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Abstract

To fully characterize the formation and evolution of galaxies, we need to observe their stars, gas, and dust on
resolved spatial scales. We present the ALPINE-CRISTAL-JWST survey, which combines kiloparsec-resolved
imaging and spectroscopy from the Hubble Space Telescope, JWST, and Atacama Large Millimeter/
submillimeter Array for 18 representative main-sequence galaxies at z = 4-6 and log(Mx/M_.) > 9.5 to study
their star formation, chemical properties, and extended gas reservoirs. The cospatial measurements resolving the
ionized gas, molecular gas, stars, and dust on 1-2 kpc scales make this a unique benchmark sample for the study
of galaxy formation and evolution at z ~ 5, connecting the Epoch of Reionization with the cosmic noon. In this
paper, we outline the survey goals and sample selection, and present a summary of the available data for the
18 galaxies. In addition, we measure spatially integrated quantities (such as global gas metallicity), test different
star formation rate indicators, and quantify the presence of Ha halos. Our targeted galaxies are relatively metal
rich (10%-70% solar), complementary to JWST samples at lower stellar mass, and there is broad agreement
between different star formation indicators. One galaxy has the signature of an active galactic nuclei (AGN) based
on its emission-line ratios. Six show broad Ha emission suggesting type 1 AGN candidates. We conclude with an
outlook on the exciting science that will be pursued with this unique sample in forthcoming papers.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy evolution (594); High-redshift galaxies

(734); Interstellar medium (847); Galaxy structure (622); Surveys (1671)

Materials only available in the online version of record: figure set

1. Introduction

A top priority in modern astrophysics is to unveil the details
of the formation of galaxies in the early Universe and their
evolution to the present time, leading to the local cosmic
environment we live in and ultimately our own Milky Way.
This includes understanding what sets the star formation
efficiency and mass assembly rates, the formation of the most
massive and dusty galaxies, the emergence of quiescent
galaxies, the contribution of mergers to galaxy growth, the
coevolution of black holes and their hosts, and importantly the
properties of the first stars (for useful reviews on these topics,
see J. Kormendy & L. C. Ho 2013; G. De Lucia et al. 2014;
P. Dayal & A. Ferrara 2018; L. J. Tacconi et al. 2020;
B. E. Robertson 2022; R. S. Klessen & S. C. O. Glover 2023).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

Star-forming galaxies spend most of their life on the galaxy
star-forming main sequence, a tight relation between stellar
mass and star formation rate (SFR; J. Brinchmann et al. 2004,
E. Daddi et al. 2007; K. G. Noeske et al. 2007), which has now
been robustly identified through ultraviolet (UV) and far-
infrared (far-IR) observations out to z ~ 5 in large samples of
galaxies (e.g., C. L. Steinhardt et al. 2014; K. I. Caputi et al.
2017; Y. Khusanova et al. 2021; J. Cole & C. Papovich 2023;
L. Clarke et al. 2024; J. W. Cole et al. 2025). During that time,
the evolution of galaxies is determined by a balance between
the consumption or removal of gas through star formation or
outflows and the replenishment of gas through accretion or
minor mergers onto the galaxy’s disk (e.g., R. Davé et al.
2012; S. J. Lilly et al. 2013; R. Feldmann 2015; L. J. Tacconi
et al. 2020). Spatially integrated galaxy properties have been
measured with large statistical samples across billions of years
of galaxy history to understand the evolution of galaxies
overall. But we still lack the understanding of the underlying
processes that govern the subgalactic spatial scales, especially
in galaxies at high redshifts. For example, we do not yet have a
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Figure 1. The spectrum of a typical z = 5 galaxy overlaid with wavelength regimes of physical interest. A selection of ground- and space-based facilities are
highlighted (including past missions like Spitzer and Herschel). The wavelength regions that are observed by the available data of the ALPINE-CRISTAL-JWST
survey sample are shown as magenta boxes. We note the lack of observations at mid-IR and far-IR wavelength, covering warm dust emission and polycyclic
aromatic hydrocarbons (PAHs), important tracers of the dust grain distribution, at high redshifts. This wavelength range may be filled in by future facilities such as

PRIMA (J. Glenn 2025).

consistent picture of the details of metal enrichment and star
formation efficiency (e.g., P. Dayal et al. 2013; G. Popping
et al. 2017; A. P. Vijayan et al. 2019; H. Katz et al. 2022;
C. R. Choban et al. 2024; A. Pallottini et al. 2025), dust
distribution (e.g., D. P. Triani et al. 2021; A. Ferrara &
C. Peroux 2021; L. Sommovigo et al. 2022; F. Ziparo et al.
2023), origin and impact of outflows (e.g., S. Gallerani et al.
2018; E. Pizzati et al. 2020), or the growth of supermassive
black holes and the structure formation in the early Universe
(e.g., P. Dayal & A. Ferrara 2018; M. Volonteri et al. 2021).
While much progress has been made recently in characterizing
galaxies in the Epoch of Reionization (EoR, z 2 6), it is of
fundamental importance to study the connection between this
primordial epoch and mature galaxies at cosmic noon
(z = 2-3). Understanding the intertwined connections between
these epochs and processes requires the study of baryons
(stars, gas, and dust) on galactic scales in the interstellar and
circumgalactic medium (ISM and CGM, respectively). With
their energy output spanning more than 3 orders of magnitude
in wavelength (Figure 1), these processes can only be
characterized through a multiwavelength photometric and
spectroscopic study using a combination of ground- and space-
based observatories.

Prior to the James Webb Space Telescope (JWST), such
multiwavelength spectroscopic studies at resolved spatial
scales have only been possible for (unlensed) galaxies at
cosmic noon and later epochs. One notable example is the
Spectroscopic Imaging survey in the Near-infrared with
SINFONI (SINS; N. M. Forster Schreiber et al. 2009) and
later, in combination with the zZCOSMOS survey (S. J. Lilly
et al. 2007), the SINS/zC-SINF survey (N. M. Forster
Schreiber et al. 2018). These surveys combine ground-based
observations from the Very Large Telescopes’ (VLT)
SINFONI AO-assisted spectrograph in the rest-frame optical,
and Hubble Space Telescope (HST) rest-frame UV /optical

observations of a large sample of spectroscopically confirmed
7 ~ 2 galaxies. The combination of these instruments enabled
breakthroughs in our understanding of the buildup of such
galaxies, including the properties of their star-forming clumps,
kinematics, and the origin of outflows (e.g., R. Genzel et al.
2011; S. F. Newman et al. 2012; R. L. Davies et al. 2019)—
ultimately emphasizing the need of such studies at higher
redshifts. Similarly, the SHiZELS survey provided resolved
emission-line maps of narrow-band selected galaxies at
z = 0.8-2.2 with SINFONI-AO (A. M. Swinbank et al.
2012). Significantly larger samples with similar measurements
at 0.7 < z < 2.7 but more statistical power have been realized
later by the KMOS®” (N. M. Forster Schreiber et al. 2019;
E. Wisnioski et al. 2019) and the KROSS survey (J. P. Stott
et al. 2016). In parallel to that, large spectroscopic campaigns
such as the MOSFIRE Deep Evolution Field survey
(MOSDEF; M. Kriek et al. 2015) or the Keck Baryonic
Structure Survey (KBSS; G. C. Rudie et al. 2012; C. C. Steidel
et al. 2014) delivered integrated spectroscopic data revealing
the evolution of chemical properties at z < 3 (e.g., A. L. Strom
et al. 2017; R. L. Sanders et al. 2021).

At higher redshifts, such comparable studies have not been
possible due to two reasons; the lack of multiwavelength
coverage at sufficiently long wavelengths into the IR to probe
the rest-frame optical emission lines at z > 3 and the lack of
sufficient spatial resolving power and/or sensitivity. With
JWST up and running, such detailed analyses are now possible
for the first time, covering the galaxies’ history deep into
the EoR. Large photometric and spectroscopic surveys in
prominent JWST fields such as JADES (D. J. Eisenstein et al.
2023) and CEERS (S. L. Finkelstein et al. 2025) now provide
integrated spectroscopy of galaxies at high redshifts to study
their chemical compositions and the abundances of active
galactic nuclei (AGN). Designated surveys such as the
Chemical Evolution Constrained using Ionized Lines in
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Interstellar Aurorae survey (A. L. Strom et al. 2023) or the
Assembly of Ultradeep Rest-optical Observations Revealing
Astrophysics (AURORA) survey (A. E. Shapley et al. 2025)
use the power of deep spectroscopic observations at rest-frame
UV and optical wavelengths for detailed studies of chemical
and ionization properties of such galaxies.

However, all of these large surveys provide spatially
integrated measurements, making it challenging to disentangle
the different physical processes defined at smaller spatial
scales and to compare the observations at high redshifts to
local studies at similar physical scales. Furthermore, com-
plementary observations at rest-frame far-IR wavelengths are
necessary to compare the ionized phases with those of cold gas
and dust. It is therefore of profound importance to establish a
proper, well-studied multiwavelength benchmark sample at
z = 4-6 between the EoR and cosmic noon to (i) measure the
chemical and structural properties of this galaxy population,
(ii) define a comparison sample for similar studies at lower and
even higher redshifts with future facilities, and (iii) anchor
state-of-the-art cosmological simulations.

The Atacama Large Millimeter/submillimeter Array
(ALMA) changed the landscape for directly detecting rest-
frame far-IR light in high-redshift galaxies. It enabled a first
look at rest-frame far-IR wavelengths to constrain the dust
content via the far-IR continuum and cold gas properties
through the measurement of singly ionized carbon ([CII])
emission at 158 pm for typical main-sequence galaxies at high
redshifts (D. A. Riechers et al. 2014; P. L. Capak et al. 2015;
T. Hashimoto et al. 2019; S. Carniani et al. 2020; Y. Harikane
et al. 2020; Y. H. V. Wong et al. 2022). Prior to ALMA, [C1I]
had only been observed at high redshifts for single starburst
galaxies and not spatially resolved (e.g., D. Iono et al. 2006;
R. Maiolino et al. 2009). The ALPINE-ALMA large program
(#2017.1.00428.L, PI: Le Févre; M. Béthermin et al. 2020;
A. L. Faisst et al. 2020; O. Le Fevre et al. 2020) was the first
step toward achieving a multiwavelength post-EoR galaxy
sample. ALPINE combined rest-frame UV to optical photo-
metry with ALMA observations of the far-IR dust continuum
and [C1I] at rest-frame 158 pim for 118 typical post-EoR main-
sequence galaxies at z = 4-6. ALPINE has led to several
breakthroughs in the study of dust, gas, kinematics, and
outflows of post-EoR galaxies (see the comprehensive
ALPINE review paper by A. L. Faisst et al. 2022).
Specifically, it shows that the relation between [CII] and
SFR is in place out to z ~ 5 (D. Schaerer et al. 2020) and
showcases the use of [CII] for inferring the dynamics,
molecular gas mass, and depletion times (M. Dessauges-
Zavadsky et al. 2020). ALPINE data also suggest that dust and
UV emission may be spatially offset, which could lead to
significant underestimation of the dust components based on
rest-frame UV light only (A. L. Faisst et al. 2017; L. Somm-
ovigo et al. 2022; M. Killi et al. 2024). Furthermore, outflows
(which may be related to the creation of [CII] halos) are
common in these star-forming high-redshift galaxies (S. Fuji-
moto et al. 2019; M. Ginolfi et al. 2020; E. Pizzati et al. 2023;
J. E. Birkin et al. 2025). But its success also came with new
questions about (i) the dust production/destruction in early
galaxies, (ii) the details of cold and hot gas kinematics, (iii) the
frequency of supermassive black holes (SMBHs) residing in
typical high-redshift galaxies, and (iv) the origin of the
reported [CII] halos extending out to 10 kpc into the CGM.
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These are key questions to be answered to understand early
galaxy evolution.

To answer these questions, we must go one step further and
obtain far-IR observations at higher spatial resolutions and fill
in the gap of missing spatial resolved spectroscopy at rest-
frame optical wavelengths.

The ALMA-CRISTAL survey (R. Herrera-Camus et al.
2025) achieved the former by providing high-resolution far-IR
follow-up observations of 19 ALPINE galaxies, thus enabling
the first study of the gas and dust properties of these galaxies
on kiloparsec scales.

The aim of this new ALPINE-CRISTAL-JWST survey, of
which science goals, data, sample selection, and basic
measurements are presented in this paper, is to leverage these
excellent data with rest-frame optical spectroscopy. This
program uniquely combines the capabilities of JWST NIR-
Spec/integral field unit (IFU) spatially resolved rest-frame
optical spectroscopy with JWST NIRCam imaging, HST rest-
frame UV data, and high-resolution (0'3) ALMA [CT11] and
dust continuum observations for a sample of 18 massive
(log(Myx/M_) > 9.5) main-sequence galaxies at z = 4-6
(Figure 1). This post-EoR multiwavelength photometric and
spectroscopic survey establishes a benchmark sample to study
in detail early galaxy formation and evolution and to connect
the EoR with mature galaxy evolution at cosmic noon.

In this paper we give an overview of the ALPINE-
CRISTAL-JWST survey and present a few key results based
on spatially integrated measurements. We note that the
presentation of the detailed data reduction and resolved
measurements is beyond the scope of this paper and would
distract from its main purpose to present the general purpose of
this survey. Specifically, the details of the data reduction of the
JWST/NIRSpec IFU data are presented in S. Fujimoto et al.
(2025). In Section 2, we introduce the science goals of the
survey and describe the sample selection. In Section 3, we
detail the available multiwavelength data. Section 4 includes
basic measurements for our sample, which are compared to
other observations from the literature at lower and higher
redshifts. We conclude in Section 5 with an outlook of
upcoming science results from this survey.

Throughout this work, we assume a ACDM cosmology with
Hy = 70kms 'Mpc™', Q4 = 0.7, and ©Q, = 0.3 and
magnitudes are given in the AB system (J. B. Oke 1974). We
use a Chabrier initial mass function (IMF; G. Chabrier 2003)
for stellar masses and SFRs.

All measurements derived work are tabulated in the
Appendix A and catalogs containing these data will be
accessible to the public upon request. For details on the data
reduction of the JWST/NIRSpec IFU observations we refer to
the companion paper by S. Fujimoto et al. (2025).

2. The ALPINE-CRISTAL-JWST Survey
2.1. Motivation and Science Goals

A careful study of galaxy evolution and to answer the above
questions require the measurement of all baryon components
constituting a galaxy (stars, dust, and gas), which is only
possible with the combined observations of different tele-
scopes in both imaging and spectroscopic modes across the
spectrum (Figure 1).

Although the ALPINE survey provided a valuable multi-
wavelength picture of post-EoR galaxies, several key
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Figure 2. Collage of the 18 targets part of the ALPINE-CRISTAL-JWST sample. For each panel, the background shows the COSMOS-Web JWST/NIRCam
F277W image (except for DC-417567 for which we show HST WFC3/F160W). The Ha: map from JWST/NIRSpec IFU observations is indicated with the white
contours. The CRISTAL ALMA data are shown as cyan contours ([C II]: solid; 158 pm continuum: dashed). The contours show 30, 50, 100, 200, 400, and 500
levels for JWST and 30, 100, and 200 levels for ALMA data. The ALMA (cyan) and NIRSpec/NIRCam (white) beam/PSF are indicated in all panels.

observations were missing, which led to several fundamental
unknowns including ionized gas properties and kinematics,
chemical properties such as metal abundance, star formation,
and black hole growth. For example, no deep rest-frame
optical imaging was available (see A. L. Faisst et al. 2020),
ALMA observations were too coarse to identify the finer
structure of dust and [CII] emission, and spectroscopy was
limited to the rest-frame UV wavelength and lacked spatial
resolution (O. Le Fevre et al. 2013; R. J. Bouwens et al. 2015;
G. Hasinger et al. 2018). Observations using the Spitzer Space
Telescope made headway to studying the rest-frame optical
emission of galaxies (C. L. Steinhardt et al. 2014; K. I. Caputi
et al. 2017) and yield the first measurements of Ho emission at
z ~ 5 including the ALPINE sample (e.g., H. Shim et al. 2011;
D. P. Star k et al. 2013; A. L. Faisst et al. 2019), but at a
resolution and depth not enough to perform resolved studies or
spectroscopy. Similarly, Herschel’s sensitivity was only
sufficient to detect the mid-/far-IR continuum in stacks of
typical main-sequence galaxies at z > 4 such as the ALPINE
galaxies (e.g., M. Béthermin et al. 2020).

With HST, JWST, and ALMA operating at the same time, it
is now finally possible to overcome these limitations and
provide a multiwavelength photometric and spectroscopic
benchmark sample to study the connection between primordial
galaxy formation in the EoR and the galaxy population at
cosmic noon. The ALPINE-CRISTAL-JWST survey, pre-
sented in this work, combines observations with HST and
ALMA with the unprecedented sensitivity and spatial resolu-
tion of JWST imaging and integral field spectroscopy for a
unique sample of 18 main-sequence galaxies at z = 4-6
(Section 2.2). Figure 2 showcases the available data for each of
the 18 targets from JWST imaging (background image in

NIRCam/F277W), JIWST spectroscopy (white contours show-
ing the Ha emission measured by the NIRSpec/IFU), and
ALMA (cyan solid and dashed contours for [C1I] and dust
continuum emission). Current observatories are uniquely
suited to provide a comprehensive multiwavelength view of
galaxies in the redshift range of 4 < z < 6. Note that JWST
would not cover He in galaxies at z 2 7 unless using MIRI
(J. A. Zavala et al. 2025), which, however, is significantly less
sensitive than NIRSpec. The redshift range 4 < z < 6 is crucial
to understand the connection between primordial galaxy
formation in the EoR and late galaxy evolution at cosmic
noon. It is the epoch in time where galaxies significantly grow
their stellar mass, enrich their ISM and CGM with metals, and
establish their structures before they reach the peak of their
star formation and eventually become quiescent. Importantly,
the results from this program can be compared directly to
similar efforts at z > 6.5 (REBELS-IFU; R. J. Bouwens et al.
2022; L. E. Rowland et al. 2025) and lower redshifts (e.g.,
SINS at z ~ 2 and others mentioned earlier) to render a
complete picture of galaxy evolution. Therefore, the main goal
of the ALPINE-CRISTAL-JWST survey is to establish a
multiwavelength kiloparsec-resolution post-EoR benchmark
sample at the highest redshifts to date to connect early and late
galaxies. This survey enables the study of how the first
galaxies mature and grow in structure and chemical composi-
tion to become the systems we observe at later cosmic times.

The ALPINE-CRISTAL-JWST survey is designed to
address the following questions:

1. How and where are stars being formed? Constraining
the modes of star formation in conjunction with gas
and dust abundances and a detailed study of star
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formation histories using combined imaging and spectro-
scopic data.

2. How is the ISM enriched? Studying the interplay
between star formation, gas, metals, and dust by detailed
measurements of (spatially resolved) metal abundances
and photoionization properties.

3. How is dust produced? Deciphering the dominant modes
of dust production and variations in dust content by the
combination of chemical and dust evolution models and
the spatial distribution of rest-frame UV, optical, and far-
IR light.

4. What is the contribution of AGN to the typical galaxy
population? Understanding the occurrence of AGN in
typical main-sequence galaxies via broad optical emis-
sion lines and line ratio diagnostics to investigate the
coevolution of SMBHs and host galaxies in relation to
AGN found by recent JWST surveys.

5. What is the relation between the ISM and the CGM?
Constraining the baryon cycle and enrichment of the
CGM and solving the origin of the [CII] halos by
measuring the ionized properties and outflows of the
surrounding gas.

6. How does the kinematics of hot and cold gas compare?
Study the kinematics of the stellar+ionized and gas disk
via the velocity fields of Ha and [C II] at redshifts in the
midst of cosmic disk formation.

The ALPINE-CRISTAL-JWST survey will answer these
questions within a representative sample of main-sequence
galaxies at z = 4-6 by combining observations from HST,
JWST, and ALMA.

2.2. Sample Selection

The ALPINE-CRISTAL-JWST survey consists of 18
galaxies selected from the combined survey data of the larger
ALPINE-ALMA program (M. Béthermin et al. 2020;
A. L. Faisst et al. 2020; O. Le Fevre et al. 2020) and the
CRISTAL survey (R. Herrera-Camus et al. 2025). ALPINE
comprises a set of 118 galaxies selected from the COSMOS
(N. Scoville et al. 2007) and GOODS-S (M. Giavalisco et al.
2004) fields with ALMA observations in band 7, targeting
[CT] and the rest-frame ~158 pum dust continuum emission.
The ALPINE sample was selected by requiring secure
spectroscopic redshifts at z = 4-6 from Keck/DEIMOS and
VLT/VIMOS observations (O. Le Fevre et al. 2013; G. Hasi-
nger et al. 2018; A. A. Khostovan et al. 2025) with a cut
applied in [CII] luminosity based on the Myy—Lic i relation
derived from the pilot sample by P. L. Capak et al. (2015). The
spectroscopic redshifts are derived from Lya emission as well
as UV absorption lines to minimize a sample bias toward
strong emission-line galaxies. X-ray or UV line detected AGN
are excluded from this sample to focus solely on typical main-
sequence galaxies.

The ALPINE-CRISTAL-JWST sample is then constructed
from the ALPINE sample with the following requirements:

1. a robust (>5¢ integrated) [C II] detection,

2. follow-up observations by ALMA of [CII] emission at a
spatial resolution of ~0'3 close to the pixel size of the
JWST/NIRSpec IFU optical spectroscopy,

3. imaging observations with JWST/NIRCam at 1| — 5 ym
in at least four bands,
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4. coverage with HST in ACS/F814W and at least one
redder HST band, and

5. detectability (>50) of all strong optical emission lines
(such as Hp, [O1II]37,7 (unresolved), [O1ll]sq97, Hea,
[N I]gsss, and [S I]g7;g) with the JWST/NIRSpec IFU in
less than 2 hr on-source time.

To satisfy the requirement of high-resolution [C II] observa-
tions, we chose galaxies observed by the ALMA-CRISTAL
survey as well as ALMA programs #2022.1.01118.S (PIL:
Béthermin) and #2019.1.00226.S (PI: Ibar) providing beam
sizes on the order of 0.3. The optical emission-line signal-to-
noise ratio (SNR) selection was driven by faint lines such as
[NI1], [S1I], and [O1I] whereas the other lines, which are
intrinsically brighter, were observed at higher SNR. The
disperser/filter combinations G235M/F170LP and G395M/
F290LP were used to cover these lines for the redshift range of
z = 4.4-5.9. The Ha emission-line fluxes to estimate the
JWST /NIRSpec exposure times were predicted from the SFRs
of the galaxies, which themselves were derived from the
combined UV and far-IR emission (D. Schaerer et al. 2020) or
SED fitting (A. L. Faisst et al. 2020). The remaining line fluxes
were predicted based on their ratios with respect to Ha for
conservative assumptions of gas-phase metallicities (derived
from the expected mass—metallicity relation; R. Maiolino
et al. 2008) and dust obscuration (derived from SED fitting to
the COSMOS photometry; A. L. Faisst et al. 2020). The SNRs
were estimated using the JWST exposure time calculator
Pandeia (K. M. Pontoppidan et al. 2016) in the given
disperser/filter configurations. Overall, this technique worked
well and we achieved the expected SNRs for all galaxies
except three. For the latter, we likely underpredicted the dust
attenuation, leading to a lower-than-expected SNR in the blue
grating.

The final sample consists of 18 galaxies with HST, JWST
(imaging and IFU spectroscopy), and 0.3 beam size ALMA
observations. We note that one galaxy (DC-417567/CRIS-
TAL-10) is not covered by JWST photometric observations
but has HST ACS/F814W as well as WCF3 /F105W, F125W,
and F160W data. This galaxy was included in Phase 2 of the
JWST proposal process to replace a galaxy with weak [C1I]
emission suggested by the new CRISTAL observations (see
R. Herrera-Camus et al. 2025). We emphasize that no selection
is imposed on the far-IR continuum emission measured by
ALPINE or CRISTAL. In the final sample, however, 15 out of
the 18 galaxy systems are dust continuum detected at >3¢
(M. Béthermin et al. 2020; R. Herrera-Camus et al. 2025). In
this paper, we follow the naming convention of ALPINE, but
we list the corresponding CRISTAL names of the targets in
Table 1 and Figure 2.

Figure 3 shows the final sample of 18 galaxies on the stellar
mass versus SFR plane. In this case, the SFRs are derived from
the total UV+far-IR luminosity, or, if no ALMA far-IR
continuum is available, from SED fitting (see Section 3.5). The
sample is compared to the parent ALPINE sample (white
circles) and galaxies selected from the COSMOS2020
(J. R. Weaver et al. 2022) catalog at z ~ 5, as well as other
JWST-detected sources at z = 4-6 (M. Curti et al. 2023;
K. Nakajima et al. 2023; T. Morishita et al. 2024; A. Sarkar
et al. 2025). Galaxies indicated by filled squares are mergers
identified by M. Romano et al. (2021) based on their low-
resolution (1”) [CII] kinematic analysis (see also similar
analysis by R. Ikeda et al. 2025). This includes the targets



Table 1
Identifications and Available HST and JWST Data for the Targets
Name o RA. Decl. HST JWST
ALPINE CRISTAL  Others (J2000) (J2000) ACS WFC3 NIRCam MIRI
F814W F105W F110W F125W F140W F160W FOooow F115W F150W F200W F277W F356W F410M F444wW F770W F1800W
DC-417567° C-10 HZ2¢ 5.6700 150.51701 1.92889 X X X X
DC-494763° C-19 e 5.2337 150.02127 2.05338 X X X 3 X X x X X X
DC-519281"" C-09 e 5.5759 149.75372 2.09100 X X X X X X X
DC-536534"" C-03 HZ1¢ 5.6886 149.97183 2.11818 X X X X X X X X X X
DC-630594" C-11 .o 4.4403 150.13583 2.25788 X X X x X X x x x x x x X
DC-683613"" C-05 HZ3¢ 5.5420 150.03926 2.33718 X X X X X X x X X X
DC-709575" C-14 4.4121 149.94610 2.37579 X X X X X X
DC-742174° C-17 5.6360 150.16302 2.42560 X X X X X X X X X X X X X
DC-842313" C-01 4.5537 150.22721 2.57638 X X X X X X X X X
DC-848185""¢ C-02 HZ6°/ 5.2931 150.08963 2.58635 X X X X X X X X
LBG-1¢
DC-873321*" C-07 HZ8° 5.1542 150.01690 2.62661 X X X X X X X X
DC-873756°"¢ C-24 4.5457 150.01132 2.62781 X X X X X X X X X X
VC-5100541407° C-06 4.5630 150.25382 1.80935 X X X X X X X X
VC-5100822662" C-04 4.5205 149.74130 2.08094 x X X X x X X
VC-5100994794° C-13 4.5802 150.17143 2.28726 X x x X X X x X X X X X X
VC-5101218326°.f C-25 4.5739 150.30207 2.31461 X X X X X X X
VC-5101244930° C-15 4.5803 150.19856 2.30058 X X X X X X X X X X X X X
VC-5110377875" 4.5505 150.38475 2.40842 X X X X X X

Notes. Note that all targets have rest-frame optical IFU spectroscopy from JWST/NIRSpec and 0’3 resolution ALMA 158 zm continuum and [C 1] spectroscopic data. All galaxies are observed by the ALPINE-
ALMA program (2017.1.00428.L, PI: Le Fevre; O. Le Fevre et al. 2020) and detected in [C II]. Names in bold indicate galaxy systems with additional 150 ym dust continuum detection (M. Béthermin et al. 2020;

1. Mitsuhashi et al. 2024).

? Type-1 AGN candidate from W. Ren et al. (2025).
b Observed by the ALMA-CRISTAL survey (2021.1.00280.L, PI: Herrera-Camus; R. Herrera-Camus et al. 2025).
¢ See P. L. Capak et al. (2015).

9'See D. A. Riechers et al. (2014).
¢ Band 4 observations available (2024.0.01401.S, PI: Herrera-Camus).

T Observed by ALMA program 2019.1.00226.S (PI: Ibar).

€ Band 9 observations available (2024.0.01401.S, PI: Herrera-Camus).
" Observed by ALMA program 2022.1.01118.S (PI: Béthermin).
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Figure 3. The 18 targets of the ALPINE-CRISTAL-JWST survey on the
stellar mass vs. SFR plane. The targets are shown with large symbols, split in
7z < 5 (blue) and z > 5 (red) subsamples. The redshift distribution is shown in
the inset. Furthermore, we indicate rotators/dispersion-dominated (open
circles) and mergers (solid squares) identified by low-resolution ~1” [C 1I]
kinematics data (M. Romano et al. 2021). Candidate type 1 (broad-line) AGN
are indicated with a star (W. Ren et al. 2025). The ALPINE parent sample is
shown as small white circles (A. L. Faisst et al. 2020). In addition, we show
galaxies at z ~ 5 from the COSMOS2020 catalog (J. R. Weaver et al. 2022) as
well as various JWST-detected galaxies at z = 4—6 from the literature (small
gray squares; see the text for references).

DC-417567, DC-519281, DC-536534, DC-842313, DC-
873321, VC-5100541407, and VC-5100822662. However,
note that the higher resolution ALMA data from CRISTAL
suggest that also DC-683613 (A. Posses et al. 2025) and DC-
848185 (R. Davies et al. 2025, in preparation) are likely
interacting /merging.

We also indicate type 1 broad-line AGN candidates selected
by a rigorous logic involving a comparison between the
Bayesian information criteria (BIC) for a fit with and without
broad lines and a high SNR broad-line detection (for details,
we refer to W. Ren et al. 2025). The Ha broad line widths for
the final candidates range from 600kms~' (least robust
candidate) to 2800 km s ' (most robust candidate). This type 1
AGN candidate sample includes the targets DC-417567,
DC-519281, DC-536534, DC-683613, DC-848185, and
DC-873321. Note that none of the targets, by construction,
are specifically identified as AGN based on their X-ray or
radio emission. Furthermore, we find that none of our targets
(except for DC-873756) lie in the AGN region of the Baldwin—
Phillips—Terlevich (BPT) diagram (J. A. Baldwin et al. 1981)
derived from the new JWST data presented here (see
Section 4).

The redshift distribution of the sample spans the range
z = 4.4-5.7 with a gap between z = 4.6 and 5.1. This gap
originates from the original ALPINE selection to avoid a low
atmospheric transmission at the observed frequency of [CII].
The sample concentrates at log(M /M) > 9.5, hence popu-
lates the more massive end of the z ~ 5 galaxy population but
2 orders of magnitude less massive than the knee of the mass
function at z = 5 (I. Davidzon et al. 2017). It therefore
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complements optimally other JWST-detected galaxy samples
at lower stellar masses.

3. Multiwavelength Observational Data

In the following sections we provide a summary of the
acquisition and reduction of the data for the 18 targets
observed by different observatories (Table 1). Details about
the observing programs are presented in Table Al. Figure 2
shows a portrait of the available data for all 18 targets in the
sample.

3.1. JWST NIRSpec/IFU Observations

The JWST/NIRSpec IFU cycle 2 GO program #3045 (PIL:
Faisst) builds the backbone of the ALPINE-CRISTAL-JWST
survey data. The technical details, especially the details of the
data reduction process, of this program are presented in
S. Fujimoto et al. (2025). Here, we provide a brief overview of
the technical details of the program and the reduction of the
NIRSpec/IFU data.

The observations were carried out during cycle 2 between April
and May 2024. The targets were observed with the NIRSpec IFU
in configurations G235M/F170LP and G395M/F290LP at
medium spectral resolution (R ~ 1000) to cover all strong optical
emission lines. However, target DC-842313 was observed in
G395H/F290LP by the cycle 2 program #4265 (PIs Gonzilez-
Lépez & Aravena, see also M. Solimano et al. 2025). These data
are also included in this work. For program #3045, the integration
times vary from 500 to 7200 s per target per configuration, with a
two-point sparse cycling dither pattern. The integration time
for program #4265 is 12,000 s, with a nine-point small cycling
dither. No off-center background observations or leakage
calibration exposures were taken. Instead, the background is
measured from background pixels within the 3” x 3” IFU field of
view. The final 30 flux rms (average over the different targets) of
our observations is 6.6 x 10 *' ergs™' cm ™ A~ for G235M and
13x 107 erg s~ em™' A" for G395M/G395H (the flux per
target varies slightly per target, for details, see S. Fujimoto et al.
(2025).

The data were reduced using the STScl pipeline (version
1.16.0) with the CRDS context jwst 1298 .pmap to a final
pixel scale of 0.1 px~'. We followed the procedure developed
by the ERS TEMPLATES team (#1355; PIs Rigby & Vieira,
see also J. E. Birkin et al. 2023; J. Rigby et al. 2023; B. Welch
et al. 2023). Several additional steps to improve the final data
quality were implemented, including improved background
subtraction, stripe removal, and rescaling of the error cubes
(S. Fujimoto et al. 2025). The cubes were subsequently
astrometrically aligned to the JWST COSMOS-Web images,
which are referenced to Gaia DR3 (Gaia Collaboration et al.
2023), see also M. Franco et al. (2025). To this end, first
NIRCam F277W and F444W pseudocontinuum images were
created by convolving the cubes (pixel by pixel) with the
corresponding filter transmission curves. The centroid
positions of the collapsed cubes (obtained by a Gaussian fit)
are then compared to the corresponding JWST/NIRCam
images. We found offsets on the order of 071-0.3 between the
NIRCam image and collapsed cube, which we correct for.
These offsets are within the expected pointing uncertainty of
JWST. The final astrometric precision is comparable with that
of COSMOS-Web (i.e., a few 10mas). In addition, we
checked the absolute and relative calibration of both grism
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Figure 4. Stacked spectrum of all 18 ALPINE-CRISTAL-JWST survey targets (note that the y-axis is broken at 4 pJy to make the higher fluxes more visible). Some
prominent and common emission lines are indicated by the vertical dashed lines. The spectra have been continuum subtracted before stacking. More details on the

derivation of the spectra can be found in Section 4.

configurations. This was achieved by convolving the
respective spectra (spatially integrated over an aperture of
05 diameter) with the transmission curves of the NIRCam
F277W and F444W filters. This synthetic broadband photo-
metry was then compared to the photometry measured on the
F277W and F444W COSMOS-Web images in the same
aperture. We find that the absolute flux calibration is better
than 30% with a 1o scatter of ~10%. The relative calibration
of the two grism configurations is better than 5%.

The stacked and spatially integrated spectrum of all the 18
targets is shown in Figure 4. The spectra of the individual
targets are shown in Figure B1 in Appendix B (see Section 4
for details). All the strong optical emission lines are detected
as well as some fainter lines such as [Ne I1I]3g¢g, He I (3889 A,
5875 A), He, Hé, Hy, [O Il6300, [Ar 11T];3g, and auroral oxygen
lines ([OMlly3¢3 and the [O1];353, doublet). These are
diagnostic lines sensitive to the ionization parameter (log(U)),
gas metallicity, nebular dust attenuation (E,(B — V)), electron
density (n.), and in some cases electron temperatures (7,),
which can be used to derive T,-based gas-phase metallicities.

3.2. ALMA Submillimeter Observations

All 18 targets are part of the ALPINE survey, a large cycle 5
ALMA program (#2017.1.00428.L, PI: Le Fevre) targeting
the [CII] emission in 118 galaxies at z = 4-6. A survey
overview is provided by O. Le Fevre et al. (2020) with the data
reduction presented by M. Béthermin et al. (2020). The
ancillary data and the measurement of the physical properties
of the ALPINE galaxies is described in A. L. Faisst et al.
(2020).

The ALPINE-CRISTAL-JWST sample has additional
follow-up ALMA observations at <0.3, to complement the
ALPINE-ALMA data at higher spatial resolutions. Out of the
18 targets, 15 have follow-up observations by the ALMA-
CRISTAL survey (#2021.1.00280.L, PI: Herrera-Camus,
R. Herrera-Camus et al. 2025). The sensitivity achieved by
CRISTAL is comparable to ALPINE but at a 3—4 times higher
angular resolution and 2-7 times longer integration times. Out
of the remaining three galaxies, two (DC-873756 and VC-
5101218326) were observed by the program #2019.1.00226.S
(PI: Ibar) and one (VC-5110377875) by the program

#2022.1.01118.S (PI: Béthermin). For the former, the
medium- (0'3) and high-resolution (0'15) visibilities were
combined. The data from these two additional programs are
discussed in more detail in T. Devereaux et al. (2024) and
M. Béthermin et al. (2023), respectively. In all these cases, the
data are reduced using the standard ALMA reduction pipeline
CASA (CASA Team et al. 2022), combining the high-
resolution data with the lower resolution observations from
the ALPINE survey. This combination provides excellent
coverage from small compact to more extended diffuse
submillimeter emission.

3.3. JWST NIRCam and MIRI Observations

The JWST/NIRCam and MIRI observations provide rest-
frame optical imaging at unprecedented resolution. These
imaging data are crucial for resolved SED studies (see J. Li
et al. 2024).

All except one target are covered by the JWST cycle 1 GO
treasury program COSMOS-Web (#1727, PlIs: Kartaltepe &
Casey; C. M. Casey et al. 2023). This program provides
observations in four NIRCam filters (F115W, F150W, F277W,
and F444W) and one MIRI filter (F770W). Due to the smaller
field of view of MIRI and the adopted survey strategy, only 7
out of the 18 galaxies have MIRI coverage. We use the official
data products distributed by the COSMOS-Web team, which
include additional updates on background subtraction and
artifact removal compared to the standard STScl pipeline.
Details of the NIRCam and MIRI data reductions are described
by M. Franco et al. (2025) and S. Harish et al. (2025),
respectively. A catalog of sources is presented in M. Shuntov
et al. (2025). In addition, four galaxies were covered by the
JWST cycle 1 GO treasury program PRIMER (#1837, PIL:
Dunlop, reduced by the COSMOS-Web team) providing (in
addition to COSMOS-Web) imaging in the NIRCam filters
FO90W, F115W, F150W, F200W, F277W, F356W, F444W,
and F410M as well as in MIRI F770W and F1800W. All data
are aligned to the Gaia astrometric reference frame, consistent
with the JWST/NIRCam IFU cubes (Section 3.1).

We refer to Table 1 for a full list of JWST data and to
Table Al for a full list of program numbers. The JWST
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imaging data is also shown in Figure Bl in Appendix B for
each of our targets.

3.4. Other Ancillary Data and Planned Observations

All targets reside in the COSMOS field (N. Scoville et al.
2007) providing HST/ACS F814W imaging data (A. M. Koe-
kemoer et al. 2007) as well as a wealth of data from ground-
based facilities. See J. R. Weaver et al. (2022) for an overview
of these data. In addition, the galaxies are covered by several
HST WFC3/IR pointings including filters F105W, F110W,
F125W, F140W, and F160W. These provide crucial rest-frame
UV and optical wavelength coverage offset from the central
wavelengths of the JWST filters. The programs are listed in
Table Al and include 3D-HST (G. B. Brammer et al. 2012;
I. G. Momcheva et al. 2016), COSMOS-DASH (L. A. Mowla
et al. 2019; S. E. Cutler et al. 2022), COSMOS-DASH-3D
(L. A. Mowla et al. 2022), and the CANDELS-HST survey
(N. A. Grogin et al. 2011; A. M. Koekemoer et al. 2011).

The ALPINE-CRISTAL-JWST survey targets will also be
part of several future observations by HST and JWST. Five out
of the 18 galaxies will be covered by the ORCHIDS cycle 3
JWST program in NIRSpec/IFU G395H/F290LP (#5974, PI:
Aravena) with the goal to understand better the [CII] halos
surrounding these galaxies with deep spectroscopy. In total 12
galaxies will be included in the COSMOS-3D cycle 3 JWST/
NIRCam (grism) survey (#5893, PI: Kakiichi) providing
additional imaging observations in F115W/F200W /F356W
(NIRCam) and F1000W/F2100W (MIRI) as well as slitless
spectroscopy in F444W. Finally, 17 galaxies will be included in
the CLUTCH cycle 32 HST multicycle program (#17802, PI:
Kartaltepe), providing deeper ACS/F814W observations
together with new ACS/F435W, ACS/F606W, and WFC3/
FO98W imaging (note that the galaxies will be undetected in the
bluer bands provided by CLUTCH due to their high redshifts).

3.5. SED-based Stellar Masses and SFRs

Various physical measurements were inherited from previous
works (see Table A2). Specifically, stellar masses and SFRs
were derived from SED fitting including the photometry from
ground-based observatories and Spitzer from the COSMOS2020
catalog (J. R. Weaver et al. 2022) and JWST imaging from the
COSMOS-Web program. Here we adopt the measurements
derived using CIGALE (D. Burgarella et al. 2005; M. Boquien
et al. 2019) and described in detail in I. Mitsuhashi et al. (2024)
and R. Herrera-Camus et al. (2025). We note that these results
are consistent with J. Li et al. (2024) who measure spatially
resolved stellar masses and SFRs using MAGPHYS (E. da Cunha
et al. 2008; E. da Cunha et al. 2015) including the ALMA
continuum data, and N. E. P. Lines et al. (2025) who use
Bagpipes (A. C. Carnall et al. 2018; A. C. Carnall et al. 2019)
not including the ALMA continuum data.

In addition to SED fitting, we computed the SFRs from
different observed indicators, spanning star formation time-
scales from 10 to 100 Myr. These indicators include [C 1], Ha,
[O11], and the UV+far-IR luminosity. For the [C IT]-derived
SFRs, we used the parameterization by D. Schaerer et al.
(2020; including UV+IR, with a = 7.37 and b = 0.83). From
the dust-corrected Ha and [O 1] luminosities, we derived
SFRs using the R. C. Kennicutt (1998) parameterizations’* and

™ We correct from a Salpeter to Chabrier IMF by multiplying with a factor of
0.61 (e.g., P. Madau & M. Dickinson 2014).
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the nebular dust attenuation measurements described in
Section 4.5. For targets detected in the ALPINE4+CRISTAL
ALMA continuum, we computed the total SFR measurement
based on the sum of the SFRs derived from UV and far-IR
continuum (SFRyvy  r). The former is derived from rest-frame
UV photometry of HST and ground-based imaging (see
A. L. Faisst et al. 2020) and the latter is the total far-IR
luminosity derived from the ALMA 158 ym continuum by
using the appropriate conversion factors (M. Béthermin et al.
2020; I. Mitsuhashi et al. 2024). In both cases, the luminosity
is converted to SFR using the R. C. Kennicutt (1998)
parameterizations. Table A2 lists the different SFR measure-
ments. The SFR indicators are compared in Section 4.7.

4. JWST/NIRSpec IFU Measurements

In this section, we outline basic measurements of diagnostic
lines and related properties derived from the NIRSpec IFU
spectra. We focus here on spatially integrated measurements
and emission-line maps. Resolved measurements will be
explored in future works.

4.1. Propagation of Measurement Uncertainties

Because there are significant cross correlations and
dependencies between the parameters derived in the following,
it is not straightforward to propagate uncertainties through
these calculations. To provide realistic uncertainties on the
following measurements, we therefore adopted an extensive
end-to-end Monte Carlo sampling method to properly prop-
agate and estimate the uncertainties of all the quantities
reported below. To do so, we created 200 different NIRSpec/
IFU cube realizations by perturbing each pixel according to its
uncertainty derived from the rescaled IFU error cubes, which
include all observational effects and sky background (S. Fuji-
moto et al. 2025). This method generally works well unless the
errors are significantly correlated between the pixels. This is,
however, not the case given that the PSF is comparable to the
pixel size of the IFU data. Interpixel correlations are neglected
here for simplicity. Each of the cube representations is then
analyzed end to end, resulting in 200 different measurements.
The final measurements are obtained as the medians and their
1o percentiles.

4.2. Emission-line Maps and Integrated Spectra

We first create spatially integrated spectra for each of the 18
targets from their NIRSpec cubes. For the spatial integration,
we define a mask encompassing emission of the sum of the
[O11], [O 1], Ho, and H line maps. Creating these maps for a
given target involves an iterative process: First, we spatially
integrated the spectrum in a 1” aperture around the target
coordinates (center of mass measured on NIRCam images) to
derive a first-guess integrated spectrum. From that spectrum
we measured the full width at half-maximum (FWHM) of the
emission lines (see Section 4.3). We then created maps of each
of the emission lines by integrating the cubes across three
FWHMs (~3 x 340kms ') along the spectral dimension. To
derive the final masks, we stacked these emission-line maps
and selected pixels for which the total flux is detected at an
SNR > 5. Note that because different emission lines are
covered by the two gratings G235M and G395M, we created
two such masks for each target. Using those masks, we then
derived the spatially integrated spectrum for each grating by
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Figure 5. Ha emission-line maps derived from the NIRSpec/IFU observations for the 18 galaxies in the ALPINE-CRISTAL-JWST sample. The line maps are cut
off at 50. The white contours show the rest-frame optical light JWST/NIRCam F277W and HST WFC3/F160W for DC-417567) and cyan contours show [C I1]
emission from the ALMA-CRISTAL program. The contours show 5¢, 100, 200, 400, and 500 levels for JWST and 30, 100, and 200 levels for ALMA data. The

ALMA (cyan) and NIRSpec (white) beam/PSF are indicated in all panels.

summing up the spectra in each pixel in the mask. In a final
step, the two one-dimensional spectra of the two gratings are
combined, using median stacking over the wavelength region
where they overlap. We note that generally the SNR ratio is
higher in G395M in the overlapping region. Figure 5 shows the
Ha maps together with the JWST NIRCam imaging and
ALMA data. Figure B1 show the G235M+G395M (or G235M
+G395H in the case of DC-842313) combined spectrum as
well as emission-line maps for each target individually.

4.3. Emission-line Fitting and Line Diagnostic Diagrams
(“BPT diagrams”)

Having measured the spatially integrated spectra of each of
the targets, we then fit the total fluxes of bright optical lines
including some fainter auroral lines. The line measurements
are summarized in Table A4 and the process is described
below.

We simultaneously fit lines within seven different emission-
line complexes: (i) the spectrally unresolved [O IT]37,7 doublet;
(i1) the [Ne I1I]386g neon line; (iii) Hy and the [O III]43¢3 auroral
line; (IV) Hﬁ, [O HI]4959, and [O IH]5007; (V) [N H]65487 HOZ, and
[N H]6585; (Vl) the [S H]67]8 and [S II]6732 doublet; and (Vll) the
[O 11]732, and [O 11]733, auroral lines. With this split, we can
deblend lines that are close by and at the same time treat the
complexes independently to account for changes in the noise
and line spread function. The line flux ratios of the [N II] lines
are fixed to three (D. E. Osterbrock & G. J. Ferland 2006). We
assume the same FWHM for line doublets, however, not for
different line species in different line complexes. This is
because the line spread function may change across the
wavelength range covered by the gratings. Fitting for the
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FWHM and central wavelengths between different complexes
mitigates this effect. In the end, we found that the results are
consistent within ~10% in FWHM (except broad lines, see
below). Here, we fit each line (except Ha) with a single
Gaussian with variable integrated flux, central wavelength, and
FWHM (or o) using the Python 1mfit package.”” The
continuum is subtracted by masking the line and fitting the
first-order polynomial. For Ha we fit a double Gaussian
representing a broad and narrow-line component for cases in
which the reduced x? is significantly smaller ( by a factor of 2,
ranging between 0.5 and 2.0) compared to a single Gaussian
fit. We found that a double Gaussian is a better fit for 7 out of
18 targets. For four out of these seven targets, the broad
component contributes significantly (>30%) to the total Ha
flux (see Table A4). These targets are DC-519281, DC-
536534, DC-842313, and DC-848185 (shown to have strong
outflows by R. Davies et al. (2025, in preparation) and may
have a type 1 AGN in the northwest component). All of these
were also selected by W. Ren et al. (2025) as type 1 AGN
candidates based on their broad Ha lines. For the remaining
three targets, the broad Ha line may be dominated by outflows.
This will be analyzed in a subsequent paper.

Figure 6 shows the targets on three different line ratio
diagnostic diagrams (type 1 AGN candidates from W. Ren
et al. 2025 are indicated in gray—only narrow-line flux is
considered). On each diagram, we show common separation
lines between AGN and star-forming galaxies (L. J. Kewley
et al. 2001; G. Kauffmann et al. 2003; L. J. Kewley et al. 2013;
G. Mazzolari et al. 2024; B. E. Backhaus et al. 2025; J. Scholtz
et al. 2025) as well as measurements from the literature at low

> hitps://Imfit.github.io/Imfit-py /
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Figure 6. The 18 ALPINE-CRISTAL-JWST targets (large circles with type 1 AGN from W. Ren et al. 2025 indicated in gray) on different line ratio diagnostic
diagrams. Left: [N I]¢sss/Ha BPT diagram. The AGN region is to the right of the dividing lines from G. Kauffmann et al. (2003; dotted), L. J. Kewley et al. (2013;
dashed for z = 0 and dotted—dashed for z = 3, note that we do not show the parameterization for z > 3 as that would be an extrapolation to the study of L. J. Kewley
et al. 2013), and J. Scholtz et al. (2025; solid; derived from A. Feltre et al. 2016; J. Gutkin et al. 2016). Observations from the literature at z = 0 (blue cloud, SDSS;
K. N. Abazajian et al. 2009), at z = 1.4-2.7 (purple) and z = 2.7-4.0 (green) from the AURORA survey (A. E. Shapley et al. 2025), and at z > 4 (orange diamonds;
Y. Harikane et al. 2023; K. Nakajima et al. 2023) are also shown. The target with the largest uncertainties and a [N I]¢sgs/Ha close to unity is DC-873756,
potentially a BPT-selected AGN (see the discussion in the text). Middle: ([S I]g732 + [S Ile718)/Hav line ratio diagram. The AGN region is to the right of the
dividing lines from L. J. Kewley et al. (2001; dashed) and J. Scholtz et al. (2025; solid; derived from K. Nakajima & R. Maiolino 2022). Observations from the
literature at z = O (blue cloud, SDSS; K. N. Abazajian et al. 2009) and at z = 1.4-2.7 (purple) and z = 2.7-4.0 (green) from the AURORA survey (A. E. Shapley
et al. 2025) are shown. Right: high-ionization auroral [Ne II]3g65/[O 1] vs. [O IIT]4363/Hy diagram. Only shown for 12 galaxies with robust [Ne Ill]3g6s and
[O 11]4363 measurements. The AGN region is above the dividing line from G. Mazzolari et al. (2024; dotted) or to the right of the combined dividing lines by
B. E. Backhaus et al. (2025; dashed and solid). The region in the upper left above the dashed and solid lines may contain star-forming galaxies and AGN (see
B. E. Backhaus et al. 2025). The target with the largest uncertainty and [Ne IlI]3g¢g/[O II] close to unity is DC-742174, a metal-poor compact multicomponent
system.

and high redshifts (Y. Harikane et al. 2023; K. Nakajima et al.
2023; A. E. Shapley et al. 2025). We find that none of
the targets are robustly identified as AGN based on these line
diagnostic diagrams. However, they do reside close to the
AGN versus star-forming galaxy dividing lines, in agreement
with other measurements from the literature (see the figure
caption) and expectations from lower redshift analogs (see
A. L. Faisst et al. 2018). We note that the separation lines by
L. J. Kewley et al. (2013) and J. Scholtz et al. (2025) in the
classic BPT diagram (left panel in Figure 6) take into account
the stronger ionization in high-redshift galaxies compared to
galaxies at lower redshifts (e.g., L. J. Kewley et al. 2001). In
other words, the separation of star-forming galaxies and AGN
includes the harder radiation in star-forming early galaxies.
The fact that the ALPINE-CRISTAL galaxies are well below
these dividing lines suggests that they might be evolved
enough to resemble more lower redshift galaxies. Two
galaxies are worth mentioning in more detail.

DC-873756 is the only galaxy that lies in the AGN region
(based on the G. Kauffmann et al. 2003 and L. J. Kewley et al.
2013 parameterizations) of the classical [N IT]gsgs/Har versus
[O 1T]5007/HB BPT diagram (however, it is not an outlier in
the other diagrams or in the J. Scholtz et al. 2025
parameterization). It is not identified as a type 1 AGN. DC-
873756 is a peculiar galaxy, showing a compact core with a
strong dust continuum emission offset from the diffuse stellar
continuum. Its spectrum shows a [N II]gsg5/Ha ratio close to
unity, but due to the dust obscuration, the bluer emission lines
are weak, which affects its reliability on the other two
diagnostic diagrams (see Figure B1). Taken at face value, this
galaxy could be an AGN candidate, but deeper observations
are needed for confirmation.

DC-742174 is a relatively compact system with at least
three components. It is an outlier on the [Ne Ill]3geg/[O II]
versus [OTl]y363/Hy diagram, showing a logarithmic
[Ne IMT]3g6/[O 11] line ratio close to unity. This system is not
an outlier on the other diagrams and also not a type 1 AGN
candidate based on the work by W. Ren et al. (2025). The
increased [NeIll]sggg could therefore originate from a low
metallicity due to the monotonic anticorrelation of [Ne ]3¢
with oxygen abundance (T. Nagao et al. 2006; E. Pérez-
Montero et al. 2007; F. Shi et al. 2007). In fact, the
[Ne I1I]3365/[O 1] ratio of DC-742174 is in the upper range
of the distribution of MOSDEF galaxies (A. E. Shapley et al.
2017; M.-S. Jeong et al. 2020) if compared to a similar mass of
log(My/M;) = 9.6. Its low metallicity is indeed also sug-
gested by the strong-line method (see below), finding a
12 + log(O/H) ~ 7.84, and also consistent with a weak [C I1]
emission (Figure B1). Another possibility (likely related to low
metallicity) could be a harder radiation field, which is also
found in high equivalent-width emission-line galaxies (e.g.,
A. A. Khostovan et al. 2024).

4.4. Velocity Maps

With the present NIRSpec/IFU observations we are in a
unique position to study for the first time the kinematics of the
ionized gas in these post-EoR galaxies. To showcase the
potential of the ALPINE-CRISTAL-JWST survey in this
regard, we show in Figure 7 the ionized gas velocity maps,
which are based on the Ha fluxes for each of the targets. We
first apply the emission-line-based mask (see Section 4.2) to
the cube and then fit the Ho centroid in each spatial pixel using
the same methods as described in Section 4.3. Note that the
optical velocity resolution (50-70kms~') is worse than

12
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Figure 7. Collage of the Ha velocity maps of the 18 targets in the ALPINE-CRISTAL-JWST sample. The stellar continuum from the COSMOS-Web JWST/

NIRCam F277W imaging is shown with contours (50, 100, and 300).

obtained with [CII] with ALMA (10-20 km s7'. G. C. Jones
et al. 2021; M. Romano et al. 2021; R. Herrera-Camus et al.
2022; K. Telikova et al. 2025; A. Posses et al. 2025). A collage
of these Ha-based velocity maps for each of the 18 targets is
shown in Figure 7 (in units of kilometers per second). Detailed
[C 11]-based velocity maps will be presented in L. L. Lee et al.
(2025). Simulations suggest that the inferred V/o (rotation
versus dispersion) ratio may vary significantly depending on
which line tracer (i.e., ionized or neutral gas) is used (e.g.,
M. Kohandel et al. 2020, 2024). Observational results are still
limited due to the lack of simultaneous observations of ionized
and neutral gas tracers. Using a single line tracer could bias the
interpretation of galaxy dynamics, making multiwavelength
data needed for a comprehensive physical picture of galaxy
dynamics. On the other hand, investigating the velocity
structure of cold and hot gas disks may tell us about disk
formation. To first order, we find a similar velocity structure
between Ha and [C 11], showing some ordered rotation as well
as mergers (e.g., A. L. Danhaive et al. 2025; L. L. Lee et al.
2025; E. Wisnioski et al. 2025). The fraction of disk-
dominated systems is around 40%-50% as measured by
[C1] (G. C. Jones et al. 2021; M. Romano et al. 2021;
K. Telikova et al. 2025) and Ha (K. Telikova et al. 2025;
L. L. Lee et al. 2025) for the ALPINE/CRISTAL sample. A
more detailed comparison between the ionized gas (Ha) and
the cold ISM gas (as traced by [C1I]) will be presented in a
forthcoming paper.
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4.5. Nebular Dust Attenuation

The nebular dust attenuation differs from the stellar
attenuation due to the configuration of clouds in the ISM
(e.g., D. Calzetti 2001; N. A. Reddy et al. 2015; S. Salim &
D. Narayanan 2020; N. A. Reddy et al. 2025). The differential
dust attenuation’® between nebular and stellar light is therefore
an important quantity for many science applications (see the
discussion by A. L. Faisst et al. 2019). With JWST spectro-
scopic observations, we can now derive the nebular dust
attenuation of our targets through the Ha/HG Balmer
decrement via

_ 2.5
(kx(HB) — kx(Ho)

where k\(Ha) and k,(H/3) are the reddening curve values at the
wavelength of Ha and Hg, respectively. R and R, are the

observed and intrinsic Hf‘ flux ratio, respectively. From that,

E,(B=V) log(R/Ro), ey

any observed emission-line flux (F!™) can be translated into
an intrinsic line flux (™) by correcting for the presence of
galaxy-intrinsic dust via

Filine ()\) — ngne (/\) % 10().4 E,(B-V) k()\)_ (2)

76 The differential dust attenuation between stars and nebular lines is defined
as faut = E(B — V) [ Ex(B — V).
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Figure 8. Dependence of nebular dust attenuation (left y-axis) derived from
the % Balmer decrement on electron temperature (7,) and recombination type
(case A: dashed line; case B: solid line) using PyNeb. The right y-axis shows
the Ry value with the canonical value of 2.86 (for case B and 7, = 10*K
highlighted). Note that the dependence on electron density (n,) is insignificant.
The blue area shows the observed T, range measured for ALPINE-CRISTAL-
JWST galaxies with auroral line detections (see A. Faisst et al. 2025).

We assumed a reddening curve k(\) similar to local
starburst galaxies (D. Calzetti et al. 2000), motivated by the
fact that the ALPINE galaxies are relatively metal enriched
(see Section 4.6), even though some evolution of the dust
properties are suggested by works measuring the dust
attenuation curve (R. Fisher et al. 2025; V. Markov et al.
2025). Note that the intrinsic flux ratio R, varies on the
assumption of electron temperature, density, and recombina-
tion type (case A and B). Specifically, case B is valid for a
medium that is optically thick where recombination to the
ground state is ignored as the ionizing photons are absorbed
locally (“on-the-spot” approximation). Vice versa, case A is
expected in an optically thin cloud (see discussion in
O. Nebrin 2023).

Usually, a canonical value of Ry, = 2.86 is assumed
(J. A. Cardelli et al. 1989), which is valid for case B
recombination and T, = 10*K. In Figure 8, we show how Ry,
and the corresponding difference in E,(B — V), change with
respect to these canonical values as a function of 7, for both
case A and B recombination. The curves are derived using the
PyNeb Python package (V. Luridiana et al. 2015) with the
P. J. Storey & D. G. Hummer (1995) atomic database and for
n, = 500 cm > (consistent with observations of the ALPINE
galaxies; B. N. Vanderhoof et al. 2022; A. Faisst et al. 2025;
E. Veraldi et al. 2025). In the following, we quote the
E,(B— V) values (and use this as dust correction) for the
canonical emission-line dust correction (case B, 7, = 10*K)
for simplicity and for comparison to other works. However, we
caution that the quoted E,(B— V) values could be under-
estimated by up to 0.04-0.05mag (although smaller than
measurement errors) due to lower R, values assuming the
observed T, range (blue area in Figure 8, see also A. Faisst
et al. 2025 and I. DeLooze et al. 2025, in preparation, where T,
is derived from fainter auroral lines). Lower values can also be
achieved through Balmer self-absorption such as suggested in
low-mass strong-line emitters (H. Atek et al. 2009; H. Yang
et al. 2017; N. Pirzkal et al. 2023; C. Scarlata et al. 2024). The
final values of E,(B— V) of the galaxies in our sample are
listed in Table A2.

We also compared the E,(B — V') values to the stellar dust
attenuation values, E((B — V), derived from SED fitting
(A. Tsujita et al. 2025). We find a differential dust attenuation
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Figure 9. Relation between Ho/H/3 total line flux ratios and stellar mass. The
ALPINE-CRISTAL-JWST z ~ 5 observations are shown as large symbols
together with data at z ~ 0 (SDSS, total stellar masses, blue background;
K. N. Abazajian et al. 2009), at z ~ 1.3 (HST grism, blue stars; A. J. Battisti
et al. 2022), at z ~ 2 (MOSDEF, purple line; A. E. Shapley et al. 2022), and at
z > 2.7 (CEERS, other symbols, see A. E. Shapley et al. 2023). The expected
Ha/HB line ratio for case B recombination is shown as a dashed
horizontal line.

(faust)» Which is consistent with the value measured for local
starburst galaxies (fyusy = 0.44; D. Calzetti et al. 2000).
However, we note that this is a spatial integrated average and
locally the differential dust attenuation may vary. This is
discussed in detail by A. Tsujita et al. (2025).

Figure 9 suggests that the relation between the Ha/H( line
ratio and stellar mass is not evolving significantly with cosmic
time since z = 5. We find a similar relation to that found by
the MOSDEF survey (z ~ 2; N. A. Reddy et al. 2015;
A. E. Shapley et al. 2022) and the z ~ 0 galaxy population
from SDSS (using the total masses; K. N. Abazajian et al.
2009). However, we find generally lower values compared to
the study by A. J. Battisti et al. (2022), focusing on z = 1.3
galaxies observed with HST grism. Note that using SDSS fiber
stellar masses (instead of total masses) would move the z = 0
cloud to ~0.4 dex lower stellar masses, making it consistent
with the z = 1.3 measurements from A. J. Battisti et al. (2022).
Literature studies at similar redshifts of z = 4-6 (A. E. Shapley
et al. 2023) are consistent with our measurements when
extrapolating the relation from their lower stellar masses to the
higher stellar masses probed by the ALPINE-CRISTAL-JWST
survey sample. For two galaxies (VC-5100541407 and VC-
5101218326) we find Ho/Hp line ratios that are below the
canonical case B value of 2.86. This could mean either hotter
temperatures (Figure 8) or that case B is not valid in these
cases (see the discussion in C. Scarlata et al. 2024). However,
we caution to draw such conclusions as the measurement
uncertainties are significant and the values are consistent at the
lo-level with the case B value. We note that there are also
several CEERS galaxies that show Ha/H values smaller than
the canonical value. A. E. Shapley et al. (2023) argue that the
majority of these cases are due to the remaining systematics in
the NIRSpec grating-to-grating flux calibration. The upper
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Figure 10. The stellar mass vs. metallicity relation of the z ~ 5 ALPINE-
CRISTAL-JWST sample. Other observations with JWST at z = 4-6 (aqua
open squares; see the text for references) and at z = 6.5-7.5 (gold triangles;
from the REBELS-IFU sample, L. E. Rowland et al. 2025) are also shown.
The lines show the parameterizations by R. Maiolino et al. (2008) at z < 3.5.
The gray large symbols show ALPIEN-CRISTAL-JWST type 1 AGN
candidates by W. Ren et al. (2025).

limit (hatched circle) is DC-873756, a potential BPT-selected
AGN with uncertain Ha measurement and weak Hf3 flux due
to significant dust attenuation in the central core as suggested
by the ALMA dust continuum detection.

4.6. Strong-line Metallicity Measurement

We measured the gas-phase metallicity, defined as
Zneb = 12 + log(O/H), of our galaxies using the strong
optical emission lines detected for all individual galaxies. In
A. Faisst et al. (2025), we investigated T,-based metallicities
and the comparison of different strong-line calibrations in
more detail.

Here, we measured the spatially integrated metal content of
the galaxies using strong optical lines such as [O11], HG, and
[O 1] using the calibration revisited by R. L. Sanders et al.
(2024). Specifically, we derived a best-fit metallicity for each
galaxy by jointly fitting the line ratios R,z = ([O1ll]5097 +
[Olsos0 + [OTl3727)/HB, Ry = [Olll3727/HB, O3, =
[0 1M]5007/[0 3727, and Rz = ([0 M]sp07 + [O M]4950)/HA
to the R. L. Sanders et al. (2024) parameterizations. All
emission-line ratios were corrected for dust attenuation
assuming the D. Calzetti et al. (2000) reddening curve and
E, (B — V) as derived in Section 4.5. The measured emission-
line ratios for each galaxy are listed in Table A3. We first used
the parameterization from R. L. Sanders et al. (2024) and
derive a x*(Z,ep) value for a grid of metallicities for each of
the line ratios. To obtain the final best-fit metallicity and
uncertainties, we combined the x* results and computed the
16-50-84 percentiles. The final strong-line metallicity mea-
surements are listed in Table A2. We note that using all the
above line ratios could lead to overfitting (as they are not
independent of each other). We tested the impact of this on our
final results by refitting the line ratios only using the
combinations R, + O3, or Ry + 0O3,. We found that the
metallicity measurements differ by less than 0.05dex in
12 + log(O/H), an overall difference of <lo.
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Figure 10 shows the stellar mass versus metallicity relation
for our ALPINE-CRISTAL-JWST survey targets. The mea-
sured abundances range from 7.7 to 8.5 in 12 + log(O/H),
corresponding to 10%-70% of solar metallicity.”” We
compared our measurements at z ~ 5 to observations at other
redshifts. These include the mass—metallicity parameterization
from R. Maiolino et al. (2008; based on T. Nagao et al. 2006)
at z < 3.5, measurements from the REBELS-IFU sample at
z = 6.5-7.5 (L. E. Rowland et al. 2025), and various other
observations with JWST from the literature at z = 4-6
(including M. Curti et al. 2023; K. Nakajima et al. 2023;
A. Marszewski et al. 2024; T. Morishita et al. 2024; A. Sarkar
et al. 2025). Note that the metallicity measurements at z > 6.5
are mainly based on [O III] and [OI1], while the ones derived
for our sample are based on a combination of all strong optical
lines. Overall, we find that the ALPINE-CRISTAL-JWST
galaxies, which lie at the higher mass end of the galaxy
distribution at these redshifts, are ~0.5dex more metal
enriched than galaxies at the same redshifts at lower stellar
masses of log(My/M.) < 9. However, we do not find a
significant evolution in metal abundances between z = 3.5 and
7.5 at a given stellar mass, emphasizing that early galaxies
must already be significantly metal enriched. The detailed
comparison of these findings to analytical and cosmological
models are presented in A. Faisst et al. (2025). In addition,
spatially resolved metallicity measurements are presented in
S. Fujimoto et al. (2025) as well as in other future works.

4.7. Comparison of Different Star Formation Indicators

Figure 11 shows a comparison between the different SFR
indicators discussed in Section 3.5. To first order, we find a
good agreement between Ha-derived SFRs and SFRs based on
SED fitting and UV+FIR luminosity (left panel), [O1I]
emission (middle panel), and [CII] (right panel; using the
calibration by D. Schaerer et al. 2020). To second order, we
find an increased scatter with an amplitude of a factor of 5 or
more between [C II] or continuum-based /SED-based SFR and
Ha or [O 11]-based SFRs. The scatter is toward higher Ha or
[O11] SFRs. This systematic scatter can be explained naturally
by a bursty star formation, which is common in star-forming
galaxies at high redshifts (e.g., A. L. Faisst et al. 2019;
V. Mehta et al. 2023; R. Endsley et al. 2025; R. Navarro-
Carrera et al. 2024; G. Sun et al. 2025). For example,
A. L. Faisst et al. (2019) measured similar discrepancies
between Ha- and SED-based SFR measurements for a large
sample of z = 4.5 galaxies. (Although note that in this case Ha
was measured from Spitzer [3.6 um]-[4.5 pm] colors with an
unknown fy,s, Which caused significant uncertainties.) Ho is
tied to ionized gas around star-forming regions and correlates
directly with star formation on timescales of ~10 Myr (e.g.,
R. C. Kennicutt 1998). [C1II] is expected to be emitted in
various ISM phases, hence a correlation with star formation
similar to the UV or far-IR continuum is expected (I. De Looze
etal. 2011; R. Herrera-Camus et al. 2015). For the dependence
of the Hoa versus [C1I] SFR relation with burstiness, see also
the theoretical work by E. Veraldi et al. (2025). We find three
outliers (DC-873756, VC-5100541407, and VC-5101218326)
with significantly larger uncertainties in Ha. The first one is

77 We assume here a solar value of 12 + log(O/H) = 8.69 (C. Allende Prieto
et al. 2001); however, note that this value could be higher (M. Bergemann
et al. 2021).
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Figure 11. Comparison of different star formation indicators to Ha (SED- and UV+IR-based, left; [O I1]-based, middle; [C 1I]-based, right). Limiting UV+IR-based

SFRs are given for upper limits in Ljg (left panel, empty symbols). The dark (light)

bands show a factor of 2 (5) deviation from the one-to-one relation. The scatter

between SED- and [C 11]-based SFR compared to Hae SFRs may be due to the different SFR timescales probed by these indicators. The inset shows histograms of the
logarithmic difference in SFRs (negative values meaning higher How SFR). The dashed line indicates the median, while the dotted lines show the 1o range. Type 1
AGN candidates from W. Ren et al. (2025) are indicated by larger symbols (see also Section 2.2). Note that these are consistent with the expected relations.

the potential BPT-detected AGN (Figure 6). The other two
seem to be significantly dust obscured according to their
ALMA far-IR continuum. Consequently, they show a lower
SNR in [O11], HB, and [O 1] line emission, which increases
the uncertainty in the nebular dust correction measurement,
which in turn leads to an underestimation of their dust-
corrected Ha- and [O 11]-based SFRs.

4.8. Extended Ho. Emission atz = 5

In addition to the study of spatially integrated properties
outlined in this paper, JWST’s IFU observations open the door
for new cutting-edge studies of the enrichment of the CGM
around high-redshift galaxies. So far, extended halos of
carbon-enriched warm gas have been traced by [C IT] emission
out to as far as 10 kpc (e.g., S. Fujimoto et al. 2019). Only now
with NIRSpec/IFU data, we are able to trace the ionized gas
structure out to similar radii. This allows unique comparisons
of the extended UV (ionized by young stars), Ha (ionized gas),
and [C1I] (warm gas) and their comparison to simulations to
inform feedback prescriptions and the abundance of satellite
galaxies to ultimately study the origin of these halos (e.g.,
M. Ginolfi et al. 2020; E. Pizzati et al. 2020, 2023; N. Muilo-
z-Elgueta et al. 2024; M. Romano et al. 2024; A. Schimek
et al. 2024; J. E. Birkin et al. 2025; R. Ikeda et al. 2025).

Figure 12 shows the stacked UV, He, and [C 1] radial profiles
obtained from a subsample of isolated, nonmerging galaxies
from the ALPINE-CRISTAL-JWST sample (DC-494763,
DC-519281, DC-630594, DC-709575, VC-5100822662, and
VC-5101218326). A two-component fit (inset) confirms Ha disk
components with twice as large effective radii compared to
continuum emission. This suggests the extent of the ionized
medium into the CGM, either due to surrounding star-forming
regions (e.g., star-forming satellites) or ionization of gas from the
young stellar population in the central galaxy. We can also see
that the [C1I] emission is more extended than the Ho emission
(and significantly more than the UV emission) suggesting
maintained [C II] halos far out into the CGM. This is consistent
with a relatively enriched CGM at similar levels of the ISM
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Figure 12. Average [C1I] (gray, hatched), UV continuum (blue), optical
continuum (green), and Ha (red) radial profiles (thick lines with lo
uncertainty). The profiles are normalized to their peak intensity. Only isolated
and compact galaxies have been used (see the text). The gray region shows the
IFU spatial PSF profile. The upper right inset shows the average radial profile
of the Ha/HB flux ratio, suggesting a relatively constant radial dust
attenuation. The lower left inset shows the decomposition of the UV (light
blue) and Ha (light red) radial profiles in a disk (ngersic = 1, dotted) and bulge
(Nsersic = 4, dashed) component. The bulge components have the same half-
light radius, while R ~ 2 x R%Yq.

(W. Wang et al. 2025, in preparation) and a comparison with
simulations suggests that outflows may play a role more
significant than satellite galaxies in this enrichment process
(L.-J. Liu et al. 2025, in preparation).

5. Summary and Future Work

In this paper, we have introduced the ALPINE-CRISTAL-
JWST survey, a benchmark survey to study the spatially
resolved properties of the ISM and CGM of typical main-
sequence z = 4-6 galaxies at log(My/M.) > 9.5. The unique
combination of HST, JWST, and ALMA enables for the first
time the observations of stars, dust, and gas at UV through
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far-IR wavelengths at comparable spatial resolution of ~1 kpc.
Only with such a multiwavelength exploration we can progress
our understanding of the intertwined physical processes in
galaxies at early times. Located right at the post-EoR cosmic
time, the ALPINE-CRISTAL-JWST survey provides the
necessary link between primordial galaxy evolution during
the EoR (z > 6) and mature galaxy evolution at cosmic noon
(z = 2-3). Furthermore, it complements studies of JWST-
detected galaxies at lower stellar masses. For example, we
show that the metal content of galaxies across all masses
evolves little between z = 5 and cosmic noon. This is
discussed in more detail in A. Faisst et al. (2025).

The ALPINE-CRISTAL-JWST survey helps answer many
open questions regarding the ISM and CGM properties of
post-EoR galaxies, including how and where stars are formed,
how their ISM is built up, and how the CGM is enriched. The
survey also sheds light on the contribution of faint AGN to the
typical galaxy population at these redshifts.

In addition to the spatial integrated properties outlined in
this paper, JWST’s IFU enables new resolved observations of
the rest-frame optical light, which, combined with imaging and
ALMA observations on similar spatial scales, will lead surely
to new scientific discoveries. This includes the measurement of
the star formation burstiness in different parts of the galaxies
through the spatially resolved Ha/UV continuum emission
ratio (A. Hadi et al. 2025, in preparation), reflecting bursts of
star formations (e.g., A. L. Faisst et al. 2019). Another
interesting avenue of research may be extended Ha halos and
their connection to UV and [CII] emission (see Section 4.8).
The study of the multiphase gas (ionized, warm, and neutral)
in the halos of these galaxies provide unique insights into the
processes of feedback (stellar and AGN), outflow, and the
existence of satellite galaxies in enriching the CGM of these
galaxies. The comparison to state-of-the-art simulations
(L.-J. Liu et al. 2025, in preparation) will enable us to gain a
comprehensive picture of these processes and their impact on
early galaxy formation and evolution.

In addition to these interesting avenues, the ALPINE-
CRISTAL-JWST survey will enable future science investiga-
tions capitalizing on its unique combination of the spectral and
spatial resolution and multiwavelength coverage of different
cutting-edge facilities:

I. The integrated stellar mass versus metallicity relation
and its comparison to state-of-the-art model predictions
is further discussed in A. Faisst et al. (2025).

II. Resolved metallicity abundances and gradients as well as

the spatially resolved relation between metallicity, SFR,

and stellar mass density is discussed in the ALPINE-

CRISTAL-JWST data reduction paper by S. Fujimoto

et al. (2025) as well as in L. L. Lee et al. (2025).

The discovery of low-luminosity type 1 (broad line)

AGN and their black hole masses are presented in

W. Ren et al. (2025).

A comprehensive investigation of the difference in the

chemical properties of the ISM and CGM will be

presented in W. Wang et al. (2025, in preparation).

V. The study of the resolved stellar and nebular dust

attenuation is presented in A. Tsujita et al. (2025).

The properties of star formation driven outflows and their

role in producing the first massive quiescent galaxies will

be discussed in R. Davies et al. (2025, in preparation).

1L

IV.

VL
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VII. The metallicity dependence of the [CII] versus FIR
luminosity ratio will be studied to understand [CII]
deficits (R. Herrera-Camus et al. 2025, in preparation).
A spatial study of star formation burstiness and compar-
ison to theoretical models will be carried out in A. Hadi
et al. (2025, in preparation).

A detailed investigation of the (spatially resolved)
relation between [C1I] and SFR is, and will be, carried
out in C. Accard et al. (2025), M. Palla et al. (2025, in
preparation), and Y. Li et al. (2025, in preparation).

X. Spatially resolved scaling relations including dust masses
and dust temperatures will be studied in F. Lopez et al.
(2025, in preparation) and M. Relano et al. (2025, in
preparation).

The relation between N/O and O/H will be studied in
I. DeLooze et al. (2025, in preparation).

VIIL

IX.

XL

Additional studies will focus on the spectroscopic properties
of star-forming clumps, constraining the IMF, the comparison
of the kinematics of low and high-ionization gas as traced by
[CH] and optical lines, the detailed spatially resolve star
formation history modeling including spectroscopic data (see
also J. Li et al. 2024), the study of dust production
mechanisms, and the characterization of spatial changes in
the ionization parameter (&;,,) that can inform the reionization
of neutral hydrogen by galaxies in the EoR.
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Appendix A
Tables

The following tables describe a summary of the targets and
available data (Table Al), a summary of physical measure-
ments (Table A2), and a list of measured emission-line ratios
(Table A3) and line fluxes (Table A4).
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Table Al

Summary of Targets and Available Data

Name

JWST

HST ALMA
ALPINE CRISTAL Spec. Imaging Spec. /Imag.
DC-417567 CRISTAL-10 3045, 5974, 6480 0822, 16443, 13641 2012.1.00523.S, 2017.1.00428.L, 2021.1.00280.L, 2019.1.00459.S
DC-494763 CRISTAL-20 3045, 5893 1727 9822, 13657, 16259, 16443, 16684, 17802  2017.1.00428.L, 2021.1.00280.L, 2023.1.00180.L
DC-519281 CRISTAL-09 3045, 5974, 5893 1727 9822, 12578, 13669, 14114, 16443, 17802  2017.1.00428.L, 2021.1.00280.L
DC-536534 CRISTAL-03 3045, 5893 1727 9822, 12578, 13641, 16259, 16443 16684, 2012.1.00523.S, 2017.1.00428.L, 2021.1.00280.L, 2023.1.00180.L
17802
DC-630594 CRISTAL-11 3045, 5893, 6368 1727, 1837, 1840, 9822, 12440, 12328, 15100, 15647, 17802  2013.1.01292.S, 2015.1.00379.S, 2017.1.00428.L, 2021.1.00280.L, 2021.1.00225.S
2321, 2514
DC-683613 CRISTAL-05 3045, 5893, 5974 1727, 1837, 5893 9822/9999, 12328, 13641, 13657, 15100, 2012.1.00523.S, 2017.1.00428.L, 2018.1.01359.S, 2019.1.00459.S, 2021.1.00280.L, 2021.1.00705.S,
16443, 17802 2021.1.00225.S, 2023.1.00180.L
DC-709575 CRISTAL-14 3045, 5893 1727, 5893 9822, 13294, 13641, 13868, 16259, 16443, 2017.1.00428.L, 2021.1.00280.L, 2021.1.00225.S
17802
DC-742174 CRISTAL-17 3045, 5545, 1727, 1837 9822/9999, 12328, 12440, 12461, 15647, 2017.1.00428.L, 2021.1.00280.L, 2021.1.00225.S, 2023.1.00180.L
5893, 6368 16443, 17802
DC-842313 CRISTAL-01 3045, 4265 1727, 3954 9822, 13641, 13294, 14114, 14719, 16443, 2012.1.00978.S, 2016.1.00171.S, 2016.1.00478.S, 2017.1.00428.L, 2019.1.01587.S, 2021.1.00280.L,
17802 2022.1.00863.S
DC-848185 CRISTAL-02 3045 1727, 2417 9822, 12328, 13641, 13384, 14114, 16443, 2011.0.00964.8, 2012.1.00523.S, 2013.1.01258.S, 2015.1.00928.S, 2015.1.00388.S, 2016.1.01149.S,
17802 2017.1.00428.L, 2018.1.00348.S, 2019.1.00459.S, 2021.1.00280.L, 2021.1.00705.S
DC-873321 CRISTAL-07 3045, 5974 1727 9822, 13641, 16443, 17802 2012.1.00523.S, 2017.1.00428.L, 2021.1.00280.L, 2022.1.00863.S
DC-873756 CRISTAL-24 3045, 5974 1727 9822, 13641, 16259, 16443, 17802 2017.1.00428.L, 2019.1.00226.S, 2024.1.01401.S
VC-5100541407 CRISTAL-06 3045, 6480 1727 0822, 12578, 14495, 14596, 16443, 17802  2017.1.00428.L, 2021.1.00280.L
VC-5100822662 CRISTAL-04 3045, 5893 1727 9822, 12578, 13669, 14114, 16443, 17802  2017.1.00428.L, 2021.1.00280.L
VC-5100994794 CRISTAL-13 3045, 5893, 6368 1727, 1837 9822, 12328, 12440, 15647, 17802 2017.1.00428.L, 2021.1.00225.S, 2021.1.00280.L
VC-510128326 CRISTAL-25 3045, 5893 1727 9822, 15692, 16259, 16443, 17802 2015.1.00379.8, 2016.1.01546.S, 2017.1.00428.L, 2019.1.00226.S
VC-5101244930 CRISTAL-15 3045, 5893 1727, 1837 9822, 12328, 12440, 15100, 16443, 17802  2013.1.01292.S, 2017.1.00428.L, 2021.1.00280.L, 2021.1.00225.S
VC-5110377875 3045, 5893 1727 9822, 16259, 16443, 17802 2015.1.00379.S, 2017.1.00428.L, 2022.1.01118.S

Notes. Proposal IDs for JWST: 1727 (PL: Kartaltepe, NIRCam F115W /F150W /F277W /F444W, MIRI F770W), 1837 (PL: Dunlop, NIRCam FO90W /F115W /F200W /F277W /F356W /F444W, MIRI F770W /F1800W), 1840 (PI: Alvarez-
Marquez, NIRCam F115W /F150W /F200W /F250W /F335W /F444W), 2321 (PI: Best, NIRCam F212N/F200W /F444W /F470N), 2417 (PI: Riechers, NIRCam F200W /F356W /F444W, MIRI F1000W /F1500W /F2100W), 2514 (PI: Williams,
NIRCam F115W /F150W /F200W /F277W /F356W /F444W), 3045 (this program, shown in bold; PI: Faisst, NIRSpec/IFU G235M/G395M), 3954 (PI: Lelli, MIRI F770W), 5545 (PI: Barrufet, NIRSpec Prism (MSA may not include source.)),
5893 (PI: Kakiichi, NIRCam/Grism F1 ]5W/F200W/F356W/F444W, MIRI F1000W /F2100W), 5974 (PI: Aravena, NIRSpec/IFU G395H), 6245 (PI: Gonzalez-Lopez, NIRCam F200W /F356W, NIRSpec G235M/G395H), 6368 (PI: Dickinson,
NIRSpec/MSA Prism (MSA may not include source.)), 6480 (PI: Schouws, NIRCam/Grism, NIRCam FO70W /F115W /F200W /F356W /F444W).

Proposal IDs for HST: 9822/9999 (PI: Scoville, ACS F814W), 12328 (PI: van Dokkum, ACS F814W, WFC3 F140W /G141/G800L), 12440 (PI: Faber, ACS F814W /F606W, WFC3 F125W /F160W), 12461 (PL: Riess, ACS F606W /F814W),
12578 (PI: Forster-Schreiber WFC3 F110W /F160W), 13294 (PI: Karim, ACS F814W), 13384 (PI: Riechers, ACS F606W, WFC3 F125W /F160W), 13641 (PI: Capak, WFC3 F105W /F125W /F160W), 13657 (PI: Kartaltepe, WFC3 F160W),
13669 (PI: Carollo WFC3 F438W), 13868 (PI: Kocevski, WFC3 F160W), 14114 (PI: van Dokkum, WFC3 F160W), 14495 (PI: Sobral, WFC3 F140W /G141), 14596 (PI: Fan, WFC3 F110W /F160W), 14719 (PI: Best, WFC3 F606W /F140W),
15100 (PI: Cooke, ACS F435W), 15647 (PL: Teplitz, ACS F435W, WFC3 F275W), 15692 (PI: Faisst, WFC3 F105W /F160W), 16259/16443 (PI: Momcheva, WFC3 F160W/G141), 16684 (PI: Lemaux, WFC3 F160W/G141), 17802 (PI:
Kartaltepe, ACS F435W /F606W, WFC3 F098W).

Proposal IDs for ALMA: 2011.0.00964.S (PI: Riechers, Band 7), 2012.1.00523.S (PI: Capak, Band 7), 2012.1.00978.S (PL: Karim, Band 7), 2013.1.01258.S (PI: Riechers, Band 7), 2013.1.01292.S (PI: Leiton, Band 7), 2015.1.00379.S (PL:
Schinnerer, Band 6), 2015.1.00388.S (PI: Lu, Band 6), 2015.1.00928.S (PI: Pavesi, Band 6), 2016.1.00171.S (PI: Daddi, Band 3), 2016.1.00478.S (PI: Miettinen, Band 7), 2016.1.01149.S (PI: Keating, Band 3), 2016.1.01546.S (PIL: Cassata,
Band 3), 2017.1.00428.L (ALPINE; PI: Le Fefre, Band 7), 2018.1.00231.S (MORA; PI: Casey, Band 4), 2018.1.00348.S (PI: Faisst, Band 8), 2018.1.01359.S (PI: Aravena, Band 7), 2019.1.00226.S (PI: Ibar, Band 7), 2019.1.00459.S (PI: Scoville,
Band 4), 2019.1.01587.S (TRICEPS; PI: Lelli, Band 7), 2021.1.00225.S (exMORA; PI: Casey, Band 4), 2021.1.00280.L (CRISTAL; PI: Herrera-Camus, Band 7), 2021.1.00705.S (PI: Cooper, Band 4), 2022.1.00863.S (PL: Hodge, Band 3), 2022.1.
01118.S (PL: Béthermin, Band 7), 2023.1.00180.L (CHAMPS; PI: Faisst, Band 6), 2024.1.01401.S (PI: Herrera-Camus, Band 9).
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https://www.stsci.edu/jwst/science-execution/program-information?id=1727
https://www.stsci.edu/jwst/science-execution/program-information?id=1837
https://www.stsci.edu/jwst/science-execution/program-information?id=1840
https://www.stsci.edu/jwst/science-execution/program-information?id=2321
https://www.stsci.edu/jwst/science-execution/program-information?id=2417
https://www.stsci.edu/jwst/science-execution/program-information?id=2514
https://www.stsci.edu/jwst/science-execution/program-information?id=3045
https://www.stsci.edu/jwst/science-execution/program-information?id=3954
https://www.stsci.edu/jwst/science-execution/program-information?id=5545
https://www.stsci.edu/jwst/science-execution/program-information?id=5893
https://www.stsci.edu/jwst/science-execution/program-information?id=5974
https://www.stsci.edu/jwst/science-execution/program-information?id=6245
https://www.stsci.edu/jwst/science-execution/program-information?id=6368
https://www.stsci.edu/jwst/science-execution/program-information?id=6480
https://www.stsci.edu/hst-program-info/program/?program=9822
https://www.stsci.edu/hst-program-info/program/?program=9999
https://www.stsci.edu/hst-program-info/program/?program=12328
https://www.stsci.edu/hst-program-info/program/?program=12440
https://www.stsci.edu/hst-program-info/program/?program=12461
https://www.stsci.edu/hst-program-info/program/?program=12578
https://www.stsci.edu/hst-program-info/program/?program=13294
https://www.stsci.edu/hst-program-info/program/?program=13384
https://www.stsci.edu/hst-program-info/program/?program=13641
https://www.stsci.edu/hst-program-info/program/?program=13657
https://www.stsci.edu/hst-program-info/program/?program=13669
https://www.stsci.edu/hst-program-info/program/?program=13868
https://www.stsci.edu/hst-program-info/program/?program=14114
https://www.stsci.edu/hst-program-info/program/?program=14495
https://www.stsci.edu/hst-program-info/program/?program=14596
https://www.stsci.edu/hst-program-info/program/?program=14719
https://www.stsci.edu/hst-program-info/program/?program=15100
https://www.stsci.edu/hst-program-info/program/?program=15647
https://www.stsci.edu/hst-program-info/program/?program=15692
https://www.stsci.edu/hst-program-info/program/?program=16259
https://www.stsci.edu/hst-program-info/program/?program=16443
https://www.stsci.edu/hst-program-info/program/?program=16684
https://www.stsci.edu/hst-program-info/program/?program=17802
https://almascience.nrao.edu/aq/?projectCode=2017.1.00428.L
https://almascience.nrao.edu/aq/?projectCode=2012.1.00523.S
https://almascience.nrao.edu/aq/?projectCode=2012.1.00978.S
https://almascience.nrao.edu/aq/?projectCode=2013.1.01258.S
https://almascience.nrao.edu/aq/?projectCode=2013.1.01292.S
https://almascience.nrao.edu/aq/?projectCode=2015.1.00379.S
https://almascience.nrao.edu/aq/?projectCode=2015.1.00388.S
https://almascience.nrao.edu/aq/?projectCode=2015.1.00928.S
https://almascience.nrao.edu/aq/?projectCode=2016.1.00171.S
https://almascience.nrao.edu/aq/?projectCode=2016.1.00478.S
https://almascience.nrao.edu/aq/?projectCode=2016.1.01149.S
https://almascience.nrao.edu/aq/?projectCode=2016.1.01546.S
https://almascience.nrao.edu/aq/?projectCode=2017.1.00428.L
https://almascience.nrao.edu/aq/?projectCode=2018.1.00231.S
https://almascience.nrao.edu/aq/?projectCode=2018.1.00348.S
https://almascience.nrao.edu/aq/?projectCode=2018.1.01359.S
https://almascience.nrao.edu/aq/?projectCode=2019.1.00226.S
https://almascience.nrao.edu/aq/?projectCode=2019.1.00459.S
https://almascience.nrao.edu/aq/?projectCode=2019.1.01587.S
https://almascience.nrao.edu/aq/?projectCode=2021.1.00225.S
https://almascience.nrao.edu/aq/?projectCode=2021.1.00280.L
https://almascience.nrao.edu/aq/?projectCode=2021.1.00705.S
https://almascience.nrao.edu/aq/?projectCode=2022.1.00863.S
https://almascience.nrao.edu/aq/?projectCode=2022.1.01118.S
https://almascience.nrao.edu/aq/?projectCode=2022.1.01118.S
https://almascience.nrao.edu/aq/?projectCode=2023.1.00180.L
https://almascience.nrao.edu/aq/?projectCode=2024.1.01401.S
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Table A2
Summary of Physical Measurements
Name M,? SFRsgp®  SFRuyir  SFRicn SFRy, SFRjom Age  E(B-V) E(B-V) 12+ log(O/HY
A0°Mo) Moy Moyr ) Moy ) (Moyr)  (Moyr ) (Myn) (mag) (mag)
DC-417567 9.87102 72742 721 2343 73+ 35+4 10571 016405 0.0879% 8.0475%2
DC-494763 32142 28436 2772 39+3 5714 4243 175252 0.07799! 0.16*5% 8.29002
DC-519281 6.9715! 3219 3147 43*1 1315 50713 324430 011799 0.21°0.0% 7.99+008
DC-536534 25.17%9 62+8} 35732 69717 404732 234437 456127 0.43%9% 0.33+0:92 8.170%¢
DC-630594 48134 3739 2511 52+8 68+1¢ 68+37 1867227 0.09790! 0.26+391 8.47004
DC-683613 145579 68*5] 38H¢ 7077 4072 3478 274735 0.07+59)! 0.151003 8.497003
DC-709575 34747 28739 >17 2178 2343 1743 190432 0.06759! 0.1570.04 8.2700%
DC-742174 3274 15716 >19 943 15*2 47} 354738 0.091991 0.02+3% 7.84790
DC-842313 4477388 2041018 >97 3618 318424 49337 304139 025709 0. 64*8(‘); 8.48+003
DC-848185 201 3%! 1787309 93+31 162112 270*% 2053 98733 0.15:59! 0.27003 8.2810.03
DC-873321 10+14* 78744 4748 87113 1135, 67713 11278 0.13+991 02535 8.1179%
DC-873756 33.9+%2 115738 175415 434713 218 1440 550733 0431092 >—0.14 8.687038
VC-5100541407  12.37122 42439 45+2 112414 St 1+ 40043 0.1+9%2 0.11%946 8.214034
VC-5100822662  14.1 53¢ 78748 4278 6977 6813 5672 2377158 0.06759! 0.1975%2 8.337004
VC-5100994794  4.5%33 3273 30740 4513 78733 7413 1937222 0.09+991 0.373% 8.417°0%
VC-5101218326  79.4%5¢% 562733 83+ 190719 11728 547 6461975 0.1659! 0.1 o 8.361034
VC-5101244930  4.973¢ 28739 >26 4171 7553 55538 1831385 0.035) 0.2470:08 8.24101,
VC-5110377875  14.7%5% 9973 >85 176113 92740 93709 1614137 0.11539!1 0261512 8415008
Notes.
% From R. Herrera-Camus et al. (2025) based on CIGALE fits in I. Mitsuhashi et al. (2024).
® From A. Tsujita et al. (2025).
¢ Uses the R. L. Sanders et al. (2024) strong-line calibration.
Table A3
Summary of Measured (Dust-corrected) Line Ratios
Name log(R»3) log(R3) log(R>) log(03) log(V2) log($2) log(Sr)
DC-417567 1.03+09! 0.97109! 0.14+992 0711002 —1.13%98 —1.25+00 0.11+94
DC-494763 0.95%00! 0837001 0337993 0371002 —0.9379% —0.95793 —0.22+997
DC-519281 0.95+5% 0.897531 0.0475% 0.7329%8 —0.97+3:49 —1.1153% —0.015913
DC-536534 1064091 0.99*59! 0.239% 0.645%2 —1.01%99% —1.291043 —0.20%912
DC-630594 0997002 0.841003 0461007 0244004 —0.93700 —0.91t8_8§ —0.12992
DC-683613 0.8275%3 0.62592 0.3975%2 0.101093 —0.7649:0 —0.8370%; —0.0510%
DC-709575 099352 0.88+0:92 0.347993 0.4279%3 —1.1679% —1.01+99¢ —0.0675%
DC-742174 0.96*9% 0.92+5% —0.1179%¢ 0.917903 —1.6179% —1.1053%7 —0.121911
DC-842313 112308 0.94+00 0.6579:0 0.141997 —0.7519% —0.641093 —0.137092
DC-848185 097192 0.867001 o.34t8,82 0.3910:03 —0.7570% —0.707392 —0.0773%
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VC-5101218326
VC-5101244930
VC-5110377875
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—0. 64+O 21
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Note. Definition of line ratios: R,; =

[O mM]s007/[0 M3727, N2 =

([0 T]spp7 + [OTlyese + [OTls727)/HB, Rz =
[N Iesss/Ha, S2 = ([S Tle732 + [S le718)/Her, Sk =[S Ilg732/[S e71s. Note that [O 11] includes the doublet, which is unresolved.
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Table A4
Observed Emission-line Fluxes in 10~ ¥ erg s~ cm ™2
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Note. Limits are 30.
a
The [O 11] doublet is not resolved.
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Appendix B
Individual Galaxies

Figure B1 displays various data taken by JWST, HST, and
ALMA for each of the 18 ALPINE-CRISTAL-JWST survey
targets.

DC-417567 (CRISTAL-10) - 2= 5.68

3600 3 4200
5

4600 4800 5000

Figure B1. Summary figure for target DC-417567. Left six panels: JWST/
NIRCam and MIRI (if available) images (or HST for DC-417567) with
corresponding contours (solid black) overlaid. The ALMA [C 1I] moment map
with [C 1] (solid black) and far-IR continuum (dashed black) emission
contours overlaid. Lower right four panels: Emission-line maps ([O 11], HS,
[O 1], and Hee from left to right). Large panels: NIRSpec IFU integrated
continuum-subtracted optical spectra with some emission line indicated. All
cutout images are 4” x 4” in size and contours show 30, 50, 100, 150, 300,
500, and 1000 levels.

(The complete figure set (18 images) is available in the online article.)
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