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ABSTRACT

We present Northern Extended Millimeter Array (NOEMA) observations of four luminous galaxies at z ~ 6, when the Universe
was less than ~1 Gyr old. These galaxies are detected in the [C 1] 158 um fine-structure line, and three also exhibit underlying dust
continuum emission. The [C11] line velocities are offset by a few hundred kilometers per second relative to the Lya emission, possibly
indicating the presence of outflows or a large reservoir of surrounding atomic gas. From the combination of dust continuum and
rest-frame UV emission, we estimate that approximately 50% of the star formation is obscured by dust, consistent with values found
in other massive star-forming galaxies at similar redshifts. The [C 11]-to-far-infrared (FIR) luminosity ratios of the continuum-detected
galaxies are elevated compared to nearby galaxies with similar FIR luminosities. In one system, J163026+4315, the [C II] emission is
spatially resolved, allowing us to measure the source size and FIR surface brightness (Zgr). We find that the [C1I]/FIR as a function
of Xpr in this source follows the trends observed in both local and high-redshift galaxy populations. A kinematic analysis of the
resolved [C 11] emission provides tentative evidence for a rotating disk, although higher-angular resolution data are needed to confirm
this. These results demonstrate the power of NOEMA to probe the physical conditions and structure of the interstellar medium in

galaxies in the first billion years of cosmic history.
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1. Introduction

Understanding the physical conditions and dynamical state of
galaxies in the early Universe is essential to reconstruct the
formation and evolution of present-day galaxies. In this study,
we focus on luminous star-forming galaxies at redshift z ~ 6,
a period when the Universe was less than 1 Gyr old. This
epoch marks a key phase of rapid stellar mass assembly, pre-
ceding the peak of the cosmic star formation rate density (e.g.,
Madau & Dickinson 2014), and provides crucial insights into the
early stages of galaxy evolution.

A valuable tracer of the interstellar medium (ISM) in these
distant systems is the [CII] 158 um fine-structure line. As one of
the dominant coolants of the neutral ISM (Wolfire et al. 2003),
the [C11] line traces a range of gas phases, particularly pho-
todissociation regions (PDRs) surrounding sites of active star
formation. Cold gas heated by far-ultraviolet (FUV) photons
via the photoelectric effect on dust grains predominantly cools
through [C1I] emission (e.g., Wolfire et al. 2003; De Looze et al.
2014; Herrera-Camus et al. 2015, 2018a; Schaerer et al. 2020).
Compared to CO lines — which are often difficult to detect in
normal galaxies at these redshifts due to excitation and sensi-
tivity limitations — the [C1II] line provides a more accessible
alternative for probing the cold ISM in z > 5 star-forming galax-
ies (e.g., Carilli & Walter 2013). This is especially relevant in

* Corresponding author: bmartinez2019@udec.cl

low-metallicity environments, where a significant fraction of the
molecular gas may not be traced by CO emission — the so-called
CO-faint molecular gas — which can still be detected through
[C11] emission (e.g., Wolfire et al. 2010; Jameson et al. 2018).

Recent high-redshift surveys based on [CII] line and
dust continuum observations have expanded our understand-
ing of cold gas in early galaxy populations. For example,
the surveys ALPINE (Le Fevre etal. 2020; Béthermin et al.
2020; Faisst et al. 2020), REBELS (Bouwens et al. 2022), and
more recently CRISTAL (Herrera-Camus et al. 2025) have con-
tributed significantly to studying the kinematics, outflows, ISM
properties, structure, and sizes of normal, star-forming galax-
ies at z ~ 4-8 (e.g., Fujimoto et al. 2020; Ginolfi et al. 2020;
Herrera-Camus et al. 2022; Algera et al. 2023; Ikeda et al. 2025;
Mitsuhashi et al. 2024; Lietal. 2024; Rowland et al. 2024,
Lee et al. 2025)

Future progress in this field requires spatially resolved obser-
vations of both gas and dust in early galaxies. Identifying
systems with sufficiently bright and extended [C 11] and dust con-
tinuum emission is a critical first step toward enabling high-
resolution studies of their kinematics and ISM properties. The
Northern Extended Millimeter Array (NOEMA), with its high
sensitivity and angular resolution, is ideally suited for both the
discovery and follow-up of such targets. In addition, it pro-
vides access to regions of the sky that are not observable from
southern facilities such as ALMA. In this work, we present
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NOEMA Band 3 observations of the [CII] line emission in four
luminous galaxies at z ~ 6. These observations allow us to inves-
tigate the ISM properties and structure of typical star-forming
galaxies in the early Universe, as part of a broader effort to
build a representative sample at this epoch and identify the most
promising candidates for future high-resolution follow-up stud-
ies of their gas kinematics.

2. The sample

For this project, we searched the Subaru High-z Exploration of
Low-Luminosity Quasars (SHELLQs) survey (Matsuoka et al.
2018, 2019) for systems with reliable spectroscopic red-
shifts and high rest-frame UV luminosities (at ~1500A) —
two conditions necessary for conducting NOEMA observa-
tions of the [CII] 158 wm transition, both globally and, in the
future, at spatially resolved scales. We identified four lumi-
nous galaxies — J152555+4303, J151657+4228, J162833+4312,
and J163026+4315 — at redshift z ~ 6. Two of these sys-
tems, J152555+4303 and J151657+4228, show potential evi-
dence for Active Galactic Nuclei (AGN) activity based on the
width of the Lya emission line. Galaxies J162833+4312 and
J163026+4315 are also part of the Great Optically Luminous
Dropout Research Using Subaru HSC (GOLDRUSH) survey
(Harikane et al. 2022).

The main properties of the four galaxies are listed in
Table A.1, including their absolute UV magnitudes (Myy) and
redshifts derived from the Ly« and [C 1] emission lines. Figure 1
places our sample in context by showing their Myy as a func-
tion of redshift. Compared to the ALPINE (4 < z < 5.5),
CRISTAL (4 < z < 6), and REBELS (6.5 < z < 8) samples,
our NOEMA/Band 3 observations of our targets fill an observa-
tional redshift gap between these major surveys.

Compared to the ALPINE (Cassata et al. 2020), CRISTAL
(Herrera-Camus et al. 2025), and REBELS (Bouwens et al.
2022) samples, our targets formally bridge the redshift ranges
of these major surveys. However, as shown in Fig. 1, they are
systematically more UV-luminous (Myy =~ -22.6 to —24.4),
indicating that they represent the high-luminosity tail of the
population rather than a homogeneous continuation of ALPINE
or REBELS. Our NOEMA pilot sample therefore highlights a
subset of particularly bright, actively star-forming galaxies well
suited for spatially resolved ISM studies — complementary to,
rather than directly comparable with, the larger surveys.

3. Observations

We used the NOEMA interferometer in its most compact con-
figuration (D) and Band 3 (vgy, = 196.128 — 276.000 GHz)
to observe the [CII] 158 um fine-structure line and underly-
ing dust continuum. The first two targets, J162833+4312 and
J163026+4315, were observed on April 6 and 10, 2023, with
a total on-source integration time of 19.24 hours for both. For
these galaxies, the [C1I] line was redshifted to observed fre-
quencies of vops = 270.322 GHz and 270.511 GHz, respectively.
The remaining two galaxies, J152555+4303 and J151657+4228,
were observed from April 8 to 9, 2023, with a total on-source
time of 10.34 hours for both sources. Their [CII] lines were red-
shifted to vops = 261.475 GHz and v,y = 266.785 GHz, respec-
tively.

Data reduction was carried out using the Grenoble Image and
Line Data Analysis Software (GILDAS) developed by IRAM
(Guilloteau & Lucas 2000), specifically employing the CLIC and
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Fig. 1. Myy as a function of redshift. The purple markers show
the four galaxies in our sample. For comparison, we include galax-
ies from the ALPINE survey (Cassataetal. 2020), the REBELS
survey (Bouwensetal. 2022), and from the CRISTAL survey
(Herrera-Camus et al. 2025). The colored bars indicate the bandpasses
used in each survey, illustrating their corresponding redshift ranges.
Some REBELS sources appear outside the redshift range of Band 6
due to observations targeting other ISM tracers (e.g., the [O Il]gg,m
transition).

MAPPING packages. The resulting synthesized beams have an
average size of Gpeam =~ 0.62” X 0.75”, corresponding to a
physical scale of ~4.5kpc at z = 6. The achieved sensitivities
range from 0.55 to 0.76 mJy beam™~! for the cube (measured in
40kms~! channels), and from 36 to 39 uJy beam™! for the con-
tinuum maps. A detailed summary of the synthesized beam sizes
and noise levels is provided in Table B.1.

4. Results and discussion
4.1. [Cu] line and dust continuum detections

We detect all four galaxies in the [C11] 158 line emission. When
integrating the emission over the full velocity range of the line,
the total detection significance is S/N ~ 5-10 (Table A.1). Three
of the galaxies are also detected in the dust continuum, with the
exception of J152555+4303, which shows no significant con-
tinuum emission. This is notable given that all four galaxies
have comparable star formation rates (see Table A.2) and were
observed to similar depths.

We derived the total far-infrared (FIR; 8—1000 pm) luminos-
ity from the NOEMA Band 3 continuum by assuming a mod-
ified blackbody with a dust temperature of Ty, = 45 K and
a dust emissivity index of 8 = 1.8, following Béthermin et al.
(2020). We also explored a dust temperature range of 40-60 K
to quantify systematic uncertainties, which led to variations of
~0.2-0.3 dex in Lgr and in SFRpr. The uncertainties reported
in Table A.2 include errors from the continuum flux density mea-
surements and from this range of dust temperatures.

To derive the star formation rates (SFRs), we combined
UV- and FIR-based estimates that rely on standard calibra-
tions. The UV-based SFRs were calculated from rest-frame
1500 A luminosities using the conversion of Wuyts et al. (2008),
which assumes a Salpeter Initial Mass Function (IMF) (Salpeter
1955). The FIR-based SFRs were derived from Lgr using the
calibration of Murphy et al. (2011), which adopts a Kroupa IMF
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Fig. 2. (Left) [CII] 158 um spectrum of each galaxy, extracted inside a circular aperture of 1” radius. (Center) Integrated intensity map of each
galaxy. The contours show a 20 detection (dotted line), then increase up to 9o (solid lines) in 1o steps. The color scale indicates the [C 11]-
integrated line flux in units of jansky-kilometre per second per beam. (Right) Dust continuum emission. The contours start at 20~ (dotted line), then
increase up to 50 (solid lines), also in 1o steps. The color scale indicates the dust continuum flux in units of millijansky per beam. The beam size
is shown in the bottom-left corner of both the integrated intensity and continuum maps. J152555+4304 was not detected in the continuum.

(Kroupa 2001). For reference, SFRs based on a Salpeter IMF are
a factor of 1.6 higher than those obtained using a Kroupa IMF.
The obscured fraction of star formation was calculated as

S FRFIR

Jors = SFRpm + SFRuv”

The left column of Figure 2 shows the global [C1I] spec-
tra for each galaxy, extracted within a circular aperture of 1”

radius (~6 kpc). The best-fit single Gaussian profiles are over-
plotted. The dashed lines mark the expected velocity of the Lya
lines based on redshifts from Matsuoka et al. (2018, 2019). The
comparison between the [C1I] and Lya lines confirms the sig-
nificance of the [C1I] line detections and reveals velocity offsets
between the two lines (see Section 4.3).

The middle column of Figure 2 presents the [CII] inte-
grated intensity maps. These were obtained by integrating the
emission over a velocity range of approximately +250kms™',
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corresponding to the orange-filled regions shown in the spectra.
The right column of Figure 2 displays the dust continuum maps.
As noted, J152555+4303 shows no detectable continuum emis-
sion at the sensitivity of our observations. The measured [CII]
line and continuum flux densities S .o are reported in Table A.1.

Interestingly, for J163026+4315, both the [CII] and dust
continuum maps show emission that extends beyond the beam
size, with an effective radius of R, ~ 0.8”, which corresponds to
~4.6 kpc at the redshift of the source. This is a factor of ~2 larger
than the average size of massive star-forming galaxies at z ~ 6
(Fudamoto et al. 2020). One possibility is that J163026+4315 is
a merger between two or more systems that remain unresolved
in our current observations.

Given the bright and extended nature of J163026+4315, we
recently conducted deep follow-up NOEMA Band 3 observa-
tions (~35h) using the extended array configuration (Program
ID W23DA, PI Forster Schreiber). The analysis of these data
will be presented in a forthcoming paper.

4.2. The [CIIJ/FIR luminosity ratio

The [C11] line is one of the main coolants of neutral atomic gas
(Wolfire et al. 2003). Comparing its luminosity with gas heating
indicators such as FIR luminosity allows us to study the heat-
ing and cooling balance of the ISM. The [CI]/FIR is there-
fore linked to the physical conditions of the ISM and tends to
decrease around Lpg ~ 10'' Ly, as shown in Figure 3. This
decrease, known as the [CII] line deficit (e.g., Malhotra et al.
2001; Smith et al. 2017; Herrera-Camus et al. 2018b), may arise
from several mechanisms: the destruction or charging of dust
grains in strong radiation fields (e.g., Kaufman etal. 1999;
Malhotra et al. 2001; Diaz-Santos et al. 2017), high ioniza-
tion parameters in dusty H1I regions (e.g., Gracid-Carpio et al.
2011; Herrera-Camus et al. 2018a), the influence of AGN on
the ionization state of the gas (e.g., Langer & Pineda 2015;
Herrera-Camus et al. 2018a), the saturation of [CII] line emis-
sion in dense PDRs where densities exceed the line critical den-
sity (Herrera-Camus et al. 2018a; Bisbas et al. 2022).

The [CH]/FIR values of the three galaxies in our sam-
ple with dust continuum detections are show in Figure 3 and
listed in Table A.1. The error bars indicate how the ratio would
vary if different dust temperatures in the 40 K < Tt S
60 K range were assumed. For comparison, we include mea-
surements from nearby galaxies (Lutz et al. 2016; Spilker et al.
2016; Herrera-Camus et al. 2018b) and star-forming galaxies at
3 < z < 6 (Spilker et al. 2016; Béthermin et al. 2020). The
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2016; Béthermin et al. 2020), and a scaling
relation for z > 3 main-sequence star-forming
galaxies from Herrera-Camus et al. (2025).

12 13

galaxies in our sample follow the general trend, with two exhibit-
ing higher [CII]/FIR for a given Lgr than nearby galaxies.
This has been interpreted as a consequence of high-z galax-
ies being more gas-rich (e.g., Narayanan & Krumholz 2017;
Herrera-Camus et al. 2025).

The right panel of Figure 3 shows the [CII]/FIR line ratio as
a function of FIR surface brightness, Zpr. The [CII]/FIR—Zgr
scaling relation derived for main-sequence star-forming galax-
ies at z 2 3 by Herrera-Camus et al. (2025) is shown as a
gray line. The correlation between [C IT]/FIR and Xppg is tighter
than with Lgr (e.g., Lutz et al. 2016; Diaz-Santos et al. 2017,
Herrera-Camus et al. 2018b), likely because Xpr more directly
traces the ratio of the FUV radiation field intensity (Gy) to the
neutral gas density (ny), both of which are key parameters regu-
lating [C 1T] emission. We observe that for J163026+4315 — the
system with extended [CII] and dust continuum emission, for
which a source size can be measured — the data point no longer
appears offset from the general relation for star-forming galaxies
at z ~ 0 but instead follows the overall trend.

4.3. Comparison between the Lya and [C ] transitions

Lye is a resonant line, which often results in a velocity offset
relative to nonresonant lines (e.g., Steidel et al. 2010; Erb et al.
2014; Hashimoto et al. 2015; Cassata et al. 2020). Such an offset
with respect to the [CII] line may arise from, for example, a large
reservoir of atomic gas surrounding the galaxy (e.g., Erb et al.
2014) or from gas expelled in outflows (e.g., Verhamme et al.
2006).

Figure 4 shows the Lya—[C 11] velocity offset for the galaxies
in our sample, using Lye measurements from (Matsuoka et al.
2018, 2019). The left panel presents the velocity offset as a
function of the Lya equivalent width (EWy(Lyw)), excluding
J163026+4315 for which no EW(Lya) measurement is avail-
able in the literature; the right panel shows the offset as a
function of the absolute UV magnitude (Myy). For compari-
son, we include observations of high-redshift star-forming galax-
ies from Hashimoto et al. (2019), Endsley et al. (2022), and
Baier-Soto et al. (2022). The galaxies in our sample at z ~ 6
show Lya—[C 11] velocity offsets in the range ~200-500kms~!,
comparable to those reported in these previous studies.

The observed trend of the Lya—[C1I] velocity offset as a
function of EW,(Ly@) and Myy can be interpreted as reflecting
either higher column densities of atomic gas or outflows driven
by intense star formation. Our systems are consistent with the
expected relation between Avgy, and EWo(Lya), for which low



Martinez-Cuadra, B., et al.: A&A, 708, A361 (2026)

1000 Hashimoto et al. 2019
[[] Endsley et al. 2022
8001 Baier-Soto et al. 2022
‘ This sample
D 600 A
1%}
£ ¢
~ i
§ 4004
s m @ : ,
3 ¢ : > 3 Fig. 4. Velocity offset between Lya and [CII]
200 J 0 f emission lines as a function of Lya equiva-
L ‘ lent width (left) and the absolute UV magni-
tude (right). We include galaxies from 6 <
%] 258665257 andz = 7.2 for com-
0 50 100 150 200 21 —22 —23 24 parison (Hashimoto et al. 2019; Endsley et al.
EW, (Lya) [A] Myy [AB mag.] 2022; Baier-Soto et al. 2022). The galaxies of
this sample are shown in purple in both panels.
—— kinematic 150 §
15 --- morphological 200 120
\ 100 ®
1.0 \ -
! 100 S 7 50 (<]
% 0.5 ) } g 1OOT e 0 5 A 9
5 0 ' © () =3
S 00 £ % € 2 -50 §
& @ 80 % S
<05 a 2 100
-100 < ]
-10 60 -150 }
-15 Q —200 —200 i

0
A RA [arcsec]

0
A RA [arcsec]

40 -1.0 -05 00 O
[

5 10
Major Axis offset [”]

Fig. 5. J163026+4315 [CII] velocity field (left), velocity dispersion map (center), and rotation curve (right). The synthesized beam (6§ = 0.60” x
0.76") is shown in the bottom-left corner of both maps. The solid gray line represents the major kinematic axis with a PA =9°, where the kinematic
center is inside the gray beam-size region at the center. The [CII] morphological major axis is represented with the dashed red line, with the peak

of [CII] shown with a red cross.

equivalent widths correspond to larger velocity offsets. In con-
trast, the trend between Avry, and Myy in Fig. 4 does not fol-
low the positive correlation typically reported for larger samples,
where more UV-luminous galaxies exhibit larger Ly« offsets (e.g.,
Erb et al. 2014; Hashimoto et al. 2019; Endsley et al. 2022). This
apparent inversion is not physically significant and likely reflects
a combination of (i) the small size of our sample and (ii) the
narrow range in UV luminosities (Myy =~ -22.6 to —24.4).
Although Ly« can in some cases not be a reliable tracer of the sys-
temic redshift due to radiative transfer effects and Inter Galactic
Medium (IGM) absorption, this does not imply that the centroid
of the Ly« line itself is poorly measured. Instead, the uncertainty
relevant for the Lya—[CII] comparison is set by the measure-
ment precision of the Ly peak position, which depends on the
spectral resolution and signal-to-noise ratio of the spectra. The
SHELLQs spectra were obtained with GTC/OSIRIS (R ~ 1500)
and Subaru/FOCAS (R =~ 1200), corresponding to instrumen-
tal velocity resolutions of ~200-250kms~'. For the Lya detec-
tions considered here (S/N > 8), the statistical uncertainty on the
centroid is much smaller, <15kms~!. The observed velocity off-
sets between Ly and [C11] (~200-500 km s71) therefore exceed
the measurement uncertainties by more than an order of magni-
tude and represent physical differences between the Lya emission
and the systemic redshift traced by [CII], consistent with those
observed in other high-redshift star-forming galaxies and quasars
(e.g.,Hashimoto et al. 2019; Endsley et al. 2022; Baier-Soto et al.
2022).

Adopting the relation Avpye ~ 2 X vy (€.8., Verhamme et al.
2006), the measured velocity offsets imply potential outflow

velocities of ~100-300kms~!. Given these limitations, we do
not interpret the Avyy,—Muyy relation for our four galaxies as evi-
dence of a physical deviation from previously reported trends.

4.4. Kinematic analysis of J163026+4315

The [C11] line emission in J163026+4315 extends beyond the
NOEMA synthesized beam, enabling a kinematic analysis of the
system. To this end, we constructed the velocity map (moment
1) by calculating the intensity-weighted mean velocity along the
spectral axis, and the velocity dispersion map (moment 2) by
computing the square root of the intensity-weighted second cen-
tral moment of the velocity distribution.

Figure 5 shows the velocity field (left), the velocity disper-
sion map (center), and the rotation curve (right) of the galaxy.
The kinematic center and the kinematic axis were chosen to
coincide with the region where the velocity dispersion peaks and
to maximize the velocity gradient and spatial coverage of the
[C1] line emission. This yielded a PAy;, of 9° east of north. For
comparison, the dashed red line in Figure 5 indicates the mor-
phological major axis (PAperpn = 18° east of north), and the red
cross marks the morphological center, both derived from a 2D
Gaussian fit to the [C1I] line-integrated intensity map. We find
that the morphological and kinematic major axes are broadly
aligned, and the kinematic and morphological centers spatially
coincide within the size of the beam.

To measure the rotation curve, we placed circular apertures
with a 0.4” radius (comparable to the beam size) along the
major kinematic axis, spaced by 0.25”. Within each aperture, we
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measured the central velocity to trace the rotation curve. The
rotation curve and the velocity field reveal a gradient from north
to south, and the dispersion map shows a centrally peaked veloc-
ity dispersion. Altogether, these kinematic characteristics, along
with the alignment between the kinematic and morphological
center and axes, hint at a rotating disk in J163026+4315 follow-
ing the criteria described in Forster Schreiber & Wuyts (2020),
although a merger cannot be excluded with the current data
given the prevalence of merging activity among galaxies at these
early epochs. Upcoming high-angular resolution observations
with NOEMA will help clarify this scenario.

5. Conclusions

In this paper, we presented results from a NOEMA Band 3 pilot
program targeting four luminous galaxies at z ~ 6.
The main results are summarized as follows:

1. All four galaxies were detected in the [C1I] line emission,
and three were also detected in the dust continuum (see
Fig. 2).

2. From the rest-frame UV and dust continuum emission, we
measured obscured star-formation fractions in the fy,s ~
0.5-0.8 range, comparable to that observed in other mas-
sive star-forming galaxies at z > 4 (Fudamoto et al. 2020;
Mitsuhashi et al. 2024; Algera et al. 2023).

3. We measured [CIIJ/FIR consistent with those of typical
star-forming galaxies at z > 4 (e.g., Spilker et al. 2016;
Herrera-Camus et al. 2025) but elevated compared to local
galaxies with similar Lgg (e.g., Herrera-Camus et al. 2018b;
Lutz et al. 2016), as expected from more gas-rich high-z
systems (e.g., Narayanan & Krumholz 2017). For the spa-
tially resolved system J163026+4315, we also examined
[C]/FIR as a function of Zgr, which follows the tighter cor-
relation observed in both nearby and high-redshift systems
(e.g., Lutz et al. 2016; Herrera-Camus et al. 2018b, 2025).

4. We observe velocity offsets between the Lya and [CII]
lines in the range of ~200-500 km s~!, consistent with val-
ues observed in other high-redshift systems (Baier-Soto et al.
2022; Hashimoto et al. 2019; Endsley et al. 2022) and with
the low EWy(Lya) and/or high Myy measured in our
sources.

5. The spatially extended [CII] emission detected in
J163026+4315 allows us to study its kinematics. We
observe a north—south velocity gradient and a centrally
peaked velocity dispersion. The rough alignment between
the kinematic and morphological centers and axes provide
tentative evidence that this galaxy may already host a
rotating disk. Future NOEMA high-angular resolution
observations will help confirm this interpretation.

Our study highlights the potential of NOEMA to probe the phys-
ical conditions and dynamical states of early galaxies, offering
valuable insights into their formation and evolution. An impor-
tant next step is to identify additional targets in the northern
hemisphere and increase the number of high-resolution obser-
vations of both gas and dust. This will be essential for studying
the physical processes that govern galaxy evolution in the early
Universe.

Data availability

The NOEMA [CII] data cubes and dust continuum maps pre-
sented in this work are available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/708/A361.
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Appendix A: The sample

Table A.1 lists the main properties of the galaxies in our sample, including those derived from our NOEMA Band 3 observations.
The Lya redshifts listed in the table follow the numerical format of the discovery papers (Matsuoka et al. 2018, 2019), where values
are reported with two decimal places. This rounding does not reflect the true measurement precision. As discussed in those works,
Ly can be significantly offset from the systemic redshift due to radiative transfer effects and IGM absorption. This scatter reflects
a physical velocity difference rather than uncertainty in determining the Lya peak position. The velocity offsets measured in this
work therefore quantify the difference between Lya and the systemic redshift traced by [C11], rather than being dominated by
measurement errors in the Lya redshift.

Table A.1. Characteristics of the target sources.

Target RA Dec ZLyaa Z[cIy Myy FWHM [CII] flux Cont. flux ? [CII]/FIR
mag kms~! Jykms™! mly

J151657+4228  15:16:57.8 42:28:52.77 6.13 6.133 -2435 29546 0.71+0.15 0.27+0.03 1.04E-3

J152555+4303  15:25:55.7 43:03:24.0 6.27 6.277 -23.61 25546 0.96+0.13 < 0.09 -

J162833+4312  16:28:33.0 43:12:10.7 6.03 6.038 -23.20 32403 22+0.15 0.12+0.04 3.77E-3

J163026+4315 16:30:26.3  43:15:58.1 6.02 6.033 -22.60 35450 35+0.15 052+0.07 247E-3

Notes. “Lyman-a redshifts from Matsuoka et al. (2018, 2019). ®The dust continuum of the galaxies was detected at rest-frame 158 wmn.

Table A.2 list the estimated values of star formation rate based on the UV and IR.

Table A.2.
Target SFRUV 4 SFRF]R b fobs
Mo yr™") Mg yr™h)
J151657+4228 194 +39 133 +30 040
J152555+4303 77+ 15 - -
J162833+4312 77+ 15 69 +27 047
J163026+4315 44+ 9 307 +47 0.84

Notes. “UV-based SFRs following Wuyts et al. (2008). ®FIR-based SFR following Murphy et al. (2011).

Appendix B: NOEMA observation summary
Table B.1 list a summary of the NOEMA observation properties.

Table B.1.
Target Beam Size Line Channel RMS ¢  Cont. RMS
mJy beam™! Jy beam™!
J151657+4228 0.62" x 0.75” 0.69 3.7E-5
J152555+4303  0.64” x 0.75” 0.55 3.3E-5
J162833+4312  0.60” x 0.75” 0.75 3.9E-5
J163026+4315 0.60” x 0.76” 0.76 3.6E-5

Notes. ®Noise measured in 40 km s™! channels.
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