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4. Principles, Theory, Rationale and/or Hypotheses

During redshift (z) = 6, the epoch of reionization (EoR) is understood to be the era that
formed the first-generation stars, galaxies or supermassive blackhole (SMBHs). The emitted UV
photons from these primordial bright objects ionized the neutral hydrogen in the intergalactic
medium (IGM); eventually, this process was widespread entire universe. In recent decades, the
EoR studies became interesting topics in observational cosmology, but we still not provided
clearer information (i.e. How and when did the first-generation stars or galaxies exactly form, or
how did the primordial objects ionize the hydrogen) (Fan, 2012). Since, we can use high- z objects
data as the powerful probe to trace back to the EoR, the galaxies luminosity function (LF)
investigations place crucial interpretation to constraint on the ionized-photon contributions at that
time (Madau & Dickinson, 2014); while the definition of LF is the number density of objects per
their absolute brightness per distance interval. The challenges of high- z galaxies (z = 3)
observations are not only the cosmological effect that shifts the UV luminosity to optical or near-
infrared wavelengths, but the neutral hydrogen in the IGM absorbs high-z galaxies photons along
the line of sight so called “Lyman-break galaxies (LBGs) (Steidel & Hamilton, 1992)."




Consequently, our aim is to present the LF from z = 6 candidates by selecting from LBGs
and photometric redshift (photo-z) techniques. We will obtain the dedicated data from the second
data release of the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP DR2) for riz
wavelength bands (Aihara, et al., 2019). The fourth data release of Ultra-deep Visible and Infrared
Survey Telescope for Astronomy (UltraVISTA DR4) in zYJHKs wavelength bands (McCracken, et
al., 2012). Both ultra-deep surveys overlap on the sky are which are the cosmic evolution survey
(COSMOS) field, centered at RA~10h00m28.6s DEC~+2°1221.0" (Scoville, et al., 2007).
Accordingly, we will compare and discuss our results with other works at similar redshift range.

4.1 Brief Cosmic History

When we observe the extremely distance objects, we are looking into the past of our
universe. Because, the luminous sources take time to travel. From Hubble-Lemaitre law, we can
approximate the distance of those objects by observing their redshifted spectra. This redshift is
called “cosmological redshift’, because the universe is expanding and stretch the very distant

objects spectra. Therefore, the study of high-z objects is the way to study the primordial universe.

Around 400,000 years after the Big Bang (z ~ 1,200) (Komatsu, et al., 2011), while the
universe was expanding, the cosmic temperature dropped to ~ 3,000 Kelvins. Such falling
temperature allowed electrons (e~) and protons (p*) to combine to form the neutral hydrogen (HI)
atoms. The combination reaction is e~ + p* — HI + y, where y is a photon. This era is called
“the epoch of recombination.” Before this epoch, free electrons and photons from the Big Bang
strongly coupled by Thompson scattering reaction, e~ + y — e~ + y. But after the
combination process began, the number of free electrons that used to couple with photons are
significantly dropped, which directly effects Thompson scattering rate. Eventually, entire photons
decoupled with electrons. The radiation of these primordial photons can pass through to the
present universe with their stretching wavelengths by cosmological redshift. Thus, we can
observe this radiation so called the “cosmic microwave background (CMB).” After the baryons did
not couple with photons due to the recombination anymore, the universe moved toward to the
cosmic “dark age.” Backward before the recombination era, it is the time that the matter
perturbations cannot accrete due to the domination of Big Bang radiation pressure. But in the
dark age era, the universe was dominated by matters (i.e. baryons and dark matter). When the
gravity force from matters initiated the density fluctuations, it could be the end of the dark age.
The dark age ended when the gravitational collapsing of baryons in the primordial dark matter
halos, then formed the first-generation (Population-lll) stars or galaxies in the large-scale structure
(LSS) (Baumann & Daniel, 2018).



The formations of these primordial objects were not just light up the universe again but
played a major role on the cosmic chemical transition. Initially, their UV emitted photons ionized
the surrounding HI that became to ionized hydrogen (HII). When the number of these objects
highly increased and were sufficient in our universe, the fraction of ionized gas drastically growth
and widen from the interstellar mediums (ISM) to intergalactic mediums (IGM). Eventually, at the
present, the ionized regions extended to entire universe. This era is called, “the epoch of
reionization (EoR)." Our current frontiers strongly suggest that the EoR possibly occurs within the
redshift range of z ~ 15 — 6 and it is the prolonged process (Fan, 2012). Figure 1. illustrates the
simulation of reionization evolution as a function of time and redshift. The diagram also shows the
EoR's effect, which appears in 21 cm radiative temperatures that equivalent to the HI density.

Mpe/h

Redshifl

Figure 1. The slice through redshift to 21 cm radiation that equivalent to the HI density. At high-z, the
universe mostly consists of HI regions (gray color). Whereas at low-z, the reionization regions (black color)

start to appear (Fan, 2012).
4.2 Lyman-break Galaxies (LBGs)

The high-z galaxy observations are the method that focuses on early universe studies.
Hence, high-z galaxies are the powerful probes that lead us to better understand their mechanism
and evolution back from reionization epoch to the present universe. However, high-z observations
are not just be effected by the expanding universe that drastically shifted the wavelengths of
sources. The high-level of neutral hydrogen around the ISM or further to IGM absorbed the light
from the z > 3 galaxies in some regions of spectral energy that have the wavelengths less than
the Lyman-alpha (Lya) line (Fan, 2012). Since, the emitted UV photons from high-z objects give
the photon energy that influences the ground state hydrogen atoms in ISM to become excited or
ionized. We can calculate the wavelengths that hydrogen absorbs the photon energy, which is

specified by Rydberg formula: %: Ry (f;—n—lz), where A,Ry,n; and n, are the emitted or
i 7f
absorbed wavelengths, the Rydberg constant (10,973,731.6 m~1), the quantum principal number
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of principal number and the quantum principal number of final state, respectively. The wavelength
that the neutral hydrogen transition starts to is the Ly-a, when hydrogen with the quantum number

n; = 1 absorbs energy then transits the state to n; = 2, whose related energy is equivalent to the

wavelength of 1215 A. The Lyman limit wavelength is 912 A, which is equivalent to the ionized

state of the Hydrogen atom (n; =1 — ny = ).

Therefore, the challenging is to observe the high—z objects which are shifted to longer
wavelength (i.e. from UV to optical, near-infrared or further), and are also absorbed along the line
of sight by ISM and IGM. Although, the high-z spectrum might be greatly disturbed, this is the
distinctive characteristic that lead us the technique to classify between the low and high reshift
objects on observation field. Such technique is called “Lyman-break galaxies” technique.
Moreover, due to the high HI density along the line of sight at z = 6 (closely back to the EoR), the
absorption lines are merged and continuity like the ‘trough’ in the spectrum which is called,
“dropout” or “Gunn-Peterson Trough (Gunn & Peterson, 1965)." Figure 2. demonstrates the
spectrum of z ~ 6.0 — 7.1 quasars, which explicitly indicates the Gunn-Peterson trough. The LBGs
key studies are the significant probe that are really important to understand the mechanism of

star formation at that time (Fan, 2012).
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Figure 2. The spectrum of pulbish z > 6 quasars that present the stong Lya absorption or “Gunn-Person
trough.” Moreover, the quasars spectrum that turn to redder wavelength has higher redshift (Fan, 2012).



4.3 Luminosity Function (LF)

Luminosity function (LF) is defined by the distribution of objects number density as a
function of absolute brightness unit per distance interval; i.e. ¢(M)dM and ¢(L)dL are defined
by the number density per absolute magnitude (M) and per luminosity (L), respectively. From the

definition the LF can be written as:

$(L) = 532 (1)

V(L)
where n(L) is the number of objects per luminosity and V(L) is the volume of luminosity.

The LF of high-z objects are essentially significant to trace the EoR universe. These key
studies are able to: extrapolate the number density of the objects that fainter than the magnitude
limit of surveys; trace the cosmic evolution by investigating the number density per brightness as
a function of redshift; prove the assumption of isotropic and homogeneous universe by analyzing
the LFs in similar distance but different sky areas; and probe the contributions of primordial UV-
emitted objects that ionized the IGM during the EoR (Pei, 1995). From subsection 4.4, the z = 3
objects are strongly absorbed the Ly-a in UV wavelengths spectral region which is called LBGs;
the observations on this UV rest-frame are also redshifted to optical or near-infrared windows
(Steidel & Hamilton, 1992). Therefore, the UV LF describes the number density of the high-z
objects which are obtained from the data in optical/near-IR bands.

4.3.1 Schechter Function

Since, the first-generation stars or galaxies could be collapsed to form by the gravity from
the small seed fluctuations in the cold dark matter halos; while, the massive dark matter halos
could be rarely formed more than the small halos. After the primordial formations, the small halos
hierarchically clustered and becomed enormous clusters in later time (Navarro, et al., 1997).
Thus, the number distribution on LF indicates that the bright objects are generally less than faint
objects. Nevertheless, due to the magnitude limit of observations, amount of objects that their
apparent magnitudes are more than the limit are not detected. Although there are numerous
parameters that could describe the shape of luminosity function, it is unlikely completely
understood yet. Press-Schecter formalism is one of the appropriate models that describe the
concept of cold dark matter cosmological model (Press & Schechter, 1974). Afterwards, in 1976,
Paul Schecter applied the function to fit the luminosity function of galaxy cluster so called,

“Schecter function.” This function in the unit of luminosity is:

n(LydL = ¢* (&) et/ &, 2)




where there are three parameters: ¢* is a normalisation that can be a number, a number per unit
volume or a probability; L and L* are a luminosity and a characteristic of galaxy luminosity,
respectively; a is a slope of faint-part objects that is an observed parameter in the field (i.e. a less
number describes a steep trend). The Schechter function has two parts where the L* is the
parameter that cuts off between the bright and the faint population. The L < L* objects is described
by the general faint population, which is defined as the power law function (¢ « L%). On the other
hand, L > L* objects is described by the rare bright population, which is defined as the decreased
exponential function (¢ o« e~). Furthermore, the Schechter function can be written as a function

of absolute magnitude. The equation is:
n(M)dM = 0.41n10 ¢* [1004( =M)]* % expr_1004M"~M)] gp | (3)
where M* is a characteristic of absolute magnitude.

4.4.2 LF Evaluation Method: 1/V,,,, estimation

The LF determination on field samples as COSMOS field (Scoville, et al., 2007) that
focuses on each similar z —ranges is fundamental of observational cosmology, because it can
indicate the population at that time. The most common and simplest method that can estimate
the number density is called “1/V;,,," method (Schmidt, 1968; Felten, 1977). To use this method,
all observed objects are brighter than the magnitude limit of the surveys. Then use their distances
to compute their luminosities (the distances are approximated by photometric-redshift method see
4.6 ). After that, the LF is formed by the histogram with the bin of their brightness. Unfortunately,
there are the “Mamquist bias” that leads the objects which are fainter than the magnitude limit to
not be detected. To correct this bias, we can define the volume of surveys by defining the flux

limit which is the minimum of flux that the surveys can detect:

_ L _ L 1/2
fiim = 7z — 2 dmax = [Mrfum] , (4)

_4n[ L ]3/2, 5)

— 3 W4nfiim

where fiim is the flux limit of surveys facilities, d;;qx is the maximum distance that the faintest
objects are able to be detected (the distances are approximated by photo metric redshift method)
and V. is the maximum volume that depends on the limit flux. The higher luminosity returns
larger V. than lower luminosity. Hence, from equation 4, we can find the density of objects by
dividing the number of objects in each bin with V,,,, from equation 5. However, this method is

unlikely to be a good approximation for nearby objects.




4.5 Photometric Redshift (Photo-z)

Although, the spectroscopic observations are effective and consistent method to measure
the redshift. But for high-z objects, their extremely weak fluxes are unlikely detected by
spectroscopic surveys and it is not efficient method to determine their distances due to time for
operation. One efficient technique is photometric redshift (photo-z) technique. The photo-z
procedure approximates the redshift by using the fluxes in multi-wavelengths from photometric
data. Such photo-z and LBGs techniques help to filtrates the high-z objects in the selected field
from the contamination i.e. spurious sources, red-dwarfs stars or low-z galaxies. After that, we
use hyperz program to measure the photo- z , which is available on the website
http://webast.ast.obs-mip.fr/hyperz. The hyperz procedure is to use various spectral energy
distribution templates (SEDs) to fit on our observed fluxes and find the best fit by y? minimization

(Bolzonella, et al., 2000). The x? minimization equation is defined:

1) = ot [t fng )Y o

i=1 o

where f,ps is the observed fluxes, fiemp is the template fluxes, o; is their uncertainties in filter i,

and b is a normalization constant.

After the hyperz program find the best fit from our samples, the program can approximates
numerous outputs i.e. primary best-fit photometric redshift, age, type of objects. The crucial
component of photometric redshift is the SED templates which have their own characteristic of
spectrum, because it has to comprehend all of the objects in the data for fitting. The SEDs in
hyperz can be largely distinguished into two types.

4.5.1 Observed SEDs

The hyperz contains observed SED set from Coleman, Wu & Weedman (CWW)
(Coleman, et al., 1980). Such observed SED is obtained from real UV spectroscopic surveys by
Astronomical Netherland Satellites (ANS). The spectral data of every types of nearby galaxies
are collected to build the characteristic of different shapes of galaxies. Moreover, the data can be
used to estimate the colors and magnitudes of galaxies from nearby to z = 2. However, this
original SED set did not include the effect of galaxy evolution and have the data only between
400 — 1000 A wavelength; therefore, this SED set are extrapolated by using the averages of
Bruzual & Charlot spectrum (Bruzual & Charlot, 1993).



4.5.2 Synthetic SED

The hyperz includes synthetic SED set called “Galaxy Isochrones Synthetic Spectral
Evolution Library (GISSEL98)" from Bruzual & Charlot (Bruzual & Charlot, 1993). This SED is
widespread, due to the good precision fitting for prevalent wavelengths from UV to far-IR, and the
possibility of high-z object’s’ spectral evolution. Such synthetic models are based on the stellar
tracks libraries and SEDs are allocated to all stars on the evolutionary tracks. Hence, the Initial
Mass Function (IMF) and the Star Formation Rate (SFR) were specified to follow the evolution of

the spectrum 2 x 10° years.

5. Literature Review
5.1 The bright-end of z =~ 6 galaxy LF in COSMOS field from UltraVISTA DR2

The COSMOS field is one of the deep-survey areas that have various surveys overlapping
on it, the observations aim to understand back to the primordial universe. The COSMOS field has
the area ~ 1.5 deg? centered at RA ~ 10h00m28.6s Dec ~ +2°12'21.0"” (Scoville, et al., 2007).
Bowler et al. (2014) studied the LF that focused on the bright populations with UV rest-frame
absolute magnitude (M) between -22.7 to -20.5 of z = 6 LBGs by selecting the candidates
from ultraVISTA DR2 and HSC-SSP DR1 that also overlap on the COSMOS field (Bowler, et al.,
2015). They also selected the candidates from UKIRT Deep Sky Survey; UKIDSS (Lawrence, et
al., 2007) in the ultra deep survey; UDS fields, with some parts of the data from Subaru XMM-
Newton Deep Survey; SXDS (Furusawa, et al., 2008) and VISTA Deep Extragalactic
Observations survey; VIDEO (Jarvis, et al., 2013). The catalogs have the data on

rizyYJHK,; —bands whose transmission filters are shown in figure 3.

28

£ 2BE . 7 i .22 Yom J oAz " Homz K, om2 3

5 - b, DRY DRt OR1 DR1 E

o E =
7E =27

3 e E =

2 B 3

° 26 =26

g E E

° E 3

€ 25E 25

i

o 24E - : ' R pEE e 24

1.0 1.5 2.0 2.5
Wavelength/um

Figure 3. The graph shows the transmission of various filters from ultraVISTA. The Y/HK; filters shows two
curves in each filter to describe that the ultraVISTA DR2 data are deeper than DR1. The grey color spectra
is the example model of galaxy that is redshifted from Bruzual & Charlot (2003). This example spectra is
obviously seen the dropout and is detectable around 0.9 pm to longer wavelengths (Bowler, et al., 2015).




The criteria that they used is to select the data that fainter than the magnitude limit of 26.0
in ultraVISTA DR2 (ultra-deep in COSMOS), and 25.0 in ultraVISTA DR2 (deep) regions in
z —band. After that, Bowler et al. (2014) approximated the redshifts of selected candidates by
photo-z fitting with the SED templates from Bruzual & Charlot, 2003 and assumed that all
candidates with the reddening law from Calzetti, et al., 2000 are on the timescales evolution
between 50 Myr -10 Gyr. The selection on high-z LBGs are categorized by the models with the
ages from 10 Myr to the universe age at z = 5, the total in v-band (4,) are between 0.0 - 2.0 and
the single metallicity (Z) = 0.2 Zg, where Z, is the solar metallicity. In contrast, they obtained the
contamination model that mainly are the galactic low-z dwarfs which are the red cool stars
(spectral types M,L or T) and have the strong absorption in Lyman series, similarly with the LBGs
spectrum. This model allows the age from the cosmic age to the present universe, A, = 0.0 — 0.6
and the single 1.0Zy. The latter model is to exclude the contamination from high-z candidates.
Moreover, with y? —minimization method, they excluded the objects that has the x2 > 10.0
criterion. This works assumed the ACDM cosmology with Q,,,Q4 and H, = 0.3,0.7 and
70 kms~! Mpc™! , respectively and used the AB magnitude system for their LF.

After the candidates selection, the candidates are determined to calculate the LF. The
selected samples were also solidly reduced of the contaminants by excluding the candidates
which have the signal-to-noise < 7¢ in z —band. They used the 1/V},,,, (Schmidt, 1968) method
for calculating the bin of LF as described in section 4.4 . The LF used the UV rest-frame magnitude
interval between —22.625 < My < —21.125 with the 0.25 or 0.5 of binned LF. The LF of this
work compared with other previous works are illustrated in fig 4.

These results from this work are found to be consistent with the hierarchical build-up
process in the halos of dark matter. However, there were systematic errors in the LF that directly
effected the functional fitting. Their UV z = 6 LF that is compared to the semi-analytical models
of galaxy formations indicated that the medels have over predictied the number density of bright
population and have to involve the attenuation up to A;500 = 1.5 — 2.0 for approving with the
models. In our work, we focus on the HSC-SSP DR2 and ultraVISTA DR4 data that have recently
been released (Aihara, et al., 2019; McCracken, et al., 2012) for newer and more sophisticated
analysis, which located in the COSMOS field.
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Figure 4. The UV z = 6 LF samples, Bowler et al. (2014) works used the data from ultraVISTA/COSMOS and
UDS/SXDS are plotted as the black circles. The smaller inset frame shows red circles plots and orange circles
for the two different data from ultraVISTA and UDS, respectively. The schechter function is obtained to best
fit on each data sets as shown in their individual lines (Bowler, et al., 2015).

5.2 The UV LF Implication

For the z ~ 7 — 8 UV LF samples, Bouwens et al. (2011) interpreted their LF which were
obtained the data in Hubble ultra-deep field and wide-area early release science field in various
topics. Firstly, they discussed the parameters and their uncertainties of Schechter functions in
various z —intervals (Bouwens, et al., 2011). The Schechter's parameters are the logarithm of
number density (log¢*), the characteristic of AB absolute magnitude in UV rest-fram (Mjy )
and the faint-end slope (). Figure 5 presents that there are not crucially different of z ~ 7 — 8 LF,
both LF are well fit with the Schechter function. Thus, this work indicated that there are no sign of
¢" or a evolutions by the contour plots of uncertainties. The implication of LF can be used to
describe the galaxy evolution. They converted the luminosity densities to estimate the SFR
densities by using the method presented by Maudau et al. (1998) with the Salpeter initial mass
function (IMF) in the range 0.1Mg — 125M, where M, is one solar mass. They found that the
limits of SFR densities are 6% for z ~7 and 4% for z ~8, while the SFR densities are peak at
z ~2 — 3. Figure 6 illustrates the plot of SFR density (left axis) and luminosity densities (right axis)
as a function of redshifts (bottom) and ages in 10° years (top).
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parameters of UV LF are shown with in red color dash lines. For lower
redshift ( , the data
for this redshift is not included in the plots. The right panel demonstrates that the number densities as a

function of faint-end slope has no evolution base on their uncertainties (Bouwens, et al., 2011).
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Figure 6. The SFR density as a function of redshfits. The lower trend points and the blue regions are their

measurements before dust correction, the latter are after dust correction. The dust correction is assumes
to be zero on . Their work are plotted as blue and red color plot. For more comprehension, they
added the by the data from Reddy &
Steidal (2009) and blck squre dots for

6. Research Objectives

6.1 To select the z = 6 samples in COSMOS field by using LBGs and photo-z techniques,
in which data are obtained from the HSC-SSP DR2 and ultraVISTA DR4.

6.2 To estimate the z = 6 LF and then compare our LF with other works in similar z-range.
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7. Usefulness of the Research (Theoretical and/or Applied)

The results will comprehend the understanding of galaxy evolution during the epoch of
reionization. It is the time that thought to be when the first-generation of stars or galaxies formed.
It can be used to estimate the number of faint objects in our selected field due to the magnitude
limit of instruments. Moreover, the data of this work will be useful to compare with other works in
the other fields to confirm the postulate of isotropic and homogeneous cosmological model.

8. Research Plan, Methodology and Scope

This work will select the samples to estimate the galaxy UV rest-frame LF in the COSMOS
field (Scoville, et al., 2007). The data that we will use are the HSC-SSP DR2 in rizy-bands
(Aihara, et al., 2019) and the ultraVISTA DR4 in YJHK; — bands (McCracken, et al., 2012). The
technique to select the high-z candidates is the LBGs technique with z-band dropout citeria (e.g.
the objects that are fainter than limit magnitude of HSC-SSP in z-band and in shorter regions).
The redshifts of previous technique are estimated by photo-z technique by using the hyper
program (Bolzonella, et al., 2000). The hyper procedure is to use the CCW and GIESELS98 SEDs
that are contained in the program to find the best-fit on multi-wavelengths data by x? —
minimization method. We then select the objects that has percent of primary best-fit probability
higher than 70% and has the second best-fit probability lower than 50%. After the selection, the
LF will be evaluated by using the 1/V;,,, method (Schmidt, 1968; Felten, 1977). Eventually, our
LF will be compared with other works that studied in different fields such as Bouwens et al. (2011).

Month

Research plan
1-3 4-6 7-10 | 10-12

Literature survey and literature review

Prepare for analysis data
- studying the structure of catalogs from the surveys

- studying the procedure of hyperz program

Select the candidates from LBGs and photo-z techniques

Calculate the LF from selected candidates

Compare with other works and discuss

Recheck all of processes and improve the robustness of
samples

Writing thesis and publication

Defense Examination
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9. Research Location

9.1 Department of Physics and Materials Science, Faculty of Science, Chiang Mai
University, Chiang Mai, Thailand

9.2 National Astronomical Research Institute of Thailand (NARIT), Chiang Mai, Thailand

10. Research Duration

12 months
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