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Resumen

Presentamos observaciones del Northern Extended Millimeter Array (NOEMA) de
cuatro galaxias luminosas en z ~ 6, cuando el Universo tenia menos de ~ 1 Gyr de
antigiedad. Estas galaxias se detectan en la linea de estructura fina [CII| de 158
pm, v tres de ellas también muestran emisiéon continua de polvo subyacente. Las
velocidades de la linea [CII] estdn desplazadas unos cientos de km s~ con respecto
a la emision Ly, lo que podria indicar la presencia de flujos de salida o una gran
reserva de gas atomico circundante. A partir de la combinacion del continuo de
polvo y la emisién UV en el marco de referencia, estimamos que aproximadamente
el 50 % de la formacion estelar esta oscurecida por el polvo, lo que concuerda
con los valores encontrados en otras galaxias con formacion estelar masiva en
desplazamientos al rojo similares. Las relaciones de luminosidad |CII|-FIR de las
galaxias detectadas por continuo son elevadas en comparacion con las galaxias
cercanas con luminosidades FIR similares. En un sistema, J163026+4315, la
emision de [CII| se resuelve espacialmente, lo que nos permite medir el tamafio de
la fuente y el brillo superficial FIR (Xgr). Encontramos que la relacion [CII]/FIR
como funciéon de Xgr en esta fuente sigue las tendencias observadas tanto en
poblaciones de galaxias locales como de alto desplazamiento al rojo. Un anélisis
cinemético de la emision |CII| resuelta proporciona pruebas provisionales de la
existencia de un disco giratorio, aunque se necesitan datos con mayor resolucion
angular para confirmarlo. Estos resultados demuestran la capacidad de NOEMA
para sondear las condiciones fisicas y la estructura del medio interestelar en las

galaxias durante los primeros mil millones de anos de la historia césmica.

Keywords — galaxias: evolucion — galaxias: alto redshift — galaxias: ISM
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Abstract

We present observations from the Northern Extended Millimeter Array (NOEMA)
of four luminous galaxies at z ~ 6, when the Universe was less than ~ 1 Gyr old.
These galaxies are detected in the |CII| 158 um fine-structure line, and three also
exhibit underlying dust continuum emission. The [CII] line velocities are offset

! relative to the Ly emission, possibly indicating the

by a few hundred km s~
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 [CII|-
to-FIR luminosity ratios of the continuum-detected galaxies are elevated compared
to nearby galaxies with similar FIR luminosities. In one system, J163026+4315,
the [CII] emission is spatially resolved, allowing us to measure the source size and
FIR surface brightness (Xpr). We find that the [CII]/FIR ratio as a function
of Ypr in this source follows the trends observed in both local and high-redshift
galaxy populations. A kinematic analysis of the resolved [CII| 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.

Keywords — galaxies: evolution — galaxies: high-redshift — galaxies: ISM —
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Chapter 1

Introduction

1.1 Context

Galaxies are vast gravitationally bound systems made up of stars, gas, dust, dark
matter, and a supermassive black hole at their centers. A crucial component
of galaxies is the interstellar medium (ISM), which corresponds to the gas and
dust distributed between the stars. The ISM plays a fundamental role in galaxy
evolution as the gas, which is composed mainly of hydrogen and helium, provides
the raw material for star formation. This star-forming gas does not remain
stationary since it is constantly flowing into, through, and out of galaxies. The
cycle of exchange of gas between the galaxy and its surroundings, involving inflows
of gas from the circumgalactic medium (CGM), star formation, and return of
materials through stellar feedback is called the "baryon cycle". The baryon
cycle maintains gas availability for galaxies and controls star formation over time.
Although accretion provides fresh material, stellar winds and supernovae can
heat or expel gas back into the CGM creating an active feedback relation, which

governs how galaxies evolve across cosmic time.

In this context, investigations based on observations of multiple phases of the
gas are required to understand the physical conditions and dynamical state of
galaxies in the early Universe, which is essential to reconstruct the formation and

evolution of present-day galaxies.
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1.1.1 The cosmic noon

Lookback time (Gyr)

log v (Mg year™ Mpc™®)

Redshift

Figure 1.1.1: The cosmic star formation rate density (CSFRD) as a function of
redshift. The data points indicate observations from far-ultraviolet (purple, blue
and green) and infrared data (red), while the black line is the best fitting function.
The star formation rate peaks around z ~ 2 and then decreases until the present
day. Figure taken from Madau and Dickinson (2014).

By studying galaxies across different cosmic epochs, previous studies have
reconstructed the evolution of the cosmic star formation rate density (CSFRD)
(e.g., Lilly et al., 1996; Hopkins and Beacom, 2006; Madau and Dickinson, 2014).
Figure 1.1.1 shows that the CSFRD increased over time, reaching a peak around
redshift z ~ 2, approximately 10 billion years ago, before declining toward the
present day. This peak, known as "cosmic noon", marks the most active period of

star formation in the Universe.

In that sense, probing galaxy evolution before this epoch (z > 4) is crucial for
gaining insight into the early stages of galaxy formation. However, measurements
at these redshifts remain limited, with most of the available data coming from
ultraviolet (UV) emission rather than from the far-infrared (FIR) dust continuum.
In addition, observing cold gas in normal galaxies at high redshift, through CO

lines is challenging. However, the [CII] 158 pm fine-structure line has emerged
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as a powerful tracer for studying the ISM and star formation activity in early

galaxies.

1.2 |CII] 158 pm transition

A valuable tracer of the ISM in distant systems like high-redshift galaxies is the
[CII] 158 pm fine-structure line. As it is one of the main coolants of neutral atomic
gas in the ISM (Wolfire et al., 2003), it traces different cold gas phases and is
closely associated with star formation activity. This connection is because the
far-ultraviolet (FUV) photons produced in star-forming regions heat the gas via
the photoelectric effect on dust grains, which predominantly cools through [CII]
emission (e.g., De Looze et al., 2014; Herrera-Camus et al., 2015; Schaerer et al.,
2020).

As mentioned before, CO lines at high redshift are often difficult to detect in
normal galaxies due to excitation and sensitivity limitations. Therefore, the
|CII] line offers a more accessible alternative for probing the cold ISM in z 2 5
(e.g., Carilli and Walter, 2013). This is especially relevant in 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 [CI] emission (e.g., Wolfire et al., 2010; Jameson et al., 2018). In addition,
comparing its luminosity with indicators of gas heating, such as de FIR luminosity,
it is possible to provide insights into the balance between heating and cooling in
the ISM. (see Section 3.2.1)

1.3 Previous studies

Recent high-redshift surveys based on [CII| line and dust continuum observations
have significantly expanded our understanding of cold gas in early galaxy
populations.

For example, the surveys ALPINE (Le Févre et al., 2020; Béthermin et al.,
2020; Faisst et al., 2020), REBELS (Bouwens et al., 2022), and more recently
CRISTAL (Herrera-Camus et al., 2025) have contributed significantly to studying
the kinematics, outflows, ISM properties, structure and sizes of normal, star-

forming galaxies at z ~ 4 — 8 (e.g., Fujimoto et al., 2020; Ginolfi et al., 2020;
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Herrera-Camus et al., 2022; Algera et al., 2023; Ikeda et al., 2024; Mitsuhashi
et al., 2024; Li et al., 2024; Rowland et al., 2024; Lee et al., 2025)
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Figure 1.3.1: The cosmic star formation rate density (CSFRD) as a function of
redshift. The unobscured SFRD from Moutard et al. (2020) and from Bouwens
et al. (2022) are shown in blue. The dust-obscured SFRD from Zavala et al. (2021)
is shown in orange, and the combined UV + IF SFRD is shown in grey. The
REBELS measurements suggest a significant dust-obscured star formation already
in place in the epoch of reionization. Figure taken from (Algera et al., 2023)

One of the key results from REBELS (Algera et al., 2023) is the determination
of the fraction of obscured star formation in galaxies at z ~ 6 — 7. They find
an average obscured fraction of 45% in their sample, indicating the presence of
a large amount of dust already in place in the early Universe. These findings
highlight the importance of using dust continuum observations to study galaxy

evolution at early times.

In addition to dust results, several of these studies based on [CII| observations have
enabled measurements of kinematics in high-redshift galaxies, which is helpful in
order to answer some of the most essential questions regarding how galaxies evolve
and form. From spatially resolved Ha and CO observations at "lower" redshifts

(z < 5) we have learned that:

1. The level of turbulence measured by the intrinsic gas velocity dispersion in
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Figure 1.3.2: The evolution of the intrinsic velocity dispersion (o) as a function
of redshift. HZ4 (z ~ 5.5) is shown as an orange diamond. Values from different
surveys of ionized gas are shown in blue, and from atomic and/or molecular gas
are shown in gray. Figure taken from Herrera-Camus et al. (2022).

the ISM of a galaxy increases as a function of redshift (e.g., Genzel et al.,
2006; Forster Schreiber et al.; 2006; Stott et al., 2016; Johnson et al., 2018;
Ubler et al., 2019).

2. Galaxy disks are more dynamically turbulent at higher redshift (e.g., Forster
Schreiber et al., 2009; Simons et al., 2017; Wisnioski et al., 2015, 2019).

More recently, spatially resolved [CII| observations have allowed similar analyses
at even higher redshifts. For example, the galaxy HZ4 at z ~ 5.5, observed with
ALMA by Herrera-Camus et al. (2022), stands out as one of the few normal
star-forming galaxies at this redshift where the intrinsic velocity dispersion could
be measured. As shown in Figure 1.3.2, the measured dispersion is consistent

with the extrapolated trends from lower redshifts.

Moreover, HZ4 fulfills the kinematic properties described in Forster Schreiber and
Wuyts (2020) of a rotating disk:

1. A smooth velocity gradient across the galaxy, defining the kinematic axis.
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2. A centrally peaked velocity dispersion distribution with maximum at the

position of steepest velocity gradient, defining the kinematic center.
3. Dominant rotational support, quantified by the v,o/0¢ ratio.
4. Co-aligned morphological and kinematic major axes.
5. Spatial coincidence of the kinematic and morphological centers.

This makes HZ4 one of the strongest pieces of evidence to date for the presence of
rotating disks at z ~ 5.5 when the Universe was only ~ 1 Gyr, reinforcing the

importance of investigating when galaxies formed their disks in the early Universe.

1.4 NOEMA

Future progress in this field requires spatially resolved observations of both gas
and dust in early galaxies. A crucial step toward enabling such high-resolution
studies of ISM properties and kinematics is the identification of systems with

sufficiently bright and extended [CII] and dust continuum emission.

The Northern Extended Millimeter Array (NOEMA) is one of the two observatories
operated by IRAM, Europe’s leading center of radio astronomy at millimeter
wavelengths. Located on the Plateu de Bure in the French Alps, NOEMA consists
of twelve 15-meter antennas that are mounted on tracks and can be arranged in

different configurations.

As a powerful millimeter observatory in the Northern Hemisphere, NOEMA
provides access to regions of the sky that are not observable from southern
facilities like ALMA. The array operates using the technique of interferometry,
where the signals from the multiple antennas observing the same source are
combined using a supercomputer. The interferometry also uses the rotation of
the Earth, this by slowly turning the antennas with respect to the cosmic source

and resulting in a complete image of the object.

This capability makes NOEMA a world-class facility for studying the structure,
kinematics and physical conditions of distant galaxies. With its high sensitivity
and angular resolution, it is ideally suited for both the discovery and follow-up of
such targets, particularly in the context of [CII] and dust continuum emission in

the early Universe.
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1.5 This Project

Motivated by the need of identifying systems with extended [CII| and dust
continuum emission, we present NOEMA Band 3 observations of the [CII| line
emission in four luminous galaxies at z ~ 6. These observations allow us to
investigate 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 studies of their gas kinematics.

The research is organized as follows. In Chapter 2 we present the data selection
and the NOEMA observations. Chapter 3 we present the results and discussion.

Finally, in Chapter 4 we summarize the main conclusions.
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Chapter 2

Data Products

2.1 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 redshifts and high rest-frame UV luminosities (at ~ 1500 A) —
two conditions necessary for conducting NOEMA observations of the [CII| 158
pm transition, both globally and, in the future, at spatially resolved scales. We
identified four luminous galaxies — J152555-+4303, J151657+4228, J162833+4312,
and J163026+4315 — at redshift z ~ 6. Two of these systems, J152555+4303 and
J151657+4228, show potential evidence for AGN activity based on the width of the
Ly« 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 2.1.1, including
their absolute UV magnitudes (Myy), redshifts derived from the Lya (taken
from Matsuoka et al. (2018, 2019)) and [CII| emission lines, and their [CII] and

Table 2.1.1: Characteristics of the target sources.

Target RA Dec Zlya  Zcnmp  Myy  FWHM  [CH] flux ~ Cont. flux [CII]/FIR
mag kms!  Jykms! mJly

J151657+4228 15:16:57.8 42:28:52.7 6.13 6.133 -24.35 29546 0.71£0.15 0.27+0.03 1.04E-3
J152555+4303 15:25:565.7 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 -23.20 324.03 224+0.15 0.12+£0.04 3.77E-3
J163026+4315 16:30:26.3 43:15:58.1 6.02 6.033 -22.60 354.50 3.54+0.15 0.52+£0.07 247E-3
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dust-continuum fluxes, where the dust continuum of the galaxies was detected
at rest-frame 158 pm. Figure 2.1.1 places our sample in context by showing
their Myy as a function 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 observational redshift gap between these major

surveys.

A: J163026+4315 B: J162833+4312 C: J152555+4303 D: J151657+4228

-25
:4— NOEMA Band 3 = |
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Figure 2.1.1: Myy as a function of redshift. The purple markers show the four
galaxies in our sample. For comparison, we include galaxies from the ALPINE
survey (Cassata et al., 2020), the REBELS survey (Bouwens et al., 2022), and
from the CRISTAL survey (Herrera-Camus et al., 2025). 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 carried out targeting other ISM tracers (e.g., the [OIII|ss;m
transition).

2.2 Observations

We used the NOEMA interferometer in its most compact configuration (D)
and Band 3 (vg, = 196.128 — 276.000 GHz) to observe the [CII| 158 pm fine-
structure line and underlying dust continuum. The first two targets, J162833+44312
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 [CII]
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Table 2.2.1: Summary of the NOEMA observations properties

Target Beam Size  Line Channel RMS Cont. RMS
mJy beam™! Jy beam™!
J151657+4228 0.62” x 0.75” 0.69 3.7TE-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

line is redshifted to observed frequencies of v, = 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 are redshifted to vops = 261.475 GHz and
Vons = 266.785 GHz, respectively.

Data reduction was carried out using the Grenoble Image and Line Data Analysis
Software (GILDAS) developed by IRAM (Guilloteau and Lucas, 2000), specifically
employing the CLIC and MAPPING packages. The resulting synthesized beams have
an average size of Opeam ~ 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 40 kms™! channels), and from 36 to 39 uJy beam™! for
the continuum maps. A detailed summary of the synthesized beam sizes and noise

levels is provided in Table 2.2.1.



Chapter 3. Results 11

Chapter 3

Results

3.1 |CII] line and dust continuum detections

We detect all four galaxies in the [CII| 158 pm line emission with signal-to-noise
ratios of S/N 2 2.5. Three of them are also detected in the dust continuum, with
the exception of J152555+4303, which shows no significant continuum emission.
This is notable given that all four galaxies have comparable star formation rates
(SFR) and were observed to similar depths. The estimated values of the star
formation rates based on the UV and IF are listed in 3.1.1, following Wuyts et al.

(2008) for the UV-based SFR and Murphy et al. (2011) for the FIR-based SFR.

Table 3.1.1: Estimated values of star formation rate based on the UV and IR.

Target SFRUV SFRFIR fobs
(Mo yr™) (Mg yr™)
J151657+4228 194 133 0.40
J152555-+4303 7 - -
J162833+4312 7 69 0.47
J163026-+4315 44 307 0.84

We derived the total far-infrared (FIR; 8-1000 pm) luminosity from the NOEMA
Band 3 continuum by assuming a modified blackbody with a dust temperature
of Thust = 45 K and a dust emissivity index of § = 1.8, following Béthermin
et al. (2020). The obscured fraction of star formation, fops, was estimated as the
ratio between the dust-obscured star formation—traced by the rest-frame FIR

continuum—and the total star formation rate (SFR), which includes both obscured
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and unobscured components. Specifically, we measure fo,s = SFRig/(SFRg +
SFRyy). For the three systems in our sample with dust continuum detections, we
find that fops varies from ~ 40 — 80% (see Table 3.1.1), consistent with previous
studies of massive star-forming galaxies at similar redshifts (e.g., Fudamoto et al.,
2020; Algera et al., 2023; Mitsuhashi et al., 2024).

The left column of Figure 3.1.1 shows the global [CII| spectra for each galaxy,
extracted within a circular aperture of 1" radius (~6 kpc). The best-fit single
Gaussian profiles are overplotted. Dashed lines mark the expected velocity of the
Lya lines based on redshifts from Matsuoka et al. (2018, 2019). The comparison
between the [CII] and Lya lines confirms the significance of the [CII] line detections

and reveals velocity offsets between the two lines (see Section 3.3).

The middle column of Figure 3.1.1 presents the [CII] integrated intensity maps.
These were obtained by integrating the emission over a velocity range of

L. corresponding to the orange-filled regions shown in

approximately £250 km s~
the spectra. The right column of Figure 3.1.1 displays the dust continuum maps.
As noted, J152555-+4303 shows no detectable continuum emission at the sensitivity
of our observations. The measured [CII| line and continuum flux densities Scont

are reported in Table 2.1.1.

Interestingly, for J163026+4315, both the [CII] and dust continuum maps show
emission that extends beyond the beam size, with an effective radii 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 observations (~ 35 hr) using the extended array
configuration (Program ID W23DA, PI Forster Schreiber). The analysis of these

data will be presented in a forthcoming paper.

3.2 The |CII]/FIR luminosity ratio

The [CI]I| line is one of the main coolants of neutral atomic gas (Wolfire et al.,

2003). Comparing its luminosity with indicators of gas heating, such as the
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Figure 3.1.1: (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) and then increase up to 9o (solid
lines), in steps of 1o. (Right) Dust continuum emission, the contours start at 2o
(dotted line) and then increase up to 5o (solid lines), also in steps of 1o . The
beam size is shown in the bottom-left corner of both integrated intensity and
continuum map. J152555+4304 was not detected in the continuum.
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far-infrared (FIR) luminosity, allows us to study the heating and cooling balance
of the interstellar medium (ISM). The [CII]/FIR ratio is therefore linked to the
physical conditions of the ISM, and it tends to decrease around Lgg ~ 10 L,
as shown in Figure 3.2.1. This decrease, known as the [CII] line deficit (e.g.,
Malhotra et al., 2001; Smith et al., 2017; Herrera-Camus et al., 2018a), may arise
from several mechanisms: the destruction or charging of dust grains in strong
radiation fields (e.g., Kaufman et al., 1999; Malhotra et al., 2001; Diaz-Santos
et al., 2017), high ionization parameters in dusty H1I regions (e.g., Gracia-Carpio
et al., 2011; Herrera-Camus et al., 2018b), the influence of AGN on the ionization
state of the gas (e.g., Langer and Pineda, 2015; Herrera-Camus et al., 2018b), the
saturation of [CII] line emission in dense photodissociation regions (PDRs) where
densities exceed the line critical density (Herrera-Camus et al., 2018b; Bisbas
et al., 2022).

The |CII]/FIR values of the three galaxies in our sample with dust continuum
detections are show in Figure 3.2.1, and listed in Table 2.1.1. The error bars
indicate how the ratio would vary if different dust temperatures in the range
40 K < Taust
from nearby galaxies (Lutz et al., 2016; Spilker et al., 2016; Herrera-Camus et al.,

< 60 K were assumed. For comparison, we include measurements
2018a), and star-forming galaxies at 3 < z < 6 (Spilker et al., 2016; Béthermin
et al., 2020).

The galaxies in our sample follow the general trend, with two of them exhibiting
higher [CII|/FIR ratios for a given Lpig than nearby galaxies. This has been
interpreted as consequence of high-z galaxies being more gas-rich (e.g., Narayanan
and Krumholz, 2017; Herrera-Camus et al., 2025).

The right panel of Figure 3.2.1 shows the [CII|/FIR line ratio as a function of the
FIR surface brightness, Xpr. The [CII]/FIR—Xpr scaling relation derived for
main-sequence star-forming at z 2 3 by Herrera-Camus et al. (2025) is shown as a
gray line. The correlation between [CII|/FIR and Xpg is tighter than with Lgg
(e.g., Lutz et al., 2016; Diaz-Santos et al., 2017; Herrera-Camus et al., 2018a),
likely because Ygr more directly traces the ratio of the FUV radiation field
intensity (Go) to the neutral gas density (ny), both of which are key parameters
regulating [CII] emission. We observe that for J163026-+4315 — the system with
extended [CII] and dust continuum emission, and for which a source size can be

measured — the data point no longer appears offset from the general relation for
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Figure 3.2.1: [CII]|/FIR ratio as a function of the FIR luminosity (left) for the
three galaxies detected in the dust continuum, and as a function of g (right)
for the one extended galaxy where the size can be measured. For comparison,
we show galaxies from the SHINING survey (z~0) (Lutz et al., 2016), galaxies
at z ~ 0 and 3 < z < 6 from Spilker et al. (2016), from the ALPINE survey (z
~ 4-6; Béthermin et al., 2020), and a scaling relation for z 2 3 main-sequence
star-forming galaxies from Herrera-Camus et al. (2025).

star-forming galaxies at z &~ 0, but instead follows the overall trend.

3.3 Comparison between the Lya and [CII]

transitions

Ly« is a resonant line, which often results in a velocity offset relative to non-
resonant 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, the presence of a large reservoir of atomic gas surrounding the galaxy
(e.g., Erb et al., 2014), or from gas being expelled in outflows (e.g., Verhamme
et al., 2006).

Figure 3.3.1 shows the Lya—|CII| velocity offset for the galaxies in our sample,
using Lya measurements from (Matsuoka et al.; 2018, 2019). The left panel
presents the velocity offset as a function of the Lya equivalent width (EWg(Lya)),
and the right panel as a function of the absolute UV magnitude (Myy). For
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Figure 3.3.1: Velocity offset between Ly« and [CII| emission lines as a function
of Lya equivalent width (left) and the absolute UV magnitude (right). We
include galaxies from Hashimoto et al. (2019) (6 < z < 8), Endsley et al. (2022)
(6.6 < 2z < 7), and Baier-Soto et al. (2022) (z = 7.2) for comparison. The galaxies
of this sample are shown in both panels in purple.

comparison, we include observations of high-redshift star-forming galaxies 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—|CII| velocity offsets in the range

~ 200 — 500 km s~!, comparable to those reported in these previous studies.

The observed trend of the Lya—|CII] velocity offset as a function of EWg(Lya)
and Myy can be interpreted as reflecting either larger column densities of atomic
gas or outflows driven by intense star formation, respectively. We find that our
systems are consistent with the trend observed as a function of EW(Ly«), which
is low for our galaxies. On the other hand, the Lya—|CII|velocity offsets tend
to be small relative to the expectations from the increasing velocity offset with
UV luminosity observed in other high-redshift systems. Adopting the relation
AVpya ~ 2 X Uyt (€.8., Verhamme et al., 2006), the measured velocity offsets imply

potential outflow velocities in the range of ~ 100-300 kms~!.

3.4 Kinematic analysis of J163026+4315

The [CII] line emission in J163026+4315 extends beyond the NOEMA synthesized

beam, enabling a kinematic analysis of the system. To this end, we constructed
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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 central moment of the velocity

distribution.

Figure 3.4.1 shows the velocity field (left), the velocity dispersion map (center),
and the rotation curve (right) of the galaxy. The kinematic center, and the
kinematic axis were chose to coincide with the region where velocity dispersion
peak and to maximize the velocity gradient and spatial coverage of the [CII|line
emission. This yielded a PAy;, of 9° east of north. For comparison, the red dashed
line in Figure 3.4.1 indicates the morphological major axis (PAyompn = 18° east of
north), and the red cross marks the morphological center, both derived from a
two-dimensional Gaussian fit to the [CII] line integrated intensity map. We find
that the morphological and kinematic major axes are broadly aligned, and the
kinematic and morphological centers are spatially coincident 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 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 velocity dispersion.
Altogether, these kinematic characteristics, along with the alignment between the
kinematic and morphological center and axes, hints the presence of a rotating disk
in J163026+4315, following the criteria described in Forster Schreiber and Wuyts
(2020), although the possibility of a merger cannot be excluded with the current
data, particularly considering that merging activity is common among galaxies at
these early epochs. Upcoming high angular resolution observations with NOEMA

will help clarify this scenario.
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Figure 3.4.1: 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 gray solid 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 red dashed line, with the peak of [CII| shown with a red
CTOSS.
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Chapter 4
Conclusions

In this study, we present 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 [CII| line emission, and three of them were

also detected in the dust continuum (see Fig. 3.1.1).

2. From the rest-frame UV and dust continuum emission, we measure obscured
star-formation fractions in the fo,s ~ 0.5 — 0.8 range, comparable to what
has been observed in other massive star-forming galaxies at z = 4 (Fudamoto
et al., 2020; Mitsuhashi et al., 2024; Algera et al., 2023).

3. We measure [CII|/FIR ratios that are consistent with those of typical
star-forming galaxies at z 2 4 (e.g., Spilker et al., 2016; Herrera-Camus
et al., 2025), but elevated compared to local galaxies with similar Lgr (e.g.,
Herrera-Camus et al., 2018a; Lutz et al., 2016), as expected if the high-z
systems are more gas rich (e.g., Narayanan and Krumholz, 2017). For the
spatially resolved system J163026+4315, we also examine the [CII|/FIR ratio
as a function of Xgg, which follows the tighter correlation observed in both
nearby and high-redshift systems (e.g., Lutz et al., 2016; Herrera-Camus
et al., 2018a, 2025).

4. We observe velocity offsets between the Lya and [CII] lines in the range
of ~ 200-500 km s™!, consistent with values observed in other high-redshift
systems (Baier-Soto et al., 2022; Hashimoto et al., 2019; Endsley et al., 2022),
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and with the low EW((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 physical conditions and
dynamical states of early galaxies, offering valuable insights into their formation
and evolution. An important next step is to identify additional targets in the
Northern hemisphere and increase the number of high-resolution observations of
both gas and dust. This will be essential for studying the physical processes that

govern galaxy evolution in the early Universe.
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