with the one in the
west significantly fainter. Both stellar components are detected
in the dust continuum under the [C ii] line, and analysis of

new Band 9 observations reveal the rest-frame UV emission
from the west component is strongly attenuated by the dust
(Villanueva et al. 2024). The [C ii] line emission connects the
two components, and exhibit complex kinematics which will be
discussed in detail in Telikova et al. (2025). The complex nature
of the system has been confirmed by Jones et al. (2024) based
NIRSpec IFU observations of the main nebular lines, which also
discovered a minor companion to the east of the main stellar
component. At about a projected distance of ∼77 kpc south of
CRISTAL-22 (HZ10), our ALMA [C ii] line and dust continuum
observations also include in the field the starbursting galaxy
CRLE (Pavesi et al. 2018), at a similar redshift to CRISTAL-22
(|∆z| = 0.014).

CRISTAL-23 (DEIMOS_COSMOS_818760): The [C ii]
line emission in this system has been extensively analyzed in
Jones et al. (2021) and Devereaux et al. (2024). Their analysis
concludes that the system comprises three components: two
primary components involved in a major merger (stellar mass
ratio almost 1:1; Mitsuhashi et al. 2024, see also Table A.1), and
a third component located approximately ∼18 kpc to the west,
likely representing an upcoming minor merger.

CRISTAL-24 (DEIMOS_COSMOS_873756): This galaxy is
the brightest in [C ii] line emission within the ALPINE survey,
comparable in our sample only to CRISTAL-22. The inte-
grated [C ii] line emission reveals a complex structure, which
Devereaux et al. (2024) attribute to the presence of multiple
merging components or clumps of star formation within the
system. The dust continuum peaks co-spatially with the [C ii] in
the main system but also extends toward the northwest, follow-
ing the [C ii] line emission. JWST/NIRCam observations reveal
two peaks of stellar light, with the western peak being brighter.
The dust continuum emission peaks offset from the stellar light
peaks by approximately ∼1 kpc to the south. Additionally, a
secondary 3σ dust continuum peak is detected at a projected
distance of ∼10 kpc. There is no HST or JWST counterpart for
this outer [C ii] or dust continuum emission.

CRISTAL-25 (vuds_cosmos_5101218326): The [C ii] line and
dust continuum emission of this system are analyzed in detail
in Devereaux et al. (2024). The integrated [C ii] line emission
shows two distinct peaks. The primary peak, located in the south-
west, spatially coincides with the main dust continuum peak.
Interestingly, in between the two [C ii] peaks we observe a sec-
ond and fainter dust continuum peak, spatially coincident with
the bulk of the stellar light traced by the HST and JWST images.

8. Case studies: CRISTAL-10 and CRISTAL-13

The multiwavelength observations on kiloparsec scales avail-
able for the CRISTAL galaxies provide a unique opportu-
nity to conduct comprehensive analyses of their gas, dust, and
stellar properties. Previous studies have focused on individ-
ual CRISTAL sources, such as CRISTAL-01 (Solimano et al.
2024), CRISTAL-05 (Posses et al. 2025), and CRISTAL-22
(Villanueva et al. 2024), and in this section we present two addi-
tional cases where the CRISTAL data offer valuable insights into
the ISM properties of high-redshift galaxies.

8.1. CRISTAL-10: Arp 220 conditions at z ≈ 5?

As was initially described in Sect. 7.3, CRISTAL-10a presents
an intriguing case due to the spatial distribution of the dust
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continuum relative to the [C ii] and stellar light emission. The
left panel of Fig. 12 shows that there are three main stellar
clumps detected in rest-frame UV emission (unfortunately there
are no JWST/NIRCam observations available). The two primary
clumps, located in the north and northwest, align with peaks in
the [C ii] line emission. Conversely, the bulk of the dust contin-
uum emission is concentrated in a region offset to the south of
the [C ii] and stellar peaks, where the [C ii] line emission is faint
and the stellar light is undetected.

To investigate the nature of this dusty component of
CRISTAL-10a, we measure the [C ii]/FIR ratio placing two cir-
cular apertures of 0′′.5 (∼3 kpc) radius centered in regions where
the dust continuum is detected. Region 1 is the region where the
dust continuum is strong, the [C ii] line emission is faint, and
there is no detectable rest-frame UV light. In contrast, Region 2
is the star-forming region where the [C ii], dust, and stellar light
emission are spatially coincident. Assuming a dust temperature
of Tdust = 50 K (following Tdust measured in the western compo-
nent of CRISTAL-22 (HZ10) that also shows a high level of dust
obscuration; Faisst et al. 2020b; Villanueva et al. 2024), we mea-
sure [C ii]/FIR ratios of 2.5×10−4 and 8.3×10−4 for Region 1 and
Region 2, respectively. For comparison, the [C ii]/FIR ratio mea-
sured globally is higher (L[CII]/LFIR = 2.6×10−3), driven in large
part because the [C ii] line emission is much more extended than
the dust continuum, peaking in the other two main star forming
regions traced by the rest-frame UV emission.

The right panel of Fig. 12 shows the [C ii]/FIR ratio mea-
sured in Region 1 (green) and Region 2 (blue) of CRISTAL-
10a in context with [C ii]/FIR ratios measured in nearby and
high-z systems (similar to the left panel of Fig. 9). The diago-
nal bar shows how much the [C ii]/FIR ratio and LFIR change if
we assume a dust temperature ±10 K around Tdust = 50 K. How-
ever, given the characteristics of this source, the dust temperature
could potentially be higher.

The [C ii]/FIR ratio measured in the star-forming Region 2
is comparable to that found in typical dense PDRs such as
that in the Orion Nebula, where the FUV radiation field
and neutral gas densities are high (e.g., G0 & 104, nH &
105 cm−3; Goicoechea et al. 2015). In contrast, the [C ii]/FIR
ratio measured in Region 1 is comparable to that measured
in Arp 220, a highly dust obscured ultraluminous infrared
galaxy (ULIRG) with deeply embedded star forming forma-
tion and potential AGN activity (e.g., Luhman et al. 1998,
2003; González-Alfonso et al. 2004; Barcos-Muñoz et al. 2018;
Perna et al. 2024). Finally, the global [C ii]/FIR ratio is a fac-
tor of ∼10 higher than that measured in Region 1, highlighting
that spatially resolved data are important to properly interpret
source-integrated measurements.

The notably low [C ii]/FIR ratio observed in Arp 220 relative
to other star-forming galaxies and (U)LIRGs can be attributed
to different factors, including: a) significant non-PDR contribu-
tions to the FIR emission due to a high ionization parameter U
(e.g., González-Alfonso et al. 2004; Graciá-Carpio et al. 2011)
and/or strong AGN activity (e.g., Spoon et al. 2004), and 2) opti-
cally thick or self-absorbed [C ii] line emission due to the high
FIR optical depth (τ ∼ 5 at 100 µm and τ ∼ 1 at 240 µm;
Rangwala et al. 2011), although this scenario is likely not dom-
inant (e.g., Luhman et al. 2003). Despite the extensive dataset
available for Arp220, the primary cause of the observed [C ii]
deficit remains unclear, complicating the interpretation of the
similarly low [C ii]/FIR ratio observed in Region 1 of CRISTAL-
10a, which has far less ancillary data available.

The discovery of a comparably low [C ii]/FIR ratio in
CRISTAL-10a at z = 5.67 as observed in the extreme nearby sys-

tem Arp 220 is particularly intriguing. This finding highlights the
need for additional observations to further understand the power
source and properties of the ISM in Region 1 of CRISTAL-10a,
such as observations of additional FIR lines.

8.2. CRISTAL-13: Burst of star formation and offset with [C II]
line emission

To gain a deeper insight into the spatial distribution of cold gas,
dust, and stellar emission within this complex system, we ana-
lyzed high-resolution Briggs-weighted [C ii] and dust continuum
maps. These maps provide an angular resolution of approxi-
mately ∼1 kpc (θbeam ≈ 0.16′′). The left panel of Fig. 13 illus-
trates the distribution of cold gas (traced by the [C ii] line) and
dust (traced by the continuum) on kiloparsec scales, compared
to the young stellar light traced by combining three NIRCam
blue filters (F090W, F115W, F150W). The NIRCam imaging
reveals at least seven star-forming clumps: a primary clump in
the east and six clumps in the west, distributed from north to
south. In the main eastern component, the peak of stellar light
is offset by approximately ∼1 kpc from the peak of the [C ii]
line and dust continuum emission. One possibility is that this
offset is caused by dust obscuration, although stellar light from
this position is also visible in the redder NIRCam filters, includ-
ing F444W. In contrast, the western component, dominated by
young stellar clumps, shows only faint [C ii] line emission, with
[C ii] primarily tracing neutral gas surrounding the clumps.

The right panel of Fig. 13 shows a cartoon representation
of the main components of CRISTAL-13. The physical proper-
ties of the stellar clumps are derived based on the modeling of
the stellar light SED presented in Lines et al. (2025). Starting
with the east component, there is a stellar clump with a stel-
lar population of age ≈100 Myr that contains about half of the
total stellar mass of the system. The stellar mass and SFR of this
clump (sSFR ≈ 0.5×10−8 yr−1) place it on the main-sequence of
star-forming galaxies at z ≈ 5 (e.g., Speagle et al. 2014). Right
next to this massive star-forming clump there is a peak in the
[C ii] and dust continuum that can be interpreted as a massive
and dusty PDR illuminated by the stellar light from the mas-
sive stellar clump. The [C ii]/FIR ratio measured in this region
is L[CII]/LFIR = 2 × 10−3 (assuming Tdust = 40 K; Faisst et al.
2020b; Villanueva et al. 2024), comparable to that measured in
the dense PDR in the Orion Nebula.

The situation in the western component of CRISTAL-13
appears to be more interesting due to the offset between the
six giant stellar clumps, which are aligned from north to south,
and the neutral gas traced by the [C ii] line emission. In the
Briggs-weighted map, the [C ii] emission peaks west of these
giant clumps. In contrast, the natural-weighted map (Fig. E.3)
reveals some diffuse [C ii] emission overlapping with the stellar
clumps, though it is significantly fainter than the stronger [C ii]
emission surrounding them. The six stellar clumps are young
(tage . 50 Myr), blue (β ≈ −2.25), and exhibit a sSFR that
places them at least a factor 10 above the main-sequence rela-
tion of star-forming galaxies. The more concentrated [C ii] line
emission is distributed around the stellar clumps, with a peak in
the south resembling a PDR illuminated mainly by the emission
from clumps 5 and 6. This spatial anticorrelation between young
stellar clusters and the peak [C ii] line emission is expected
and observed in H ii region-PDR complexes such as M 17, the
Orion Nebula, and 30 Doradus (e.g., Goicoechea et al. 2015;
Pellegrini et al. 2007; Okada et al. 2019; Pabst et al. 2021). The
key difference in CRISTAL-13 is the physical scale, as we are
discussing giant stellar clumps and PDRs on kiloparsec scales,
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where much of the complexity is hidden by our angular resolu-
tion.

Simulations of star-forming galaxies have investigated the
impact of stellar feedback on the ISM under conditions similar
to those observed in high-redshift galaxies such as CRISTAL-13.
For example, Vallini et al. (2017) study the photo-evaporation
timescale of molecular clouds as a function of metallicity and
the FUV radiation field intensity, G0. In models with gas metal-
licity Z = 0.2 Z�, expected for the gas in CRISTAL-13, the
photo-evaporation timescales are approximately ∼10 Myr for G0
values ranging from ≈1−103, and then decrease from ∼10 Myr
to ∼1 Myr as G0 increases from ∼103 to ∼105. This is consis-
tent with the scenario where strong stellar feedback from the
six young (.50 Myr) stellar clusters in the west component of
CRISTAL-13 are responsible for clearing or photo-evaporating
the surrounding cold gas.

Similar results are found in the synthetic observations of
smoothed particle hydrodynamics simulations of a dwarf galaxy
merger (Z = 0.1 Z�), where supernova feedback from the stel-
lar clusters disperses the dense gas, leading to a decrease in the
[C ii] luminosity (Bisbas et al. 2022). Furthermore, Katz et al.
(2017) use cosmological simulations of star-forming galaxies
at z ≈ 6 to investigate the spatial distribution of star formation
activity (traced by UV light), dust, and [C ii] line emission. They
find that in regions with low gas metallicity and dust content,
UV and optical light from young stars escapes without signifi-
cant reprocessing, and the [C ii] is suppressed. This scenario is
also consistent with our observations of the western component
of CRISTAL-13. Conversely, in the central regions of galaxies
where metallicity and dust content are higher, the [C ii] emission
produced in dense PDRs pass through the dust, while UV light
is obscured, resulting in a spatial offset similar to that observed
in the main component of CRISTAL-13.

9. The [C II]/FIR ratio in CRISTAL galaxies and
systems across redshift

The photoelectric heating efficiency (εph) – defined as the ratio
of the energy transferred to the gas to the energy absorbed by
dust grains from UV radiation – plays a key role in regulating
the thermal balance of the ISM. This efficiency typically ranges
from 0.1% to 1% (e.g., Malhotra et al. 2001; Smith et al. 2017;
Herrera-Camus et al. 2018b). A key factor influencing εph is the
ratio of the UV radiation field intensity to the neutral gas den-
sity, G0/nH, which affects the charge state of dust grains and,
consequently, their heating efficiency (e.g., Rubin et al. 2009;
Díaz-Santos et al. 2017). Observationally, εph is often estimated
through the ratio of [C ii] to FIR luminosities, based on the
assumption that the photoelectric effect on dust grains is the
dominant heating mechanism, and that the [C ii] emission is
the main coolant of the cold neutral gas. However, it is impor-
tant to note that there may be non-negligible contributions from
other cooling lines, such as the [O i] 63 µm transition (e.g.,
Rosenberg et al. 2015).

One of the key advantages of the CRISTAL survey is its
ability to extend the study of the L[CII]/LFIR ratio, and conse-
quently εph, to star-forming galaxies at z ≈ 4−6, including lower-
mass galaxies than previously explored at high-redshift (e.g.,
Spilker et al. 2016). Figure 14 shows the L[CII]/LFIR ratio mea-
sured in nearby star-forming galaxies and starbursts (gold), and
in high-redshift galaxies (gray), including the CRISTAL galax-
ies (green contours), as a function of FIR luminosity (LFIR; left
panel) and surface density (ΣFIR; right panel). FIR luminosities
of CRISTAL galaxies are drawn from Mitsuhashi et al. (2024).

The vertical axis on the right shows the L[CII]/LFIR ratio normal-
ized to the value observed in the dense PDR of Orion. Notably,
all global values for the CRISTAL galaxies exceed the Orion
PDR ratio, although, as we discuss in the case of CRISTAL-10,
this may not hold on kiloparsec scales.

It is well established that the L[CII]/LFIR ratio decreases with
increasing LFIR in both nearby and high-redshift galaxies, a
phenomenon known as the “[C ii] deficit” (e.g., Malhotra et al.
1997, 2001; Luhman et al. 2003; Díaz-Santos et al. 2013, 2017;
Herrera-Camus et al. 2018a,b). The left panel of Fig. 14 illus-
trates this trend, showing that while both local and high-
redshift galaxies follow this pattern, high-redshift galaxies are
shifted toward higher FIR luminosities (e.g., Maiolino et al.
2009; Stacey et al. 2010; Graciá-Carpio et al. 2011).

Narayanan & Krumholz (2017) propose a theoretical expla-
nation for the “[C ii] deficit”, based on models that consider
clouds composed of atomic and molecular hydrogen, coupled
with chemical equilibrium networks and radiative transfer mod-
els. According to their framework, the decline in the [C ii]/FIR
ratio with increasing LFIR is driven by the relationship between
the SFR (and thus LFIR) and the surface density of gas clouds
(Σgas). As Σgas increases, LFIR rises, and the carbon in molecular
gas is principally in the form of CO, leading to a decrease in C+

abundance, and consequently, a lower [C ii]/FIR ratio.
Their model also accounts for the scatter observed around the

declining [C ii]/FIR trend with LFIR. Since the SFR, and there-
fore LFIR, scales with both gas mass (Mgas) and Σgas, any increase
in Mgas, while keeping LFIR fixed, must result in a lower Σgas. As
Σgas decreases, C+ abundance increases, raising the [C ii]/FIR
ratio. This effect is illustrated by the model curves in the left
panel of Fig. 14, which shows the impact of increasing the gas
mass by a factor of 10. Under this interpretation, the offset in
the “[C ii] deficit” observed between local and high-z galaxies
arises because high-z galaxies are generally richer in molecular
gas (e.g., Tacconi et al. 2020; Dessauges-Zavadsky et al. 2020;
Aravena et al. 2024). The CRISTAL galaxies appear to occupy
the upper envelope of nearby galaxies with similar FIR luminosi-
ties and overlap with high-z systems at comparable FIR lumi-
nosities, bridging the characteristics of these two populations.

The right panel of Fig. 14 presents the “[C ii] deficit” as
a function of FIR surface brightness, ΣFIR. For the CRISTAL
galaxies, ΣFIR is calculated using the dust continuum sizes
measured by Mitsuhashi et al. (2024). The relationship between
the [C ii]/FIR ratio and ΣFIR is significantly tighter than when
plotted against LFIR, and the offset between nearby and high-
z galaxy populations becomes less pronounced. This tighter
correlation between the [C ii]/FIR ratio and ΣFIR has been
reported in previous studies (e.g., Lutz et al. 2016; Spilker et al.
2016; Díaz-Santos et al. 2017; Herrera-Camus et al. 2018b), and
aligns with other findings that show a stronger relationship
between Σ[CII] and ΣSFR compared to L[CII] and SFR (e.g.,
Herrera-Camus et al. 2015, 2018a; De Looze et al. 2014). This
likely originates from the closer connection between G0/nH, the
primary parameter controlling the physical and thermal structure
of PDRs, and ΣFIR, compared to LFIR.

With the CRISTAL survey, we can now extend the study of
the [C ii]/FIR–ΣFIR relation in high-redshift galaxies to values of
ΣFIR . 1011 L� kpc−2, covering a range similar to that of previ-
ous studies of nearby galaxies. Following Lutz et al. (2016), the
relation between the [C ii]/FIR ratio and ΣFIR for star-forming
galaxies at z ≈ 0 is parameterized as

log10(L[CII]/LFIR) [z ≈ 0] = −11.7044 + 2.1676 × log10(ΣFIR)

− 0.1235 × (log10(ΣFIR))2, (1)
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Fig. 14. Left: [C ii]/FIR luminosity ratio as a function of the FIR luminosity observed in nearby star-forming galaxies and starbursts (beige points;
Lutz et al. 2016; Herrera-Camus et al. 2018b) and high-z star-forming galaxies (gray points; Spilker et al. 2016, and references therein). CRISTAL
galaxies are shown as gray points with green borders. As a reference, the y axis on the right shows the [C ii]/FIR luminosity ratio normalized to
the value measured in the dense PDR of the Orion Nebula (L[CII]/LFIR = 1.1 × 10−3; Goicoechea et al. 2015). The predictions from the models by
Narayanan & Krumholz (2017) of how the relation between L[CII]/LFIR and LFIR changes if the molecular gas content increase by a factor of ×10
are shown as light-blue lines. The solid golden line represents the running median for z ≈ 0 galaxies, while the dashed lines indicate the 10th and
90th percentiles. Right: Similar to the left panel, but this time we plot the [C ii]/FIR luminosity ratio as a function of the FIR surface brightness
(ΣFIR). The best fit to the data at z ≈ 0 (Lutz et al. 2016; Herrera-Camus et al. 2018b) and z ≈ 3−6 (this work; Eq. (2)) are shown as beige and gray
lines, respectively.

shown as the solid golden line in the right panel of Fig. 9.
Using a similar approach for star-forming galaxies at z ≈

3−6, including the CRISTAL galaxies covering the range 109 .
ΣFIR . 1011 L� kpc−2, and the galaxies from Spilker et al. (2016)
(and references therein) covering 1011 . ΣFIR . 1014 L� kpc−2,
we derive the following relation:

log10(L[CII]/LFIR) [z ≈ 3−6] = −8.4163 + 1.3245 × log10(ΣFIR)

− 0.0731 × (log10(ΣFIR))2, (2)

represented by the solid gray line in the right panel of Fig. 14.
Notably, in the range 1011.5 . ΣFIR . 1013.5 L� kpc−2, star-

forming galaxies at z ≈ 3−6 exhibit [C ii]/FIR ratios that are
higher by factors of 3–10, compared to galaxies at z ≈ 0, for
a given value of ΣFIR. One alternative to explain the physical
origin driving the elevated [C ii]/FIR ratios observed in high-
redshift galaxies compared to nearby star-forming systems could
be metallicity. Metallicity plays an important role in determin-
ing the cooling efficiency of the ISM. In low-metallicity envi-
ronments, the reduced dust content allows a larger fraction of
FUV photons to penetrate deeper into molecular clouds, lead-
ing to more extended PDRs. Elevated [C ii]/FIR ratios have
been observed in gas with metallicities around ∼1/2−1/5 of
solar abundance, similar to what could be expected for mas-
sive star-forming galaxies at z & 4−6 such as CRISTAL sys-
tems (e.g., Curti et al. 2024; Nakajima et al. 2023). Examples
include the Small Magellanic Cloud (Israel & Maloney 2011)
and low-metallicity, kiloparsec-scale regions of nearby galax-
ies (Smith et al. 2017). Consequently, high-z galaxies with lower
metal content could exhibit enhanced [C ii] emission relative
to their FIR luminosity, contributing to the elevated [C ii]/FIR
ratios observed in these systems.

A second factor, not as significant as metallicity but com-
plementary, could be the presence of diffuse, extra-planar
[C ii] gas, which extends beyond the star-forming regions of
CRISTAL galaxies. In this scenario, the [C ii] emission may
originate not only from PDRs but also from lower-density,
more diffuse gas in the CGM. Evidence of [C ii] line emis-
sion significantly extending beyond the star-forming disk as
traced by the UV/optical/infrared emission has been found in
CRISTAL galaxies (Ikeda et al. 2025) and other star-forming
high-z galaxies (Fujimoto et al. 2019, 2020; Ginolfi et al. 2020),
including massive, intensely star-forming galaxies at z ∼ 3
(e.g., Rybak et al. 2019). In the particular case of interacting
galaxies, which represent at least one-third of the CRISTAL
galaxies, extra-planar, low-velocity shocked gas can also con-
tribute to the [C ii] line emission (e.g., Appleton et al. 2013;
Peterson et al. 2018). However, it is important to note that
at z ∼ 5, cosmic microwave background (CMB) suppres-
sion of the [C ii] emission from diffuse gas becomes sig-
nificant and works against this interpretation (Kohandel et al.
2019). In all these cases, the diffuse gas adds to the total
[C ii] flux without a corresponding increase in FIR, poten-
tially contributing to the elevated [C ii]/FIR ratios observed at
high redshift relative to systems with comparable ΣFIR at lower
redshift.

In the future, JWST/NIRSpec observations of the main neb-
ular lines in CRISTAL galaxies will provide valuable insights
into the role of metal content in determining the [C ii]/FIR ratio
on kiloparsec scales (Herrera-Camus et al. in prep.). This will
enable direct comparisons with similar spatial scale observations
of nearby galaxies, where a clear dependence of the [C ii]/FIR
ratio with metallicity is observed (e.g., Smith et al. 2017).
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10. Summary

We present the CRISTAL survey, an ALMA Cycle 8 Large Pro-
gram designed to explore the physical properties of star-forming
galaxies in the early Universe through spatially resolved, multi-
wavelength observations. CRISTAL focuses on main-sequence
star-forming galaxies at redshifts of 4 . z . 6, selected
from the ALPINE survey (Le Fèvre et al. 2020; Béthermin et al.
2020; Faisst et al. 2020a). Based on ALMA Band 7 data to
observe the [C ii] line emission and dust continuum, and com-
plemented by HST observations of rest-frame UV emission and
JWST/NIRCam imaging of stellar light, CRISTAL offers a com-
prehensive view of the gas, dust, and stars on kiloparsec scales
at the end of the era of reionization.

The main results of our study can be summarized as follows:
1. Sample size: The initial CRISTAL sample consisted of 19

galaxies; however, the depth and angular resolution of the
observations allowed us to detect seven additional galaxies
within CRISTAL fields and to spatially resolve four inter-
acting systems into distinct pairs. Additionally, we incorpo-
rated three galaxies from pilot programs (HZ4, HZ7, and
HZ10) and included three galaxies from the ALMA archive
that meet the CRISTAL selection criteria. The sample also
includes two SMGs within CRISTAL fields: J1000+0234
and CRLE. In total, the extended CRISTAL sample consists
of 39 main-sequence star-forming galaxies, 24 of which are
detected in the dust continuum. The main properties of these
systems are detailed in Table A.1 and Table 1.

2. Diverse nature of CRISTAL galaxies: The CRISTAL
galaxies exhibit a wide range of morphologies and kinematic
properties. This includes evidence of rotating disks (e.g.,
CRISTAL-11, -15, -20, -23c), mergers (e.g., CRISTAL-01,
-04, -06, -07, -16, -22), and galaxies with [C ii] emission
tails that are likely indicative of interactions with minor
companions (e.g., CRISTAL-02, -03, -09, -11, -12, -19).
We also identify systems displaying extended [C ii] emis-
sion without a corresponding stellar counterpart in HST or
JWST/NIRCam images (e.g., CRISTAL-02, -05, -13). Some
galaxies exhibit clumpy stellar structures with spatially off-
set [C ii] emission (e.g., CRISTAL-13), while others show
a smoother [C ii] spatial distribution and kinematics (e.g.,
CRISTAL-08). Overall, the [C ii] line emission reveals the
complex nature of star-forming galaxies at 4 . z . 6, with
[C ii] emission often extending beyond the stellar light cap-
tured by HST and JWST, and in many cases displaying a
disturbed morphology.

The multiwavelength, spatially resolved nature of the CRISTAL
survey enables in-depth studies of four main aspects of galax-
ies: kinematics, outflows, morphology, and the physical condi-
tions of the ISM (see, for example, CRISTAL papers by Li et al.
2024; Lines et al. 2025; Mitsuhashi et al. 2024; Villanueva et al.
2024; Posses et al. 2025; Ikeda et al. 2025; Solimano et al. 2024;
Lee et al. 2025; Birkin et al. 2025; Telikova et al. 2025). In this
overview paper, we highlight two case studies – CRISTAL–10
and -13 – that exemplify these primary research areas.
3. CRISTAL-10: Evidence for Arp 220-like conditions in

the ISM of a z ∼ 5 galaxy. CRISTAL-10a, a main-sequence
star-forming galaxy at z = 5.67, presents an intriguing
scenario: the peaks of the dust continuum and [C ii] line
emission are significantly offset, separated by over ∼3 kpc.
This pronounced offset points to an extreme [C ii] deficit.
In the region where the dust continuum is most intense,
the [C ii]/FIR ratio drops to 2.5 × 10−4, comparable to the
extreme low value observed in the highly dust-obscured

ULIRG Arp 220 (Luhman et al. 1998; Herrera-Camus et al.
2018b). Notably, the global [C ii]/FIR ratio for CRISTAL-
10a is nearly an order of magnitude higher, emphasizing the
localized nature of the deficit and the importance of spatially
resolved observations in characterizing the ISM properties of
high-z systems.

4. CRISTAL-13: Burst of star formation and C ii emission
offset. CRISTAL-13, a star-forming galaxy at z = 4.579,
showcases a complex morphology characterized by at least
seven giant star-forming clumps identified through multi-
band JWST/NIRCam imaging. The most massive clump, sit-
uated in the eastern region, coincides spatially with the [C ii]
and dust continuum peaks, and has a [C ii]/FIR ratio com-
parable to that found in dense PDRs such as Orion. In con-
trast, the western region hosts a group of at least six young
(.50 Myr) giant star-forming clumps (Lines et al. 2025). We
observe a strong spatial anticorrelation between these young
stellar clusters and [C ii] line emission, likely due to strong
feedback effects from the star-forming clumps.

5. The [C ii]/FIR ratio in CRISTAL galaxies and its com-
parison across cosmic time. CRISTAL galaxies have global
[C ii]/FIR ratios ranging from 1.5 × 10−3 to 8 × 10−3, fol-
lowing a similar trend of decreasing [C ii]/FIR with increas-
ing FIR luminosity as has been observed in nearby galax-
ies, but shifted toward higher FIR luminosities. One likely
explanation is that CRISTAL galaxies at z ∼ 4−6 are
significantly more molecular gas-rich compared to typical
nearby star-forming systems (e.g., Graciá-Carpio et al. 2011;
Narayanan & Krumholz 2017). When considering FIR sur-
face brightness – a proxy for the G0/nH ratio – CRISTAL
galaxies span a unique range of ΣFIR values between 109

and 1011 L� kpc−2, previously unexplored at high-z. Com-
plemented by observations of bright z & 3 sources such as
SMGs, we find that the [C ii]/FIR ratio tend to be higher
than star-forming galaxies at z ∼ 0. This behavior could be
attributed to lower metallicities in high-z galaxies or the pres-
ence of significant extraplanar gas.

Through the CRISTAL ALMA Large Program, we have
advanced our understanding of the complex processes driving
galaxy evolution during the first gigayear of the Universe. Future
JWST/NIRSpec programs (e.g., PID 3073, PI Faisst, PID 5974,
ORCHIDS, and PI Aravena) will build on this progress, expand-
ing the CRISTAL survey by incorporating detailed observa-
tions of the physical conditions of ionized gas and metals. This
addition will provide a more complete picture of the interplay
between the neutral and ionized gas, dust, stars, and metals in
the early Universe.
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Appendix A: Main properties of the CRISTAL galaxy
sample

Table A.1 summarizes the main properties of the CRISTAL
galaxies, including names, coordinates, [C ii]-based redshift, and
stellar masses and SFRs derived by Mitsuhashi et al. (2024).

Appendix B: Summary of ALMA observations

Table B.1 provides a summary of the ALMA-CRISTAL obser-
vations, detailing the array configuration, number of antennas,
flux calibrator, synthesized beam size, as well as the cube and
continuum noise levels achieved with both Natural and Briggs
weighting.

Appendix C: ALMA observing programs combined
in the data processing

Table C1 lists the IDs of the ALMA observing programs that
were combined to produce the final CRISTAL data products.

Appendix D: HST and JWST data available for
CRISTAL galaxies

Table D1 provides a summary of the HST/WFC3 and
JWST/NIRCam observations available for the CRISTAL sur-
vey. All CRISTAL galaxies have HST/WFC3 F160W observa-
tions available, and at least ∼ 75% of them have JWST/NIRCam
simultaneous observations in the F115W, F150W, F277W and
F444W filters.

Appendix E: ALMA, HST, and JWST View of the
CRISTAL Galaxies

Figure 11 in the main text, along with Figs. E.1, E.2, E.3,
E.4, and E.5, presents a multiwavelength view of the CRISTAL
galaxies. From left to right, each panel shows maps of: [C ii]
integrated intensity (moment 0), [C ii] velocity field (moment 1),
ALMA Band 7 dust continuum, composite HST/WFC3 imaging,
and composite JWST/NIRCam imaging of the stellar light. The
filters used in the composite images are listed at the bottom of
each panel.
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Table A.1. The ALMA-CRISTAL Sample

Name Other names αJ2000 δJ2000 z[C ii]
a log10(M?) log10(SFR)

M� M� yr−1

Large Program
CRISTAL-01a DC_842313 10:00:54.509 +02:34:34.407 4.554 10.65 ± 0.50 2.31 ± 0.74
CRISTAL-01b 10:00:54.774 +02:34:28.330 4.530 9.81 ± 0.34 1.71 ± 0.29
CRISTAL-01c 10:00:54.185 +02:34:37.294 4.540
CRISTAL-02 DC_848185, HZ6, LBG-1 10:00:21.503 +02:35:11.054 5.294 10.30 ± 0.28 2.25 ± 0.42
CRISTAL-03 DC_536534, HZ1 09:59:53.255 +02:07:05.358 5.689 10.40 ± 0.29 1.79 ± 0.31
CRISTAL-04a vuds_5100822662 09:58:57.907 +02:04:51.407 4.520 10.15 ± 0.29 1.89 ± 0.21
CRISTAL-04b 09:58:57.944 +02:04:53.003 4.520 8.91 ± 0.55 0.63 ± 0.37
CRISTAL-05 DC_683613, HZ3 10:00:09.431 +02:20:13.905 5.541 10.16 ± 0.35 1.83 ± 0.30
CRISTAL-06a vuds_5100541407 10:01:00.910 +01:48:33.706 4.562 10.09 ± 0.30 1.62 ± 0.34
CRISTAL-06b 10:01:01.002 +01:48:34.987 4.562 9.19 ± 0.46 1.07 ± 0.33
CRISTAL-07a DC_873321, HZ8 10:00:04.059 +02:37:35.841 5.154 10.00 ± 0.33 1.89 ± 0.26
CRISTAL-07b 10:00:03.973 +02:37:36.326 5.154 9.90 ± 0.66 1.45 ± 0.49
CRISTAL-07c 10:00:03.222 +02:37:37.732 5.155 10.21 ± 0.35 1.92 ± 0.41
CRISTAL-07d 10:00:03.191 +02:37:35.502 5.155
CRISTAL-08 vuds_efdcs_530029038 03:32:19.046 -27:52:38.256 4.430 9.85 ± 0.36 1.88 ± 0.23
CRISTAL-09a DC_519281 09:59:00.892 +02:05:27.553 5.575 9.84 ± 0.39 1.51 ± 0.32
CRISTAL-09b 09:59:00.775 +02:05:26.904 5.575
CRISTAL-10a DC_417567, HZ2 10:02:04.124 +01:55:44.279 5.671 9.99 ± 0.31 1.86 ± 0.20
CRISTAL-10b 10:02:04.498 +01:55:49.963 5.671
CRISTAL-11 DC_630594 10:00:32.596 +02:15:28.515 4.439 9.68 ± 0.33 1.57 ± 0.31
CRISTAL-12 CG_21 03:32:11.936 -27:41:57.514 5.572 9.30 ± 0.47 0.98 ± 0.40
CRISTAL-13a vuds_5100994794 10:00:41.169 +02:17:14.283 4.579 9.65 ± 0.34 1.51 ± 0.41
CRISTAL-13b 10:00:41.151 +02:17:15.875 4.579
CRISTAL-14 DC_709575 09:59:47.072 +02:22:32.894 4.411 9.53 ± 0.38 1.45 ± 0.38
CRISTAL-15 vuds_5101244930 10:00:47.660 +02:18:02.116 4.580 9.69 ± 0.33 1.44 ± 0.24
CRISTAL-16a CG_38 03:32:15.900 -27:41:24.353 5.571 9.60 ± 0.39 1.30 ± 0.35
CRISTAL-16b 03:32:15.817 -27:41:24.723 5.571
CRISTAL-17 DC_742174 10:00:39.133 +02:25:32.335 5.635 9.51 ± 0.40 1.18 ± 0.31
CRISTAL-18 vuds_5101288969 09:59:30.648 +02:19:53.760 9.56 ± 0.15 1.19 ± 0.17
CRISTAL-19 DC_494763 10:00:05.105 +02:03:12.101 5.233 9.51 ± 0.36 1.45 ± 0.36

Pilot Programs
CRISTAL-20 DC_494057, HZ4 09:58:28.504 +02:03:06.593 5.545 10.11 ± 0.35 1.82 ± 0.28
CRISTAL-21 HZ7 09:59:30.467 +02:08:02.626 5.255 10.11 ± 0.32 1.80 ± 0.32
CRISTAL-22a HZ10 10:00:59.297 +01:33:19.458 5.653 10.35 ± 0.37 2.13 ± 0.34
CRISTAL-22b HZ10 10:00:59.250 +01:33:19.382 5.653

ALMA Archive
CRISTAL-23a DC_818760 10:01:54.865 +02:32:31.512 4.560 10.55 ± 0.29 2.50 ± 0.34
CRISTAL-23b DC_818760 10:01:54.966 +02:32:31.534 4.562 10.46 ± 0.24 1.72 ± 1.33
CRISTAL-23c DC_818760 10:01:54.684 +02:32:31.438 4.565
CRISTAL-24 DC_873756 10:00:02.716 +02:37:39.971 4.546 10.53 ± 0.08 2.06 ± 0.22
CRISTAL-25 vuds_5101218326 10:01:12.495 +02:18:52.546 4.573 10.90 ± 0.32 2.75 ± 0.29

SMGs in the FOVb

J1000+0234 10:00:54.480 +02:34:36.120 4.539 10.15 − 10.90 2.65
CRLE 10:00:59.184 +01:33:06.840 5.667 10.20 3.50

Notes. a Redshifts based on the [C ii] observations from the CRISTAL survey.
Notes. b The stellar masses and SFRs for J1000+0234 and CRLE are drawn from Fraternali et al. (2021) and Pavesi et al. (2018), respectively.
Notes. When applicable, the prefix DEIMOS_COSMOS_ has been abbreviated as DC_
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Fig. E.1. Multiwavelength view of the CRISTAL galaxies including from left to right: integrated [C ii] line emission, [C ii]-based velocity field,
dust continuum emission, [C ii] and dust continuum emission overlaid on a composite image based on HST/WFC3 and JWST/NIRCam observa-
tions. The redshift, stellar mass, and SFR are listed in the top left corner of the second panel. S/N contours correspond to 3, 4, and 5σ and then
increase in steps of 2σ.
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Fig. E.2. Multiwavelength view of the CRISTAL galaxies including from left to right: integrated [C ii] line emission, [C ii]-based velocity field,
dust continuum emission, [C ii] and dust continuum emission overlaid on a composite image based on HST/WFC3 and JWST/NIRCam observa-
tions. The redshift, stellar mass, and SFR are listed in the top left corner of the second panel. S/N contours correspond to 3, 4, and 5σ and then
increase in steps of 2σ.
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Fig. E.3. Multiwavelength view of the CRISTAL galaxies including from left to right: integrated [C ii] line emission, [C ii]-based velocity field,
dust continuum emission, [C ii] and dust continuum emission overlaid on a composite image based on HST/WFC3 and JWST/NIRCam observa-
tions. The redshift, stellar mass, and SFR are listed in the top left corner of the second panel. S/N contours correspond to 3, 4, and 5σ and then
increase in steps of 2σ.
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Fig. E.4. Multiwavelength view of the CRISTAL galaxies including from left to right: integrated [C ii] line emission, [C ii]-based velocity field,
dust continuum emission, [C ii] and dust continuum emission overlaid on a composite image based on HST/WFC3 and JWST/NIRCam observa-
tions. The redshift, stellar mass, and SFR are listed in the top left corner of the second panel. S/N contours correspond to 3, 4, and 5σ and then
increase in steps of 2σ.
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Fig. E.5. Multiwavelength view of the CRISTAL galaxies including from left to right: integrated [C ii] line emission, [C ii]-based velocity field,
dust continuum emission, [C ii] and dust continuum emission overlaid on a composite image based on HST/WFC3 and JWST/NIRCam observa-
tions. The redshift, stellar mass, and SFR are listed in the top left corner of the second panel. S/N contours correspond to 3, 4, and 5σ and then
increase in steps of 2σ.
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Table C1. IDs of ALMA program used to produce final CRISTAL products

Name ALMA Program ID

CRISTAL-01 2017.1.00428.L 2021.1.00280.L 2019.1.01587.S
CRISTAL-02 2012.1.00523.S 2017.1.00428.L 2021.1.00280.L 2011.0.00064.S
CRISTAL-03 2012.1.00523.S 2017.1.00428.L 2021.1.00280.L
CRISTAL-04 2017.1.00428.L 2021.1.00280.L
CRISTAL-05 2012.1.00523.S 2017.1.00428.L 2018.1.01359.S 2021.1.00280.L
CRISTAL-06 2017.1.00428.L 2021.1.00280.L
CRISTAL-07 2017.1.00428.L 2021.1.00280.L
CRISTAL-08 2017.1.00428.L 2021.1.00280.L
CRISTAL-09 2017.1.00428.L 2021.1.00280.L
CRISTAL-10 2012.1.00523.S 2017.1.00428.L 2021.1.00280.L
CRISTAL-11 2017.1.00428.L 2021.1.00280.L
CRISTAL-12 2017.1.00428.L 2021.1.00280.L
CRISTAL-13 2017.1.00428.L 2021.1.00280.L
CRISTAL-14 2017.1.00428.L 2021.1.00280.L
CRISTAL-15 2017.1.00428.L 2021.1.00280.L
CRISTAL-16 2017.1.00428.L 2021.1.00280.L
CRISTAL-17 2017.1.00428.L 2021.1.00280.L
CRISTAL-18 2017.1.00428.L 2021.1.00280.L
CRISTAL-19 2017.1.00428.L 2021.1.00280.L
CRISTAL-20 2018.1.01605.S
CRISTAL-21 2018.1.01359.S
CRISTAL-22 2019.1.01075.S
CRISTAL-23 2019.1.00226.S
CRISTAL-24 2019.1.00226.S
CRISTAL-25 2019.1.00226.S
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