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Abstract. The distribution of SNe during the epoch of reionization is usually determined by the
Schmidt-kennicutt law, but the values and specific impact of different SNe types have been
ambiguous. This study delves into the impact of Type la, Type Ib/ic, & Type 2 Supernovae (SNe)
effect on galaxy formation and distribution during the epoch of reionization, which in turn significantly
influences and determines the symmetry and spread of elements, stars, galaxies, and even the
cosmic microwave background radiation. The first phase determines the estimated amount of the
SNe with neutral (hydrogen) fractions, photo-ionization rate for the H1 region, escape fraction with
respect to redshift, and relative distribution of hydrogen number density all predicted by the THESAN
simulations. The second phase determines the powers and scale of SNe in the reionization period
using PDEs. The last phase calibrates the data on current SN remnants and progenitors such as
mass, redshift, and composition to predict the evolution of SNE behavior since the epoch of
reionization to contemporary astronomy. Then, using the provided data on SNe, this study will form
a constructive model layering all three phases to determine the effect of different types of SNe during
the ionization period and their patterns leading to today. Further research using the Nancy Grace
Roman Telescope and telescopes specifically built to study redshift (like HERA and JWST) to have
smaller error margins and more reliable data to determine a better fit for the distribution and impact
of SNe in the Epoch.
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1. Introduction

The study of supernovae (SNe) and their impact on galactic evolution has been a subject of intense
investigation in astrophysics. Over the years, a wealth of observational data and theoretical
frameworks have shed light on the intricate relationship between supernovae and various
cosmological phenomena. However, a notable gap emerges in supernova data beyond redshift z=2,
prompting a reevaluation of existing models and hypotheses [1]. Recent research, has highlighted the
predictive power of a two-part power series law, or variations of the Kennicutt-Schmidt law, in
understanding supernova occurrences including but not limited to power-law functions for mass pf
SN la, low cosmic ray energies, SNe extinction law, and total emissions [2-5]. This underscores the
need to explore the underlying mechanisms driving supernova events and their implications for
galactic dynamics. Moreover, investigations into the interplay between star formation rate (SFR),
supernova rate (SNR), metallicity, Lyman-alpha Forest, neutral hydrogen regions, and escape fraction
values have unveiled a positive correlation, almost all identified with a power law or similar fits [1,
3, 5, 6]. By finding the remnants of Supernovae and high regions of probability for their occurrence
as well as data discrepancies, one can determine SNe distribution. The energetic output of supernovae,
including high-energy photons capable of ionizing neutral hydrogen, holds significant implications
for understanding the density distribution of supernovae and galaxies. This is particularly relevant in
the context of 21 cm cosmology, HII regions, and determination of hydrogen which offer a unique
perspective on the cosmic distribution of neutral hydrogen [1, 3, 5, 6].

Simulations, such as THESAN, provide valuable insights into supernova behavior during critical
cosmological epochs, such as reionization by using different models of the universe to determine
possible dark matter halos and hot areas of star formation [5-8]. Core-collapse supernovae (CCSNe),
encompassing Type Il and Type Ib/Ic events, emerge as pivotal actors in galactic evolution, releasing
substantial energy (on the order of 1044 joules) that influences the growth dynamics of galaxies [3,
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9]. Since CCSNe undergoes different distribution and processes, it is necessary to make a separate
diagnostic for different gas density, stellar mass, and any surrounding factors [10, 11]. Furthermore,
the Lyman-alpha line, a prominent feature in the UV spectrum, serves as a crucial diagnostic tool for
probing various phases of supernova events, including the remnant phase, emission scattering, and
neutral hydrogen content [6], following the same process for Type la SNe. Using the escape fraction
of photons and possible absolute magnitudes of SNe, one can determine the likely type of Supernova
in those conditions overall [3, 5].

In light of these observations and theoretical advancements, this study aims to deepen the
understanding of supernova physics, their impact on galactic evolution, and their role in shaping the
cosmic landscape across diverse redshift regimes. Through a comprehensive analysis of observational
data, theoretical models, and numerical simulations, this study seeks to elucidate the underlying
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Figure 1. Neutral hydrogen fraction evolution for z=5.5 and different halo masses, showing the
drastically different outcomes in high-density low-speed regions [6].

2. Background

2.1. THESAN Project

The THESAN project is a groundbreaking initiative involving a suite of large-volume radiation
hydrodynamic simulations designed to model the reionization process and the galaxies responsible
for it in the early universe. With a focus on the first billion years after the Big Bang, THESAN
employs advanced galaxy formation models, a self-consistent treatment of cosmic reionization, and
includes the unique addition of simulating cosmic dust [6]. This ambitious approach aims to enhance
the understanding of the intergalactic medium and its intricate connection to galaxies during the epoch
of reionization [6].
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The simulations in THESAN utilize a moving mesh approach with the AREPO code for dust
models and IllustrisTNG galaxy formation, providing higher resolution than previous simulations of
comparable volume. Enabling accurate predictions of Lyman-alpha emitting galaxies (LAEs) and
their role in probing galaxy formation processes and the Epoch of Reionization (EoR), THESAN
accounts for environmental factors and random processes, revealing nontrivial trends in LAE
visibility across galaxies and sightlines, which can be mapped using modern data for possible
THESAN outcomes [5].

Concentrated HII regions contain more ionized bubbles, and therefore their presence is crucial for
the formation of stars, and therefore, SNe. Based on the observations of the 21 cm line, it offers
opportunities to obtain a tomographic view of the ionization field, enabling statistical analysis of
ionized bubble sizes [6]. Typical results are shown in Fig. 1. Though existing algorithms—like the
Friends of Friends algorithm-exist, THESAN opted to use a short noise-subtracted power spectrum
of ionized hydrogen and flux of 21 cm cosmology to minimize the bubble size statistic error. In doing
so, differences in bubble sizes across simulations can be discerned from the power spectra, providing
opportunities for observational constraints on reionization models.

2.2. Current Model on Supernovae Growth

The Kennicutt-Schmidt law in astronomy describes the relationship between the density of gas
and the rate at which stars form in a region. It suggests that the rate of star formation is proportional
to the density of gas raised to a certain power, denoted as n. Initially proposed by Maarten Schmidt
in 1959 with n=2 [7], later research by Robert Kennicutt found n to be around 1.3 to 1.4, based on
observations of galaxies [7]. In regions of higher gas density, where more stars are forming, the
likelihood of supernovae occurring increases. This is because the higher density of gas leads to the
formation of more massive stars, which, in turn, have shorter lifespans and are more likely to end
their lives as supernovae. Conversely, in regions of lower gas density, where star formation is less
active, the rate of supernovae is expected to be lower. The formation of Supernovae depends on
Hydrogen bubbles. Assuming a single spherical SN bubble for every hydrogen bubble, 1D
simulations could be useful for studying SN cluster evolution [1]. Indeed, at higher redshifts (z-
values), the accuracy of calculations based on the Kennicutt-Schmidt (KS) law for predicting
supernova rates may diminish. This is because more recent supernovae may not strictly follow the
established KS relations due to various factors such as changes in the galactic environment over
cosmic time. However, the fundamental concept underlying the KS law remains relevant. One key
idea is the self-regulation of the filling factor (f) of supernova bubbles, within which the star formation
rate (SFR) is suppressed [1]. This self-regulation tends to stabilize the SFR to a constant value,
typically around one-half [1]. In other words, when the filling factor is larger, it implies that more of
the galactic volume is occupied by supernova bubbles, leading to a suppression of star formation and
a reduction in the supernova rate. Conversely, a smaller filling factor results in a higher SFR and
supernova rate. The observed slope of the KS law, around 1.48, supports the idea that the power law
index (n) is approximately 1.3, as suggested by earlier studies by Kennicutt [1].

3. General Effect of Supernovae During Reionization

A phenomenon induced by SNe is ionizing photons, which can be indirectly calculated using their
escape fraction, which determines their understated value to the cosmic reionization period
(especially when they are low). The ratios of average escape fractions along different lines of sight
remain consistent across both simulations, ranging from approximately 4 to 7 for the different stellar
populations [3]. However, the resolution of this scale is randomized and the actual escape fraction of
ionizing photon will have a widespread and large uncertainty, but a rough estimate could still be
found [3]. Using these values, this author normalizes the ratio of escape fractions to 4, which
corresponds with the sub-solar metallicity of the majority of the stellar population [3]. Given the
current power law and estimates of SNe evolution, the normalized result is ESN=1051 erg [3].
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However, since the newly determined values of A and B in the Scannapieco and Bildsten rate model
include the highest B value yet, indicating a stronger relation with star formation rate than previously
expected, the SNR may have a higher energy than the proposed 1051 erg [2]. During the reionization
epoch, there should be a higher distribution of HII regions, which means the hydrogen density should
be extremely high for dust clouds of 10° M® [1]. Using the function of hydrogen number density in
the ISM, n, this research concludes that the macroscopic SFR density and therefore SNr should be
higher, as shown through Fig. 2, than the average proposed value of 1.48, meaning Type la SNe likely
played a larger role than previously anticipated.

1e41 Difference (Stars)
—— Diff
74 ITerence
6_
5_
8}
=
o 47
=
a
> 37
2_
1__
0_
T T T T T
6 8 10 12 14
z (Redshift)

Figure 2. The change in the number of stars (expected) as a function of redshift, showing more
concentration at closer redshifts, possibly encompassing less stars than the “actual” value.
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Figure 3. Left shows the relative distribution of Lyman-alpha emissions, Mass, and VVolume,
Equation of State as a function of Hydrogen Number Density, showing the dominant state for
different hydrogen number densities which relates to redshift and the reionization period, Right
shows the critical difference between Lhyman alpha emission and EoS at around 10-1 hydrogen
number density, clearly depicting a visible difference.

Meanwhile, using the THESAN simulation, this research uses hydrogen bubbles and clumps
produced by SN explosions to determine the probability of SNe explosions and therefore their impact
during the reionization epoch. Assuming the feedback from supernova explosions is contained in their
smooth, hot phase and stellar winds from kinetic and thermal energy with grain size being a =0.1um,
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the relative distribution of gas (in the dust clouds) remains constant even as tsh and tsp decreases
over space and/or time [6]. In other words, the individual impact of an SN remains constant
throughout the epoch of reionization because the energy and matter released from its explosion
remain constant while the dust cloud it occupies obviously expands.

However, it’s important to note that the current state of the universe, especially relating to the Lya
emission which in turn affects active HII region differs significantly with a slightly different initial
universal model. Shown through Fig. 3, using different values of z, a graph of the galaxy's intrinsic
Lya luminosity functions shows convergence at lower values and higher divergence for lower values
of z, given a decrease in UV luminosity [5]. Therefore, with lower values of redshift, there is a higher
likelihood of older galaxies, and therefore older SNe. Since SNR has a positive relationship with the
expansion of Hydrogen regions, this provides even more evidence that SNe during the epoch of
reionization led to a higher concentration of Lya emissions and therefore star formation [5].

4. Effect of Core-Collapse Supernovae

The self-regulation of star formation in galaxies is primarily driven by core-collapse SNe whose
rate is directly proportional to the SFR (unlike Type la Supernovae discussed later) as core-collapse
SNe peak in rate about 10 million years after a burst of star formation, whereas Type la SNe occurs
several hundred years later. Due to the dynamical time of 10 million years in star-forming clouds,
core-collapse SNe effectively regulates the SFR [1]. Supernova feedback in simulations involves
injecting thermal energy locally, releasing it at a constant rate after stellar particle formation. This
includes a velocity kick to 30% of new stars to mimic runaway effects. Type la supernova effects are
considered later. However, a downside is due to resolution limitations, such as a 25-pc grid, the
treatment of supernova feedback is approximate and doesn't fully capture SN bubble evolution [1].

In the study of 271 supernovae, the ratio of Type Ib/c to Type Il supernovae (NIb/c / NII) is
approximately 0.33, contrasting with a theoretical model predicting a maximum ratio of around 0.2.
However, observations have shown ratios close to 0.27 in normal galaxies and around 0.33 overall,
consistent with prior claims. [9] Since SFR decreases over time and increases in concentrated dark
matter halos and HII regions, a common occurrence during the epoch of reionization, this study
concludes that the actual value of this ratio might be even larger during the reionization period.
Though the effect is stronger for type Ib/c than for type Il SNe, one can still conclude that Type Il
SNe likely still had a higher impact than Type Ib/c on individual galaxies at the time.

To gauge the impact of type Il supernovae (SNe) on hydrogen ionization, this study uses the flux
of hydrogen-ionizing radiation emanating from shocks traversing a medium with densities ranging
from 0.01 cm™3 to 102 cm™. This computation entails integrating over the spherical blast wave and
time, encompassing shock velocities spanning from 100 km/s to 1000 km/s. An integral aspect of the
estimation involves considering the transition from the Sedov—Taylor phase to the radiative phase, a
critical juncture influenced by factors like metallicity and gas density. This transition significantly
shapes the extent of ionizing radiation emission and consequently affects the overall ionization rate
using metallicity and gas density. Moreover, scholars determine the total number of ionizing photons
emitted per type Il SN, a pivotal metric in assessing their impact on hydrogen ionization. This
estimation entails integrating over-shock velocities, typically ranging from 200 km/s to 1000 km/s
[3]. Another possibility is using the galactic chemical evolution, namely, the thin and thick discs with
mass 8M© and 18MQ©, respectively. Here black holes are not considered because of their lack of
self-reformation and contribution to the overall epoch.
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Figure 4. Data extrapolated from the THESAN simulations data.

In modeling the chemical evolution of the thin disc, researchers adopt an inside-out formation
scenario, where gas infall occurs more rapidly in the inner regions compared to the outer ones.
Chemical evolution is calculated in three regions. The SFR, wy(t), is assumed to be proportional to the
gas fraction with a coefficient of 1/tSF(R), where tSF(R) increases with Galactocentric distance [10].
The gas infall rate, A(t), is modeled to decrease exponentially with time, with a timescale of infall
tin(R) increasing outward. Metallicity of infalling gas (ZA,i) is assumed to be very low ([Fe/H] =
—1.5), consistent with observations of damped Lya systems [10]. Initial abundances for the thin disc
are set relatively high ([Fe/H] = +0.2), with variations reflecting the thick disc's remaining gas. Fig.
4 shows that both sets of data use different sets of initial starting conditions, but for the left, density
change seems to converge to O at intermediate values of the escape fraction, on the right a graph of
escape fraction as a function of relative error.

For the thick disc and bulge, relatively rapid star formation is assumed, parametrized by shorter
timescales compared to the thin disc. These timescales are within the ranges predicted by previous
studies and are consistent with observations of nearby galaxies. The thick disc and bulge start forming
from low-metallicity gas without initial gas reservoirs. Nucleosynthesis yields for Fe and Mg from
CCSNe are deduced from observational constraints and released with short delay times [10]. However,
since SN explosion models do not have a clear value for mcc,u the energy output of a massive star is
not proportional or a function of mass—meaning a galaxy type value the SN explosion more than its
actual mass. Increasing the CCSNR (rate) determines the slope to change by 0.9540.05 for a bulge
with different values of stellar mass for a thicker disc. Since thicker discs are dominant during the
epoch of reionization and bulge flattens, one can determine its isotropic pattern that the most likely
candidate is a mean metallicity among elliptical galaxies within the range of 0 < <[Fe/H]> < 0.2,
indicative of a dense bursting star formation history (SFH) akin to that of the bulge [10]. Seen from
Fig. 5, though both are off by a constant, the power law for smaller refshifts (i.e. non-reionization
period) provides an adequate example for SN behavior relating to universal growth, showing a
constant proportion between SNe ratio to reionization effec
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Figure 5. Example for SN behavior relating to universal growth, showing a constant proportion
between SNe ratio to reionization effect.

The most prominent and direct measurement of SNe, however, can be accessed with Lyman a
emissions. The visibility of high-redshift Lyman-alpha emitting galaxies (LAESs) offer crucial insights
into galaxy formation processes and the Epoch of Reionization (EoR) by using simulations from
THESAN to converge alternative models into the universe into a pattern during the reionization
period. This study uses THESAN’s data collected from IllustrisTNG and dust models to model
Lyman-alpha emission, employing a flagship simulation that resolves atomic cooling haloes across
the Universe. The relative distribution of Lya approaches its apex around when hydrogen number
density isat 0.1, a value that is between 4 to 5 magnitudes larger than conventional values of hydrogen
number density vs mass and volume. Since the density of stars, and therefore star formation rate, also
decreases as redshift decreases for higher redshifts, one can conclude that the CCSNe gained more
distribution over time while the majority of galaxies formation due to the CCSNe growth decreased
as illustrated in Fig 6. Since the Goldilocks zone for IGM lies at the end of the Epoch of Reionization,
one can assume the role of primordial CCSNe during the reionization period only experienced
convergence to linear growth only towards the end. The results indicate a potential need for additional
ionization sources that may result from the luminosity density or redshift of the galaxy [11]. If one
corroborates this data with THESAN’s conclusion, then the Lyman-alpha emission is a direct
indicator and should be proportional to the overall growth of CCSNe, amounting to SNe overall.
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Figure 6. On the left, graph of change of supernova density as a function of escape fraction,
showing different models that emphasized different data capture priority and overlap, potentially
showing how different SNe types may change data collection/ modeling; on the right, showing a flat
escape fraction compared to the intermediate redshift, showing a consistently flat region of the
reionization period.

99



Highlights in Science, Engineering and Technology ESETEP 2024
Volume 104 (2024)

5. Effect of Type la Supernovae

To find the impact of Type IA Supernovae during the Epoch of Reionization, first it is necessary
to find its individual effect in different types of galaxies by using relationships between SFR and
galaxy masses. One method of find the Supernova Rate (SNR) is with the Scannapieco and Bildsten
rate model: SNR = A x M + B x SFR. Using =3539x10*{ / ) o and =
13794%x1073( | )/ o, this model is largely consistent with existing values of SNR but fails
to predict the mass dependence of cases where SFR is not constant and changes in relation to SNR.
To find the value of the SNR given the values of A and B, one needs the value for M and SFR [7]. M
is in terms of solar masses, and since Type la SNe do not have a significant preference in the
shape/type of galaxies, one can use the range of masses: 10° to 10*2 for spiral galaxies, 10° to 103 for
elliptical galaxies, and 108 to 10! for irregular galaxies. Then one can use the Kennicutt-Schmidt
law to determine the star formation rate. Though the values for the law should change for different
values of z, scholars will still embrace this approximation. Using the clump average of surface gas

density of 3.12+-0.16, one calculates the =00 0 12d2-¢ with log(ZSFR) being
- 2.8 999 3 Jan acceptable value given the parameters of the other data points:
5 14 4
S =(25:07)x10%(——) o "L 2 )
o

Following previsou discussion on the impact of Lya emission, Type la exhibits a smaller
correlation with the overall growth of SNe. While the However, it’s important to note that since Type
la Supernovae prefer lower Lya emission with higher luminosity fraction, the results indicate that
with different redshifts, the impact of Type la SNe is similar across time, meaning Type la SNe has
less (seen from Fig. 7).

In addition, even though the total energy and self-regulation of a Type la SNe is comparable to
that of core collapse-SNe, la SNR is (as demonstrated above) much more constant and smaller than
that of core-collapse SNe, being an order of magnitude smaller [1]. While for other SNe, they peak
at around 10 Myr, Sn la occurs several hundred years later, which means they will experience less
self-regulation and become synonymous with galaxy mass instead of SFR. In fact, the log SFR for
Type la SN is centered around 0 for different Stellar masses, which provides further evidence that the
distribution of Type la Supernovae is constant and therefore, relatively inconsequential especially
compared to other SNe during the reionization period.

-1
10 _—
'-T z=7
1072 _
g z=8 5
S z=9 = p
T 1073 . s , z=
g z=10 8_ 10-3 o7
s -
S1074] — \ = 1074/ i—g
Dust ted B
s ust correcte X} "~ =10 %
10 A B ‘ S 10-5 4 q
14 -16 -18 -20 -22 -24 10 1047 10%2 10 10  10%
Mis00 (Mag) Ly (erg/s)

Figure 7. Galaxy intrinsic Lyo luminosity functions for different redshift and UV luminosity
functions [5].

Overall, one can employ a toy model to determine the behavior of SN during the reionization
period. It focuses on determining the fraction of SNe la occurring within 500 million years (Myr) of
progenitor formation. The model incorporates a bifurcated Delay Time Distribution (DTD), while the
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prompt component remains constant for shorter timescales [4]. Parameters such as the efficiency of
SN la progenitor system generation and the prompt fraction are adjusted to fit observational data. The
model is then convolved with the cosmic star formation history to predict observable SN la rates,
leading to the conclusion that despite having a higher individual impact, SNe la ratios in the universe
do not change much across different redshifts, and therefore has negligible impact during the epoch
of reionization.

A possibility ignored by the studies might be the differences between the double degenerate vs
single degenerate model for Type la Supernova. Though both assume reaching the Chandreshkar
limit to generate a supernova, the internal process of this combination and its different effects thereof
is understudied. In addition, since a single progenitor SNe forms with an accretion mask instead of a
disk, the geometry of the universe may influence Type la SNR. In other words, DD models suggest
that the explosion is triggered solely by the internal evolution of the binary system. n contrast, the
single degenerate model involves a binary system consisting of a WD and a non-degenerate
companion star, which could be a main sequence or evolved star that depends on the delay time (so
by proxy, redshift) rather than the universe geometry. To empirically understand the Type la rate,
researchers adopt parameters such as an explosion timescale (t) and an explosion efficiency (h),
specifically for z>2 and t=0.3 Gyr [8].

6. Limitations and Prospects

The exploration of the universe's evolutionary history, with a specific focus on the reionization
period, necessitates continuous refinement and innovative methodologies. In this context, several
novel recommendations are introduced, encompassing the deployment of the Nancy Grace Roman
Telescope to observe higher redshifts and unveil insights into the early universe [12]. Illustrative
techniques are proposed for depicting plateau periods visually, aiming to enhance the interpretation
of observational data and facilitate more accessible communication. Addressing redshift errors is
suggested through the unification of Core-Collapse Supernova (CCSN) models, emphasizing the
importance of refining, and standardizing these models for improved redshift accuracy [11].
Addressing these errors could improve the accuracy of star formation rate accuracy, as seen in Fig. 8.
Additionally, the application of THESAN on smaller scales is recommended, utilizing its parameters,
including dark matter halo, galaxy luminosity, and baryon density, to glean nuanced information
about the supernova growth rate during the reionization period [6]. Since CCSNe models, THESAN
simulations, and neutral fractions all seem to converge at higher redshifts with Lyman alpha emissions.
Therefore, using the Nancy Grace Roman Telescope, which has the potential to include
superluminous supernovae (SLSNe)--which are considered outliers in the models used by this
research—with a near-infrared Wide Field Instrument to realize the magnitude of Lyman-alpha
emissions.
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Figure 8. Distribution of spectroscopic galaxies & 3 hosted SNe on on a logM-logSFR plane with
error bars [2].

7. Conclusion

In conclusion, the initial hypothesis proposing a distinct behavior for Type Il supernovae (SNe)
and Type la SNe during reionization has been proven incorrect. Contrary to expectations, the graph
for CCSNe displays logarithmic growth for the majority of the reionization period, while Type la
SNe do not exhibit the anticipated candle-like plateau and remained seemingly consistent with
modern values. This unexpected behavior of Type la SNe is attributed to fluctuations in hydrogen
density, particularly at critical redshift values. The study further highlights the dynamic nature of the
neutral fraction, which is influenced by the presence of CCSNe, characterized by higher Lyman-alpha
emissions. CCSNe, particularly Type Il events, play a central role in regulating the self-regulation of
star formation in galaxies due to their direct proportionality to the star formation rate (SFR). Their
impact on hydrogen ionization, modeled through shock propagation and ionizing radiation emission,
underscores their significance in shaping the cosmic landscape, especially during critical epochs like
the epoch of reionization. Despite challenges in accurately modeling supernova feedback and
resolving SN bubble evolution in simulations, observational studies reveal a ratio of Type Ib/c to
Type Il supernovae consistent with theoretical predictions, with implications for galactic chemical
evolution and the contribution of CCSNe to ionizing the intergalactic medium during the epoch of
reionization. This interdependence complicates the creation of a singular, conclusive graph to
represent the overall behavior of supernovae post-reionization. Notably, Type la supernovae are
found to have minimal presence during the reionization period, overshadowed by the dominance of
core-collapse supernovae (CCSN), particularly in their influence on escape fraction margins. These
findings emphasize the complexity of supernova interactions and their influence on the post-
reionization cosmic landscape. It becomes evident that a nuanced approach, considering the intricate
relationships between supernova types and environmental factors, is necessary for a more accurate
representation of their behavior in the broader context of cosmic evolution. Future studies should
focus on refining models to capture the diverse influences shaping supernova dynamics after the
reionization period.
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