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Abstract

Throughout the last 12 Gyr of cosmic time, galaxies have been observed to follow

a universal relation known as the fundamental metallicity relation (FMR), which

connects the star formation rates (SFRs), stellar masses and chemical abundances of

galaxies. With spectroscopic data from the James Webb Space Telescope (JWST), it is

now for the first time possible to reliably measure the chemical abundances of galaxies

within the first few Myr after the Big Bang, at redshifts z > 7, and investigate whether

these galaxies follow the FMR. In this thesis, I will present how I first familiarize with

spectroscopy, by collecting the wavelength of each visible emission line in spectroscopic

observations obtained with the Multi-Object Spectrometer for Infrared Exploration

(MOSFIRE). I then proceed to utilize spectroscopic data obtained with the Near-Infrared

Spectrograph (NIRSpec) on the JWST to measure the gas phase oxygen abundance of

two high redshift galaxies denoted RXJ_95 and SMACS_85, at redshifts z = 9.5 and

z = 8.5 respectively. I determine the oxygen abundance by employing two methods:

one based on the electron temperature of the ionized gas and one using empirical

strong line calibrations. For both galaxies, I find that their SFRs are higher than for

galaxies with similar masses in the local universe, while their oxygen abundances are

lower. Although these results align with observational expectations, I also find that the

oxygen abundances of the galaxies are significantly lower than predicted by the FMR,

suggesting that this relation is not universal at redshifts z > 8. This may imply that

high redshift galaxies are closely connected with the intergalactic medium and subject

to continuous infall of metal poor gas which effectively dilutes their metal abundances

in the interstellar medium.
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1Introduction

1.1 The Epoch of Reionization

The Epoch of Reionization (EoR) refers to the period in approximately the first billion

years of the Universe’s history, where the intergalactic medium (IGM) transitioned

from a neutral to an ionized state. While the exact starting point of the EoR is still

subject to debate, it’s generally believed to have begun after redshift z ∼ 20 (Robertson

et al., 2010), corresponding to about 150 million years after the Big Bang. Recent

observational evidence suggests that the EoR ended around redshift z ∼ 6 (Fan et al.,
2006, Wang et al., 2020), roughly 1 billion years after the Big Bang.

The formation of the first luminous sources, such as stars and galaxies, led to local

ionized regions, powered by their intense ultraviolet radiation. Over time, these

sources gradually ionized the neutral hydrogen gas in the IGM. The EoR is determined

by how and when the Universe started forming luminous sources and how the ionizing

radiation from these permeates and fills the IGM. Figure 1.1 shows a cartoon of the

cosmic evolution during the EoR, where most of the gas was neutral at the highest

redshifts. As the process of reionization progressed, a patchwork of neutral hydrogen

(HI) and ionized hydrogen (HII) regions evolved and expanded, until the ionized

regions filled the whole Universe (e.g. Zaroubi, 2012).

Exploring the evolution of the IGM during the EoR provides valuable information about

the first galaxies in their early stages, and the physical processes that govern them. By

understanding these processes and how they differ from those in the local universe,

we can gain insights into the evolution of galaxies and their properties over cosmic

time.
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Figure 1.1: The cosmic timeline of the Universe centered around the EoR. The blue colors
indicate the neutral regions, while the brown filaments indicate the ionized regions
(Wise, 2023).

1.2 From primordial gas to star formation and
chemical enrichment

The first galaxies formed during the EoR, when slight fluctuations in the density of

matter started to grow larger under the influence of gravity. As matter accumulated,

large structures emerged, within which gas and dust collapsed under gravity, eventually

reaching a critical threshold allowing the formation of stars. The emergence of the first

stars marked the beginning of galaxy formation. Over time, the galaxies underwent

a gradual evolution, transforming their structures and properties through various

processes such as mergers, interactions with their own and surrounding environment,

and continuous formation of new stars from the gas available in the interstellar medium

(ISM).

As stars formed and evolved, galaxies gradually became chemically enriched by metals.

Metals are defined as all elements other than hydrogen and helium, and are created in

stars through nucleosynthesis. This process involves the fusion of hydrogen into helium,

which then fuses into heavier elements up to iron (Fe). The metals are released into

the ISM through supernovae and stellar winds where they mix with the surrounding

gas, enriching it with heavier elements. Once in the ISM, the metal content is shaped

by a complex interplay between gas inflow from the IGM and outflow via galactic

1.2 From primordial gas to star formation and chemical enrichment 3



winds. The large inflows consists of metal-poor gas and temporarily dilute the metal

abundance of the gas in the ISM, but provide the raw materials for star formation over

longer periods, ultimately leading to an enrichment of metals.

Studying the gas phase metal abundance of galaxies across cosmic time can provide

valuable insights into the mechanisms responsible for the chemical enrichment of

galaxies. Mannucci et al. (2010) first proposed a scaling relation between the stellar

mass, SFR and gas-phase metal abundance of galaxies in the local universe, denoted

the fundamental metallicity relation (FMR). The FMR was meant to describe both

SFR and metal abundance fluctuations at fixed mass and their redshift evolution

where, with increasing lookback time, the SFR per mass goes up and the oxygen

abundance goes down, thus keeping galaxies on the FMR. Based on an extensive

sample of galaxies Sanders et al. (2021) established that the local FMR holds at redshift

z ∼ 3, indicating that galaxies undergo a gradual baryonic growth process in a state

of near-equilibrium from redshifts z ∼ 0 − 3, i.e. from 2 Gyr after the Big Bang to

present time. With the James Webb Space Telescope (JWST) it has become possible

to investigate whether the FMR holds at higher redshifts. Few studies have already

investigated the metal abundances of high redshift galaxies at z > 7 (Heintz et al.,
2023b, Nakajima et al., 2023, Curti et al., 2023) and find that these galaxies seem to

have lower metal abundances than predicted by the FMR. This implies that the FMR

is not universally valid at redshift z > 7, and that the processes that regulate galaxy

evolution, has changed over cosmic time.

1.3 Spectroscopic observations of the early
universe

Spectroscopy is a powerful tool, that can be used to study the light emitted by a galaxy,

by dispersing it into its component wavelengths. When atoms or ions in a gas are

excited by a source of energy, such as heat or radiation by stars, their electrons move

to higher energy levels. As they return to lower energy levels, they emit photons of

light at specific wavelengths corresponding to the energy difference between the levels

involved. These energies appear as bright emission lines in a spectrum, and their

position and intensity can be used to identify the presence of chemical elements and

their composition in a gas.

1.3 Spectroscopic observations of the early universe 4



As the Universe expands, the distance between us and other galaxies progressively

increases over time. Consequently, their emitted light is redshifted, causing a shift

of their spectral lines towards longer wavelengths. For example, rest frame optical

emission lines emitted by sources at redshifts z ∼ 8 − 10 will be shifted towards the

infrared part of the spectrum. Specifically, their rest-frame wavelength will be shifted

by a factor of (1 + z). The redshift of a source (z), the rest-frame wavelength of

an emission line (λemit), and the observed wavelength of an emission line (λobs) are

related via following equation:

z = λobs − λemit

λemit

(1.1)

At high redshifts, emission lines become fainter and more noise arise in the spectra,

posing challenges for spectroscopic observations. However, thanks to the JWST, these

observations have been significantly improved, enabling more detailed observations of

the high redshift universe than ever before. With a primary mirror that measures 6.5

meters in diameter and extremely sensitive near-infrared instruments, JWST is capable

of detecting rest-frame optical emission from galaxies at redshifts as high as z ∼ 20
(Kalirai, 2018), which far surpasses the capabilities of its predecessor, the Hubble

Space Telescope (HST). With the JWST, it is possible to gather a large number of

high resolution spectroscopic observations of galaxies that formed within the first few

Myr after the Big Bang. This provides new opportunities to investigate the chemical

enrichment of galaxies at high redshifts (z > 7) and to gain insight into the physical

processes that regulate galaxy evolution in the early universe.

1.4 Research questions

The research questions that motivate this thesis are based on trying to understand the

chemical enrichment of galaxies at redshifts z ∼ 8 − 10. Does the FMR hold at high

redshifts? Is there different physics driving the chemical enrichment of galaxies in the

early universe than in the local universe? How does galaxies’ chemical abundances

track with other galactic properties at various redshifts? Throughout this study, I work

with spectroscopic observations, that I familiarize with by investigating emission lines

in observations obtained with the Multi-Object Spectrometer for Infrared Exploration

(MOSFIRE). I use spectroscopic observations obtained with JWST to measure the

oxygen abundance of two highly magnified low mass galaxies RXJ_95 and SMACS_85

1.4 Research questions 5



at redshifts z = 9.5 and z = 8.5 respectively. I compare these results to empirical

scaling relations obtained by other studies at various redshift, such as the FMR that has

been obtained in the local universe (Mannucci et al., 2010, Curti et al., 2020, Andrews

and Martini, 2013), and proven to hold out to a redshift of z ∼ 3 (Sanders et al.,
2021). By analyzing galactic properties and oxygen abundance measurements at high

redshifts, I hope to contribute to a more comprehensive understanding of the chemical

enrichment of galaxies in the early universe, and how it has changed over cosmic

time.

In Chapter 2, I will start by introducing the basic theory on which my thesis is based.

I will then move on to present the methods I have used in Chapter 3, to obtain my

results. This includes how I got introduced to spectroscopy by working with data

from the MOSFIRE archive in Chapter 3.1, and my spectroscopic analysis, calculations,

and description of properties, including the oxygen abundances of two high redshift

galaxies observed with JWST, in Chapter 3.2. In Chapter 4, I will present and analyze

the oxygen abundance measurements and compare them to empirical scaling relations

from other studies. I will continue to discuss the results in Chapter 5, together with

some future perspectives. Finally, I will conclude my work in Chapter 6.

1.4 Research questions 6



2Theory

In this chapter, I will introduce the basic theory on which my thesis is based. I

will explain how the oxygen abundance is expressed in Chapter 2.1, and how it is

determined in Chapter 2.2. In Chapter 2.3 I will describe the empirical scaling relations

that I will utilize to analyse and discuss my results.

2.1 Defining the oxygen abundance

Metals refers to all elements heavier than helium. The relative abundance of two

generic elements X and Y is generally expressed in terms of relative number densities

(N), comparative to the Solar value, with the notation:

[X/Y ] = log(NX/NY ) − log(NX/NY )⊙ (2.1)

The abundance of metals is often measured relative to the abundance of hydrogen,

which is the most abundant element in the Universe. When expressing the abundance

of chemical elements relative to hydrogen, Equation 2.2 is often used, where the value

12 is introduced. The least abundant elements in the Sun, such as uranium, rhenium,

and thorium have abundances of the order of one per 1012 hydrogen atoms, so adding

12 makes sure that any element, even the most rare, has positive solar abundance

values.

12 + log(X/H) = 12 + log(NX/NH) (2.2)

The metal abundance is often defined and expressed in terms of the oxygen abundance,

as this is one of the most abundant metals in the Universe. The terms ’metallicity’

and ’oxygen abundance’ are often used interchangeably, but they are two different

definitions, with the metallicity being the abundance ratio with respect to the solar

7



value. Throughout this thesis I will measure and refer to the oxygen abundance, given

by:

12 + log(O/H) = 12 + log(NO/NH) (2.3)

Oxygen has many strong emission lines, making it relatively easy to measure its

abundance in high redshift galaxies using spectroscopic techniques (Maiolino and

Mannucci, 2019). The solar oxygen abundance, which serves as a reference value, is

given by 12 + log(O/H)⊙ = 8.69 ± 0.05 (Asplund et al., 2009).

2.2 Measuring the gas phase oxygen
abundance in galaxies

Spectroscopic analysis and the study of emission lines from different ions and atoms in

a galaxy can be used to determine the gas phase oxygen abundance in various ways. I

will focus on two in this thesis: a method that directly measures the oxygen abundance

from the electron temperature, and a method that utilizes strong line calibrations that

have been empirically obtained.

2.2.1 The direct Te method

The oxygen abundance of the ionized gas in the ISM of a galaxy can be measured

directly from the temperature of the electrons - this method I will refer to as the direct

Te method.

A few ions, of which doubly ionized oxygen (OIII) is a good example, have energy

level structures that result in emission lines from two different upper levels, with

considerably different excitation energies occurring in the optical wavelength region.

The energy levels of the OIII ion are shown in Figure 2.1, where it can be seen that

the [OIII]λ4363 line (also referred to as the auroral line), comes from the upper 1S

level, while the [OIII]λ4959 and [OIII]λ5007 lines come from the intermediate 1D

level. The relative rates of excitation to the 1S and 1D level depend strongly on the

electron temperature.

2.2 Measuring the gas phase oxygen abundance in galaxies 8



Figure 2.1: Energy level diagram for the lowest terms of the OIII ion, showing transitions
that make the determination of the electron temperature possible (Osterbrock and
Ferland, 2006).

At low electron temperatures, the higher energy level 1S of the OIII ions are not

significantly populated, so the intensity of the [OIII]λ4363 line is weaker. At higher

electron temperatures however, these levels become more populated, leading to a

higher intensity of the [OIII]λ4363 line relative to the [OIII]λ4959 and [OIII]λ5007

lines. Meanwhile, the relative intensities of the [OIII]λ4959 and [OIII]λ5007 lines

remain more or less constant over a wide range of electron temperatures, because they

arise from transitions between intermediate energy levels that are not as sensitive to

changes in temperature.

At low densities, the population of the various levels will depend on their relative

transition probabilities. Every excitation to the 1D level results in emission of a photon

either in [OIII]λ5007 or [OIII]λ4959, with relative probabilities given by the transition

probability close to 3 to 1. Every excitation to the 1S level is followed by emission of

a photon in either [OIII]λ4363 or [OIII]λ2321 (not indicated in Figure 2.1), again

with relative probabilities given by the transition probabilities. Each emission of a

[OIII]λ4363 photon further results in the population of the 1D level, which again is

followed by emission, but this contribution is small compared to the direct excitation

of the 1D level and can be neglected. The ratio of the emission line strengths in the

low density limit thereby depends on a combination of the levels collision strengths,

2.2 Measuring the gas phase oxygen abundance in galaxies 9



transition probabilities, transition frequencies and the Boltzmann distribution, which

depend on the energy difference between the 1D and 1S levels and the temperature.

The excited levels are assumed to be populated according to the Boltzmann distribution,

meaning that gas particles are assumed to be in local thermal equilibrium (LTE).

At electron densities Ne ∼ 105 cm−3, collisional deexcitation begins to play a role. The

lower 1D level has a much longer radiative lifetime than the 1S level, so it is collisionally

deexcited at lower electron densities than the 1S level, which causes a weakening in

[OIII]λ4959 and [OIII]λ5007. In addition under these conditions, collisional excitation

to the 1S level from the excited 1D level begins to strengthen [OIII]λ4363. Generally

in the ionized regions of galaxies, the electron density is expected to be Ne < 105 cm−3

(Osterbrock and Ferland, 2006).

The oxygen abundance can be obtained by comparing the flux of the collisionally

excited oxygen emission lines to the flux of the hydrogen emission lines. Unlike for

the metals, hydrogen’s emission lines primarily arise due to a cascade of transitions

that occur after the recombination of a proton and a free electron. The electron can

occupy a range of excited states, and produces the characteristic hydrogen emission

lines that are observed in ionized gas regions. By measuring the flux ratio between

the collisionally excited oxygen emission lines and the hydrogen lines arising due to

recombination, as well as the electron temperature, the ionic abundance of an element

can be derived directly from atomic physics.

The direct Te method is considered as one of the most precise methods to measure the

gas phase oxygen abundance, as it measures the oxygen abundance directly from a

galaxy’s spectra. However, the method is associated with a few assumptions, one of

which is the assumption of LTE, which may not always hold true due to fluctuations in

thermal and density structures of the galaxies.

2.2.2 The strong line calibration method

To apply the direct Te method, a high resolution spectra is necessary, so that all the

emission lines required to determine the electron temperature is present. At high

redshifts the auroral line needed to apply the direct Te method are generally very

weak, and have only been detected in a handful of sources. This issue has prompted

astronomers to obtain empirical calibrations that connects the oxygen abundance to

strong emission lines, which can be detected more easily, even in low signal to noise
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spectra. This technique is often referred to as the strong line calibration method, and

has been obtained in numerous different studies (Curti et al., 2017, Curti et al., 2020,

Maiolino et al., 2008, Bian et al., 2018, Nakajima et al., 2022, Sanders et al., 2023).

The strong line calibrations are performed empirically from large galaxy samples. Here

the oxygen abundance of the galaxies is measured using, for example, the direct Te

method and the ratios between some of the strong emission lines in the spectra are

determined. A calibration between the oxygen abundance and the strong line ratios of

the galaxies can then be obtained. This approach enables the estimation of the oxygen

abundance for galaxies where the direct Te method is not feasible due to undetectable

auroral lines, but where other stronger emission lines are present.

Using the strong line calibrations to derive oxygen abundances comes with a number

of uncertainties. First of all, they are based on empirical observations, so it should be

considered whether there are significant variations between the sample of galaxies

used to obtain the calibrations and the ones utilizing them. It should also be noted

that some of the calibrations are double valued, meaning that a certain line ratio could

have two possible oxygen abundance solutions.

Some of the most common strong emission line ratios are presented here:

R3 = [OIII]λ5007
Hβ

(2.4)

R2 = [OII]λ3727
Hβ

(2.5)

R23 = [OIII]λ5007, λ4959 + [OII]λ3727
Hβ

(2.6)

O32 = [OIII]λ5007
[OII]λ3727 (2.7)

The R23 and O32 ratios involve emission lines from both the main ionization states of

oxygen (OII and OIII), hence the combined effect of these contributions can partially

compensate for each other under varying ionization conditions. This is different from
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the R2 and R3 ratios that only depend on one ionization state of oxygen (OIII). The

R3 ratio however has a small wavelength span, as the [OIII]λ5007 line and Hβ line

are close in wavelength. This means that other effects, such as dust attenuation and

uncertainty due to flux calibration will not have a significant impact on the ratio

(Maiolino and Mannucci, 2019).

The strong line method is not a primary technique to derive the oxygen abundance but

is a way to allow for an easier, albeit less precise, measure of the gas phase oxygen

abundance.

2.3 Empirical scaling relations

Scaling relations are empirical relations that describe how certain observable properties

of a system are related to each other. In the study of galaxies, numerous scaling

relations have been observed among different galactic properties. These relations allow

for a determination of properties that cannot be directly measured, and are important

tools for studying how galaxies interact with their environment.

The FMR is a scaling relation that connects the interplay between the SFR, stellar mass,

and oxygen abundance of galaxies (Maiolino et al., 2008). To interpret this relation, it

is useful to also gain insight into other scaling relations, such as the star forming main

sequence (SFR-M∗ main sequence) and the mass-metallicity relation (MZR).

2.3.1 The star forming main sequence, SFR-M∗

The SFR is the rate at which new stars are being formed in a galaxy. It is typically

measured in units of solar masses per year (M⊙ yr−1), which represents the amount of

mass that is converted into stars each year in a galaxy. The process of star formation

begins when dense regions of cold gas within the ISM becomes unstable and begins to

collapse under their own gravity. As the gas collapses, it becomes denser and hotter,

eventually reaching temperatures and densities high enough to ignite nuclear fusion

reactions. This marks the beginning of a new star’s life.

The SFR-M∗ main sequence is a scaling relation connecting the SFR and the stellar mass

of actively star forming galaxies. When plotted on a log-log scale, it is an approximately
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linear relation where the SFR increases with increasing stellar mass (e.g. Speagle et al.,
2014). Galaxies that lie above the main sequence are said to have bursty star formation,

while those below the sequence have quenched star formation. The main sequence

itself represents a balance between the gas supply available for star formation and the

feedback processes that regulate the rate of star formation (Sparre et al., 2015).

The SFR changes when the stellar mass of a galaxy changes due to a combination of

factors, such as gas availability, gravitational effects, inflows and outflows, mergers,

and other dynamical processes. The complex interplay between these factors also leads

to a range of SFRs in galaxies at fixed masses, causing scatter in the SFR-M∗ main

sequence relation (Huang et al., 2023). The SFR-M∗ main sequence has been observed

to evolve with redshift, indicating that the specific star formation, which is the star

formation activity in galaxies at a given mass was higher in the past (Sparre et al.,
2015, Speagle et al., 2014, Heintz et al., 2023b, Mancuso et al., 2016).

Studying the SFR-M∗ main sequence and how it evolves over cosmic time, provides

valuable insights into the evolutionary processes of galaxies and the underlying drivers

of star formation.

2.3.2 The mass-metallicity relation, MZR

The MZR is an empirical scaling relation between the stellar mass and the gas phase

oxygen abundance of galaxies (e.g. Curti et al., 2020, Ma et al., 2015). On a log-log

scale, the relation is approximately linear, where galaxies with higher stellar masses

tend to have higher oxygen abundances.

Metals are primarily produced through nucleosynthesis in stars, where the exact

composition depend on the mass of the stars. The metals are then ejected into the ISM

through processes like stellar winds and supernova explosions. The MZR indicates that

more massive galaxies have undergone more star formation and stellar enrichment

with heavy elements, resulting in a higher oxygen abundance, compared to lower mass

galaxies.

The MZR is observed to be a tight correlation, but with some scatter (e.g. Ma et al.,
2015) due to the same effects causing the scatter in the SFR-M∗ main sequence.

Observations have shown that the MZR evolves with redshift, where the oxygen

abundance of galaxies at a given stellar mass decrease with increasing redshift (Sanders
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et al., 2021 Heintz et al., 2023b), indicating that younger and less evolved galaxies,

have had less time to form stars and produce metals.

The MZR provides a powerful tool for studying the chemical evolution of galaxies and

understanding the processes by which heavy elements are produced and distributed

throughout the universe.

2.3.3 The fundamental metallicity relation, FMR

Ellison et al. (2009) first discovered that galaxies with high SFRs are systematically

offset to lower metal abundances than more weakly star forming galaxies at the same

stellar mass. Mannucci et al. (2010) then studied this effect and demonstrated that

the scatter in the MZR is reduced by accounting for the SFR. Mannucci et al. (2010)

introduced the FMR, which since then has been studied extensively in different studies

(e.g. Curti et al., 2020, Nakajima et al., 2023, Heintz et al., 2023b, Andrews and Martini,

2013, Baker et al., 2022).

The FMR shows that for a given stellar mass, the oxygen abundance of a galaxy

decreases with its SFR. It can be represented graphically as a surface in a three-

dimensional parameter space, with oxygen abundance, SFR, and stellar mass as the

three axes, but can also be represented by parameterizing the second-order dependence

of the MZR on SFR with a new abscissa (Mannucci et al., 2010):

12 + log(O/H) = log(M∗) − α · log(SFR) (2.8)

This relates the oxygen abundance to a linear combination of the logarithm of the

stellar mass and the logarithm of the SFR, with a free parameter α. One can vary and

find a value of α which minimizes the scatter of the galaxies around the FMR. The α

factor is between 0 and 1 and varies across different studies. This is because the actual

shape of the FMR depends on several factors, such as how galaxies are selected and

how stellar masses, SFRs, and oxygen abundances are measured, all of which vary

across studies.

The FMR has been predicted, as its name indicates, to be consistent across a wide

range of redshifts, suggesting that it holds true for galaxies at various stages of their
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evolution. This has been confirmed to be true up to redshift z ∼ 3 (Sanders et al., 2021,

Mannucci et al., 2010, Nakajima et al., 2022). At even higher redshifts, there have

previously been limited studies investigating the FMR, but with the new observations

from JWST, a few studies have suggested a deviation from the FMR towards lower

oxygen abundances at redshifts z > 7 (Heintz et al., 2023b, Nakajima et al., 2023, Curti

et al., 2023).
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3Methods

In this chapter, I will present the methods I have used, to obtain the results that I report

and analyze in Chapter 4. This includes my introduction to spectroscopy by working

with one-dimensional and two-dimensional spectra, using data from the MOSFIRE

archive in Chapter 3.1. In Chapter 3.2, I will present my spectroscopic analysis,

along with calculations of galactic properties, including the oxygen abundances of two

galaxies observed with JWST: RXJ_95 at redshift z = 9.5 and SMACS_85 at redshift

z = 8.5.

3.1 Introduction to spectroscopy with
MOSFIRE

To become familiar with spectroscopy, I started by investigating spectroscopic data

obtained with MOSFIRE. I have looked through ∼ 1000 two-dimensional spectra of

galaxies, gathered the wavelength of each visible emission line, and converted all

the two dimensional spectra into ∼ 300 one-dimensional spectra for each unique

galaxy observation. I have lastly collected information of each galaxy observation in a

catalogue.

3.1.1 Observations

MOSFIRE is an instrument located at the W. M. Keck Observatory (WMKO) on Mauna

Kea, Hawaii. It observes multiple objects simultaneously, making it possible to study

large regions of the sky in a relatively short amount of time. MOSFIRE’s high sensitivity

to faint sources, coupled with its capacity to observe infrared wavelengths, makes it

well-suited for studying distant galaxies. It uses a series of aligned slits to separate the

light from different objects, and then disperses the light into its component wavelengths,

using gratings. The series of slits can be customized by attaching different masks,

allowing for custom configurations that match specific research needs.
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I have used the data obtained with MOSFIRE that is overlapping with observations

obtained by the Cosmic Evolution Early Release Science (CEERS) group with JWST,

indicated as the red slits (MOSFIRE) inside the blue squares (CEERS) in Figure 3.1.

This data has has been obtained from the Cosmic Evolution Survey (COSMOS) field,

located in the Extended Groth Strip (EGS) on the sky. The COSMOS field in the EGS

region has been extensively studied by several astronomical instruments and large

surveys have provided numerous datasets, making it a valuable reference area for

comparison with other parts of the sky. Moreover, the field has a relatively low level

of foreground extinction, which means that it is relatively free of dust and gas that

can obscure observations in other parts of the sky. This makes it an ideal location for

observing distant faint galaxies that can be difficult to detect.

Figure 3.1: CEERS observations (blue squares) and MOSFIRE observations (red slits). I
analyze observations from the red slits within the blue squares (Brammer, CEERS
and MOSFIRE observations).

To query for the observations overlapping with the CEERS program, I have used a

database provided by Gabriel Brammer (Brammer, 2022a). These data have been

wavelength calibrated using known sky emission lines and fully reduced, including

subtraction of bias and dark frames and flat-field correction to account for pixel-to-pixel
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variations in the detector sensitivity. Also cosmic rays have been removed and there

have been corrected for atmospheric dispersion. The reduction and calibration of the

data closely follow the steps outlined by Valentino et al. (2022). Flux calibration can

be done using photometry, but is challenging for such a diverse set of observations.

The signal in the MOSFIRE observations I investigate has not been flux calibrated, but

for the purposes in this thesis flux calibration is not required.

The MOSFIRE observations overlapping with the CEERS observations is a total of 1069

observations, with some being observations of the same galaxies captured in different

bands or by different groups. I will explain how I account for this in Chapter 3.1.3.

3.1.2 Two-dimensional spectra

In the catalogue presented in Chapter 3.1.4, I have gathered the wavelength of each

visible emission line in 1069 two-dimensional spectra obtained with MOSFIRE.

As the data is not flux calibrated, the signal in the spectra that I inspect corresponds

to the signal to noise, which is a ratio that compares the signal of a source to the

background noise. An example of a two-dimensional spectrum can be seen in Figure

3.2 (left). The emission lines are bright lines, with dark spots above and below, which

are caused by nodding of the instrument. The x-axis represents the wavelengths, while

the y-axis represents the offset along the slit, which also serves as a spatial indication

of the location of the galaxy in the slit of observation. In Figure 3.2 (right) an example

of an observation in a slit is shown. To create the two-dimensional spectra, the light is

collapsed along the length of the slit, which is what corresponds to the y-axis in the

spectra. In Figure 3.2 two galaxies are observed in the slit of observation: a central

galaxy emitting one emission line, and a serendipitous galaxy detection on the edge of

the slit, emitting three emission lines.

To examine the emission lines in each of the two-dimensional spectra I used an emission

line finding code developed by a summer student, Hanga Andras-Letanovsky. The code

works by investigating whether there are several pixels in a row with high signal to

noise values. If so, it identifies and mark the placement of an emission line.

To ensure accurate detection of the emission lines, I visually inspected each of the 1069

spectra and marked the presence of the emission lines, using the identifications from

the emission line finding code as a starting point. I wrote a program that translated
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each click on an emission line in a two-dimensional spectrum into the corresponding

wavelength and spatial offset. From the spatial offset, I also calculated the coordinates

of the galaxy in terms of the right ascension (Ra) and declination (Dec).

Figure 3.2: Observation of two galaxies. Left: Two-dimensional spectrum, pointing out each
emission lines. Right: Slit of observation, pointing out the two galaxies (Image
credit: Gabriel Brammer).

3.1.3 One-dimensional spectra

To generate the one-dimensional spectra, I grouped the 1069 total observations into

318 unique observations using their coordinates on the sky. In this way I categorized

each observation of a galaxy within 0.2" of each other as the same galaxy. This process

was done to ensure that all observations of the same galaxy, obtained in different bands

or by different groups, were grouped together. I tested this value by visually inspecting

several observations in DS9, to confirm that the galaxies were identified and grouped

correctly.

I took the mean value of the spatial offsets for each galaxy and summed the spatial

axis (y-axis) for each wavelength by selecting a window of 17 pixels above and below

the mean value to minimize the noise, and avoid the negative spots that arise due

to nodding of the instrument. I determined this window size by analyzing one of

the two-dimensional spectra capturing a bright star, see Figure 3.3 (left), which can

be considered as a point source. When investigating a point source, it is possible to

obtain an indication of how the light gets distributed and blurred by the telescope and

atmosphere. I integrated the signal along the x-axis, and determined the full-width at

half-maximum (FWHM) of the positive values, see Figure 3.3 (right). The extraction

value of 17 pixels, corresponds to two times the FWHM, and by choosing this value,

∼ 99% of the flux is accounted for.
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Figure 3.3: Left: Two-dimensional spectrum of a bright star. Right: The integrated signal of
the star in blue, and the FWHM of the positive signal indicated in red.

In the one-dimensional spectra the summed signal to noise values are plotted against

the wavelength, see upper plot in Figure 3.4. The different wavelength ranges cor-

responds to the various infrared wavelength bands of observations: Y (ranging from

9700 to 10007 Å), J (ranging from 11700 to 13300 Å), H (ranging from 14900 to

17800 Å), and K (ranging from 20300 to 23500 Å). For observations in the same bands,

I have summed the data in quadrature.

In each observation, the slit is focused on one central galaxy, but as mentioned in

Chapter 3.1.2, in few of the observations more than one galaxy has been detected.

Emission lines from two different galaxies will have different spatial offsets, as seen

in Figure 3.2. If both a central and a serendipitous galaxy are detected in the same

observation, I have created a one-dimensional spectrum corresponding to each de-

tection. An example of both a central and a serendipitous galaxy detection and their

one-dimensional spectra can be seen in Figure 8.2.

3.1.4 The MOSFIRE catalogue

I have compiled the information of each galaxy observation into a catalogue. I have

included information on whether the galaxies have emission lines or not, and if they

do, the wavelength of each visible emission line. Also, there was generally a minor

offset between the observed galaxy and the center of the slit. As the observed galaxies

were not placed exactly at the center, I have included the observed offset from the

center of the slit to the galaxies. I have also calculated a correction of the Ra and

Dec coordinates given in the MOSFIRE archive, which originally corresponded to the
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center of the slit. A clip of the catalogue is given in Figure 8.1, and I plan to make the

catalogue public.

Figure 3.4: One- (above) and two- (below) dimensional spectra of a galaxy with one observ-
able emission line, taken in three different bands of observations, Y, J and K. The
red horizontal lines indicate the extraction window.

3.2 Spectroscopic properties of two high
redshift galaxies

After gaining experience working with spectroscopic data from the MOSFIRE archive,

I used data obtained with the JWST to investigate the chemical enrichment of high

redshift galaxies, focusing specifically on spectroscopic data of the two galaxies, RXJ_95

and SMACS_85.

3.2.1 Observations and data reduction

One of the primary instruments on JWST is the Near Infrared Spectrograph (NIR-

Spec). NIRSpec is capable of taking spectroscopic measurements of up to 100 objects
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simultaneously, using a micro-shutter array that allows it to select specific objects for

observation. It covers the wavelength range of 0.6 − 5.3 µm with different spectral

resolution and observing modes (Birkmann et al., 2022). The resolution of NIRSpec

depends on the instrument used to disperse the light, and NIRSpec is equipped with

both prism and grating systems for that purpose. The prism disperses the light over a

broad wavelength range, with a changing resolution depending on the wavelength,

while the gratings have a smaller wavelength range, but generally larger resolution,

see Figure 3.5.

Figure 3.5: The resolving power (λ/∆λ) of NIRSpec’s gratings and prism as a function of
wavelength (JWST User Documentation (JDox) 2016).

Galaxy RXJ_95 has a redshift of z = 9.5 and is identified and spectroscopically con-

firmed as part of the Director’s Discretionary program (DD-2767; PI P. Kelly) (Williams

et al., 2022). It is multiply imaged and highly magnified (µ = 19.2 ± 3.6 (Zitrin et al.,
2015)) by the foreground galaxy cluster RXJ2129 (z = 0.234) gravitational lens. To

obtain the spectrum of RXJ_95, the NIRSpec prism has been used. The spectrum covers

the full wavelength range from 0.7 − 5.2µm, and can be seen in Figure 3.6 a), where I

have indicated the emission lines that I will use in my analysis in red.

Galaxy SMACS_85 has a redshift of z = 8.5. This galaxy is from the early-release science

observations (ERO) covering the SMACS J0723.3-7327 galaxy cluster (z = 0.39) (Liu

et al., 2023), and is also magnified (µ = 8.69 ± 2.61 (Harikane et al., 2023)). The
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spectrum of SMACS_85 is obtained using the medium-resolution gratings G235M

and G395M, and covers the wavelength range from 2.7 − 5.2µm except for a gap at

4.2 − 4.5µm, and can be seen in Figure 3.6 b). For both galaxies I have not plotted the

first ∼ 0.3µm of the spectra, due to large noise.

The one-dimensional spectra of the galaxies RXJ_95 and SMACS_85 in Figure 3.6

has been obtained with NIRSpec and have been calibrated and reduced by Gabriel

Brammer. A custom-made pipeline called msaexp (Brammer, 2022b) is used to extract

and process the one-dimensional spectra from the NIRSpec exposure files. The pipeline

involves several steps to ensure that the spectra are calibrated and scaled correctly

for further analysis. It performs standard wavelength calibrations, by comparing the

wavelengths of known spectral lines (for example from a calibration lamp) with the

wavelengths detected in the data. It corrects for any non-uniformities in the detector’s

response to light, with flat-field calibrations and performs photometric calibrations.

The flux calibration has been done by Victoria Strait and Kasper Heintz, where the

overall flux densities of the spectra are scaled to the derived photometry, to match

the integrated flux within the available passbands, using a wavelength-dependent

polynomial function. This is important for improving the absolute flux calibration of

the spectra and accounting for potential losses in flux due to the size of the slit used in

the observations (Heintz et al., 2023b). This scaling step is also used in the spectral

energy distribution (SED) modeling of each source, which is used to derive the mass of

the galaxies, described further in Chapter 3.2.8.

The photometric data used to scale the flux densities are obtained with the Near

Infrared Camera (NIRCam) on JWST, which is designed to take high-resolution images

of the universe in the near-infrared portion of the electromagnetic spectrum. The

NIRCam observations were taken in six broad-band filters: F115W, F150W, F200W,

F277W, F356W and F444W for the RXJ_95 galaxy and five filters: F150W, F200W,

F277W, F356W, and F444W for the SMACS_85 galaxy. These images were also reduced

and the photometric data were extracted from the catalog presented by Brammer et al.

(2023, in preparation) in a similar way as described by Naidu et al. (2022). This has

been done using the public open-source Python software package grizli (Brammer,

2019). grizli masks imaging artifacts, from potential sources of noise, some of which

are outlined in Rigby (2023), and uses the Gaia DR3 catalog of known positions

and motions of celestial objects, to make astrometric calibrations. grizli also uses

a software tool called astrodrizzle to shift images to a common pixel scale (0.04

arcseconds per pixel). The catalog includes the most recent updated photometric zero-

points, and are corrected for the Milky Way extinction. As the sources are extended in
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the sky, the flux of the sources measured within an aperture size of 0.5 arcseconds in

diameter is used from the catalogue (Heintz et al., 2023b, Heintz et al., 2023a).

Figure 3.6: Spectra of galaxies RXJ_95 and SMACS_85. The spectra have not been corrected
by the magnification factor µ, and the emission lines used in this analysis are
indicated in red. a) The NIRSpec prism spectra of galaxy RXJ_95, b) The NIRSpec
grating spectra (G235M and G395M) of galaxy SMACS_85.

From the two spectra in Figure 3.6, I have identified the emission lines indicated in red.

As part of my spectroscopic analysis, I confirm the spectroscopic redshift and estimate

the emission line fluxes. I then measure the equivalent widths of some of the lines and

the SFR and the oxygen abundance of the galaxies. Throughout this work, I assume a

flat cosmology with Ωm = 0.315, ΩΛ = 0.685 and H0 = 67.8kms−1Mpc−1.
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3.2.2 Spectroscopic redshifts

To obtain an initial guess of the redshift of each galaxy, I have used the most prominent

emission lines, in this case Hβ, [OIII]λ4959 and [OIII]λ5007 for both galaxies. These

lines are easy to identify in the spectra due to their strong and distinct spectral features,

and their close proximity in wavelength, see Figure 3.6. From the identification of

these emission lines, I find the wavelength at which they are observed, and with their

rest frame wavelengths available, see Table 3.1, it is possible to estimate the redshift of

the galaxies, using Equation 1.1. Here I find that RXJ_95 has a redshift of z ∼ 9.5 and

SMACS_85 has a redshift of z ∼ 8.5. After having an initial guess of the redshift, I fit

the redshift simultaneously with other properties, to get a more accurate value, which

I will describe in further details in Chapter 3.2.3.

Species λrest

Lyα 1215.24

OII 3727.092

Hδ 4102.89

Hγ 4341.68

OIII 4364.436

Hβ 4862.68

OIII 4960.295

OIII 5008.240

Table 3.1: Rest frame wavelengths of spectral emission lines in vacuum in units of Ångstoms
(Table of spectral lines used in SDSS).

3.2.3 Line fluxes

To analyze the emission lines marked with red in Figure 3.6 and their spectral prop-

erties, I have fitted a continuum model with numerous Gaussian line profiles. The

Gaussian function is given by:
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2π
e

−(λ−µ)2

2σ2 (3.1)

Here A is the line flux, σ is the width of the line and µ is the center of the line, which

corresponds to the wavelength at which the lines are observed.

I have used Equation 1.1 to find the placement of other lines that appear fainter in

the spectra and can not be visually identified. The rest frame wavelengths of the lines,

used to estimate their observed wavelengths, are given in Table 3.1. When fitting the

line profiles for each transition, I require the redshift, line widths and continuum level

to be fixed for all the lines, such that only the line fluxes can vary across transitions.

By doing this, I am assuming that the emitting gas has similar properties and has the

same velocity dispersion for all the lines. When the resolution changes across spectra,

variations in line widths can also arise due to instrumental effects rather than physical

phenomena. For RXJ_95 that has a prism spectrum, and thereby varying resolution

with wavelength in its spectrum, the fixed line widths may not be a good assumption.

An improvement would be to allow the line widths to be free or to account for the

resolution changes. However, even though the resolution of the prism spectrum varies

with wavelength, the emission lines I will work with are in the wavelength range from

∼ 4 − 5µm, where the changes in the resolution are less than at lower wavelengths,

see Figure 3.5. I also fix the line flux ratio between [OIII]λ4959 and [OIII]λ5007 to

1/3, based on the theoretical prediction of the relative transition probabilities from

the excited 1D2 state to 3P1 and 3P2 respectively, see Figure 2.1. The lines I have fitted

with Gaussian line profiles and will use for further analysis are: [OII]λ3727, Hδ, Hγ,

[OIII]λ4363, Hβ, [OIII]λ4959 and [OIII]λ5007, see Figure 3.6.

I have initially fitted the models with Gaussian line profiles using Python’s lmfit libary,

a package for least-squares minimization and curve fitting. As output I get best fit

estimates of the redshift, line width, continuum level and line flux for all lines. I

then combine the lmfit least squares algorithm with the Markov Chain Monte Carlo

(MCMC) sampling, which can be used to explore the parameter space more thoroughly.

This fitting process can be sensitive to the initial parameters used, so I use the best

fit estimates I got from the first fit using least squares minimization as priors. The

MCMC algorithm generates a series of samples from the posterior distribution of the

parameters, which are used to estimate the mean and variance of each parameter.
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Galaxy ID [OII]λ3727 Hδ Hγ [OIII]λ4363 Hβ [OIII]λ4959 [OIII]λ5007

RXJ_95 6.14 ± 1.19 5.35 ± 1.01 8.53 ± 1.20 3.62 ± 1.18 17.78 ± 1.40 30.02 ± 0.67 90.07 ± 1.96

SMACS_85 <2.21 4.57 ± 0.21 8.67 ± 0.26 2.76 ± 0.20 18.29 ± 0.33 21.67 ± 0.18 65.01 ± 0.53

Table 3.2: The derived line fluxes in units of 10−19 erg s−1 cm−2 with 1σ uncertainties and
limits. The line fluxes have not been corrected for the magnification factor µ.

When fitting the redshift simultaneously with other properties I find that RXJ_95 has a

spectroscopic redshift of z = 9.5013 ± 10−4 and SMACS_85 has a spectroscopic redshift

of z = 8.4956 ± 10−4. The line fluxes and their errors are summarized in Table 3.2,

and the fits are illustrated in Figure 8.3. For SMACS_85, it is not possible to separate

the line intensity of the [OII]λ3727 line from the noise in the spectrum, see Figure 3.6

b). The value is therefore given as a 1σ upper limit - the highest value that a data

point or measurement is expected to be with 68.27% confidence, assuming a normal

distribution. I have not corrected for dust attenuation in the line fluxes, as I expect this

effect to be low. I will elaborate on the reasons for this in Chapter 3.2.4 and 3.2.5.

3.2.4 Line ratios

I have computed the line flux ratios between the hydrogen lines, known as the balmer

decrements, as well as other line ratio combinations, depending on the oxygen lines.

I will be using these ratios to determine the oxygen abundance through strong line

calibrations described in Chapter 2.2.2. The different line ratios of the two galaxies

RXJ_95 and SMACS_85 can be seen in Table 3.3, with errors propagated from the line

fluxes. The ratios depending on the [OII]λ3727 line for the SMACS_85 galaxy are given

as upper and lower limits, as this line is detected as an upper limit in its spectrum.

I have calculated the balmer decrements: Hγ/Hβ and Hδ/Hβ. Assuming Case B

recombination, meaning that the gas is assumed optically thin, the zero-extinction

theoretical balmer decrements are Hγ/Hβ = 0.47 and Hδ/Hβ = 0.26 (Williams et al.,
2022). For the galaxies RXJ_95 and SMACS_85 I find the balmer decrements to be

close to the theoretical values, which suggests that there is little dust attenuation

affecting the observed spectra.
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Line ratios RXJ_95 SMACS_85

Hγ
Hβ 0.47 ± 0.08 0.47 ± 0.02

Hδ
Hβ 0.29 ± 0.06 0.25 ± 0.01

R3 = [OIII]λ5007
Hβ 5.00 ± 0.39 3.55 ± 0.07

R2 = [OII]λ3727
Hβ 0.34 ± 0.07 <0.12

R23 = [OIII]λ5007,λ4959+[OII]λ3727
Hβ 7.01 ± 0.56 <4.89

O32 = [OIII]λ5007
[OII]λ3727 14.75 ± 2.77 >29.40

Table 3.3: Ratios between line fluxes given in Table 3.2 of galaxies RXJ_95 and SMACS_85.

3.2.5 UV β slopes

The UVβ slope is a measure of the spectral energy distribution of the galaxies in the

ultraviolet (UV) part of the spectrum. It is defined as the slope of the power law fit to

the flux in the UV range, usually between 1250 − 2600 Å (Calzetti et al., 1994), where

the flux scales as a power law with wavelength, given by:

F (λ) = A ∗ λβ (3.2)

Where F (λ) is the observed flux, A is a constant, λ is the wavelength and β is the

slope.

The UVβ slope for RXJ_95 is listed in Table 3.5, but for SMACS_85, the wavelength

range does not span to the UV range, so it has not been possible to estimate the UV

slope of this galaxy. For the RXJ_95 galaxy I have used lmfit least squares algorithm

to fit the power law given in Equation 3.2 to the flux in the UV range, which can be

seen in Figure 8.5. The galaxy has a UVβ slope of β = −1.8 ± 0.3, which in addition to

its balmer decrements, supports a low dust attenuation (Prevot et al., 1984). Dunlop

et al. (2013) reports an average UVβ slope of β = −1.8 ± 0.6 for galaxies at redshift

z ∼ 9, which is in agreement with that of RXJ_95. Bhatawdekar and Conselice (2021)

however finds a bluer value of β = −2.51 ± 0.3 for galaxies at z ∼ 9.
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3.2.6 Equivalent widths

The equivalent width of an emission line is a measure of the strength of the line, and is

defined as the width of the spectral continuum that has the same area as the line. More

specifically, it is the integral of the flux density of the line divided by the continuum

flux density, over the wavelength range of the line, given by:.

EW =
∫ b

a

(
1 − Fline

Fcont

)
dλ (3.3)

Where Fline is the flux of the line with a wavelength range spanning from a to b and

Fcont is the flux of the continuum.

Galaxy ID EW(Hβ) EW(OIIIλ4959) EW(OIIIλ5007)

RXJ_95 252+26
−22 407+42

−35 1134+118
−98

SMACS_85 160+11
−9 186+13

−11 582+39
−35

Table 3.4: Rest frame equivalent widths (EW) of Hβ, [OIII]λ4959 and [OIII]λ5007 in units of
Ångstoms.

I have calculated the equivalent widths of the three brightest lines, Hβ, [OIII]λ4959
and [OIII]λ5007 for the two galaxies. To account for variations in the continuum, I

have fitted a continuum model with these three line profiles only, which can be seen

in Figure 8.3. The rest frame equivalent widths of the lines (the equivalent widths

divided by a factor (1+z)) are given in Table 3.4, together with their associated errors

propagated from errors on the line fluxes. I will use these in Chapter 4.1 to verify my

choice of strong line calibration, when determining the oxygen abundance.

3.2.7 Star formation rates

I infer the SFR, for each galaxy based on the Hβ line flux measurement, using following

equation (Kennicutt, 1998):

SFRHβ(Msun/yr) = 5.5 · 10−42LHβ(erg/s) · fHα/Hβ (3.4)
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Here a Kroupa initial mass function (IMF) has been assumed, which is a powerlaw

function broken into three segments, low-mass stars, intermediate-mass stars, and

high-mass stars, that describes the distribution of masses for newly formed stars in a

given population (Kroupa, 2001). The theoretical fHα/Hβ ratio is 2.86 from the Case B

recombination model at Te = 104 K (Osterbrock and Ferland, 2006) and LHβ(erg/s) is

the luminosity based on the flux of the Hβ line, given by:

LHβ(erg/s) = fHβ(ergs−1cm−2)4πD2
L (3.5)

Here fHβ is the line flux of Hβ and DL is the luminosity distance. I use the cosmol-

ogy distance calculator from astropy (Robitaille et al., 2013) to infer the luminosity

distances DL to the given redshifts of the two galaxies.

The statistical uncertainties from the Hβ line flux measurements are typically 10 − 30%,

whereas the uncertainties from the choice of the IMF typically is 20 − 30%. I therefore

conservatively assume a 0.4 dex total uncertainty in following analysis for each SFR

measurement (Heintz et al., 2023b). The SFRHβ for the two galaxies is given in Table

3.5.

Galaxy ID zspec SFRHβ [M⊙ yr−1] log M∗ [M⊙] µ UVβ slope

RXJ_95 9.5013 ±10−4 1.7+0.2
−1.0 7.6 ± 0.2 19.2 ± 3.6 -1.8 ± 0.3

SMACS_85 8.4956 ±10−4 3.0+4.5
−1.8 7.6 ± 0.4 8.7 ± 2.6 -

Table 3.5: The spectroscopic redshift (zspec), SFR based on the Hβ line flux measurement
(SFRHβ), logarithm to the stellar mass (logM∗), magnification factor (µ) and UV β
slope. The SFRs and stellar masses have been corrected for the magnification factor.

3.2.8 Stellar masses

Photometry from NIRCam, is used to constrain the stellar mass of the two galaxies.

In this work I will use the stellar mass of the RXJ_95 galaxy obtained by Heintz et al.
(2023b) and the stellar mass of SMACS_85 obtained by Heintz et al. (2023a). These

stellar masses are given in Table 3.5.
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To infer the stellar mass of the galaxies, SEDs have been modelled using the fitting

code Bagpipes (Carnall et al., 2018). The code generates model SEDs based on input

priors, which are then compared to the observed SED. By utilizing MCMC optimization

a range of posteriors of physical parameters that describe the galaxy, including the

stellar mass are determined. The modeling incorporates stellar population models,

star formation history (SFH), nebular emission, dust attenuation, initial mass function

(IMF), and metallicity.

For the SMACS_85 galaxy, Heintz et al. (2023a) finds a stellar mass of log(M∗/M⊙) =

7.15 ± 0.15. However, Giménez-Arteaga et al. (2022) finds a substantially higher stellar

mass of log(M∗/M⊙) ∼ 8, based on a resolved SED study on a set of galaxies at z ≥ 5
(including SMACS_85), which has been recovered assuming a burstier SFH (Tacchella

et al., 2022). To take this into account and any potential systematic uncertainties on

the stellar mass estimates from varying SFH models and in general across SED fitting

codes, Heintz et al. (2023a) assume a stellar mass with conservative uncertainties of

log(M∗/M⊙) = 7.2 − 8.0. I therefore assume a stellar mass of log(M∗/M⊙) = 7.6 ± 0.4
in the following analysis.

For RXJ_95, Heintz et al. (2023b) finds a stellar mass of log(M∗/M⊙) = 7.56 ± 0.08.

For this galaxy I have applied an additional 0.2 dex uncertainty to the statistical

error on the derived stellar masses in the following analysis, due to the systematic

uncertainties stemming from the exact choice of SED modelling technique used (Heintz

et al., 2023b).

3.2.9 Oxygen abundances

As described in Chapter 2.2.1, the electron temperature of the ionized gas in a galaxy,

can be used to derive the oxygen abundance. The [OIII]λ4363/([OIII]λ4959+λ5007)

ratio is sensitive to the electron temperature of the ionized gas as the excitation energy

of the [OIII]λ4363 line is higher than that of the [OIII]λ4959 and [OIII]λ5007 lines.

The ratio increases as the electron temperature increases, making it a sensitive indicator

of the electron temperature of the ionized gas. Both the RXJ_95 and SMACS_85 spectra

show detection of the auroal line [OIII]λ4363, which is indicated in Figure 3.6. This

allows me to determine the oxygen abundance using the direct Te method for the two

galaxies.
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An analytical solution can be worked out for the electron temperature and the oxygen

abundance, based on the atomic physics described in Chapter 2.2.1. Following the

iterations outlined by Izotov et al. (2006), I will use following equation to estimate the

electron temperature:

t = 1.432
log[(λ4959 + λ5007)/λ4363] − log(CT ) (3.6)

Here t = 10−4Te where Te is the electron temperature, x = 104Net
−0.5 where Ne is the

electron density and CT is given by:

CT = (8.44 − 1.09t + 0.5t2 − 0.08t3)1 + 0.0004x

1 + 0.044x
(3.7)

In general, the electron density Ne is less than 104 cm−3, for the ionized HII regions in

galaxies, so in principle, the term containing x is never important, see Chapter 2.2.1.

I derive the oxygen abundance from the electron temperature and the flux of the

oxygen emission lines to the flux of the hydrogen lines arising due to recombination

([O+]/H+ and [O2+]/H+), using following equations (Izotov et al., 2006):

12 + logO+/H+ = log
λ3727
Hβ

+ 5.961 + 1.676
t

− 0.40logt − 0.034t + log(1 + 1.35x) (3.8)

12 + logO2+/H+ = log
λ4959 + λ5007

Hβ
+ 6.200 + 1.251

t
− 0.55logt − 0.014t, (3.9)

where O+ is the singly ionized oxygen (OII), O2+ is the doubly ionized oxygen (OIII)

and H+ is ionized hydrogen.

Assuming that all oxygen atoms are ionized, but not more than doubly ionized, adding

the oxygen abundances of Equations 3.8 and 3.9, represents the total oxygen abun-

dance in the galaxy:
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O/H = O2+/H+ + O+/H+ (3.10)

I solve for the oxygen abundance as a function of electron temperature and density

using Equation 3.6, 3.8, 3.9 and 3.10, which is illustrated in Figure 3.7 for RXJ_95

(Heintz et al., 2023b). The same solution for SMACS_85 is shown in Figure 8.4. For

SMACS_85, the [OII]λ3727 line is not detected in the spectrum and is given as a 1σ

upper limit in Table 3.2. Therefor I have not included the term O+/H+ from Equation

3.8 when deriving the total oxygen abundance of SMACS_85. This is reasonable, as

the O2+/H+ term will be the dominant one, which is also seen for RXJ_95 in Figure

3.7. I have included the term containing the density, to illustrate that the electron

temperature and oxygen abundance is not affected by a changing electron density, as

long as it is below Ne ∼ 104 cm−3.

Assuming electron densities below Ne ∼ 104 cm−3, I find an electron temperature of

Te = (2.2 ± 0.7) · 104K for RXJ_95, and Te = (2.3 ± 0.2) · 104K for SMACS_85.

I infer uncertainties on the temperature measurements, from the relative error of

the line ratio in Equation 3.6: (λ4959 + λ5007)/λ4363. For the oxygen abundances,

I estimate the uncertainties to be the same as the relative error of the line ratio in

Equation 3.9: (λ4959 + λ5007)/Hβ, as this term is the dominant term in Equation 3.10.

The obtained oxygen abundances using the direct Te method is given in Table 4.1.

As described in Chapter 2.2.2, the oxygen abundance can also be determined in a less

precise, but in many cases more approachable method through strong line calibrations,

that have been obtained from large galaxy samples in the local universe. Using these

calibrations, the oxygen abundance can be determined for galaxies where the auroral

line is not resolved in their spectra.

I will be using the line ratios mentioned in Chapter 2.2.2 and given in Table 3.3 to also

determine the oxygen abundance through strong calibrations. In Figure 4.1, I have

plotted different strong line calibration, made by different studies (Curti et al., 2017,

Curti et al., 2020, Maiolino et al., 2008, Bian et al., 2018, Nakajima et al., 2022). For

further analysis, and to obtain the oxygen abundances, I will use the calibration from

Nakajima et al. (2022) for EW(Hβ) > 200Å, plotted as the blue line in Figure 4.1 with

scatter. This calibration seems to fit my results obtained using the direct Te method
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best, and I will expand on this in Chapter 4.1. The obtained oxygen abundances using

the strong line calibrations from Nakajima et al. (2022) is given in Table 4.1.

The errors on the oxygen abundance values obtained using the strong line calibrations, I

have estimated from the errors on the line ratios. I have also added 0.1, which Nakajima

et al. (2022) states as the 1σ logarithmic uncertainty on the oxygen abundance for a

given line ratio, when using the calibration for EW(Hβ) > 200Å.

Figure 3.7: Recreated figure from Heintz et al. (2023b) of the derived electron temperature Te

and the oxygen abundance 12 + log(O/H) for galaxy RXJ_95 as a function of the
electron density ne. The same solution for SMACS_85 is shown in Figure 8.4.
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4Results and Analysis

In this chapter, I will present the results of the oxygen abundance measurements I have

gained using the implementations described in Chapter 3. I will compare these results

to empirical scaling relations obtained by different studies described in Chapter 2.3.

4.1 Oxygen abundance measurements

To determine the oxygen abundance of the two galaxies RXJ_95 and SMACS_85, I have

utilized the direct Te method. I obtain a value of 7.36 ± 0.08 for RXJ_95 and 7.19 ± 0.02
for SMACS_85. The oxygen abundances for the two galaxies are presented in Table

4.1. Additionally, for comparison purposes I have used the strong line calibrations from

Nakajima et al. (2022) to calculate the oxygen abundance, and I will explain my choice

of calibration below.

In Figure 4.1, I have plotted the different strong line calibrations obtained by Nakajima

et al. (2022), Bian et al. (2018), Maiolino et al. (2008) and Curti et al. (2017). The

strong line ratios used for these calibrations are R3, R23, R2 and O32, which each are

given and explained in Chapter 2.2.2. In Figure 4.1, I have also plotted the oxygen

abundances that I find by using the direct Te method for the two galaxies and their

corresponding line ratios given in Table 3.3. Since these values align best with the

calibrations from Nakajima et al. (2022) for EW(Hβ) > 200Å, and the majority of them

lie within the scatter of the calibrations, I have used these calibrations to derive the

oxygen abundances through the strong line calibration method. The Hβ equivalent

widths that I measure for the two galaxies can be seen in Table 3.4. For RXJ_95, the

Hβ equivalent width is EW (Hβ) = 252+26
−22, which is larger than 200Å. For SMACS_85,

I find the Hβ equivalent width to be EW (Hβ) = 160+11
−9 . Although this value is below

200Å, the oxygen abundance data points for SMACS_85 still seem to align best with

the calibration from Nakajima et al. (2022) for Hβ equivalent widths greater than

200Å.
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Figure 4.1: Plot of different strong line calibrations (Nakajima et al., 2022, Bian et al., 2018,
Maiolino et al., 2008, Curti et al., 2017). For the calibration by Nakajima et al.
(2022) with EW(Hβ) > 200Å, the 1σ scatter of the calibration is plotted. The
oxygen abundances obtained using the direct Te method and corresponding line
ratios of galaxies RXJ_95 and SMACS_85 are indicated by red data points with
error bars.
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The oxygen abundances obtained using the strong line calibrations are listed in Table

4.1. For both galaxies, the oxygen abundances obtained through the direct Te method

is lower than those obtained through the strong line calibrations. However, it should be

noted that the uncertainties on the oxygen abundances using the strong line calibrations

are larger, and within the uncertainties of these, the oxygen abundance measurements

using the two different methods are consistent with each other. For the RXJ_95 galaxy,

the oxygen abundances calculated using the strong line calibrations are consistent

across different strong line ratios. What should be noticed, is that it is not possible to

obtain an upper limit on the oxygen abundance using the O32 calibration, as the upper

limit on this line ratio has no solution to the calibration. For SMACS_85 I find upper

limits on the oxygen abundance using the R23 and R2 calibrations, as the [OII]λ3727

line is not detected in the spectrum. I find that there is no solution for the oxygen

abundance using the O32 calibration. While the oxygen abundance calculated using the

calibrations with the R3 and R23 ratios are consistent, the oxygen abundance calculated

using the R2 ratio show strong deviation. The use of the R2 and O32 calibrations to

determine the oxygen abundance is unreliable for SMACS_85 because of the ratios

strong dependence on the undetected [OII]λ3727 line.

Galaxy ID Te method R3 R23 R2 O32

RXJ_95 7.36 ± 0.08 7.5+0.2
−0.2 7.5+0.2

−0.2 7.5+0.4
−0.5 7.5−0.7

SMACS_85 7.19 ± 0.02 7.3+0.2
−0.2 < 7.3 < 6.3 −

Table 4.1: Oxygen abundance measurements obtained through the Te method and the strong
line calibrations from Nakajima et al. (2022) for EW(Hβ)>200Å. The ratios are
defined in Chapter 2.2.2.

For further analysis, I have chosen to use the oxygen abundance obtained from the R3

ratio. This relation has a small empirical scatter and is supported by recent theoretical

frameworks and empirical constraints based on oxygen abundances estimates through

the direct Te method (Nakajima et al., 2022, Nakajima et al., 2023). The R3 ratio

depends on the [OIII]λ5007 and Hβ lines that are clearly detected in both the RXJ_95

and SMACS_85 spectra, and it doesn’t depend on the O[II]λ3727 line, which is not

detected in the SMACS_85 galaxy spectrum. Even though the R3 ratio only depends on

one ionization state of oxygen (OIII), this state will be the dominant state at the given

electron densities and temperatures, see Figure 3.7. Moreover, the RXJ_95 galaxy has

a prism spectrum, causing the resolution to change over a wide wavelength range, as

described in Chapter 3.2.1. The R3 ratio has a small wavelength range, so when using
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this line ratio, it introduces less uncertainty in the flux calibration, resulting in less

uncertainty in the oxygen abundance. Additionally, a small wavelength range at higher

wavelengths, such as for the [OIII]λ5007 and Hβ lines in the R3 ratio, is less affected

by dust attenuation, even though I do not expect this effect to be significant for the

galaxies RXJ_95 and SMACS_85 due to their balmer decrements being close to the

theoretical values for zero dust extinction, see Chapter 3.2.4.

4.2 Comparison to the SFR-M∗ main
sequence

Figure 4.2: The SFR-M∗ main sequence by Speagle et al. (2014) is plotted at redshifts z = 0,
z = 2, and z = 4, and by Heintz et al. (2023b) at redshifts z = 7 − 10. The scatter
of the relation by Heintz et al. (2023b) is 0.4 dex, and added to the relation. The
galaxies RXJ_95 and SMACS_85 at z = 9.5 and z = 8.5 respectively is also plotted
in red with errorbars.
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To examine the oxygen abundances of RXJ_95 and SMACS_85 and how they compare

to the FMR, which links the oxygen abundance to the stellar mass and SFR of galaxies,

I will initially focus on analyzing the relation between the SFR and stellar mass through

the SFR-M∗ main sequence, which is described in detail in Chapter 2.3.1. I have

utilized the SFR-M∗ main sequences obtained by Speagle et al. (2014) and Heintz et al.
(2023a), that both find an increase in SFR when the stellar mass of galaxies increases,

as illustrated in Figure 4.2. The research by Speagle et al. (2014) examined the SFR-M∗

main sequences relation at redshifts z = 0, z = 2, and z = 4, while the research by

Heintz et al. (2023a) examined the relation at redshift z = 7 − 10. Both Speagle et al.
(2014) and Heintz et al. (2023a) find that for a given mass the SFR increases with

redshift. This is consistent with the galaxies RXJ_95 and SMACS_85, as they lie above

the SFR-M∗ main sequences obtained by Speagle et al. (2014), and are consistent with

the relation obtained by Heintz et al. (2023b) with a scatter of 0.4 dex within 1σ.

4.3 Comparison to the MZR

I have examined The MZR, which is described in more detail in Chapter 2.3.2. In

Figure 4.3, I have plotted relations obtained by various researchers, investigating at

different redshifts (Curti et al., 2020, Andrews and Martini, 2013, Sanders et al., 2021,

Heintz et al., 2023b). Also, I have plotted the oxygen abundances found using both the

direct Te method (in red) and the strong line calibration method (in grey) for RXJ_95

and SMACS_85. For each of the MZRs plotted, the oxygen abundance increases with

increasing stellar mass. Moreover the MZRs plotted show that as the redshift increases,

the oxygen abundance tends to decrease for a given stellar mass. The decrease in

oxygen abundance for a given mass with redshift, is in agreement with the findings

from my analysis of RXJ_95 and SMACS_85. For the oxygen abundances obtained

using the strong line calibrations and the the direct Te method, both galaxies RXJ_95

and SMACS_85 seem to agree with the relation obtained by Heintz et al. (2023b) with

a scatter of 0.3 dex within 1σ. When comparing the galactic properties of RXJ_95

and SMACS_85 to the SFR-M∗ main sequence and the MZR obtained by Heintz et al.
(2023b), it should be noted that the galaxy RXJ_95 was part of the galaxy sample used

to obtain these relations.
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Figure 4.3: The MZR obtained by Curti et al. (2020), Andrews and Martini (2013), Sanders
et al. (2021) and Heintz et al. (2023b), at different redshifts. The scatter of the
relation by Heintz et al. (2023b) is 0.3 dex, and added to the relation. The galaxies
RXJ_95 and SMACS_85 at z = 9.5 and z = 8.5 respectively are also shown. Here
the red points with errorbars are the oxygen abundances obtained using the direct
Te method and the grey points are the oxygen abundances obtained using strong
line calibrations.

4.4 Comparison to the FMR

The stellar mass, metal abundance, and SFR of galaxies are shown to have a tight

correlation in the local universe, related by the FMR (Mannucci et al., 2010, Curti et al.,
2020, Andrews and Martini, 2013, Kashino et al., 2016, Troncoso et al., 2014), which

is described in more detail in Chapter 2.3.3. In Figure 4.4 I have plotted the FMR

predicted by Curti et al. (2020) and Andrews and Martini (2013), who both use an

α factor of α = 0.66. Specifically, Curti et al. (2020) uses this factor for the sample
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of galaxies with a specific star formation rate (sSFR) greater than 10−9.5 yr−1. The

sSFR is defined as the SFR of a galaxy divided by its stellar mass: sSFR = SFR/M∗.

For RXJ_95 and SMACS_85, their sSFR values are of the order of ∼ 10−8 yr−1 and

∼ 10−7 yr−1, respectively. Therefore, I have used a factor of α = 0.66 for RXJ_95 and

SMACS_85, which are plotted as well in Figure 4.4, both for the oxygen abundances

found using the direct Te method (in red) and using the strong line calibration method

(in grey). As these galaxies have lower masses and higher SFRs than the samples

from Andrews and Martini (2013) and Curti et al. (2020), I have extrapolated their

relations towards lower masses and higher SFRs, which I will discus further in Chapter

5.4. The oxygen abundances found from the strong line calibrations, are in agreement

with the FMR from Andrews and Martini (2013) within 1σ. However, for the oxygen

abundances found from the direct Te method, the measurements lie significantly below

the FMRs obtained by Curti et al. (2020) and Andrews and Martini (2013). Specifically,

for RXJ_95 the oxygen abundances obtained using the direct Te method lie ∼ 4σ

below the FMR obtained by Andrews and Martini (2013), while it for SMACS_85 lie

more than 10σ below. Both lie even further below the more newly predicted FMR by

Curti et al. (2020). Additionally, in Figure 4.4 I have plotted results from Nakajima

et al. (2023) of galaxies at redshift z = 4 − 7, that also uses an α factor of α = 0.66.

Nakajima et al. (2023) finds that their results are in agreement with the FMR obtained

by Andrews and Martini (2013) at redshifts z < 8.
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Figure 4.4: The FMR obtained by Andrews and Martini (2013) (orange) and Curti et al. (2020)
(black) in the local universe z = 0, and extrapolated towards lower masses and
higher SFRs. The sample of galaxies at redshift z = 4 − 10 from Nakajima et al.
(2023) is plotted, where the points are colored by redshift. Galaxies RXJ_95
and SMACS_85 at z = 9.5 and z = 8.5 respectively are plotted with errorbars,
where the points in red indicate the oxygen abundance obtained using the Te

method, and the points in grey are the oxygen abundance obtained using strong
line calibrations.
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5Discussion

In this Chapter I will discuss the findings and results reported in Chapter 4. I will

discuss the methods used to obtain the oxygen abundances of the two galaxies RXJ_95

and SMACS_85 in Chapter 5.1. In Chapter 5.2, 5.3 and 5.4 I will put the resulting

oxygen abundances into a broader context, and discuss them in relation to the empirical

scaling relations obtained by different studies presented in Chapter 4.

5.1 Oxygen abundance measurements

I have calculated the oxygen abundance of the galaxies RXJ_95 and SMACS_85 using

both the direct Te method and strong line calibrations, which strengths and weaknesses

I will discuss below.

5.1.1 The direct Te method

Using the direct Te method, I find oxygen abundances of 7.36 ± 0.08 for RXJ_95 and

7.19±0.02 for SMACS_85. The direct Te method provides highly precise measurements

of the oxygen abundances, with few assumptions about the conditions in the galaxies.

It relies on the ionized gas and therefore traces the HII regions of galaxies, where

the gas is ionized by hot stars, and where more or less all oxygen atoms are singly or

doubly ionized. Also, it is based on the assumption that the gas is in a state of LTE,

meaning that the temperature is the same throughout the ionized gas - this is however

a reasonable assumption in the HII regions of galaxies.

In Figure 3.7, it can be seen how the electron temperature starts to decrease, and the

measure of the oxygen abundance increase, when exceeding a density of Ne ∼ 104

cm−3. At these densities, collisional deexcitation begins to play a role, as described

in Chapter 2.2.1. To measure the electron temperature above this density, one would

need to obtain a measurement of the density as well. However, in the case of HII

regions densities are generally below Ne < 104 cm−3.

43



The main issue that has hindered the use of the direct Te method in some studies, is

its practical application that can be challenging in certain instances. Particularly for

low-metallicity objects where the oxygen lines are weak and difficult to measure, or for

faint high redshift galaxies, where the flux is reduced and excessive noise in the galaxy

spectra can be present. Therefore, other methods, such as strong line calibrations,

are often necessary to derive the metal abundance, especially for a larger sample of

galaxies.

Both RXJ_95 and SMACS_85 are two highly magnified high redshift galaxies, with

bright spectra and clear emission lines, including a detection of the auroral line

[OIII]λ4363, which is needed to apply the direct Te method. I have a robust measure-

ment of the oxygen abundance of both galaxies through the direct Te method, which I

use to compare to the less robust ones obtained through strong line calibrations.

5.1.2 The strong line calibration method

I have calculated the oxygen abundances using different strong line calibrations ob-

tained by Nakajima et al. (2023) for EW(Hβ) > 200Å, see Table 4.1. The reason for

this choice of calibration, is explained in Chapter 4.1. I find that the oxygen abundance

measurements are consistent with each other when using different strong line ratios

for the RXJ_95 galaxy. For the SMACS_85 galaxy, the strong line ratios that depend on

the O[II]λ3727 line do not give a correct estimate of the oxygen abundance, as this line

is not detected in the spectrum, see Figure 3.6 b). This indicates, that as long as the

lines are clearly detected in a spectrum, all the line ratios can be utilized to determine

the oxygen abundance through the strong line calibrations, however there are still

different advantages and disadvantages when making the choice of line ratio, which I

have outlined in Chapter 2.2.2.

As the strong line calibrations are empirical calibrations, they have some level of

uncertainty and systematic bias. It is important to notice that some of the strong

line calibrations can be highly degenerate with other parameters, such as ionization

parameter, density and pressure. A variation in these parameters could change the

emission line ratios, and thereby mimic or mask changes in the oxygen abundance

(Maiolino and Mannucci, 2019). The use of multiple diagnostics, when possible, to

check for consistency and minimize the impact of systematic errors, will account for

possible errors in the measured oxygen abundance due to potential degeneracies.

Additionally, galaxies with high oxygen abundances tend to have stronger emission
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lines, making them easier to observe, which can cause the strong line calibrations to

be biased towards higher oxygen abundances.

Especially when applied on galaxies that have different physical conditions than

the calibration sample, the strong line calibrations should be used carefully. Even

though the strong line calibrations from Nakajima et al. (2022), and other strong line

calibrations available at the moment, have been calibrated using a large sample of

galaxies, making them relatively robust and reliable, the calibration samples have been

low redshift galaxies with higher stellar masses. It has been implicitly assumed that, as

we look further into space, at higher redshifts, these calibrations would hold. However,

as conditions in high redshift galaxies may be different from those in nearby galaxies,

this could possibly affect the reliability of the calibrations at high redshifts.

For further analysis of empirical scaling relations, I have chosen to use the oxygen

abundances obtained from the calibration with the R3 ratio (R3 =[OIII]5007/Hβ), which

choice is elaborated in Chapter 4.1. Here I find oxygen abundances of 7.5 ± 0.2
and 7.3 ± 0.2 for RXJ_95 and SMACS_85 respectively, which are consistent with the

oxygen abundances obtained using the direct Te method within 1σ. There are however

significantly larger uncertainties on the oxygen abundances obtained using the strong

line calibrations than those obtained using the direct Te method. I find that the oxygen

abundances obtained through the direct Te method are smaller than those obtained

with the strong line calibrations, which can be attributed to the different uncertainties

and factors described above.

The strong line calibration method only requires the measurement of a few strong

emission lines in a galaxy spectrum, and as there are many different calibrations

depending on different line fluxes, it is almost always possible to use this method when

a resolved spectrum is available.

5.2 Comparison to the SFR-M∗ main
sequence

In Figure 4.2, I have plotted the relationship between the SFR and stellar mass of

star forming galaxies, investigated up to redshift z = 4 by Speagle et al. (2014), and

up to redshift z = 7 − 10 by Heintz et al. (2023a). It is widely known that more

massive galaxies have more gas available, as they are bigger, and are thereby able to
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form more stars than less massive ones, resulting in an increase in SFR with stellar

mass of galaxies. However it should be noted that observations have shown that the

sSFR decreases as the mass of the galaxy increases, meaning that lower mass galaxies

are forming stars more efficiently relative to their mass compared to higher mass

galaxies.

The SFR for a given mass has been shown to increase when the redshift increases (e.g.

Speagle et al., 2014, Heintz et al., 2023b). At higher redshifts, the cosmic gas density

is higher, providing more fuel for star formation. Also, galaxies at high redshifts are

experiencing more turbulence and are more likely to merge with each other, which

trigger bursts of star formation, leading to a higher overall SFR at a given stellar mass.

RXJ_95 and SMACS_85 are high redshift galaxies, and are expected to have higher

SFRs than galaxies in the local universe. In Figure 4.3 it is shown that they evolve

approximately as they should according to this, and are in agreement with results from

Heintz et al. (2023b) of redshifts z = 7 − 10.

It is notable that between the SFR-M∗ main sequence relations there is a smaller span

from redshift z = 2 to z = 4 than from z = 0 to z = 2, and an even smaller span to

z = 7 − 10. This is due to the fact that redshift does not evolve linearly with look-back

time, and as the universe expands, the rate of expansion increases due to the influence

of dark energy. This means that the time between different redshift values increases as

the redshift gets lower. The fact that the SFR-M∗ main sequence relation seems to lie

closer and closer together with increasing redshift indicates that the SFR per mass has

followed a somewhat steady linear decrease as the universe has aged.

5.3 Comparison to the MZR

In Figure 4.3, I have plotted MZRs obtained by different studies (Curti et al., 2020,

Curti et al., 2017, Sanders et al., 2021, Heintz et al., 2023b) at various redshifts. There

is a consensus on the MZR in the local universe, where Curti et al. (2020), Andrews

and Martini (2013), and Sanders et al. (2021) find very similar relations. Common

for all obtained MZRs is that, as the stellar mass increases, the metallicity tends to

increase as well. More massive galaxies typically have a higher number of stars, and

therefore more opportunities to produce heavy elements, as these are created in the

stars. Additionally, more massive galaxies have stronger gravitational potentials, which

can lead to greater retention and recycling of the metals.
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It is also shown in Figure 4.3 that as the redshift increases, the oxygen abundance for

a given mass decreases. This is in agreement with the observations of the RXJ_95 and

SMACS_85 galaxies, which align with the MZR obtained by Heintz et al. (2023b) at

redshift z = 7 − 10. Metals are ejected into the ISM via supernovae explosions and

stellar winds. As more and more stars form and evolve over time, the abundance of

metals in the ISM increases. The observed decrease in oxygen abundance for a given

stellar mass with increasing redshift can thereby be explained by the fact that galaxies

at higher redshift are younger and have had less time to build up metals.

The MZRs plotted in Figure 4.3 do not seem to evolve with redshift in the same way as

the SFR-M∗ main sequence relations discussed in Chapter 5.2. In Figure 4.2, the span

between the SFR-M∗ main sequence relations decrease with increasing redshift, while

in Figure 4.3 the same decrease of the MZRs with increasing redshift is not observed.

Again, as the redshift does not evolve linearly with look-back time, this indicates that

the oxygen abundance per mass had a steeper increase in the early universe, which

became more and more flattened as time passed.

5.4 Comparison to the FMR

The metal abundance has been observed to correlate with different galactic properties,

one of which is an anti-correlation between the metal abundance and SFR, at a fixed

stellar mass, observed and characterized through the FMR.

5.4.1 The interpretation of the FMR

The FMR arises from the complex interplay among gas inflow, outflow, and star

formation in galaxies. Due to these processes, baryons, which are the building blocks

of matter, undergo cycling through different phases as a galaxy evolves. Figure 5.1

illustrates how baryons are cycled on a large scale in galaxies.

Metal poor gas gets accreted onto galaxies from the IGM. This gas is primarily composed

of hydrogen, with very small amounts of heavier elements. As the gas cools and

condenses, it forms dense clouds in the ISM, where it can undergo gravitational

collapse and form stars. As stars evolve, they produce metals via nucleosynthesis, and

through supernova explosions and stellar winds the ISM gradually gets chemically
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enriched by these metals. The newly formed massive stars inject energy and momentum

into the gas, driving large-scale outflows that transport gas and metals out of the galaxy.

The ejected enriched gas can either escape the gravitational potential well of the galaxy

to enrich the IGM or reaccrete onto the galaxy and enrich the inflowing gas.

Figure 5.1: Illustration of how baryons are cycled in a galaxy (Tumlinson et al., 2017).

Inflows and outflows in a galaxy are highly dependent on its mass. High mass galaxies

have larger gravitational potentials, causing them to hold onto larger amounts of gas,

thereby preventing the same amount of galactic outflows as for low-mass galaxies, and

are additionally capable of attracting larger amounts of gas from their surroundings

(Chisholm et al., 2018). While the large inflows of metal poor gas may temporarily

dilute the metal abundance of the galaxy, they provide the raw materials for star

formation over longer periods, ultimately leading to an enrichment of metals. The

cycling of baryons in and out of galaxies directly impacts the stellar mass, SFR and

oxygen abundance of the galaxies. Thus, the correlation between these parameters and

their evolution, serve as crucial observational constraints for galaxy evolution models

that attempt to understand the build up of galaxies across cosmic time.

At high redshifts, galaxies are generally less massive as they are observed in an earlier

stage of their evolution and have had less time to accrete mass and evolve stars. The

environment in the early universe around galaxies was more dense and compact than

today, and as a result, the SFR per mass was higher in the early universe. In the local
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universe however, the galaxies have had time to grow and become more massive, and

the SFR per mass has decreased over time as the gas within galaxies has been gradually

depleted. Even though galaxies at different redshifts may have different properties, it

has been suggested that galaxies evolve through a smooth baryonic growth process in

a state of near-equilibrium, which would cause them to follow the same underlying

relationship between metal abundance, SFR, and stellar mass that is described by the

FMR. Galaxies at different redshifts are expected to sample different parts of the FMR

as they evolve and change over cosmic time. The fact that galaxies are more massive

and less star-forming in the local universe causes the galaxy samples, and thereby the

model range of the FMRs, to shift towards higher log(M∗)−α∗ log(SFR) values. While

the galaxies in the high redshift universe, generally have lower masses and higher

SFRs, which causes them to shift towards lower log(M∗) − α ∗ log(SFR) values.

The FMR has mostly been investigated in the local universe, where there is a broad

agreement on how the galactic properties depend on each other. In Figure 4.4 I have

plotted the FMRs obtained by Andrews and Martini (2013) and Curti et al. (2020) at

redshift z ∼ 0, which seems to agree well with each other within their calibration range.

The two galaxies RXJ_95 and SMACS_85 do not overlap with the calibration range

from the models in the local universe, as they have lower masses. To use the relations

obtained by Andrews and Martini (2013) and Curti et al. (2020) on high redshift

galaxies, I have extrapolated them linearly towards lower log(M∗) − α ∗ log(SFR)
values. Whether this is reasonable, and whether a linear or a more complex relation

should be used, is something that can be investigated in detail once more JWST data

becomes available and a larger spectroscopic sample of high redshift galaxies and their

metal abundances is obtained.

5.4.2 Previous findings

The FMR was first introduced by Mannucci et al. (2010), that found that the scatter in

the oxygen abundance in the MZR could be reduced by accounting for the SFR. It has

since then been investigated in many different observational studies (Mannucci et al.,
2010, Curti et al., 2020, Andrews and Martini, 2013, Kashino et al., 2016, Troncoso

et al., 2014, Heintz et al., 2023b, Baker et al., 2022), and at different redshifts, where

there is found evidence that the FMR holds up to at least redshift z ∼ 3 (Henry et al.,
2021, Cresci et al., 2019, Sanders et al., 2021, Lara-Lopez et al., 2010, Maier et al., 2014,

Mannucci et al., 2010). Some studies find that galaxies at redshifts z ∼ 2 − 3 show

larger dispersion than local galaxies. However, it is unclear whether this is caused by
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intrinsic dispersion related to different evolutionary stages of the galaxies or by larger

uncertainties in the estimates of metal abundance, stellar mass, and SFR (Mannucci

et al., 2010). The overall picture so far is that the FMR is a robust empirical relation

that holds across a range of galaxy types and redshifts. At even higher redshifts z > 3,

there has been debate about whether there is an anti-correlation or whether galaxies

follow the FMR. However, due to the limited spectroscopic data at these redshifts

before the JWST, it has previously not been possible to study the FMR in the very high

redshift universe.

With the newly acquired data from the JWST, it is now possible to empirically study

the FMR at redshifts z > 7, and smaller samples have already been gathered and

analyzed (Heintz et al., 2023b, Nakajima et al., 2023, Curti et al., 2023). The results

from Nakajima et al. (2023) are also plotted in Figure 4.4. They do not find any

evolution in the FMR up to redshift z ∼ 8, but a significant decrease in the data points

from the local FMR at redshifts z > 8. Heintz et al. (2023b) finds that there seems to

be an offset towards lower metallicities at redshift z > 7, which is in agreement with

Curti et al. (2023), that finds a deviation at redshifts z > 6. An offset from the FMR, is

also what I find for the RXJ_95 and SMACS_85 galaxies, see Figure 4.4.

5.4.3 A deviation from the FMR at high redshifts

I find that RXJ_95 and SMACS_85 deviates from the FMRs obtained by Andrews and

Martini (2013) and Curti et al. (2020), shown in Figure 4.4. I find especially a large

deviation when the oxygen abundance is obtained from the direct Te method, which is

generally considered a more robust method than the strong line calibration method.

For RXJ_95, the oxygen abundance obtained using the Te method lie ∼ 4σ below the

FMR obtained by Andrews and Martini (2013), while it for the SMACS_85, lie more

than 10σ below.

This deviation suggests that galaxies has a lower gas phase oxygen abundance in the

early universe, than predicted by the FMR. This might reveal prominent accretion

of pristine gas down to at least redshift z ∼ 8 − 9, happening on timescales shorter

than the gas depletion, star-formation, ISM enrichment and mixing compared to lower

redshift galaxies (Curti et al., 2023). At this time, the gas that is getting accreted will be

mainly hydrogen and have extremely low metal abundance. If the galaxies at redshift

z ∼ 8 − 9 are experiencing large gas accretion, it will cause a dilution of the chemical

abundances in the ISM, and a decrease in the metal abundance, as this is measured
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with respect to hydrogen, see Equation 2.3. The deviation from the FMR could in

principle also be explained by metals being more efficiently removed from the ISM by

supernovae driven outflows at high redshifts. Further investigation into this possibility

could involve studying the morphology of galaxies in relation to their position on the

FMR (Tacchella et al., 2023).

It is also important to mention the possibility that the two galaxies RXJ_95 and

SMACS_85 just are having very extreme conditions. If either their masses were smaller

or their SFRs higher, this would cause the two data points to be shifted towards lower

log(M∗) − α ∗ log(SFR) values and align with the extrapolated FMR for the local

universe. However, I find it unlikely that the deviation of the RXJ_95 and SMACS_85

galaxies from the FMR in Figure 4.4 is due to their SFR or stellar mass. This is

because the relative SFRs and stellar masses of these galaxies appear to be in line

with expectations for the evolution of high redshift galaxies, as illustrated in Figure

4.2. I therefore find it more likely that the deviation from the FMR is due to a greater

decrease in the metal abundance at these high redshifts than previously expected,

which is also suggested by Heintz et al. (2023b).

When comparing the metal abundances, SFRs, and stellar mass measurements, as

well as FMR predictions obtained by different studies, there will always be offsets

due to different galaxy samples that have been used and assumptions that have been

adopted. The stellar masses, SFRs and metal abundances have not all been obtained in

a consistent way for the various studies I have compared my results to, which may be

contributing to offsets between them. However, assuming that the FMR for the local

universe can be extrapolated towards lower masses and higher SFR, there seems to

be a significant offset between the FMR and the oxygen abundance measurements

obtained with the direct Te method, even when taking into account the systematic

uncertainties that occurs when different studies are compared.

5.4.4 Future outlook

In this study, I have examined the two high redshift galaxies RXJ_95 and SMACS_85. To

confidently validate their behavior and eliminate the possibility of them being potential

outliers, a more statistically representative sample of early galaxy observations with

JWST would be necessary.
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JWST has already begun to revolutionise our view of the high redshift Universe,

opening a new window onto early galaxy formation and evolution. With NIRSpec,

spectroscopic observations of galaxies within the first few Myr after Big Bang, have

become possible. In this context the study of the gas phase oxygen abundance via

rest-frame optical spectroscopy up to redshifts z ∼ 10 (Curti et al., 2023) can now be

obtained.

As mentioned, recent studies have already investigated the chemical abundances of

high redshift galaxies using data obtained with JWST (Heintz et al., 2023b, Nakajima

et al., 2023, Curti et al., 2023). The majority of these studies are based on metal

abundance determinations from strong emission line ratios that have been calibrated

on local samples of galaxies. As the rate of auroral line detections at high redshifts is

now rapidly increasing thanks to the JWST, it will be possible to estimate the metal

abundance on a large number of galaxies using the robust direct Te method. This will

also allow for re-calibration of the classical strong line diagnostics in the high redshift

Universe, which has already been aimed by Sanders et al. (2023). As JWST continue to

gather data, the robustness of the samples of early galaxies are continuously improving.

This is crucial for future studies to provide a tighter constraint on the FMR at high

redshifts and a more comprehensive picture on the processes regulating early galaxy

formation and evolution across cosmic time.
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6Conclusion

In this thesis, I have explored the chemical enrichment of galaxies within 600 Myr

after the Big Bang, at redshifts z ∼ 8 − 10. By investigating the interplay between the

chemical abundances of galaxies and other galactic properties at various cosmic times,

I have gained insight into the underlying physics driving the chemical enrichment of

galaxies at high redshifts.

As an introduction to the topic of spectroscopy, I analyzed spectroscopic data obtained

with MOSFIRE. This analyze involved examining ∼ 1000 two-dimensional spectra of

observations that coincided with those from the JWST CEERS program. I collected the

wavelengths of every visible emission line, both from the central galaxies intended for

observation and from serendipitous galaxy detections that were present in some of the

observations. I gathered detections of the same galaxies taken in different bands, and

converted the two-dimensional spectra into ∼ 300 unique one-dimensional spectra.

Furthermore, I created a catalog of information for each galaxy observation.

I then turned my attention to analyzing spectroscopic data obtained with NIRSpec on

JWST. Specifically, I focused on studying two low mass galaxies with high redshifts:

RXJ_95 and SMACS_85. I find that RXJ_95 has a spectroscopic redshift of z =
9.5013 ± 10−4. It is highly magnified by the foreground galaxy cluster RXJ2129, with

a magnification factor of µ = 19.2 ± 3.6. Meanwhile, SMACS_85 has a spectroscopic

redshift of z = 8.4956±10−4 and is magnified by the galaxy cluster MACS J0723.3-7327,

with a magnification factor of µ = 8.69 ± 2.61.

I analyzed the two galaxy spectra using a continuum model with Gaussian line profiles

to estimate the spectroscopic redshift and line fluxes, including error estimations. I

then calculated several parameters such as line flux ratios, UVβ slopes, equivalent

widths, and SFRs. The auroral emission line [OIII]λ4363 is present in both galaxy

spectra, which allowed me to measure the oxygen abundance via the direct Te method.

This approach relies on the sensitivity of the [OIII]λ4363/([OIII]λ4959+λ5007) ratio

to the electron temperature in ionized gas, which can be used to determine the oxygen

abundance. Using the direct Te method, I measured the oxygen abundance for RXJ_95
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to be 7.36 ± 0.08 and for SMACS_85 to be 7.19 ± 0.02. For comparison reasons, I also

estimated the oxygen abundance using strong line calibrations, that relate the oxygen

abundance to strong emission line ratios. I used the calibration from Nakajima et al.
(2022) for Hβ(EW ) > 200 Å and the R3 =[OIII]5007/Hβ ratio to obtain an oxygen

abundance of 7.5±0.2 for RXJ_95 and 7.3±0.2 for SMACS_85. However, as the auroral

line [OIII]λ4363 is detected in both galaxy spectra, I consider the oxygen abundances

measured from the direct Te method more reliable than the ones obtained from strong

line calibrations.

To gain a perspective on the measured oxygen abundances, I investigated empirical

scaling relations between galactic properties obtained by other studies, both in the

local and the high redshift universe. Comparing RXJ_95 and SMACS_85 to the SFR-M∗

main sequence, they are found to lie above the relation obtained in the local universe,

indicating a higher SFR given their stellar mass, which is as expected at higher redshifts.

Additionally, when comparing the galaxies to the local MZR, they have lower oxygen

abundance given their stellar mass than galaxies in the local universe, which is also as

expected at higher redshifts.

There appears to be a deviation when comparing the SFRs, stellar masses, and oxygen

abundances of RXJ_95 and SMACS_85 to the FMR, which is a universal relation meant

to describe the equilibrium between these properties. The deviation suggests that there

could be a lower oxygen abundance in galaxies in the early universe than predicted

by the FMR. This implies that galaxies down to at least z ∼ 8 − 9 may still be closely

connected with the IGM and subject to continuous infall of metal poor gas which

effectively dilutes their metal abundances.

The JWST has provided high-quality spectroscopic data that enables more detailed

observations in the high redshift universe (z > 7) than ever before. With more

spectroscopic observations of high redshift galaxies in the future, it will be possible to

further constrain the FMR in the very early universe. This will be a powerful tool for

gaining a deeper understanding of the properties of early galaxies and the processes

driving their evolution over cosmic time.
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Figure 8.1: Clipping of MOFFIRE catalogue, that will be released publicly soon.
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Figure 8.2: Example of a MOSFIRE observation, with a central galaxy, and a serendipitous
galaxy detection. In this case two individual one-dimensional spectra has been
extracted using different extraction windows (indicated as red horizontal lines). 65



Figure 8.3: Best fit of a continuum model with numerous Gaussian line profiles for the
two galaxies RXJ_95 and SMACS_85, using lmfit least squares algorithm with
MCMC sampling. The upper figures is a fit of the three strong emission lines Hβ,
[OIII]λ4960 and [OIII]λ5007 with a corresponding residual plot, while the lower
figures are fits of all the emission lines indicated in Figure 3.6.

66



Figure 8.4: Recreated figure from Heintz et al. (2023b) of the derived electron temperature Te

and the oxygen abundance 12 + log(O/H) for galaxy SMACS_85 as a function of
the electron density ne.
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Figure 8.5: Fit of the UVβ slope of the RXJ_95 galaxy using lmfit least squares algorithm with
MCMC sampling. The slope is explained further in Chapter 3.2.5.
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