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“The universe exists because we are aware of it.”
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Abstract

We live in a Universe filled with an infinite variety of shapes and structures: stars, planets,
mountains, clouds, oceans, flowers, — and humans, to name a few. One fascinating truth connects
them all: everything is made from the same basic building blocks — atoms. These atoms,
composed of subatomic particles, interact to form molecules, the foundation of life as we know it.
Yet, perhaps even more remarkable is that many of the atoms within us were forged billions of
years ago in the hearts of ancient stars. This thesis is dedicated to understanding the origin of
these first elements and how they came to be distributed throughout the cosmos.

To trace the origin of the elements, we must understand how galaxies became chemically enriched
in the early Universe. This process, known as chemical enrichment, depends on a complex
combination of physical mechanisms, such as stellar nucleosynthesis, gas inflows and outflows,
star formation, and most importantly, feedback from stars and active galactic nuclei (AGNs).
Among these, stellar feedback, which refers to the energy released from supernova explosions at
the end of their lives, remains one of the most uncertain processes in galaxy formation theory.
In the first part of this thesis, I focus on constraining its role by implementing and comparing
four supernova feedback models: thermal, stochastic, kinetic, and mechanical in state-of-the-art
cosmological hydrodynamical simulations.

To test these models, we use two key observational diagnostics: the mass–metallicity relation
(MZR) and metallicity gradients, for both stars and gas, across a wide range of galaxy masses and
redshifts. These chemical signatures act as fossil records of how efficiently galaxies formed stars,
retained metals, and redistributed them over cosmic time. Our analysis shows that mechanical
feedback best reproduces the observed MZR and metallicity gradients within galaxies up to
redshift I = 5, providing the most realistic balance between star formation regulation and metal
retention.

Having constrained stellar feedback using recent observations, we return to our core question:
how were the first elements produced? Observational data from the James Webb Space Telescope
(JWST) has revealed surprisingly high elemental abundance ratios in some of the earliest observed
galaxies, patterns that were not expected to appear so early in cosmic history. These findings
challenge existing theories and raise important questions about the nature of the first stars and
galaxies. Several hypotheses have been proposed to explain these enhanced ratios, including
enrichment by very massive stars or massive rotating Wolf-Rayet (WR) stars.



To address this, we take the novel step of simulating these scenarios in a fully cosmological
context. For the first time, we implement nucleosynthetic yields from rotating Population III stars,
specifically, WR stars up to 120 M�, faint supernovae, and rotating Pair-Instability Supernovae
(PISNe) up to 300 M�. These yields are incorporated self-consistently into our simulations to
study their impact on the chemical evolution of early galaxies. My results suggest that rotating
WR stars are the most likely source of the enhanced nitrogen and other elemental abundances
seen in high-redshift galaxies such as GN-z11.

This thesis offers a new perspective on the chemical evolution of the Universe by combining
detailed feedback modeling with early Universe nucleosynthesis in a cosmological framework.
From constraining feedback models using present-day and high-redshift observations, to exploring
the fingerprints of the first stars, this work brings us closer to understanding how the elements
that make up our world — and ourselves — came into being.
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CHAPTER 1

Introduction

1.1 Cosmic Evolution

1.1.1 Early Universe

The prevailing consensus in cosmology is that the Universe emerged from a hot, dense state

approximately 13.8 billion years ago, in an event known as the Big Bang, marking the beginning

of space, time, and the observable Universe (Planck Collaboration et al., 2020). Shortly after,

the Universe underwent a brief period of rapid expansion known as in�ation. As it continued to

expand and cool, it transitioned into a hot plasma composed of quarks, antiquarks, and gluons.

Within the �rst second after the Big Bang, the Universe was an opaque plasma, cool enough for

nuclear fusion to begin and for various subatomic particles to form, including matter (protons,

neutrons, and electrons) and antimatter.

Within the next� 3 minutes, conditions �nally became suitable for Big Bang Nucleosynthesis

(BBN) to occur (Alpher et al., 1948). During this phase, nearly all neutrons and about 25% of

the protons fused into the �rst elements, forming1H, 2H, 3He, 4He and7Li (Copi et al., 1995;

Coc et al., 2013). At this stage, the Universe was cool enough for baryons to be stable and still

hot enough for them to fuse, mainly consisting of an ionized plasma of protons, helium nuclei,

electrons, and photons. However, the Universe also cooled too rapidly for complex nuclear

reactions to proceed beyond a certain point. In particular, the absence of stable nuclei with mass

numbers 5 and 8 (like5He and8Be) created a�mass gap�, making it extremely di�cult to build

up heavier elements like C directly from He in the Big Bang environment. As a result, Big Bang

nucleosynthesis could not produce signi�cant amounts of C or any heavier elements. At the same

time, with the Universe dominated by photons, there was way too much energy for neutral atoms

to form.

After � 20 minutes, the Universe had cooled and expanded to a diameter of roughly 600 light-years.

By this point, almost all of the hydrogen and helium (and a small fraction of lithium) that would

eventually form stars and galaxies in the Solar System had already been created.

1
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Figure 1.1: Schematic �gure of the cosmic history of the universe.

As time passed, photons were redshifted and gradually lost energy. After� 40,000 years, the

radiation energy density becomes lower than the matter density. This transition to a matter-

dominated era allowed dark matter to begin clumping under gravity, attracting more and more

matter. With insu�cient radiation pressure to resist gravitational collapse, these clumps continued

to grow, forming the �rst structure in the Universe.

By � 380,000 years after the Big Bang, the Universe had cooled enough for free electrons to

combine with nuclei and form atoms. Moreover, these newly formed atoms (mostly H, He, and

Li) quickly reached their lowest energy state (deionized), forming the �rst neutral atoms and

also releasing photons in the process. These photons had existed since the hot plasma era and

were simply set free to travel across the Universe once the electron density declined su�ciently

to make Thomson scattering ine�cient. Once scattering ceased, photons began to travel freely

through space in a process known as photon decoupling. For the �rst time, the Universe became

transparent, with an observable surface roughly 100 million light-years in diameter (Planck

Collaboration et al., 2020).

Over the next few million years, these photons redshifted into non-visible wavelengths, leaving the

Universe dark in the absence of visible light. These same photons were the only light source and
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can still be observed today as the Cosmic Microwave Background (CMB). This period, known as

the Dark Ages, spanned from the end of the Recombination Epoch until the formation of the �rst

stars (Furlanetto et al., 2006).

These processes and epochs are summarized in Figure 1.1, where I highlight the main contributors

to the formation of elements across cosmic time.

1.1.2 First stars

After a few hundred million years, clouds of primordial hydrogen began to collapse under gravity,

eventually forming the �rst stars. The �rst generation of stars, known as population III stars (Pop

III), formed from pristine gas composed of light elements synthesized during BBN. These stars

are predicted to have formed in dark matter (DM) halos with masses� 106 M � , often referred to

as minihalos (Bromm and Yoshida, 2011), which collapsed at redshiftsI ' 20�30 (e.g., Tegmark

et al., 1997; Yoshida et al., 2003). Pop III stars are believed to have been very massive, with typical

masses¦ 100 M� (Bromm et al., 1999; Bromm and Larson, 2004; Nakamura and Umemura,

2001; Abel et al., 2000, 2002). However, later studies suggest that lower-mass Pop III stars may

also have formed (Greif et al., 2011; Hirano et al., 2014; Rossi et al., 2021) and could even

have existed as binaries (Stacy and Bromm, 2013). These stars impacted their environments by

emitting intense ultraviolet radiation, which ionized the surrounding neutral hydrogen, initiating

the cosmic Reionization era (Robertson, 2022), around� 400million years after the Big Bang.

The Reionization Era marks the period during which the intergalactic medium (IGM) transitioned

from being predominantly neutral to fully ionized due to the emergence of the �rst luminous

sources, e�ectively ending the cosmic Dark Ages. As ionizing photons escaped into the IGM,

they created expanding ionized bubbles around their host halos. Over time, these bubbles grew and

overlapped, reionizing most of the hydrogen in the Universe. Recent constraints from the Planck

mission indicate that approximately half of the intergalactic hydrogen was ionized byI � 7•7

(Planck Collaboration et al., 2020), although the process likely began as early asI � 10� 12. In

addition to massive stars, other sources like accreting black holes and X-ray binaries may have

contributed to the ionizing photon budget (Mirabel et al., 2011).

Understanding the nature of Pop III stars remains a great challenge, as they formed under much

simpler physical conditions than those found in present-day molecular clouds. The primordial

gas in which they formed has a characteristic temperature of T2 � 200-300 K and densities of

=2 � 104cm� 3, in contrast to the much colder (T� 10K) environments of present-day star-forming

regions.

If these �rst stars were very massive (M� 140-300 M� ) and experienced little mass loss, they

would have ended their lives in supernovae explosions triggered by pair-creation instability known

as Pair-Instability Supernovae (PISNe; Barkat et al., 1967; Heger and Woosley, 2002; Takahashi
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et al., 2018), ejecting large amounts of heavy elements into the interstellar medium (ISM). Stars

with masses exceeding 300 M� are expected to have collapsed directly into black holes (BH).

These primitive star-forming regions ultimately served as the seeds for the formation of the �rst

galaxies.

Stellar populations

In the early 1950s, the terms population I and Population II (Pop I and II) stars were introduced

by Baade (1944), who categorized stellar populations primarily based on age and chemical

composition, with Pop I being metal-rich and Pop II metal-poor. Later in the 1970s, astronomers

realized that certain stars did not �t into this classi�cation. In particular, even the most metal-poor

Pop II stars have metallicities signi�cantly higher than the pristine gas left from the Big Bang.

Therefore, a third category of stars is introduced: Population III (Pop III) stars, thought to be

composed entirely of primordial gas.

Population I stars are relatively young, formed between approximately106 and1010 years ago.

Stars younger than106 years are sometimes referred to as extreme Population I stars. These stars

are commonly found in the spiral arms of the Milky Way galaxy and in dwarf irregular galaxies

such as the Magellanic Clouds. They form from metal-rich ISM gas that has been enriched by

earlier generations of stars through processes like supernova explosions. As a result, they contain

heavy elements such as Fe, Ni and C, but they still mainly consist of H and He. The sun is a

typical example of a pop I star, formed about 4.6 billion years ago (Bahcall et al., 1995).

Population II stars are among the oldest observed stars, formed roughly 10-13 billion years ago.

Since they formed in earlier times, they originated in environments where heavy elements had not

yet been formed in large quantities. Therefore, they are described as metal-poor stars, typically

containing 10 to 100 times fewer heavy elements than Population I.

Population III stars are hypothetical and represent the very �rst generation of stars to form in the

Universe, originating from gas clouds that collapsed shortly after the Big Bang. These stars would

have formed in pristine gas composed only of hydrogen and helium, with no heavier elements (i.e.,

zero metallicity; e.g., Bond, 1981; Carr and Hawking, 1974). Their remnants likely contributed

to the enrichment of the ISM, providing the building blocks for Pop II stars. To date, Pop III stars

have never been directly observed, and no truly metal-free star have been found in the Milky Way.

This is likely because they were very massive (on the order of a few hundred M� ), had short

lifetimes, and had already ended their lives as stellar remnants, BHs or neutron stars (NS). The

most metal-poor star discovered so far, SMSS0313-6708, has an iron abundance of [Fe/H]®-7

and is carbon-enhanced (Keller et al. 2014; Nordlander et al. 2017).
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1.1.3 First galaxies

Over time, the earliest generations of stars began to cluster and merge, accreting surrounding gas

through gravitational attraction to form the �rst protogalaxies. These primitive structures, hosted

in DM halos, were likely small, low-mass systems dominated by Pop III and early Pop II stars.

They represent the building blocks of larger galaxies seen today (Bromm and Yoshida, 2011).

In the present day, telescopes like the JWST have revolutionized our understanding of this era.

JWST has detected galaxies at redshiftsI ¦ 10 (e.g., Naidu et al. 2022; Bunker et al. 2023;

Curtis-Lake et al. 2023; Castellano et al. 2024a), corresponding to just 300�400 million years

after the Big Bang. These observations o�er unprecedented insights into the formation and

evolution of the �rst galaxies. Surprisingly, many of these early galaxies already show signs

of metal enrichment and exhibit unexpected chemical abundances (e.g., Cameron et al. 2023;

Schaerer et al. 2024a; Topping et al. 2024a,b; D'Eugenio et al. 2024) challenging existing models

of early star formation and chemical enrichment.

1.1.4 Galaxy evolution

The formation and growth of galaxies in the early Universe is governed by the framework of

hierarchical structure formation, where small-scale structures formed �rst and merged over time

to build larger systems (Rees and Ostriker, 1977; White, 1978). In this scenario, dark matter halos

collapsed under gravity, accreting baryonic matter that cooled and condensed to form stars. This

continuous buildup led to galaxies with diverse sizes, morphologies, and chemical compositions,

all shaped by their unique histories of accretion, star formation, and feedback.

By � 1 billion year after the Big Bang, galaxies begun to look like those we observe today, with

morphologies including ellipticals, spirals and irregulars. Spiral galaxies, such as the Milky Way,

are characterized by well-de�ned rotating disks that host ongoing star formation. In contrast,

elliptical galaxies tend to be more massive, spheroidal systems with older stellar populations, and

are often formed through major mergers.

Cosmological simulations such as Illustris (Vogelsberger et al., 2014), FIRE (Hopkins et al.,

2014), EAGLE (Schaye et al., 2015) and SIMBA (Davé et al., 2019) have shown that mergers,

feedback, and gas accretion play crucial roles in shaping galaxy morphology, stellar content, and

chemical evolution, giving rise to more complex galaxies.

There are various scaling relations used to understand galaxy formation and evolution, from

which model parameters in cosmological simulations are determined. Below, we describe some

of the most commonly studied ones.



Introduction 6

1.1.4.1 Star Formation Rate

The Star Formation Rate (SFR) measures the rate at which new stars form in a galaxy and is

expressed in M� /yr (e.g., Madau and Dickinson 2014). It depends on various quantities such as

gas temperature and density. It is also impacted by stellar and AGN feedback, which heats the

gas and suppresses star formation. The SFR increased through cosmic time, peaking at cosmic

noon (� 10 billion years ago) and declining since. For instance, the Milky Way forms stars at

� 1.6 M� /yr (Licquia and Newman, 2015), which is a low rate compared to starburst galaxies and

galaxies in the early universe.

1.1.4.2 Galaxy Luminosity Function

The Galaxy Luminosity Function (GLF) describes the number density of galaxies as a function of

their luminosity. Early studies of the GLF date back to Edwin Hubble, but it was Schechter (1976)

who introduced the Schechter function, which accurately describes the observed distribution of

galaxy luminosities. The function typically features a power-law behaviour at the faint end, an

exponential cuto� at the bright end, and a characteristic luminosity that marks the transition

between the two regimes. Surveys such as SDSS, COSMOS, and CANDELS have measured

the GLF across a wide range of redshifts (e.g., Montero-Dorta and Prada 2009; Finkelstein et al.

2012, 2022; Donnan et al. 2023 ), revealing that galaxy number densities evolve with cosmic

time, particularly at the bright end, where massive galaxies grow through mergers and accretion.

In cosmological simulations, reproducing the observed GLF serves as a key test for models of

galaxy formation, as it is closely linked to the Galaxy Stellar Mass Function GSMF and the

physics of baryonic processes such as supernova feedback, AGN, and gas accretion.

1.1.4.3 Galaxy Stellar Mass Function

The Galaxy Stellar Mass Function (GSMF) describes the number density of galaxies as a function

of their stellar mass. Studies of the GLF (Schechter, 1976) laid the foundation for understanding

the distribution of galaxy masses. The GSMF is a fundamental observable, often characterized

by a power law at the low-mass end and an exponential cuto� at the high-mass end, resembling

the Schechter function. It re�ects the e�ciency of star formation and feedback processes,

where low-mass galaxies are more a�ected by supernova-driven winds, while massive galaxies

experience quenching due to AGN feedback. Observations from large surveys like SDSS and

CANDELS (e.g., Silk 2013; Grazian et al. 2015; Stefanon et al. 2021) have allowed for precise

measurements of the GSMF across cosmic time, revealing that the number density of massive

galaxies evolves signi�cantly, with rapid buildup in the early universe. Our simulations with

AGN feedback give a good match to observational data (Taylor and Kobayashi, 2016).



Introduction 7

While the GLF and GSMF have similar forms and both trace galaxy number densities, they

serve di�erent purposes and o�er complementary views. The GLF is more straightforward for

observers, as luminosity can be directly measured, while the GSMF is preferred in theoretical

models, providing a more physical measure of stellar content such as star formation history under

assumptions of the IMF and dust attenuation.

1.1.4.4 Galaxy Size-Mass Relation

The Galaxy Size-Mass Relation describes the correlation between a galaxy's stellar mass and

physical size. More massive galaxies tend to be larger, following a power-law relation where size

(R4, the e�ective radius, de�ned as the projected radius that encloses half of the total stellar mass,

see section 4.2 for details) scales with stellar mass (M� ). This relation helps us understand where

stars formed within the original collapsing gas cloud, and can give constraints about star formation

timescales (Kormendy and Bender, 1996; Kobayashi, 2005; Trujillo-Gomez et al., 2011). For

star-forming galaxies, the relation exhibit a shallower slope due to continuous gas accretion and

inside-out growth, while quiescent galaxies tend to be more compact. Observational data from

HST, and JWST (e.g., van der Wel et al. 2014; Ward et al. 2024) showed an evolution of the

size-mass relation across cosmic time, where high-redshift galaxies tend to be signi�cantly more

compact than local galaxies due to stellar feedback and minor mergers (Naab et al., 2009). To

reproduce this relation in cosmological simulations, we incorporate various baryonic physics like

AGN-driven feedback (Taylor and Kobayashi, 2015), gas accretion, and environmental e�ects

(Kobayashi, 2004).

1.1.4.5 Star Formation Main Sequence

The Star Formation Main Sequence (SFMS) describes the tight, nearly linear correlation between

a galaxy's SFR and its stellar mass (M� ). Actively star-forming galaxies follow a tight correlation

between stellar mass and SFR, while quiescent galaxies lie well below this sequence (Renzini and

Peng, 2015). First identi�ed in large galaxy surveys such as SDSS, CANDELS, and COSMOS

(e.g., Noeske et al. 2007; Whitaker et al. 2012), the SFMS suggests that most star-forming

galaxies grow in a regulated manner, they evolve steadily through continuous gas accretion and

star formation rather than through stochastic bursts. The normalization of the SFMS evolves with

cosmic time, with higher SFRs at earlier epochs (e.g.,I � 2) due to the greater availability of

cold gas (Speagle et al., 2014). However, massive galaxies tend to quench as they move o� the

sequence, possibly due to AGN feedback. JWST has extended SFMS studies toI ¡ 6, revealing

that early galaxies formed stars more e�ciently than previously thought (e.g., Clarke et al. 2024).
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1.2 Chemical Evolution

1.2.1 Metallicity de�nitions

It is important to begin by introducing the concept of metallicity,/ , which is used extensively

throughout this thesis. In astronomy,metalsrefer to all elements heavier than hydrogen and

helium. Consequently, metallicity describes the abundance of all such heavy elements.

One common way to de�ne metallicity is through the mass fraction, using the relation:

- ¸ . ¸ / = 1–

where- , . , and/ are the mass fractions of hydrogen, helium, and all metals, respectively. These

are given by:

- �
< H

"
– . �

< He

"
– / �

#Õ

8¡He

< 8

"
–

where" is the total baryonic mass and< 8 is the mass of the8th element heavier than helium.

This de�nition is more commonly used in galaxy formation simulations, where the full mass

budget of each element is known. However, in observations, measuring the total metallicity is

di�cult because not all heavy elements can be detected simultaneously. As a result, observers

typically use the abundance of a single element as a proxy for total metallicity.

Another commonly used approach is to express metallicity in terms of chemical abundance ratios,

particularly relative to solar composition. These are denoted using square brackets, for example:

�
Fe
H

�
= log10

�
=Fe

=H

�

¢
� log10

�
=Fe

=H

�

�
– (1.1)

where=Fe and=H are the number densities of iron and hydrogen, respectively. The subscript¢

refers to the object of interest, and� denotes solar values.

Iron is commonly used as a reference element for stellar metallicity because it exhibits many

strong absorption lines in the optical spectrum, making it relatively easy to observe. While it is

not the most abundant metal, it serves as a reliable proxy for overall metallicity.

The interpretation of»Fe•H¼is as follows:

�
Fe
H

�
=

8>>>>><

>>>>>
:

¡ 0 Higher than solar metallicity

= 0 Solar metallicity

Ÿ 0 Lower than solar metallicity
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In gas-phase environments, it is more common to use oxygen as a proxy for metallicity, since it is

the most abundant heavy element. The oxygen abundance is expressed as:

12¸ log10¹O•Hº � 12¸ log10

�
=O

=H

�
– (1.2)

where=O and=H are the number densities of oxygen and hydrogen atoms. The �+12� is a

standard convention in astronomy to bring the values into a readable scale. For example, if

log10¹O•Hº � � 4, then12¸ log10¹O•Hº � 8, which is easier to interpret and compare.

Throughout this work, we adopt the solar abundances mainly from Asplund et al. (2009), but for

oxygen we uselog10(O/H)=8.76� 0.02 as in Kobayashi et al. (2020a).

1.2.2 Mass-Metallicity Relation

The Mass-Metallicity Relation (MZR) describes the correlation between galaxy stellar mass and

its metal content, and is crucial for understanding galaxy evolution and chemical enrichment over

cosmic time. This relation shows that massive galaxies are more metal rich, meaning they contain

more heavy elements in their gas and stars. Whereas, low-mass galaxies have lower metallicities

due to metal loss through supernova-driven winds (Kobayashi et al., 2007) and metal ejection

by AGN winds (Taylor et al., 2020). The MZR is impacted by supernova feedback which we

focus on in Chapter 3. In addition to the MZR, the Fundamental Metallicity Relation (FMR)

describes the correlation between galaxy stellar mass, gas-phase metallicity, and SFR. The FMR

is introduced by Mannucci et al. (2010), suggesting that at �xed stellar mass, galaxies with higher

SFRs tend to have lower metallicities.

1.2.3 Metallicity gradients

Metallicity gradients in galaxies describe how elemental abundances vary as a function of radius.

Most local star-forming galaxies exhibit negative gradients for both stars and gas, where metallicity

decreases with increasing radius, indicating that the central regions are more metal-rich. However,

some galaxies show �at or even positive (inverted) gradients, where the metallicity is uniform or

increases toward the outskirts. These patterns can result from processes such as radial gas �ows,

mergers, or strong feedback redistributing metals. Both gas-phase and stellar metallicity gradients

are active areas of research, o�ering valuable insights into galaxy evolution. We explore these

topics in more detail in Chapter 4.
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1.3 Nucleosynthesis Yields

1.3.1 Big Bang Nucleosynthesis

The Big Bang nucleosynthesis (BBN) is the process that formed the �rst atomic nuclei (1H, 3He,
4Heas well as a small amount of7Li and7Be) in the early universe. This model occurred between

� 1 second and� 20 minutes after the Big Bang, in a hot (� 109K) and dense environment. And it

is one of the key pillars supporting the Big Bang theory, providing an independent con�rmation

of early Universe physics.

One of the few remaining tensions in BBN is the so-called lithium problem, which is a discrepancy

between the predicted and observed abundance of7Li . The combination of BBN with the

baryon-to-photon ratio ([ ) derived from the CMB accurately predicts the primordial abundances

of H, 4He, and D. However, it overestimates the amount of7Li (Coc et al., 2013). This issue

may be due to an incomplete understanding of stellar lithium depletion or uncertainties in nuclear

reactions. We use the same initial composition as in Kobayashi et al. (2020a), including a

theoretical value of7Li •H = 5•623� 10� 10 (Pitrou et al., 2018). .

All other elements are synthesized later in stars, which we focus on in the following section.

1.3.2 Stellar Nucleosynthesis

Stellar nucleosynthesis is the process by which elements are formed through nuclear fusion in

the cores of stars. It is responsible for producing all chemical elements heavier than H and He.

Stellar nucleosynthesis is summarized in Figure 1.2, depending on the stellar progenitor mass and

various processes, and is described in more details below.

Low-mass stars

Low-mass stars with initial mass M� Ÿ8M� at / = / � (such as the Sun) can only fuse elements

up to N and C, then die as White Dwarfs (WD), a core of nitrogen and carbon slowly cooling and

contracting. These low-mass stars also play a role in forming heavy elements, with the condition

that at least a few heavy elements were already present when they are born.

Intermediate/high mass stars

In intermediate/high mass stars with 10M� ŸM � Ÿ40M� , elements beyond C and N (from O to

Ni) can be fused with a process called the alpha-ladder, which is achieved by fusing each new

element with He to form heavier elements.

Type II supernovae

The energy required to keep the star in equilibrium against gravity is produced by the fusion of

elements up to Nickel. However, the fusion energy is not enough to form elements after Nickel,

which drains the core from its energy resulting in a core-collapse supernovae (ccSN) explosion.
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