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Resumen

Keywords — galaxias, alto redshift, evolucion de galaxias

GN-108036 es una galaxia tipica a z = 7.213, y es una de las fuentes conocidas mas
distantes del hemisferio norte. Basado en observaciones del telescopio NOrthern
Extended Millimeter Array (NOEMA), reportamos la deteccion tentativa de la
linea [C11] 158 pm con un nivel de significancia de 30. La emision integrada de
la linea no coincide espacialmente por ~ 4 kpc respecto de la emision UV en
reposo. La luminosidad total de [Cl1] (Licy = 2.7 x 10® L) es consistente con la
relacion entre luminosidad de [Cl11] y tasa de formacion estelar (SFR) observada en
galaxias cercanas y también en galaxias a alto redshift. Més interesante, la linea
[C11] esta corrida hacia el azul respecto a la linea Lya por 982.2 +12.7 km s™!. Si
se confirma, este corresponde al valor mas alto en diferencia de velocidad entre la
linea Ly« y una linea no resonante reportada hasta ahora a z 2 6. De acuerdo
a las tendencias observadas en otras galaxias a alto redshift, el gran valor de
diferencia en velocidad en GN-108036 es consistente con su bajo ancho equivalente
de Lya y su alta magnitud absoluta UV. Basado en modelos de transferencia
radiativa de la emision Lya de céscaras que se expanden, la gran diferencia de
velocidad puede ser interpretada como una gran densidad de columna de gas de
hidrégeno, o viento galactico con una velocidad de vy ~ Avpye/2 ~ 500 km
s~1. Tabmién reportamos la potencial deteccion (30) de un sistema compaiiero
localizado ~ 30 kpc al este de GN-108036, a una similar velocidad sitémica y sin

una contraparte en la emision UV en reposo.
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GN-108036 is a star-forming galaxy at z = 7.21, and one of the most distant known
sources in the Northern hemisphere. Based on observations from the NOrthern
Extended Millimeter Array (NOEMA), here we report the tentative detection
of the [C11] 158 pum line at 3¢ significance. The integrated [C11| line emission is
spatially offset about ~ 4 kpc from the rest-frame UV emission. The total [C11]
luminosity (Licm = 2.7 x 10* Lg) is consistent with the relation between [C11
luminosity and star formation rate (SFR) observed in nearby and high-z star
forming galaxies. More interestingly, the [C11| line is blueshifted with respect to
the Lya line by 982.2 4 12.7 km s~!. If confirmed, this corresponds to the largest
velocity offset reported to date between the Ly« line and a non-resonant line at
z 2 6. According to trends observed in other high redshift galaxies, the large
Lya velocity offset in GN-108036 is consistent with its low Lya equivalent width
and high UV absolute magnitude. Based on Ly« radiative transfer models of
expanding shells, the large Ly« velocity offset in GN-108036 could be interpreted
as the presence of a large column density of hydrogen gas, or an outflow with
a velocity of voyt ~ Avpye/2 ~ 500 km s~!. We also report the 3¢ detection of
a potential galaxy companion located ~ 30 kpc east of GN-108036, at a similar

systemic velocity, and with no counterpart rest-frame UV emission.
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Chapter 1

Introduction

1.1 Very high-redshift galaxies

This project focuses on the study of the interstellar medium (ISM) properties
and environment of a star-forming galaxy near the epoch of reionization, i.e, at
redshift (z) between 6 and 8. For this reason, it is necessary to begin by clarifying

some key things in the study of very high-z systems.

1.1.1 What is a very high-z galaxy?

There is no simple answer for this question, in part because theoretical and
observational point of views have different definitions, and also because technical

developments change the definition as we detect systems further away.

From an observer perspective, a simple definition of very high-z galaxy corresponds
to the highest redshift galaxy currently observed. Of course this definition changes
with time and goes hand in hand with technological and technical development.
A slightly more elaborate definition is a galaxy with a metallicity (Z) very close
to zero (or zero), but this may be misleading because even the first galaxies could

be already metal-enriched by super nova (SNe) triggered by the first stars (see
, ).

For simplicity, in this work I will consider as a very high-z galaxy all sources at
z > 6 detected to date. This is not a bad assumption, even more if we consider the

cold dark matter (ACDM) cosmology, where structure forms hierarchically through
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Figure 1.1.1: Scheme of the first galaxies assembly. In this case, the first galaxies
reside in atomic cooling halos and their masses are in the order of ~ 10® Mg and
collapse at z ~ 10. Here the mini halos that house the first stars (Pop III) formed
earlier (z ~ 20) are not considered as galaxies. Figure adapted from

(2011).

mergers of smaller dark matter halos (DM). Figure 1.1.1 shows a representation
of the first galaxies assembly, where the first galaxies at z ~ 10 formed through

the collapse of mini halos dark matter at z ~ 20.

1.1.2 Why study high-z galaxies?

It is thought that the first galaxies were formed within the first ~ 200-300 Myr of
the Universe lifetime (e.g., , ; , ). These
systems are recognized as key drivers of early cosmic evolution, and represent the
primordial building blocks for the subsequent galaxy formation and growth. As
Figure 1.1.2 shows, the Universe at this epoch (z > 8) was mostly neutral, with
the ionization fraction increasing up to 50% at z ~ 7, and becoming predominantly

ionized at z < 6 (e.g., , ; ; ;
, ).

The evolution of the cosmic neutral fraction remains a very challenging question,

Y Y

and one of the main candidates to explain this evolution is the stellar activity of
the first galaxies ( , ). Detecting and studying these early systems,
and their role in the cosmic reionization of the Universe, represents a current

major observational challenge.
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Figure 1.1.2: Cosmic reionization process as a function of z. Simulation of
the [Hi| 21 ¢m emission considering radiative transference. Figure adapted from

(2009).

The discovery of massive galaxies (> 10® Mg) in the first ~ 1 — 2 Gyr of the
Universe (e.g., , : , : , :

, : , : , ) allows us to ask
again about how galaxies began to form large numbers of stars in the first stages of
the Universe. The study of interstellar medium at very high-z using fine-structure
lines such as the [C11] 158 pm and/or [O111] 88 pm transitions provides a relevant

measure of the star formation activity and ISM properties in early epoch galaxies

(e.g., , ).

1.1.3 How to study very high-z galaxies?

To date, the study of high-z galaxies is unfortunately limited to a little amount
of tracers. One of the most powerful tools to study high-z galaxies is the [C11]
158 pm transition, that probes the ISM of the galaxy. Another important tracer
of high-z systems is the Lya emission line from young and massive stars. I will

discuss in more detail about these two tracers in Chapter 2.
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1.2 (Galaxias a muy alto redshift

Este proyecto se enfoca en el estudio de las propiedades del medio interestelar
y el ambiente de una galaxia tipica cerca de la época de reionizacion, es decir,
a redshift (z) entre 6 y 8. Por esta razon, es necesario partir aclarando algunos

conceptos claves en el estudio de sistemas a muy alto redshift.

1.2.1 ;Qué es una galaxia a muy alto redshift?

No hay una respuesta simple para esta pregunta, en parte porque el punto de
vista teodrico y observacional tienen diferentes definiciones, y tamibién porque los
desarrollos tecnolégicos cambian la definicion a medida que detectamos sistemas

més lejanos.

Desde una perspectiva observacional, una simple definicién para una galaxia
a muy alto redshift corresponde a la galaxia al méas alto redshift actualmente
observada. Obviamente esta definicién cambia con el tiempo y va de la mano
con los desarrollos técnicos y tecnologicos. Una definiciéon un poco més elavorada
es una galaxia con una metalicidad (Z) muy cercana a cero (o cero), pero esto
podria ser enganoso puesto que incluso las primeras galaxias podrian haber sido
enriquecidas por metales por super novas (SNe) desencadenadas por las primeras

estrellas (ver ( ).

Por simplicidad, en este trabajo voy a considerar como galaxia a muy alto redshift
todas las fuentes a z > 6 detectadas hasta ahora. Esta no es una mala suposicion,
ain mas si consideramos el modelo cosmoldgico ACDM, donde las estructuras
se forman de manera jerarquica a través de la fusion de halos més pequenos de
materia oscura. La Figura 1.1.1 muestra una representacion de la formacion de
las primeras galaxias, donde las primeras galaxias a z ~ 10 fueron formadas a

través del colapso de mini halos de materia oscura a z ~ 20.

1.2.2 ;Por qué estudiar galaxias a muy alto redhsift?

Se piensa que las primeras galaxias se formaron dentro de los primeros ~ 200 — 300
Myr de vida del Universo (e.g., , : , ).
Estos sitemas son reconocidos como los impulsores claves de la evoluciéon cosmica

temprana, y representan los bloques de construccion primordiales en la subsiguiente
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formacion de galaxias y su crecimiento. Como muestra la Figura 1.1.2, en esta
época (z > 8) el Universo estaba mayormente neutral, con la fraccion ionizada
aumentando hasta un 50% a z ~ 7, y luego volviendo mayormente ionizado a
2 <6 (eg., , ; , ; , ;

Y )

La evolucion de la fraccion coésmica neutral se mantiene como una pregunta muy
desafiente, y uno de los principales candidatos para explicar esta evolucion es
la actividad estelar de las primeras galaxias ( , ). Detectar y
estudiar estos sistemas tempranos, y su rol en la reionizacion césmica del Universo,

representa un gran desafié en las observaciones actuales.

El descubrimiento de galaxias masivas (> 10® M) en los primeros ~ 1 — 2 Gyr
del Universo (e.g., , : , : ,

: , : , : , ) nos permite
preguntarnos nuevamente sobre como las galaxias comenzaron a formar grandes
numeros de estrellas en las primeras etapas del Universo. El estudio del medio
interestelar a muy alto z usando las lineas de estructura fina como la transicion
[C11] 158 pm y/o [O111] 88 um proporciona una medida relevante de la actividad

de formacién estelar y las propiedades del ISM en galaxias de épocas tempranas

(e.g., , ).

1.2.3 ;Coémo estudiar galaxias a muy alto redshift?

Hasta ahora, el estudio de galaxias a alto z esta desafortunadamente limitado a un
pequeno grupo de trazadores. Una de las herramientas més ttiles para estudiar
galaxias a alto z es la transicion [C11] 158 pm, la cual sondea el ISM de la galaxia.
Otro trazador importante es la emision de Lya proveniente de estrellas jovenes y

masivas. Voy a discutir en mayor detalle estos dos trazadores en el Capitulo 2.
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Chapter 2

Theoretical Framework

2.1 Lya emission

An important tracer of high-z systems is the Ly« line. This line is produced when
an electron in the 2p state decays to the ground state. Two scenarios can produce
the Lya emission. The first one is by collisional excitation, where a hydrogen
atom collides with a free electron. The collision can leave the atom in an excited
state, depending on the kinetic energy of the free electron. The second case is the
recombination between protons and electrons. Radiative cascades to the ground

state can then produce a Lya photon ( , ).

2.1.1 Ly« observations in high-z galaxies

The Ly line at 1215 A (rest-frame) can be observed in high-z galaxies using
ground-based telescopes in the near-IR wavelength range. Lya emission comes
from the radiation emitted by young and massive stars, but does not suffer any

absorption by the gas surrounding the emitter stars.

One of the most useful technique to identify high-z candidates is the Lyman
break drop-out. Thanks to this technique we have identified hundreds of z > 6.5
candidates systems (e.g., , : , ). This technique
is based on the large break in the continuum flux from an object that occurs
at the 912 A Lyman limit from neutral hydrogen absorption in the line-of-sight.
Taking multi-band images of a field that contains high-z galaxies, this technique

can be used to identify those objects that have very red colors as a result of the
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Figure 2.1.1: Prominent two Ly« detections of SDF-63544 (left) and SDF-46975
(right). The top panels show the composite two-dimensional spectra of both

galaxies. Figure adapted from Ono ot al. ( ).

( ) performed spectroscopic observations of z-dropout candidates
discovered in (2009) using the DEep Imaging Multi-Object
Spectrograph (DEIMOS; et ol 2003) at the 10 m Keck II telescope. Figure

2.1.1 shows two examples of the Lya detections of these candidates. In the case
of the galaxy SDF-63544 (left) the Ly« line is detected at 9683 A with a signal to
noise (S/N) of ~ 13, and for SDF-46975 (right) the Lya detection is at 9536 A
with a S/N of ~ 14.

Similar results were reported in several works in the last years (e.g., ,

; , ). Figure 2.1.2 shows a sample of 36 selected Ly«
emitters galaxies between 6.492 < z < 6.625 detected in the Lya line. The large
number of Lya detections has allow us to study the epoch of cosmic reoinization,
where the neutral hydrogen in the intergalactic medium (IGM) was ionized by
the UV radiation from the first stellar objects (e.g., : ).

However, because of the nature of the Lya emission, we receive only the radiation
from young stars that is not obscured or absorbed by atomic hydrogen and/or dust.
If we want to study the different phases of ISM in very high-z galaxies, we need
another tracer that gives us information about the star formation, morphology,

and kinematics, such as the [C11] 158 pum transition.
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Figure 2.1.2: Ly« line emission in a sample of 36 galaxies at z > 6 detected using
the Lyman break drop-out technique. Figure adapted from Ning et al. (2021)

2.2 [Ci1| 158 pum transition

The [C11] 158 pm transition is one of the main cooling channels of the ISM (e.g.,
Wolfire et al,; 2003). This line is produced by collisional excitation with electrons,
neutral hydrogen (HI) and molecular hydrogen (Hs), with relatively low critical
densities of 44, 3x 10 and 6 x 103 cm ™3, respectively (CGoldsmith et al., 2012). Due
to the relatively low ionization potential of the carbon atom (11.2 eV), the [CI1]

158 pm transition can be used as a tracer of molecular, atomic and ionized gas.
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Given that due to technical limitations the HI 21 cm line is currently unoservable
at z > 1, the [CI11] line represents an excellent alternative to study the extended

disk, kinematics, and halo emission of high-z systems (e.g., , :

, 2021).

2.2.1 [Ci11] 158 pum - FIR ratio

Figure 2.2.1 shows the ratio between the [C11| and FIR continuum luminosity (Lgr)
as a function of the FIR luminosity. For all types of sources (included galaxies at
z > 1) the |C11]/FIR ratio remains roughly constant (Lpr < 10" L) with values
that range between 1072 — 1072, For galaxies with higher Lpr (Lpr > 10M Lg),
also known as luminous infrared galaxies (LIRGs), the [C11|/FIR ratio drops,
although accompanied by an increase in the scatter of a factor of ~ 2 (

, ). Independent of the observed |[C11| deficit at high Lpg, the
|C11| 158 pm transition is one of the brightest lines in star-forming galaxies. In
addition, the [C11] line remains bright in metal-poor environments, such as those

we expect to find in high-z galaxies (e.g., [s1 , : ’ ;

, 2015).
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Figure 2.2.1: [C11| 158 my line to FIR continuum rate for different types of
galaxies and also for high-z systems (z > 1) against FIR luminosity. Figure
adapted from ( , )
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2.2.2 [CI1] 158 pum at z > 6

Until just recently, the study of the most massive early-type galaxies (z > 6) was
limited to the sensitive near-IR observations from the Hubble Space Telescope
(HST), i.e., young and massive stars not obscured by dust; mid-IR observations
from Spitzer, i.e., probing line emission and stellar population age through the
features like Balmer break; and rest frame UV spectroscopy from ground telescopes
(e.g., Subaru Telescope) observations, i.e., Lya and some high ionized UV lines
detections from very young stellar populations (e.g., , ; ,
: ; ).
Over the last decade this scenario has significantly changed. Thanks to the
improved capabilities of the NOrthern Extended Millimeter Array (NOEMA) and
Atacama Large Millimeter/sub-millimeter Array (ALMA), we now can characterize

the physical properties of the ISM in star-forming galaxies at very high-z through
FIR fine-structure lines such as the [C11] 158 ym and [O111] 88 um transitions.

Until just recently, [C11] observations of massive z > 6 galaxies were restricted to
those with strong Ly« emission (e.g., \: tral., , ). However, this
scenario is changing. Several ALMA large programs (e.g., , ;

, ) have shown that scanning Lyman break selected, UV-bright galaxies
(not necessarily bright in Ly« emission) for prominent ISM-cooling lines can be a
very efficient way to identify luminous galaxies in the z > 6 Universe. Based on
this strategy, ( ) targeted 40 bright, star-forming galaxies as
part of the Reionization Era Bright Emission Line Survey (REBELS), a cycle-7
ALMA large program. Figure 2.2.2 shows the detection of the [Cri1] 158 um
transition in the z > 6 star-forming galaxies from REBELS.

2.2.3 Star formation rate - [CII] luminosity relation

Under the assumption of an ISM in thermal equilibrium, and considering that the
[C11] 158 pm transition is one of its main cooling channels (e.g., ,

), a tight relation is expected between the cooling via the [C11| line emission,
and the principal heating source, i.e., the star formation activity. This relation
has been observed in nearby, star-forming galaxies and high-z, main-sequence
systems (e.g., , : , :

, 2018; , 2020).
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Figure 2.2.2: Highest significance (> 7o) levels of detection in the REBELS
large program. Figure adapted from ( ).

Figure 2.2.3 shows the |CI11] surface brightness - star formation rate (SFR) surface
density relation for spatially resolved regions (~ 1 kpc ) from 46 galaxies from
the KINGFISH sample ( , ). The different panels show
different methods to estimate the SFR value for each galaxy. For all panels in the
bottom-right corner is the value of the slope (m), the value of the y-axis at = = 40
(N) and the standard deviation (o) in dex. Using the OLS linear bisector method
( , ) to estimate the best linear fit to the data,

( ) find that the Ygpr and Yoy yields the following relationship:

Ysrr (Mo yr~'kpe ) = 3.79 x 107%7 x (Sjcqy [erg s~ 'kpe 212

The great utility of the [Cii] 158 pm transition, not only to detect high-

z systems, but also to estimate properties such as SFR, together with the
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Figure 2.2.3: Ygrr and Yjcy scaling relation using different SFR tracers. In all
panels m, N and o indicate the slope of the relation, y-axis value at x = 40 and
the standard deviation in dex, respectively. Figure adapted from

(2015)

improving capabilities of the current interferometers, have opened the possibility
to characterize the ISM and star formation processes in galaxies at z > 6, which

is fundamental to understand the early phases of galaxy formation and evolution

(e.g., , ).

2.3 |Ci1] 158 um - Ly« offsets

The [CI11] 158 pum and Ly« transitions trace different structures, dust content,
and ISM phases of the galaxy. Therefore, potential differences between the line
systemic velocities and profile shapes give us information about the ISM properties,

and the environment surrounding the galaxy.

2.3.1 Lya - [CI11] spatial offset

Multi-wavelength observations of star-forming galaxies at z > 6 have reported
spatial offsets between tracers of the dust/cold gas (e.g., [C11], dust continuum),
and tracers of the ionized gas (e.g., Lya, |O111]). For example,

( ) observed BDF-3299, a star-forming galaxy at z = 7.1, using UV continuum,
Lya, [C11] and [O111] 88 pm emission. Figure 2.3.1 shows the large spatial offset
observed between the |C11] (red contours), [O111] 88 um (blue contours), and the

rest-frame UV emission from HST (background). The observed spatial offset is
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Figure 2.3.1: Spatial offset between Lya + UV (grey scale), [C11] (red contours)
and |O111] emission. Figure adapted from ( ( )

Theoretically, this spatial offset can be explained in terms of the strong UV emission
in the main galaxy and gas accretion process from the CGM. Figure 2.3.2 shows
the model of primeval galaxies developed by ( ) tailored to a
galaxy at z = 7.1 ( , ). In this model, the gas in the main
galaxy is completely ionized, while molecular gas are not present due to the strong
stellar feedback. Black points indicates the spatial distribution of young massive
stars, i.e., the stars that we observe through UV continuum emission. In color is
shown the warm ionized gas distribution, which can be observe via the Ly« line.
Contours indicate [C11] 158 pm emission coming from neutral and middle ionized

gas.

2.3.2 Ly« - [C11] velocity offset

Due to the radiative transfer processes that affect the Lya photons, the systemic
velocity of the Lya line does not necessarily match the systemic redshift (zsys) of
the galaxy. In that sense, optically-thin lines such as |C11|, [O111] or He, which are
not affected by any radiative transference process, can provide the real redshift of

the source.
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Figure 2.3.3: Schematic representation of the expected Lya and non-resonant
photons (e.g., [C11] or |O111]) if the gas in the blobs surrounding the galaxy is
static (top), inflowing (middle) and outflowing (bottom). The solid blue and red
dotted line represent the Lya emission and non-resonant line, respectively. Figure
adapted from ( ).

The difference between the velocity of the Lya and non-resonant lines, Avyyq,
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provides a valuable probe of the ISM and also the surrounding IGM (
, ). Avry, has been investigated in hundreds of galaxies at z ~ 2 — 3
based on observations of the Lya and Ha (or [O111]) lines (e.g., :
). At this redshift, galaxies have Avpy, ranging from 100 to 1000 km s !,

with mean value of 300 km s~}

(e.g., , ). At z > 6, galaxies tend
to have Avpy, that range between 100 — 500 km s™! (e.g., , :
, ). To date, the highest Avp,, value reported is 772 km s™!

in the star forming galaxy B14-65666 at z = 7.15 ( : ).

The physical reasons behind the observed Awpy, are explored in the context
of a galaxy lying in a Ly« halo by ( ). For this configuration,
Figure 2.3.3 illustrate three different possible scenarios. The first (top) is a static
cloud, where the Lya photons in the Doppler wings escape in random scatterings.
The observed spectral profile will be double peaked in the Lya emission, centered
at the systemic redshift of the galaxy. In this case, both 24 and 21y, are the same.
The middle panel shows the infalling gas scenario. In this case, Lya photons
on the red side of the double-peaked profile see higher optical depth due to the
line-of-sight infalling gas, and the red peak is depressed, which implies a Ly«
spectral profile blueshifted with respect to zys. The bottom panel shows the
outflowing gas scenario. Here, unlike the previous case, the blue peak is depressed
due to the scatter suffered for the outflowing gas, which contributes to the red
peak of the Lya line. This implies a 21y, redshifted relative to the zg of the
source. For the outflowing scenario, a first order approximation to relate the

expansion velocity of the blob or the outflow velocity (vout) With Avpy, is (e.g.,

) ):

Vout = AUQLYOé‘ (231>

Figure 2.3.4 shows a compilation of the Ly« velocity offset observed in a sample
of z 2 6 star-forming galaxies ( , ). The left panel shows the
anti-correlation observed between Avyy, and Lya equivalent width (EWq(Lya)).
This anti-correlation could be explained in terms of a the presence of a large
hydrogen column density that decreases EWg(Lya) (due to a higher dust content
along the line of sight) and increase Avyy, due to resonant scattering. The middle

and right panels show the correlation of Avyy, with absolute UV magnitude and
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Figure 2.3.4: Compilation by ( ) of Avpy, as a function of

Ly« equivalent width (left), absolute UV magnitude (center), and [C11] luminosity
for high-z galaxies (z ~ 6 —8). In all three panels N, p and p indicates the number
of individual data points, the Spearman rank correlation coefficient for each
relation and the probability satisfying the null hypothesis, respectively. Figure
adapted from ( )

[C11] luminosity, respectively. Both trends can be interpreted as an increase in the
expanding gas velocity due to starburst driven outflow, hence the UV luminosity.

These correlations and interpretations will be discuss in more detail in Section ?77.

For this work we adopt the following cosmological parameters: H, =
67.4 km s~! Mpc ™, Qy; = 0.315 and Q = 0.685 ( ,
). For a source at z = 7.21, this results in a physical scale of 5.24 kpc/”.
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Chapter 3

Methodology and Results

3.1 Observations and data reduction

3.1.1 Target

In this project we focus on the combined analysis of Lya and [C11] line emission
in GN-108036, a star-forming galaxy at z = 7.213. The redshift of GN-108036 is
based on the detection of the Ly« line from deep Keck/DEIMOS spectroscopy
( , ). This makes GN-108036 one of the most distant sources known in
the Northern Hemisphere (dec. +62:08:07). Figure 3.1.1 shows the Lya detection
of the galaxy by ( ). The main argument in favor of the observed
line being Ly« is its morphology and the clear asymmetry of the line. In addition,
if the detected line were HB or [O111] at z ~ 0.9 — 1.0, additional lines should
be detected. In the case of HB, the [O111] should fall at 10284 A, and in the
case of |O111], the HB would be seen at 9674 A. In both hypothetical cases the
corresponding non-detection of additional lines support the idea that is a Lya
detection at z = 7.213. In the case of the asymmetry, ( ) used the
weighted skewness parameter (S, ), that is defined as the product of the skewness
(the third moment of flux distribution) and the width of the line. In general Ly«
emission lines in high-z galaxies have large positive S,, parameter, while other
possible lines, e.g., Ha, HS, and [O111] are symmetric with S, values very close to
zero. The S, value is estimated to be S, = 4.1 £ 0.7 A for GN-108036, which
means that the detected line has an asymmetric profile with a sharp decline on

the blue side and a long tail on the red side, that as we saw in Section 2.2, is
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typical in very high-z galaxies.
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Figure 3.1.1: Ly« spectral profile of GN-108036 obtained using the DEep
ImagingMulti-Object Spectrograph at the Nasmyth focus of the 10 meters Keck
IT telescope. Figure adapted from ( ).

The stellar mass of GN-108036 is M, = 1087 M, and its star formation rate
(SFR) is in the 29 to 100 M, yr~! range based on calculations using the rest-frame
UV continuum and stellar population synthesis models, respectively ( ,

). Figure 3.1.2 shows the HST (F140W) map of the source in grey scale. The
HST map shown corresponds to an area of ~ 7.5” x 7.5” where the black circle

indicates the position of the galaxy.

3.1.2 NOEMA interferometer

In our work we use observations of the ionized carbon [CII] 157.74 pum transition
by the Northern Extended Millimeter Array (NOEMA) to detect and characterize

the galaxy and its environment, and compare it to the Ly« line emission.

NOEMA is one of the most powerful millimeter interferometers. This array of

radiotelescopes developed by Institut de Radioastronomie Millimétrique (IRAM)



3.1. Observations and data reduction 19

Figure 3.1.2: HST rest-frame UV map of the field of GN-108036. Black circle
indicates the position of the galaxy.

is located in the French Alps at an elevation of 2550 meters. Currently has 12
antennas, each one of them of 15 meters in diameter. The array has two tracks,
extending on the north-south and east-west direction, with a maximum separation
of 760 meters in E-W and 230 meters in N-S. In this extended configuration the
array reaches a resolution of 0.5 arcsecs at an observing wavelength of 1.3 mm
(230 GHz).

Figure 3.1.3: Seven antennas of the NOEMA observatory in the French Alps at
2550 meters above sea level. Credits: IRAM (www.iram-institute.org)

Due to the redshift of our source, the [CI1| transition is redshifted to vjciobs =


www.iram-institute.org
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231.5 GHz, which falls into NOEMA Band 3. Figure 3.1.4 shows the Band 3 of
NOEMA, indicating the frequency where we expect to detect the [C11] 158 pm

transition (magenta and blue arrow).

Spectral windows:
[Odf = 2000.0 kHz REDSHIFT
z =7213
0/128 flexible chunks used LSR Frequency (GHz)
REST: 1900.000 GHZ (LSR: 231.341, RF: 231.341) IF1: 5840.563 MHz USB
215 220 225 230 235
T T T T T T T T T T T T T T T T T T T T T

Band 3

| I | 1 I | I 1
1800 1850 1900

Rest Frequency (GHz)

Figure 3.1.4: Instrumental tuning of NOEMA Band 3.

3.1.3 NOEMA observations

GN-108036 was first observed in March 2019 using the most compact array
configuration (D) for an on-source time of 3.2 hrs. The second set of observations
was taken on March 2020 using array configuration C for an on-source time of
3.7 hrs. We reduced and combined both data sets using the CLIC and MAPPING
software by IRAM." For the imaging of the [C11] cube and the dust continuum map
we use natural weighting to maximize the sensitivity. The resulting synthesized
beam for the D, C, and combined C+D data was 6 = 2.1” x 1.5", § = 1.2"” x 0.9”,
and 0 = 1.4”7 x 1.1”, respectively. The rms noise for the D, C, and combined C+D
line cubes is 0.46, 0.35, and 0.35 mJy beam™! in 25 km s~! channels, respectively.

In all three data sets the spectral resolution is 25 km s~! with 386 channels
covering a velocity range of ~ 10000 km s~! from ~ —7000 km s~! to ~ +2600 km

Sil.

3.1.3.1 Dust continuum

We created a continuum map using using the sidebands of the C+D data where
we do not expect line emission from the source. The root mean square (rms) noise
in the continuum map is 13 pJy beam™!. Figure 3.1.5 shows the NOEMA dust
continuum map at 218 GHz around GN-108036. Unfortunately, we did not detect

the source.

1CLIC and MAPPING are part of the GILDAS package ( , ): http:
//www.iram.fr/IRAMFR/GILDAS


http://www.iram.fr/IRAMFR/GILDAS
http://www.iram.fr/IRAMFR/GILDAS

3.1. Observations and data reduction 21

62°08'15" 8
6
'€
o
1oL 4 &
>
(@] X
: 2 &
©
\\\ 8
.) 5
- o5
1 +—
; kS
| -2
00" -4
12136 -

RA

Figure 3.1.5: NOEMA dust continuum map of GN-108036 using the lower side
band (LSB, Vyestireq = 218 GHz) of the spectral window. Black solid contours are
at levels of 1 and 20 (o = 13 uJy beam™!). Dashed contours trace negative levels
at —1 and —20.

Assuming a characteristic dust temperature for a z ~ 6 — 7 galaxy of Ty = 45
K (eg., , ; Faisst ¢ , ), and a dust emissivity index
of f = 1.5 we can estimate the dust mass upper limit of the galaxy using the

following relation (e.g., , ):

FobsD%
Mawse = e BT (2)) = Bo(Tonn(2))]

(3.1.1)

where Fy, is the observed flux, Dy, is the luminosity distance of the source in
Mpc, K (Vrest) = 0.77(850um /Nt )? cm? g=t (
absorption coefficient (with Aese = 158um), and B, (Tyust) is the Planck function

) ) is the dust mass

at a rest frequency 1. and a dust temperature Tjyg.

The expected non-detection indicates a 30 dust mass upper limit of Mgt <
9.5 x 105 M. The low dust content in GN-108036 is consistent with that observed

in other z &~ 7 systems (e.g., : ).
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3.1.4 Tentative detection of the [CI1] 158 ym transition in
GN-108036

We searched for [Ci11| line emission by systematically placing apertures of the
beam size across the cubes separated by a distance of a quarter of a beam size.

For this we use the Spectral Cube package of Python 3.8.3.

We tentatively detected two sources with an integrated signal-to-noise (S/N) of
~ 3 in two regions of the cube: 1) in the center, and slightly offset from the spatial
position of the detection of GN-108036 in the HST rest-frame UV and Ly« data,
and 2) about ~30 kpc east from the HST detection of GN-108036.

The top-left panel of Figure 3.1.6 shows the C11| spectrum of the potential detection
of GN-108036 extracted from the compact array NOEMA data. From a single
Gaussian fit we find that the line is centered at —982 + 13 km s~! with respect
to the detection of the Ly line (Ono et al., 2011). We discuss more about this
large velocity offset in Chapter 4. The integrated Cri| flux is 0.214+0.07 Jy km
s~1, which corresponds to a tentative detection of the source with a S/N of ~ 3.
The signal is present in the ~ 2x higher angular resolution data set at the same
velocity range, but with lower significance. This could be the result of the Ciij
line emission in GN-108036 to be significantly more extended than 1”7 (~ 5 kpc),

as it has been observed in other z ~ 6 — 7 star-forming galaxies (e.g.,
, 2020).

Table 3.1.1: [C11| 158 pm fluxes and parameters from the Gaussian fit to the
tentative detections of GN-108036 and its companion

Source SFR Zlya  #cm  Central velocity FWHM Integrated Flux Luminosity
[Mg yr| [km s~ [km s [Jy km s71] 108 Lg
GN-108036 ~30—100 7.213 7.180 —982.2 & 12.7 102.7 + 29.9 0.21 + 0.07 2.7
Companion — — 7.188 —910.1 £57.2 503.5 + 134.7 047 + 0.15 6.0

We constructed a [C11| integrated intensity map (or moment 0) integrating the
[Cr11] line emission around the potential detection of the line centered at the
velocity of —982 km s~!. Figure A(.2 in the Appendix shows the [CII] moment
0 map, and the right panel of Figure 3.1.6 shows the |CI1| integrated intensity
contours (at significance levels of 2.5, 3, 4 and 50) overplotted on the HST/WFC3
map of the field. The dotted black circle in the center indicates the position of
GN-108036 as detected in the rest-frame UV and Ly« emission ( : ).
The peak of the integrated [CI1| line emission is offset with respect to the peak of
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Figure 3.1.6: Left: |C11] line spectrum of GN-108036 (top) and a potential
companion located ~ 30 kpc east (bottom). The zero velocity is set using the
redshift from the detection of the Ly« line (black dashed vertical line :

). The best 1D Gaussian fits to the tentative detections are shown in red.
Right: HST rest-frame UV map of the field of GN-108036. The black dotted circle
indicates the position of the HST rest-frame UV emission from GN-108036, and
the black solid circle around the center has a radius of 30 kpc. The integrated
intensity contours of the C11| line emission (2.5, 3, 4 and 5o levels) are shown in

magenta for the potential detection of GN-108036, and green for the potential
companion.

the rest-frame UV and Lya emission by ~ 4 kpc in the south-east direction. We
checked the astrometric accuracy of the HST images using stars in the field in
the GAIA catalog ( , ), and this is not the source of
the observed offset. Spatial offsets between the star-forming regions and |[C11] line
emission have been observed in other star-forming galaxies at z 2 5 (e.g.,

, ), and could be related to difference in the ionizing state of the gas,
dust obscuration, and/or the effect of stellar feedback destroying molecular gas
(e.g., , ; , ). Given the large beam size of our
observations (the projected size of the beam is roughly the size of the observed

offset), it is hard to judge if the offset is due to physical reasons.

Together with the tentative detection of the [CI1] line in GN-108036, we identify a
potential additional system located approximately at 30 kpc in the east direction.
The spectrum is shown in the lower-left panel of Figure 3.1.6. Interestingly, the
tentative detection is at a similar velocity (—910 4+ 57 km s™!) of the possible
detection of the [C11] line in GN-108036, but the line profile is significantly wider
(503 £ 134 km s7!'). The integrated [C11] flux is 0.4740.15 Jy km s~!, which



24 3.1. Observations and data reduction

corresponds to a tentative detection with a S/N of ~ 3. As Figure A0.2 in the
Appendix shows, the signal is much weaker in the compact array data. The
contours of the integrated [C11] line emission from the extended array data are

shown in green in the right panel of Figure 3.1.6.

Table 3.1.1 summarizes the [C11| line properties of the tentative detections of
GN-108036 and the companion. We include the redshift of the source (Lya and
[C11]), the central velocity and FWHM of the [C11| line from the best 1-D Gaussian
fit, the integrated [CI11] flux, and the [CII| luminosity.
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Chapter 4

Analysis

4.1 Relation between [CII| line emission and star

formation activity

Under the assumption of an interstellar medium in thermal equilibrium, and
considering that the [C11| transition is one of the main cooling channels (e.g.,
, ), a tight relation is expected between the [C11| line emission

and the star formation activity. This relation has been observed in nearby, star-
forming galaxies and high-z, main-sequence systems (e.g., , ;
: ; : ; , )-

Fig. 4.1.1 shows the [CI1] luminosity - SFR relation for star-forming galaxies
detected at z 2 6 ( : ). The solid (orange) and dot-dashed (blue)
lines represent the best fit to star-forming galaxies on and above (x20 — 100)
the main-sequence (corrected by the redshift dependence of the main-sequence;
, ). GN-108036, with a SFR that ranges from ~30 to

100 Mg, yr=* ( : ), follows the main relation observed in other z 2 6
galaxies, and lies in between the [C11]—SFR scaling relations for galaxies on and
above the main-sequence. Regarding the potential companion of GN-108036,
there is no HST counterpart or SFR estimate available, so we include the [CI1]

luminosity value as an horizontal green line.

The fact that GN-108036 follows the [C11]—SFR relation observed in other z 2 6
star-forming galaxies, combined with the small spatial offset observed between the

peak of the [C11] line and the rest-frame UV and Ly« emission, argues in favor of
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Figure 4.1.1: [C11] luminosity — SFR relation observed in z 2 6 galaxies (gray
circles; , ). The solid (orange) and dot-dashed (blue) lines
correspond to the scaling relations observed in star-forming galaxies on and above

B

(x20 — 100) the main-sequence (Herren us : ). The tentative
detection of GN-108036 is shown with a magenta diamond. The SFR of GN-
108036 ranges from =~ 30 to ~ 100 M year—! depending if the rest-frame UV
emission or SED are used, respectively ( , ). The green solid line
indicates the [C11] luminosity for the companion, which does not have an HST
counterpart or SFR estimate available.

the interpretation of the [Ci11] line detection in GN-108036 as real and associated
with the galaxy.

4.2 Lya - |C11] velocity offset

Lya is a resonant line, thus its profile carries important information about the
content, geometry and kinematics of the atomic gas. At z ~ 2 — 3, star-forming
galaxies can show significant velocity differences between Lya and non-resonant
lines (e.g., Ha, HB, [Oiii]) that range between 100 to 1000 km s™! (e.g., ?7?). At
z 2 6, Lyman Break galaxies show Ly« velocity offsets with respect to the [C11]

line that are typically between 100 to 500 km s 1.

The record belongs to the
star-forming galaxy B14-65666 at z = 7.15, with Ly« line emisison redshifted with

respect to the [C11] and [O111] lines by Avry, = 772 km s7H( ,
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).

In the case of GN-108036, the tentative detection of the |CI1| line is blueshifted
with respect to the Ly« line by 982.2 4 12.7 km s, the largest velocity offset
reported to date for a system at z 2 6. Figure 4.2.1 compares the Ly« velocity
offset in GN-108036 with star-forming galaxies at z 2 6 compiled by

( ). The left panel shows the anti-correlation observed between Avy,
and Lya equivalent width (EWy(Lya)), and the right panel shows the positive
correlation observed between Awvy,, and the UV absolute magnitude (Myy) of

the system.

To first order, and based on models of Ly« radiative transfer in expanding shells,
there are two scenarios that can explained the large velocity offset observed in
GN-108036. In the first scenario, the presence of a large column density of atomic
hydrogen implies that Lya photons suffer from more dust attenuation due to a
larger optical path length, which causes a reduction of the Lya equivalent width
and an increase in the Ly« velocity offset (e.g., , ). In the second
scenario, the increasing UV absolute magnitude is correlated with stronger star
formation activity, which can drive outflows including atomic gas that would
increase the Lya velocity offset. In a simple approximation, it is expected that
the velocity of the outflow (vyyt) is correlated with Avpye as Avpye ~ 2 X vgyt
(e.g., 7). This would imply an atomic gas outflow velocity for GN-108036 of
~ 500 km s~!. This outflow velocity is consistent with those observed in local

starburst with comparable levels of star formation activity (e.g.,

, 2016).
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). The tentative detection (30) of GN-108036 is shown in both panels with a
pink diamond.
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Chapter 5
Conclusions

We report new NOEMA Band 3 observations of the [C11] 158 pm transition and
dust continuum in one of the most distant sources in the Northern hemisphere,
the star-forming galaxy GN-108036 detected in Ly« emission at z = 7.12 (

, ). Our main results can be summarized as follows:

1. We tentatively detect GN-108036 in [Ci11] line emission with a S/N ~ 3. The
peak of the integrated emission is spatially offset about ~ 4 kpc with respect
to the peak of the rest-frame UV and Ly« line detection ( , ).
Spatial offsets of similar magnitudes are commonly observed in star-forming
systems at z 2> 6 (e.g., , ). The potential [C11] detection
is blueshifted with respect to the Lya emission by 982.2 & 12.7 km s~1. If
confirmed, this would be the largest Lya velocity offset reported to date
for a z 2 6 star-forming galaxy. GN-108036 is not detected in the dust

continuum, and the 30 dust mass upper limit is Mg, < 9.5 x 10° M.

2. Together with GN-108036, we tentatively detect (30) in [C11] line emission
one additional source at similar systemic velocity but located ~ 30 kpc east
of GN-108036. This source has no counterpart in the HST imaging of the
field.

3. GN-108036, with a SFR that ranges between ~ 30 — 100 My yr—! (
, ), follows the relation between the [CI1| luminosity and the SFR
observed in star-forming galaxies at z 2 6 (e.g., , ), and

lies in between the scaling relations of Ljcp — SFR observed in star-forming
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galaxies on and above (20—100x ) the main-sequence of star-forming galaxies
(removing the dependence with redshift; , ). The
fact that the potential [CII| emission in GN-108036 is almost co-spatial
with the rest-frame UV and Ly« emission, and that GN-108036 follows the

Licry — SFR relation, argues in favor of the [CI1| line detection to be real.

. The Lya velocity offset observed in GN-108036 is consistent with the positive

and negative correlations observed between Avp,, and EWy(Lya) and Myy
in z 2 6 star-forming galaxies, respectively. If models of Ly« radiative
transfer in expanding shells apply to GN-108036, the physical scenarios that
could explain the observed large Lya velocity offset, the low EWq(Lya) and
high Myy are: 1) the presence of a large HI column density, 2) the existence
of an outflow with velocity vou ~ Avrya/2 ~ 500 km s~!. Certainly deeper,
higher angular resolutions observations of GN-108036 are needed to confirm

the [C11] line detection, and further explore these two scenarios.

The upgraded NOEMA capabilities, which will have 12 antennas by the end
of the summer of 2022, and has a correlator (PolyF'iX) with a bandwidth of

~ 31 GHz, offers a great opportunity to search and detect in [C11| line emission

z 2 6 galaxies based on robust photometric redshifts estimates. The latter should

become available in large numbers in the near future thanks to the James Webb

Space Telescope.



31

Reportamos nuevas observaciones de la transicion [C1I] 158 pm realizadas por
NOEMA en la Banda 3 y en el continuo de polvo en una de las fuentes mas
distantes del hemisferio norte, la galaxia tipica GN-108036 detectada con la

emision de Lya a z = 7.213. Los resultados mas importantes son los siguientes:

1. Tentativamente detectamos GN-108036 en la linea [C11| con una S/N ~ 3. El
peak de la emision integrada no coincide espacialmente por ~ 4 kpc respecto
al peak en reposo de la deteccion de Lya y UV ( , ). No
coincidencia espaciales de magnitudes similares comunmente se observan en
galaxias tipicas a z 2 6 (e.g., , ). La potencial deteccion
de [C11] esté corrida hacia el azul con respecto a la emision de Ly« por
082.2 £12.7 km s~!. Si se confirma, esta seria la més grande diferencia en
velocidad reportado hasta ahora para una galaxia tipica a z 2 6. GN-108036
no esta detectada en el continuo de polvo, y el limite superior 30 de masa
de polvo es Myyst < 9-5 x 106 M.

2. Junto con GN-108036, tentativamente detectamos (30) en la linea de emision
|C11] una fuente adicional a similar velocidad sistémica pero localizada =~
30 kpc al este de GN-108036. Esta fuente no tiene una contraparte en el

campo de vision de HST.

3. GN-108036, con una SFR que oscila entre ~ 30 — 100 Mg yr—! ( ,
), sigue la relacion entre la luminosidad de [C11] y SFR observada en
galaxias tipicas a z 2 6 (e.g., , ), v se encuentra dentro de

la relacion entre Licip — SFR observada en galaxias tipicas en y por encima
(20 — 100x) de la secuencia principal para galaxias tipicas (removiendo la
dependencia con el redshift , ). El hecho de que la
potencial emision de [C11] en GN-108036 es casi coespacial con la emision
en reposo de Lya y UV, y que GN-108036 sigue la relacion Liciy — SFR,

argumenta en favor de la deteccion de la linea [CI1| para ser real.

4. La diferencia en velocidad respecto a la linea de Lya observada en GN-
108036 es consistente con la correlaciéon positiva y negativa observada entre
Avr,, vy EWy(Lya) y Myy en galaxia tipicas a z 2 6, respectivamente. Si a
GN-108036 se le aplican modelos de transferencia de radiaciéon de Lya en
cascaras expansivas, los escenarios fisicos que podrian explicar el gran valor

en diferencia de velocidad observado, el bajo valor de EWg(Ly«) y el alto
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valor de Myy son: 1) la presencia de una gran densidad de columna de [HI],
2) la existencia de un outflow con una velocidad voy, ~ Avpya/2 ~ 500 km
s~1. Ciertamente més profundo, observaciones con mayor resoluciéon angular
de GN-108036 son necesarias para confirmar la deteccion de la linea de [Cr11],

y explorar méas a fondo estos dos escenarios.

Las capacidades mejoradas de NOEMA, que tendra 12 antenas para fines del
verano de 2022 y tiene un correlador (PolyFiX) con un ancho de banda de ~ 31
GHz, ofrece una gran oportunidad para buscar y detectar en la emision |[C1i]
galaxias a z 2 6 basado en robustas estimaciones de redshift fotométrico. Esto
ultimo deberia estar disponible en grandes cantidades en un futuro préoximo gracias

al telescopio espacial James Webb.
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Appendix A

NOEMA |[C11] line observations of
GN-108036

Fig. A0.1 shows the [CI1] line spectra of GN-108036 (left) and the potential
companion (right) extracted from the D, C, and combined array configuration

data, respectively.

Fig. A0.2 shows the [C11] line integrated intensity map of GN-108036 based on
the compact array (D) data. The contours correspond to 2.5, 3, 3.5, 4, 4.5, 5 and
5.50 significance levels. The white cross at the center corresponds to the position
of the HST rest-frame UV emission from GN-108036.
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Figure A0.1: Left: NOEMA spectrum of GN-108036 with a possible new [Cr11]
158 pm transition detection (orange area). In all three panels, the green dotted
line indicates the respective rms noise for three different data sets. Red solid line
indicates the redshift measured by Ly« detection. Right: Same as the left panel
but for the companion system.
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Figure A0.2: Flux map of GN-108036 in [CII| emission line for the compact
data set. The contours corresponds to the 2.50, 30, 3.50, 40, 4.50, bo and 5.50
(integrated) levels. The beam size is plotted in the bottom left.
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