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ABSTRACT OF THE DISSERTATION

Evolution of Galaxies in Different Environments Over Cosmic Time

by

Nima Chartab Soltani

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, March 2021
Dr. Bahram Mobasher, Chairperson

This thesis focuses on the effect of the environment of galaxies on their star formation
activity and the metal content of their interstellar medium. I develop a technique to re-
construct the underlying number density field of galaxies in the Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey (CANDELS). I then use these measurements
to estimate stellar mass and environmental quenching efficiencies out to z ~ 3.5. I find
that the environmental quenching efficiency increases with increasing stellar mass and
decreasing redshift. I show that a dense environment can quench very massive galaxies
as early as z ~ 3. These observations provide a supporting argument for a scenario
where the termination of cool gas accretion happens in a dense environment, and the
galaxy starts to consume its remaining gas reservoir in depletion time. The depletion
time is shorter for massive galaxies, so they are expected to become quenched faster. I
also study the gas-phase metallicity of galaxies in different environments using near-IR
spectroscopy of the MOSFIRE Deep Evolution Field (MOSDEF) survey. Based on gas-

phase oxygen abundance computed from rest-frame optical emission lines, I find that at

vi



a fixed stellar mass, galaxies in overdense regions have lower metallicity than their field
counterparts at z ~ 2.3, but they become more metal-rich as they evolve to z ~ 1.5.
My results suggest that the efficient gas cooling mechanisms at high redshifts result in
the prominent accretion of primordial metal-poor gas into the galaxies in overdensi-
ties. However, as galaxies evolve to the lower redshifts (z < 2), the shock-heated gas in
overdensities with massive halos cannot cool down efficiently, ramping up the gas-phase
metallicity of galaxies. Future surveys will provide statistically significant samples of
high redshift galaxies in diverse environments that can further test results from the
present study. I build a machine learning model to transfer the knowledge gained in
fields with a wealth of observations to those which lack such extensive observations.
The technique provides valuable information to optimize the observing strategy for fu-
ture surveys and offers complimentary data in the wavebands not accessible by these

surveys.
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Chapter 1

Introduction

The standard ACDM model of cosmology implies that the structures in the universe
form hierarchically, meaning that small dark matter halos merge to form the larger ones.
Galaxies within these structures undergo different evolutionary phases, all affected by
the interplay between galaxies and their respective environments. This co-evolution
of galaxies and large scale structures leaves imprints on the observable properties of
galaxies that can be used as a proxy to study both the nature of processes involved in

the evolution of individual galaxies and their assembly to form large scale structures.

1.1 Galaxy formation and evolution

First galaxies were born from primordial overdensities devoid of any metals. They start
to build their stars rapidly as they are fed with more cool gas available in the early
epoch of structure formation. According to the galaxy formation theory of White and
Rees (1978), when a cloud of cold gas from intergalactic medium (IGM) falls into the
potential well of a galaxy halo, it gets shock-heated to the virial temperature and then

slowly cools down (e.g., Silk, 1977). This shock-heated gas starts to cool down from



the inside out as it dissipates its internal energy, meaning that the cooling radius (i.e., a
radius containing the cooled gas) grows with time and feeds more cold gas into the disk
of a galaxy as a fuel to maintain its star formation rate. However, Birnboim and Dekel
(2003) found that a virial shock does not get formed in low-mass halos (<10''M,),
which are prevalent at high redshifts (z > 2). Moreover, Dekel and Birnboim (2006)
found that at =2, cold gas accretion can also be maintained in big halos due to fun-
neling of cold dense gas through filaments. They found that galaxies residing in halos
with a mass 210'?M, are surrounded by shock-heated gas almost independent of the
redshift; however, cold gas can still penetrate the hot media at z=2. As halos grow to
lower redshifts (z < 2), the cold gas budget of the galaxies decreases, which explains
the suppression of the cosmic star formation rate in the late universe.

Additionally, feedback processes regulate the population of massive and low-mass
galaxies. Forster Schreiber et al. (2019) observed that active galactic nuclei (AGN)
activities and outflows are prevalent in massive galaxies (M,210'%°M,). On the other
hand, supernovae explosions and stellar winds are more effective for low-mass galaxies,
removing part of the interstellar medium gas into the circumgalactic medium (CGM)
(Larson, 1974). Although all these galaxy formation and evolution theories were estab-
lished to explain general observables such as cosmic star formation history or luminosity
function of galaxies, more direct observational pieces of evidence for such theories are

limited as of today, especially at high redshifts.

1.2 Galaxy environments

The galaxy environment plays a significant role in the star formation activity of galaxies
(Peng et al., 2010; Quadri et al., 2012; Scoville et al., 2013; Lin et al., 2014; Lee et al.,

2015; Darvish et al., 2016; Balogh et al., 2016; Nantais et al., 2016; Kawinwanichakij



et al., 2017; Guo et al., 2017; Fossati et al., 2017; Ji et al., 2018; Pintos-Castro et al.,
2019; Contini et al., 2020; Old et al., 2020; Ando et al., 2020). Massive halos traced by
overdensities at low and intermediate redshifts lack any cold gas accretion as predicted
by simulations (Keres et al., 2005). Thus, galaxies within massive halos start to starve
and shut down their star formation. However, this star formation shut down, known as
quenching, does not happen for all the galaxies simultaneously. Once the parent halo
of a galaxy group is surrounded by the shock-heated gas and no more fresh cold gas
is provided for the galaxies within the halo, galaxies will consume their remaining gas
reservoirs at a specific time scale. McGee et al. (2014) showed that this timescale is
shorter for massive galaxies as they consume their gas at a higher rate. In other words,
in the absence of cool gas accretion, massive galaxies will enter the quenching phase
sooner.

Moreover, galaxy interactions and mergers can also affect the star formation activity
of galaxies (e.g., Larson and Tinsley, 1978; Donzelli and Pastoriza, 1997). More inter-
estingly, galaxy interactions and mergers leave morphological imprints on the galaxies.
As a pioneer work, Dressler (1980) found that the morphology-density relation exists
in the local universe, such that late-type star-forming disky galaxies preferentially re-
side in lower density regions while early-type passive ellipticals prefer dense regions.
This observation can be understood with tidal interaction of galaxies as well as other
mechanisms that remove gas from galaxies such as ram pressure stripping (e.g., Boselli
and Gavazzi, 2014). Ram pressure stripping (i.e., the removal of a gas from a galaxy
due to its interaction with the intra-cluster medium) is found to be effective only for
low-mass galaxies at low redshifts (Gunn and Gott, 1972). The most convincing obser-
vation of ram pressure stripping conducted in the local universe is the observed tens
of kpc tails of gas seen in several cluster galaxies (e.g., Crowl et al., 2005; Machacek

et al.,, 2006). Therefore, it is known that, to some extent, the ram pressure stripping



is responsible for the environmental quenching of galaxies in the local universe. Other
mechanisms such as mergers and pure starvation we mentioned above are not very ef-
fective at low redshifts. The merger cross-section is small at z = 0 due to a high velocity
dispersion of massive clusters present in the local universe, making merger interactions
less effective. Also, gas depletion due to pure starvation takes > 5 Gyr in the local uni-
verse (Balogh et al., 2016) which rules this candidate out from being the main source
of environmental quenching at z ~ 0.

At the early epoch of cluster formation (high redshifts), ram pressure stripping is
less important as halos have not grown yet to be massive enough to provide higher
velocities for infalling galaxies. On the other hands, pure starvation gets important at
high redshifts as the depletion time is < 1 Gyr at z ~ 2 for galaxies with M,210%°M,
(McGee et al., 2014). Therefore, the mechanisms that quench galaxies at high redshifts
may differ from those playing a significant role in the local universe.

Another piece of the puzzle is the metal content of the interstellar medium of galax-
ies. This indicator, known as gas-phase metallicity, traces both star formation rate and
cold gas accretion rate of galaxies (e.g., Mannucci et al., 2010). It is observed that
the gas-phase metallicity of galaxies is strongly correlated with their stellar mass such
that massive galaxies have higher gas-phase metallicity out to z ~ 3.5 (e.g., Sanders
et al., 2020). It is also observed that at a fixed stellar mass, galaxies with higher star
formation rates have lower gas-phase metallicities (e.g., Mannucci et al., 2010). At first
glance, the inverse correlation between SFR and gas-phase metallicity seems unphysi-
cal since as stars form, they produce heavy elements, release those heavy elements to
the ISM and eventually increase the gas-phase metallicity of the galaxy. Although this
explanation is valid for isolated galaxies with no inflow or outflow (closed system), the
infall of cold metal-poor gas is the primary driver of star formation in galaxies. Gas

accretion from IGM adds chemically poor gas into the ISM, which lowers the galaxy’s



gas-phase metallicity. This makes a complicated interplay between gas accretion rate,
star formation rate, and gas-phase metallicity (Lilly et al., 2013).

In addition, simulations and observations suggest that the star formation rate and/or
cold gas accretion rate depend on the galaxy’s environment. Therefore, it is expected to
observe a correlation between gas-phase metallicity and the environment of galaxies.
If the termination of cool gas accretion is responsible for the quenching of galaxies, so
the gas-phase metallicity of galaxies should rapidly increase during the depletion time
when they continue the ongoing star formation rate, but their gas reservoirs do not
replenish with fresh gas. Moreover, over cosmic time, stars within the galaxies produce
heavier elements and feedback processes expel those heavy elements to the CGM and
IGM, so the gas accreted in overdensities at the late universe is pre-processed and has
higher metallicity. Using IllustrisTNG simulations, Gupta et al. (2018) predicted that
the infalling gas in the denser environment is more metal-enriched compared to low-
density regions. In the local universe, it is also observed that at a given stellar mass,
galaxies in overdensities have higher gas-phase metallicities (e.g., Cooper et al., 2008;
Ellison et al., 2009; Peng and Maiolino, 2014; Wu et al., 2017; Schaefer et al., 2019).
However, the environmental dependence of galactic properties at z > 1 is still a matter
of debate. Thus, future analyses are essential to constrain the theoretical picture of
galaxy evolution in the early phase of structure formation.

In Chapter 2 and 3 of this thesis, using the deepest photometry available from Cos-
mic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS)) and wealth
of spectroscopic data with a ground-based Keck telescope, we tackle a fundamental
question regarding the environmental dependence of both star formation activity (qui-
escent fraction) and gas-phase metallicity out to z ~ 3. These investigations help ad-
dress questions in the literature about the co-evolution of galaxies and their environ-

ments at high redshifts.



1.3 Ongoing and future surveys

Ongoing surveys and future missions will broaden our understanding of the evolution
of galaxies within large-scale structures. Ongoing Hawaii Two-0 (H20) survey covers
a total area of 20 deg® with Subaru Hyper-Suprime-Cam (HSC) in the Spitzer Legacy
Survey (SLS) fields. The combination of area, depth, and wavelength coverage will
provide a statistically significant number of overdensities (protoclusters) at high red-
shifts. This will revolutionize studies about the early stage of structure formation as
> 100 overdensities (protocluster) are expected to be found in 20 deg? of H20 fields.
However, accurate and unbiased photometric redshifts are essential to map large-scale
structures and identify overdensities. Euclid will provide deep observations in near-
IR bands over the same fields once it is launched, and hence these deep fields with
20 deg? coverage will have HSC/optical, Euclid/near-IR and Spitzer/IR observations.
Therefore, the number of bands will not be as extensive as other existing small-area
fields such as COSMOS. In Chapter 4, we investigate the possibility of transferring in-
formation from a field with extensive observations such as COSMOS to the field where
a limited number of bands are available. We develop a machine learning-based model
to predict missing-band fluxes for galaxies and show how this can be useful to measure
accurate photometric redshifts and physical parameters such as stellar mass and star

formation rate. In the end, Chapter 5 highlights the significant results of the thesis.



Chapter 2

Large Scale Structures in the CANDELS

Fields

Abstract

We present a robust method, weighted von Mises kernel density estimation, along with
boundary correction to reconstruct the underlying number density field of galaxies. We
apply this method to galaxies brighter than HST/F160w < 26 AB mag at the redshift
range of 0.4 < z < 5 in the five CANDELS fields (GOODS-N, GOODS-S, EGS, UDS, and
COSMOS). We then use these measurements to explore the environmental dependence
of the star formation activity of galaxies. We find strong evidence of environmental
quenching for massive galaxies (M10''M,) out to z ~ 3.5 such that an over-dense
environment hosts £20% more massive quiescent galaxies compared to an under-dense
region. We also find that environmental quenching efficiency grows with stellar mass
and reaches ~ 60% for massive galaxies at z ~ 0.5. The environmental quenching is
also more efficient in comparison to the stellar mass quenching for low mass galaxies
(M<10'M,) at low and intermediate redshifts (z51.2). Our findings concur thor-

oughly with the "over-consumption" quenching model where the termination of cool



gas accretion (cosmological starvation) happens in an over-dense environment and the
galaxy starts to consume its remaining gas reservoir in depletion time. The depletion
time depends on the stellar mass and could explain the evolution of environmental

quenching efficiency with the stellar mass.

2.1 Introduction

It is now well established that the observed properties of galaxies are correlated with
their host environment. In the local Universe, the environmental dependence of galaxy
morphology and star formation rate (SFR) confirms that early-type passive galaxies
often reside in dense environments, such as galaxy groups and clusters, whereas late-
type and star-forming systems are mostly found in less dense environments, so-called
field (e.g., Dressler, 1980; Kauffmann et al., 2004; Balogh et al., 2004; Peng et al.,
2010; Woo et al., 2013). However, the situation is not entirely settled at intermediate
to high redshifts. While there is convincing evidence for a density-morphology relation
at intermediate redshifts (e.g., Capak et al., 2007), the exact trend in the density-SFR
relation remains controversial. Some studies show a reversal relation so that on average
the SFR is higher in dense environment (Elbaz et al., 2007; Cooper et al., 2008), others
find no significant correlation (Griitzbauch et al., 2011; Scoville et al., 2013; Darvish
et al., 2016) and some observe the same relation as in the local Universe (Patel et al.,
2009). Recently, an increasing number of studies have found that the locally observed
environmental quenching persists at least out to z ~ 2 (e.g., Fossati et al., 2017; Guo
et al., 2017; Kawinwanichakij et al., 2017; Ji et al., 2018). Therefore, a comprehensive
study is needed to ascertain the role of the environment in star formation activity of

galaxies at high redshifts.



Accurate measurement of the environment of galaxies is needed before any such
study can be performed. One can use a variety of density estimators to quantify the
environment in which galaxies are located. Darvish et al. (2015) have reviewed and
compared different density estimators, including adaptive weighted kernel smoothing,
10" and 5" nearest neighbors, count-in-cell, weighted Voronoi tessellation and Delau-
nay triangulation. Comparing with simulations, they found that the weighted kernel
smoothing method is more reliable than widely-used nearest neighbor and count-in-cell
methods. Although kernel density estimation is a powerful and reliable technique for
estimating the density field of galaxies, there are considerable ambiguities in the selec-
tion of the appropriate kernel function and optimized kernel window size (bandwidth).
The selection of the bandwidth is the most crucial step in kernel density estimation.
Small bandwidth results in an under-smoothed estimator, with high variability. On the
other hand, large bandwidth causes an over-smoothed (biased) estimator. Boundary
problem is another common issue regardless of the density estimator and the net effect
is an underestimation of density near the boundaries since galaxies beyond the edge of
the survey are missed. In this paper, we develop a new technique, weighted von Mises
kernel density estimation considering boundary correction to reconstruct the density
field of galaxies.

While measurement of density enhancement is available in contiguous wide-area
surveys such as the Cosmic Evolution Survey (COSMOS) (Scoville et al., 2007), study-
ing the influence of environment on the evolution of low mass galaxies (M<10'°M,)
requires deep surveys that are often performed over much smaller areas because of
the trade-off between the area coverage and the depth in galaxy surveys. The Cosmic
Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS; Grogin et al., 2011;
Koekemoer et al., 2011) includes extensive data in five fields, ideal for any study of the

evolution of galaxies with redshift. The CANDELS provides: (1) Multi-waveband deep



data from the Hubble Space Telescope (HST) and Spitzer Space Telescope for all the five
fields; (2) Accurate measurement of the photometric redshifts, stellar mass and SFRs
with their probability distributions; (3) Extensive spectroscopic observations for galax-
ies; (4) Constraints on the cosmic variance using five widely separated fields. These
make the CANDELS fields ideal for such studies. The challenge, however, is to perform
a reliable estimate of the density measurements for such fields with limited volume.

In this paper, we make a publicly available catalog of density measurements for
86,716 galaxies brighter than F160w < 26 AB mag at 0.4 < z < 5 in all the five CAN-
DELS fields using weighted von Mises kernel density estimation with taking into ac-
count the boundary effect. We use a grid search cross-validation method to optimize
the bandwidth of the kernel function. In order to reduce the projection effect, we use
full photo-z probability distribution function (PDF) of individual galaxies (Kodra et al.
in prep.).

The paper is organized as follows: In Section 2.2, we discuss the data and describe
the Spectral Energy Distribution (SED) fitting procedure to measure the physical proper-
ties of galaxies. Section 2.3 describes our methodology for measuring the local environ-
ment of galaxies and presents the galaxy environment catalog and large scale structure
maps. In Section 2.6, we explore the role of environment in the star formation activity
of galaxies. We discuss our results in Section 2.7 and summarize them in Section 2.8.

Throughout this work, we assume a flat ACDM cosmology with H, =
100h kms™'Mpc™!, Q

, = 0.3 and 2, = 0.7. All magnitudes are expressed in the

m

AB system and the physical parameters are measured assuming a Chabrier (2003) IME
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2.2 Data

We use the HST/F160w (H-band) selected catalogs of the five CANDELS fields cov-
ering a total area of ~ 960 arcmin?: GOODS-S (Guo et al., 2013), GOODS-N (Barro
et al., 2019), COSMOS (Nayyeri et al., 2017), EGS (Stefanon et al., 2017), and UDS
(Galametz et al., 2013). The comoving coverage area of each field as a function of
redshift is shown in Figure 2.1.

The Catalogs are a combination of CANDELS wide, deep, and Hubble Ultra-Deep
Field (HUDF) regions. The point source 50 limiting AB magnitude ranges from ~ 27.4
to ~ 29.7 in the wide and HUDF area, respectively. However, the 50 limiting magnitude
is brighter for the extended objects and depends on the surface brightness profile of
sources. The limiting magnitude in the wide field reaches Hy;,, ~ 26, which corresponds
to the 50% completeness at the median size of sources (Guo et al., 2013).

We utilize the updated CANDELS photometric redshift catalog (Kodra et al. in
prep.), which provides accurate photometric redshifts with normalized median absolute
deviation (o yyap) Oof ~ 0.02, combined with the spectroscopic/3D-HST grism redshifts
(Zpest)- The catalog also contains redshift probability distribution functions (PDFs) of
galaxies determined by the minimum Frechet distance method. The Frechet distance
(Alt and Godau, 1995) is a measure of similarity between two curves (e.g., two mea-
surements of photo-z PDFs). The best PDF is obtained based on the minimum of the
Frechet distance among six independent z-PDF measurements.

In this work, we measure the local number density for a total of 86,716 galaxies

selected based on the following criteria (Table 2.1):

¢ Removing the stars by requiring SExtractor’s stellarity parameter CLASS STAR <

0.9.
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Figure 2.1: The comoving areal cover of the fields as a function of redshift. Each field
covers ~ 25h2 Mpc? comoving area at z ~ 0.5 up to ~ 450h™2 Mpc? at z ~ 5.
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e Covering a redshift range of 0.4 < z < 5. We select galaxies with greater than
95% probability of being in this redshift range. We limit our analysis to z > 0.4

due to the small volume of the survey at lower redshifts.

e A cut on H-band magnitude to remove the sources fainter than 26 AB mag. Al-
though the fields have different 50 limiting magnitudes, we use a similar magni-

tude cut to have homogeneous and comparable samples.

2.2.1 Stellar Mass & Star Formation Rates

We perform Spectral Energy Distribution (SED) fitting to derive physical parameters of
galaxies such as stellar mass and star formation rate (SFR). We use the LePhare code
(Arnouts et al., 1999; Ilbert et al., 2006) combined with a library of synthetic spectra
generated by the Bruzual and Charlot (2003) population synthesis code. To perform
SED fitting, we fix redshifts on z,,,, from the updated version of the CANDELS photo-
metric redshift catalog. We assume an exponentially declining star formation history
with nine e-folding times in the range of 0.01 < T < 30 Gyr. We adopt the Chabrier
(2003) initial mass function, truncated at 0.1 and 100 M, and Calzetti et al. (2000) at-
tenuation law to apply dust extinction (E(B—V) < 1.1). The code also includes emission
lines using Kennicutt (1998) relation between SFR and UV luminosity, as described in
Ilbert et al. (2009). Three different stellar metallicities are considered: Z = 0.02,0.008,
and 0.004.

The LePhare code computes fluxes in all given bands for each template, then finds
the template with minimum y?2 based on the model and observed fluxes. The best
values of the physical parameters come from the template with the minimum y2.
The code also provides the median of the stellar mass (M), SFR and specific SFR

(sSFR=SFR/M) along with uncertainties obtained from the marginalized probability
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Figure 2.2: The stellar mass of galaxies as a function of their redshifts. Red (black)
dashed line represents the 95% stellar mass completeness limit (Hy,, = 26) for the
passive (all) galaxies, determined using the method of Pozzetti et al. (2010).
distribution (probabilityoc e™* K 2) of each parameter. In this work, we use the median
values for stellar mass, SFR and sSFR. We also obtain U,V and J rest-frame colors from
best-fit SEDs.

Figure 2.2 shows the distribution of stellar mass as a function of redshift for galaxies
in the five fields. The stellar mass completeness limit (95%) associated with Hy;,=26
is determined using the method introduced by Pozzetti et al. (2010). We divide the
sample into redshift bins, separately in the case of all and quiescent populations. We
utilize rest-frame U,V and J colors along with Muzzin et al. (2012) criteria to select

quiescent galaxies at z < 4. Beyond this redshift, we use a sSFR cut derived from
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the first quartile (< 25% percentile) of the sSFR distribution to build a sub-sample of
passive galaxies. We then measure the limiting stellar mass, M;;,,, for galaxies in the sub-
sample, defined as the stellar mass a galaxy would have if it had a magnitude equal to
the adopted magnitude limit of the survey (Hy,,,). If we consider constant mass-to-light
ratio, then M, for a galaxy with stellar mass M can be computed as log M;;,, = log M +
0.4(H — Hy;,,). The stellar mass completeness limit (M,;,(z)) is the 95th percentile of
the M,;,, distribution for the 20% faintest sources at each redshift bin. Thus, if we take
a sample of galaxies with the stellar mass higher than the completeness limit, less than
5% of galaxies will be missed from the sample. As shown in Figure 2.2, the stellar
mass completeness limit is higher for passive galaxies with higher mass-to-light ratios.
Hence, we adopt the completeness limit derived from passive galaxies, which can be

modeled with a quadratic polynomial; log(M,,;,(z)/M,) = 7.90 + z— 0.09z>.

2.3 Measuring Galaxy Environment

The environment of a galaxy is defined as the density field where that galaxy resides.
To reconstruct the density field, we consider narrow redshift intervals (z-slices) and
treat each z-slice as a two-dimensional structure. Using kernel density estimation, we
calculate the density field within each z-slice. The location of a galaxy with photo-z
is probabilistic and best identified by its redshift PDE Thus, a galaxy with photometric
redshift contributes to all z-slices. The contribution of each galaxy to different redshift
intervals is proportional to the area under the photo-z PDF that lies within that interval.
This introduces the weighted approach for density estimation. The density field associ-
ated with each galaxy is derived from the weighted sum of surface densities at different

z-slices using the full redshift PDF of the galaxy. Therefore, the surface density, o, of a
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galaxy at any given coordinate (RA, DEC) is,

_ j
O (RA,DEC) = Z W;j0O (ra DEC) (2.1)
j

where O-J&RA,DEC) is the surface number density field at the position (RA,DEC) in the j
z-slice and w; is the probability of the desired galaxy to be in the j th z-slice. Although
~ 12% of our sample have spectroscopic/grism redshift, we do not use them to deter-
mine w;. This assures that our method is not biased in favor of galaxies with accurate
spectroscopic/grism redshifts. Therefore, we rely on uniformly calculated photometric
redshifts, with well-calibrated probability distributions (Kodra et al. in prep.) in w;
estimation. We use the area underneath the photometric redshift PDFs to obtain the
likelihood of a galaxy to be in the j* z-slice.

In order to measure oiRA,DEC), we use the weighted von Mises kernel density estima-
tion technique corrected for the boundary effect. In the following sections, we describe
different steps for estimating o’: an estimate of the redshift bin size (Section 2.3.1),

weighted von Mises kernel density estimation (Section 2.3.2), bandwidth selection of

the kernel function (Section 2.3.3) and boundary correction (Section 2.3.4).

2.3.1 Selection of Redshift Slices

It is important to optimize the width of redshift slices to account for the extended struc-
tures. While the redshift of a galaxy can be used to measure its location along the line
of sight, the estimate can be affected by Redshift Space Distortion (RSD) due to the pe-
culiar velocity of galaxies. The RSD effect is cosmological model dependent such that

a galaxy cluster with internal velocity dispersion of Av will be extended in comoving
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space (Ay) as,
Av (1+2)

 Hy /O, (1+2P + 0,

(2.2)

Ay

where Hy, Q,, and 2, are the present values of Hubble constant, matter density and
dark energy density respectively. Hence, what we observe is the combination of the den-
sity and the velocity field. The proper binning in redshift space to reconstruct 2D maps
of the large-scale structures is constrained by both the typical size of a galaxy cluster
in redshift space and redshift uncertainties. In the presence of less accurate photomet-
ric redshifts, we have two options, either using a weighted scheme to incorporate the
contribution of each galaxy in all z-slices accurately or adopting wide z-slices to collect
all signals from galaxies with large redshift uncertainties. Here we use the weighted
approach such that the width of z-slice is constrained based on the resolution of photo-z
PDFs, Az/(1+2) ~ 1% (Kodra et al. in prep.). This allows us to avoid over-smoothing
caused by interlopers.

The comoving size of a galaxy cluster due to the RSD effect (equation 2.2), peaks
at z = (ZQAO/QmO)% — 1 ~ 0.65. At that redshift, a massive galaxy cluster (Av ~
1500 Km.s™') will be extended ~ 18 h™'Mpc in comoving space due to the peculiar ve-
locity of its galaxies. In addition, the estimated redshift uncertainty (Az/(1+2) ~ 1%)
limits the z-slice width to 35 h™*Mpc (Av ~ 3000 Km.s™!). Therefore, we fix the width
of redshift bins (at all redshifts) to a constant comoving size of 35 h™'Mpc to satisfy
both RSD effect and redshift uncertainty constraint. This results in a total of 124 z-
slices spanning from z = 0.4 to 5. One should note that the constant comoving width
does not imply a constant redshift interval. For comparison, the width of z-slice at

2z = 0.4 is 0.014, while this value is 0.096 for z = 5.
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2.3.2 Weighted von Mises Kernel Density Estimation

The distribution of galaxies in each z-slice is analogous to a two-dimensional map where
galaxies are labeled with their weights w;, computed from the photometric redshift
PDFs. These weights are assigned by determining the fraction of redshift PDF within
each z-slice. A powerful non-parametric method for density estimation is weighted

Kernel Density Estimation(WKDE) (Parzen, 1962) which can be written as:
oI(X,) = > BIKX;X,) (2.3)
i

where o/(X,) is the estimated density at the position X, on j‘* z-slice and K is the kernel
function. The summation is over all data points (X;) that exist in the desired z-slice.
ch is the normalized weight associated with i‘" data point, in the j* z-slice so that
gﬂzL

An appropriate choice of the kernel function for spherical data (RA, DEC) is the von

Mises kernel (Garcia-Portugués et al., 2013) expressed as,

cos
b2

K(X;;X,) = exp( ) (2.4)

4mb2sinh(1/b2)

where b is the global bandwidth of the kernel function, which is the main parameter
in the wKDE method and controls the smoothness of the estimate. We will explain
the bandwidth selection method in Section 2.3.3. 1) is the angular distance between
X; = (RA;,DEC)) and X, = (RA,,DEC,). cos can be expressed as sin DEC; sin DEC; +
cos DEC; cos DEC, cos(RA; —RA).

It should be noted that a Gaussian kernel function cannot be used in the case of
spherical data. The kernel function must integrate to unity and a Gaussian function

does not satisfy this requirement on the spherical space.
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2.3.3 Bandwidth selection

Bandwidth selection is a challenging problem in kernel density estimation. Choosing
too narrow bandwidth leads to a high-variance estimate (under-smoothing), while too
wide bandwidth leads to a high-bias estimate (over-smoothing). This bias-variance
trade-off can be solved by maximizing Likelihood Cross-Validation (LCV) (Hall, 1982)

which is defined by:

1 N
LCV(b) = > log o4 (%,) (2.5)
k=1

where N is the total number of data points in a given z-slice and o_,(X,) is the ker-
nel estimator computed at position X, excluding the k‘" data point. We perform a grid
search in the range of 0.0001° to 0.03° with 50 steps to find the optimized global band-
width where LCV(b) is maximized. Figure 2.3 shows the LCV maximization results for
one of the z-slices (1.068 < z < 1.089) in all CANDELS fields. For instance, the cross-
validation method suggests b = 0.0061° (a comoving distance of 0.26 h~!Mpc) as the
best bandwidth for the GOODS-S field at the mentioned z-slice. Figure 2.4 shows the
optimized bandwidth in comoving coordinates for 124 redshift slices spanning from 0.4
to 5.

A constant bandwidth (b) over each z-slice may result in under-smoothing in regions
with sparse observations and over-smoothing in crowded areas. By varying the band-
width for each data point (i) and defining a local bandwidth (b;), we reduce the bias
in dense regions and the variance in regions with sparse data. To incorporate adaptive
smoothing, we vary the local bandwidth (b;) as (Abramson, 1982),

b;=>b

1

{@}_a (2.6)

8
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Figure 2.3: An example of Likelihood Cross-Validation optimization procedure at a given
z-slice: 1.068 < z < 1.089. We perform a grid search in the range of 0.0001° <
Bandwidth < 0.03° with 50 steps to maximize the LCV and find the best bandwidth
(b). Dashed vertical lines show optimized bandwidths at z ~ 1.
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where

N
1
logg = N ; log o(X;)

The sensitivity parameter, a, is a constant which satisfies 0 < a < 1 and can be
fixed by simulation. In this study, we take a simple case where a = 0.5 as the sensi-
tivity parameter does not have a significant effect in wKDE measurement (Wang and
Wang, 2007). For each redshift slice, first, we estimate the bandwidth using the cross-
validation method and then we employ the adaptive bandwidth technique (equation
2.6) to reduce the variance/bias in the estimation. Finally, we need to correct the den-

sity field for the boundary effect, which is explained in the following section.

2.3.4 Boundary correction

Kernel density estimation method assumes that the density field exists in the entire
space. This assumption is not valid in most cases where a survey has data only for a
small area of the sky. The trade-off between the area and the depth translates into a
small coverage in deep surveys (e.g., CANDELS). Missing parts of the sky not covered
in the survey result in an underestimation of the density field near the edge of the
survey. Different methods have been developed to remove this problem, known as the
boundary effect (e.g., Reflection method (Schuster, 1985), Boundary kernel method
(Miiller, 1991) and Transformation method (Marron and Ruppert, 1994)). Here we
use the re-normalization method to correct for this boundary effect.

The first order of the expectation value of the density fields can be written as (Jones,
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1993),

E(Uj(XO)) ~ O-”le“rue(XO)J< K(Xi;XO) (27)
S

where o’

e 15 the true underlying density field and the integration is performed over

the survey area (S). Thus, a simple way to correct the boundary is to re-normalize the
density as,

ol (X,) =0’ (X,)n(X,) (2.8)

corr

where n(X,) is the inverse of the kernel function integration centered at X, over the

survey area (S),

n1(X,) = J K(X;;X,) (2.9)
S

This correction results in almost unbiased estimation of the density such that
E(oiorr(Xo)) ~ a%rue(XO), but it may increase the variance close to the boundary.

Figure 2.5 shows the boundary correction coefficient (n) given the bandwidth of
0.0116°. At that bandwidth, 40% of galaxies are affected by boundary problem (n > 1)
and it is crucial to apply boundary correction to those galaxies. Not correcting for
boundary effects can result in an underestimation up to a factor of ~ 3.5.

A common way to quantify the environment is defining density contrast () as,

§=——1 (2.10)

(o}

where ¢ is the background number density, which can be evaluated using Z a){ /V.
Here, co{ is the weight of i*" galaxy at j* z-slice, and V is the volume of correspolnding z-
slice. The boundary problem does not affect the background number density; however,
it biases o close to the edge of the survey. Thus, boundary correction is necessary to

avoid missing overdensities close to the edge.
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2.3.5 Catalogs and density maps

We utilize the boundary-corrected weighted von Mises kernel density estimation method
to reconstruct the density field of galaxies at 0.4 < z < 5 in the five CANDELS fields.
Details of the density measurement technique have been explained in Sections 2.3.1-

2.3.4 and summarized below:

e Divide the survey into redshift slices with the comoving width of ~ 35k *Mpc

(see Section 2.3.1).
For each z-slice:

e Weight the galaxies using their redshift PDFs to construct the two-dimensional

weighted maps (see Section 2.3).

e Perform a grid-search on the bandwidth space to minimize the LCV function and

find the optimum bandwidths (see Section 2.3.3).

e Compute the density field associated with each galaxy using weighted KDE with
the constant bandwidth drawn from the previous step (see Section 2.3.2) and

apply the boundary correction technique (see Section 2.3.4).

e Make the bandwidth to be adaptive based on the boundary-corrected densities
(see Section 2.3.3) and re-run the weighted KDE with the adaptive bandwidths.
Then, reapply the boundary-correction method on the adaptively derived densi-

ties.

The last step is to combine all z-slices to extract the density field associated with each

galaxy.

e For each galaxy, calculate the weighted summation of its density in all z-slices

(see Section 2.3) to obtain the density field of the galaxy.
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The full density field catalogs are available in the electronic version. Table 2.2 shows
examples of the density measurements. The first four columns show the CANDELS ID,
RA, DEC and redshift (z;,,,). The last three columns give the environmental properties,
including comoving/physical density and density contrast. Comoving density is the
number of galaxies in a cube with a comoving volume of 1 h>Mpc®. The physical
density can be computed by scaling the comoving density by a factor of (1 +z)*. The
density contrast indicates the number density enhancement with respect to the average
density in the vicinity of the galaxy (equation 2.10).

The comoving number density and density contrast of galaxies as a function of their
redshifts are shown in Figure 2.7. The limiting magnitude of the survey restricts the
sources to a certain stellar mass range. Hence, the evolution of the comoving number
density with redshift is an inevitable result of missing low mass galaxies at higher red-
shifts. In contrast, we find that the average density contrast is almost constant with
redshift. This implies that the stellar mass function for a total sample of quiescent and
star-forming galaxies does not change significantly with the environment. Davidzon
et al. (2016) have studied the effect of the environment on the shape of the galaxy stel-
lar mass function up to redshift z = 0.9, finding that the environmental dependence of
the stellar mass function becomes weaker with redshift.

The histogram of the density contrast is also shown for each field in Figure 2.7. For
all the fields, we find a similar distribution of density contrast, which has a dynamic
range of ~ 10. For the entire sample of galaxies in all CANDELS fields, the average
density contrast is 0.45 with a standard deviation of 0.75. It suggests that galaxies
with a density contrast 1.2 are located in an over-dense region and those with density
contrast < — 0.3 reside in a void.

Using the technique described in this paper, we estimate the density maps for all

the five CANDELS fields. The evolution of the large scale structures is provided by 124
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density maps covering 0.4 < z < 5. The full density maps are available in the electronic
version, with a few examples shown in Section 2.4 (Figure 2.6). In the density maps,
we limited the color-bar range to 5 to get a better contrast. Therefore, any density

contrast above 5 is saturated with a dark red color.

2.4 Density maps

We release over-density maps of 124 z-slices ranging from z = 0.4 to 5 for all CANDELS
fields. A few examples are provided in Figure 2.6, but the full set of plots for the 124 z-
slices are available in animation in the electronic version. In density maps, the color-bar
range is limited to 5 to get a better contrast. As we expect, structures on the fields with
a higher declination (e.g., GOODS-N and EGS) are elongated along the right ascension
axis, which is the natural effect of mapping on (RA,DEC) coordinates. It should be
recalled that the density contrast of a galaxy is inferred from multiple density maps
(z-slices) considering its contribution in each z-slice, which is determined by photo-z

PDE

2.5 Redshift evolution of density measurements

In this section, we investigate the correlation between density measurements and red-
shift. Figure 2.7 shows comoving number density and the density contrast as a function
of redshift along with the distribution of density contrast separately for each field. De-
spite the clear evolution of comoving number density, the average density contrast,
(1+ &), is almost constant over redshift. Although we find modest evidence of system-
atic trends between (1+ &) and redshift, especially at 23, the variation of (1+ &) over

redshift is limited to <0.3. Thus, the study of the physical properties of galaxies (e.g.,
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Figure 2.6: Density maps, plots for the 124 redshift slices are available in an animation
format in the online version.
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Figure 2.6: Continued
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SFR) versus density contrast (Section 2.6) is not affected by the redshift evolution of
overdensity measurements. We note that the average of 1+ ¢ is slightly higher than
one since we do not define the density of the background (& in equation 2.10) as the
average density of galaxies. We define background density as the number of galaxies
(computed from their photo-z PDFs) within each z-slice divided by the volume of that

z-slice.

2.6 Results

In this section, we use the estimated density fields to study the environmental effect
on star formation activity of galaxies as a function of redshift. Here, we rely on the
combined data from five widely separated fields to alleviate the cosmic variance effect

as well as the sample size.

2.6.1 Environmental dependence of SFR and sSFR

We investigate the dependence of SFR and sSFR on the local overdensity. We build
a mass-complete sample of galaxies in four redshift intervals. Each interval contains
galaxies with stellar mass greater than the completeness limit at that redshift. For ex-
ample, the sample at 0.4 < z < 0.8 consists of 6299 galaxies with M > M_..(0.8) where
M,,;,(0.8) is the stellar mass completeness limit at z = 0.8. The properties of the sample
are summarized in Table 2.3. Although we have density measurements up to z =5, we
limit our investigation to z < 3.5. A mass-complete sample of galaxies at 3.5 <z <5,
suffers from a small sample size (< 100) and may not be used to draw any statistically

significant conclusions.
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Figure 2.7: The comoving number density and the density contrast as a function of
redshift as well as the density contrast histogram for each field. The comoving num-
ber density decreases with redshift due to the magnitude limit of the survey, while the
average density contrast (white dashed lines) is almost constant over the cosmic time.
This can be explained by the weak dependence of the stellar mass function on the envi-
ronment. For all the fields, we find a similar distribution of density contrast, which has
a dynamic range of ~ 10.
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Figure 2.8 demonstrates the average SFR and sSFR as a function of density contrast
in the four redshift intervals. It shows a clear anti-correlation between sSFR and envi-
ronmental density. The same trend can be seen in SFR-density relation. At low redshift,
0.4 < 2z < 0.8, SFR decreases by a factor of ~ 50 as the density contrast increases from
0 ~ —0.5to 6 ~ 6. This drop is steeper (by order of magnitude) for the sSFR. At
0.8 < z < 1.2, we find similar anti-correlation. These trends are in full agreement with
previous studies (e.g., Patel et al., 2009; Scoville et al., 2013; Darvish et al., 2016).

At high redshift, 1.2 < z < 2.2, we find that both SFR-density and sSFR-density
relations follow the same trends we observe in the intermediate and low redshifts (z <
1.2). The average SFR and sSFR of galaxies in dense environments are significantly
lower compared to those residing in under-dense regions. For example, the average
sSFR decreases ~ 1.3 dex with ~ 1 dex increase in density contrast. Several studies
revealed the persistence of the environmental quenching at high redshifts out to g ~ 2
(e.g., Griitzbauch et al., 2012; Lin et al., 2012; Kawinwanichakij et al., 2017; Fossati
et al., 2017; Guo et al., 2017; Ji et al., 2018). Our results confirm that anti-correlation
exists in both SFR-density and sSFR-density relations at least out to z ~ 2.2.

Figure 2.8 also shows that the environment does play a significant role at the highest
redshift bin 2.2 < z < 3.5. SFR-density and sSFR-density relations behave in the same
way that we observe in the local Universe. However, results need to be interpreted
with caution since trends are found in different stellar mass ranges. For example, anti-
correlation seen at 0.4 < z < 0.8 corresponds to the galaxies with log(M/M,) > 8.65,
while the relation at 2.2 < z < 3.5 includes only massive galaxies with log(M/M,) >
10.3. The well-known relation between stellar mass and SFR in galaxies as a function
of redshift confirms that the stellar mass plays a vital role in star formation activity
of galaxies (e.g., Peng et al., 2010). It suggests that star formation activity might be

affected by both the local environment and stellar mass. Therefore, we disentangle the
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Figure 2.8: Environmental dependence of SFR and sSFR for a mass-complete sample of
galaxies (Table 2.3) at four redshift bins spanning across the redshift range of z = 0.4
to 2 = 3.5. The average SFR and sSFR of galaxies in density contrast bins are plotted
as a function of overdensity (1 + 6). Error bars show the statistical uncertainty of the
average values.
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influence of environment and stellar mass in the next section before proceeding to the

physical interpretation of the results.

Table 2.3: Properties of mass-complete sample
Redshift Range log(M,,in,/M,) Sample Size

04<2<0.8 8.65 6299
08<z<1.2 8.98 6279
12<z<2.2 9.67 6168
22<z<35 10.30 1047

2.6.2 SFR-Environment/Stellar Mass relation

Figure 2.9 presents the average SFR as a function of stellar mass and environment for
the overall population of galaxies at the four redshift intervals. Colors indicate the
average SFR in bins of environment and stellar mass. White areas show the regions
with inadequate data points (< 20).

We find that SFR of massive galaxies (M > 10! M,) is inversely correlated with
the environment at all redshifts (0.4 < z < 3.5). For instance, at 1.2 < z < 2.2,
massive galaxies in dense environments on average form their stars ~ 6 times slower
than galaxies with the same stellar mass located in under-dense regions. In contrast,
we do not find significant environmental dependence on SFR of galaxies with lower
stellar masses (M < 10'! M) at high redshifts (1.2 < z < 3.5). It reveals that the
environmental quenching for very massive galaxies persists out to z ~ 3.5. This concurs
well with the work done by Kawinwanichakij et al. (2017), which is conducted out to
z = 2. Moreover, Figure 2.9 demonstrates strong evidence of environmental quenching

for low mass galaxies (10°> My, < M < 10'! M,) at z < 1.2 while it is not the case at

higher redshifts (z > 1.2).
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Figure 2.9: Average star formation rate in the bins of stellar mass and environment
in four redshift intervals. The grey shaded regions show the incomplete stellar mass
ranges. At all redshifts, we observe both environmental quenching and mass quenching

for massive galaxies. We also find strong evidence of environmental quenching for low
mass galaxies at low redshift.
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Figure 2.9: Continued
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We also investigate the fraction of quiescent galaxies as a function of stellar mass and
environment. Similar to Figure 2.9, we find evidence of both stellar mass and environ-
mental quenching out to z ~ 3.5, such that the fraction of quiescent galaxies increases
with increasing density contrast and stellar mass. In order to quantify the efficiency of
environment and stellar mass in galactic quenching, we adopt the method introduced
by Peng et al. (2010). We define environmental quenching efficiency, ¢,,,, as the de-
ficiency in the fraction of star-forming galaxies in the environment with overdensity 6

compared to the under-dense region,

f,(6,M,z)
0,0p,M,z2)=1— —«—— 2.11
Eenv( > Y0 :Z) fs(50,M,Z) ( )

where f,(6,M,z) is the fraction of star-forming galaxies with stellar mass M that are
located in an overdensity 6. §, is the density contrast of the under-dense environment.
Following Kawinwanichakij et al. (2017) we consider the lowest 25 percentile of the 6
distribution (6,5) as an under-dense environment (6,) and we compute environmental
quenching efficiency for galaxies that are located in an overdensity with 6 greater than
the 75 percentile of the 6 distribution (6,5). A similar quantity can be defined for mass

quenching efficiency, €,,,,,

f(6,M, z)
o,M,M =1——— 2.12
Emass( ) s OJZ) f5(5, MO,Z) ( )

where M, is the lowest stellar mass at any given redshift (z), which can be ob-
tained by the stellar mass completeness limit (M,,;,(z)). We compute mass quenching
efficiency for galaxies with 6 < 6s.

In order to calculate the fraction of star-forming galaxies, we separate star forming

and quiescent galaxies based on their rest-frame U,V and J colors along with the Muzzin
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et al. (2013) criteria.

The stellar mass dependence of the mass quenching efficiency, ¢€,,,,(6 <

mass
075, M, Min(2),z) and environmental quenching efficiency, ¢,,,(6 > 645,06 < 8,5, M,z)
are shown in Figure 2.10. The efficiencies are calculated in stellar mass bins, AM ~ 0.5
dex, and error bars (shaded regions) are obtained considering the Poisson statistics for
the number of quiescent/star-forming galaxies.

At all redshifts, mass quenching efficiency increases significantly with stellar mass,
which is consistent with previous works (e.g., Peng et al., 2010). We also find that
the environmental quenching efficiency is not independent of the stellar mass and it
clearly increases with stellar mass, although this rise is weaker compared to the mass
quenching efficiency (see also Lin et al., 2014; Papovich et al., 2018). At z < 1.2, the
environmental quenching is dominant for low mass galaxies (M<10'°M,). For exam-
ple, at 0.4 < z < 0.8, the environmental quenching is ~ 10 times stronger than the
mass quenching. For massive galaxies (Mz10'°M,), mass quenching is the dominant
quenching mechanism at all redshifts; however, environmental quenching is significant
for the most massive galaxies (Mz10''M,). For instance, at 2.2 < z < 3.5, the envi-
ronment and the stellar mass are almost equally responsible for the quenching of very

massive galaxies (e ). This result reinforces our previous findings in Figure

mass ~ Eenv
2.9 that the environmental quenching of very massive galaxies exists at least out to
z ~ 3.5. It also confirms that the environmental quenching is efficient for low mass
galaxies at low and intermediate redshifts (z < 1.2) (see also Peng et al., 2010; Quadri
et al., 2012; Scoville et al., 2013; Lin et al., 2014; Lee et al., 2015; Darvish et al., 2016;
Nantais et al., 2016; Kawinwanichakij et al., 2017; Guo et al., 2017; Fossati et al., 2017,

Jietal., 2018).
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2.6.3 Origin of the environmental quenching

Although most of the studies, including this work, found strong evidence of the environ-
mental quenching out to high redshifts, the physical mechanisms that are responsible
are not clearly understood. van de Voort et al. (2017) found a suppression of the cool
gas accretion rate in dense environment at all redshifts, which becomes stronger at
lower redshifts. This implies that a dense environment prevents the accretion of cold
gas into the galaxy (cosmological starvation). As a result, the galaxy starts to consume
the remaining gas reservoir in the depletion time scale, t4., ©< M,/SFR. This sce-
nario is known as "over-consumption" model (McGee et al., 2014; Balogh et al., 2016)
and implies that the depletion time (t4,) depends on both stellar mass and redshift.
The model predicts a short depletion timescale (< 100 Myrs) for massive galaxies at
high redshift. Therefore, "over-consumption" scenario could explain the environmental
quenching that we observe here for massive galaxies at high redshifts (Kawinwanichakij
et al., 2017). Feldmann and Mayer (2015) also showed through their simulation that,
at z ~ 3.5, sSFR of a massive galaxy (M ~ 10''M,) drops by almost an order of mag-
nitude within a few 100 Myrs. They found that this sudden halt at z ~ 3.5 is not
caused by feedback processes and happens primarily due to the termination of the cool
gas accretion. This provides another support that massive galaxies become quenched
abruptly when their fresh gas accretion is terminated, possibly by locating in a dense
environment. In addition, the lack of environmental quenching of low mass galaxies at
high redshift can be explained by their low SFR, which results in longer depletion time
(Balogh et al., 2016; Kawinwanichakij et al., 2017).

Furthermore, "over-consumption" model could explicate our observations at low
redshift (down to z ~ 0.4). For galaxies with stellar mass M ~ 10'°°M,, the deple-

tion time (tq4e,) increases with decreasing redshift and reaches ~ 2 Gyrs at z ~ 0.4
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(McGee et al., 2014) which is shorter than the typical dynamical time scale at that
redshift (tg,, ~ 4 Gyrs) (Balogh et al., 2016; Foltz et al., 2018). It implies that the
dynamical gas stripping processes are not required to explain our observation at low
redshift. Moreover, the evolution of environmental quenching efficiency with stellar
mass supports "over-consumption" model where the depletion time is longer for low
mass galaxies resulting in weaker quenching efficiency. Therefore, "over-consumption”
picture is most likely the dominant mechanism of environmental quenching, at least in
the redshift range of this study. However, it is worth highlighting that at local Universe,
the depletion time grows fast, such that it reaches > 10 Gyrs at z = 0 for galaxies with
intermediate stellar masses (M ~ 10'°°M,). This is longer than the dynamical time
scale (Balogh et al., 2016). Consequently, "over-consumption" is likely not an effective
quenching pathway at the local Universe and other dynamical processes are needed to

explain the strong environmental quenching observed at z ~ 0 (Peng et al., 2010).

2.7 Discussion

In this work, we introduce a robust method for reconstructing the underlying number
density field of galaxies. The performance of KDE has been well explored by statisti-
cians. They found that KDE can precisely estimate underlying densities of any shape,
provided that the bandwidth is selected appropriately (e.g., Silverman, 1986). We adopt
a well-known Likelihood cross-validation (LCV) method to find the optimized band-
width (e.g., Hall, 1982). Alternatively, one can use least squares cross-validation (LSCV)
(Bowman, 1984), which is based on minimizing the integrated square error between
the estimated and true densities. The LSCV method of bandwidth selection suffers the
disadvantage of high variability (Jones et al., 1996) and a tendency to under-smooth

(Chiu, 1991). We also correct densities for a systematic bias (under-estimation) near
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Figure 2.10: The mass quenching efficiency and environmental quenching efficiency,
Eeny (0 > 05,0 < 8,5,M) as a function of stellar mass. The efficiencies are calculated in
stellar mass bins, AM ~ 0.5 dex. Shaded regions show the uncertainty of efficiencies
considering the Poisson statistics for the number of quiescent/star-forming galaxies.
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the edge of the survey using re-normalization. This assumes a symmetric galaxy distri-
bution with respect to boundaries near the edges and may cause misestimated densities.
This inevitable issue can be eliminated by observing as deep as CANDELS in a wider
area.

Fossati et al. (2017) have measured the environmental density for a JH;,, < 24
sample of 18,745 galaxies in the 3D-HST survey (Skelton et al., 2014) from z = 0.5
to 3, adopting circular aperture method (aperture radius fixed at 0.75 Mpc and width
of z-slices at Av = 1500 km.s™!). We find a significant difference between their den-
sity contrasts and our measurements. Fossati et al. (2017) did not use the uniformly
calculated photometric redshifts probability distributions. Instead, they assign redshifts
based on the nearby galaxy with a spectroscopic redshift. They also use wider field pub-
lic data for edge correction. We adopt the re-normalization method for edge-correction
since we use the widest homogeneous fields with a depth of F160w = 26 AB mag.

We explore any trends that may exist between the estimated densities and redshift
in Figure 2.7. This assures that the average density contrast does not evolve strongly
with redshift. Otherwise, the diagram of any physical parameter (e.g., SFR, sSFR and
quiescent fraction) as a function of density contrast would not be informative about
the role of environment and trends could be affected by redshift evolution of physical
parameters.

Furthermore, the possibility of unrealistic trends due to the different assumptions
in SED fitting (e.g., star formation history) also needs to be investigated. As a test case,
we repeat our analysis based on the Pacifici et al. (2012) SED fitting method, which
provides a library of SEDs assuming star formation histories from a semi-analytical
model. Although the trends in Figure 2.8 are more sensitive to SED fitting priors, the
stellar mass dependence of environmental quenching efficiency (Figure 2.10) does not

change with new measurements. This reassures that the present evidence of environ-
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mental quenching at high redshift and the evolution of environmental quenching effi-
ciency with stellar mass are not affected by SED fitting priors (Section 2.2), especially

by exponentially declining star formation history.

2.8 Summary

In this work, we report measurements of the environment for a F160w < 26 AB mag
sample of 86,716 galaxies in the five CANDELS fields (GOODS-South, GOODS-North,
COSMOS, EGS, UDS) at 0.4 < z < 5. We introduce a new method, boundary-corrected
weighted von Mises kernel density estimation, to reconstruct the underlying density field
of galaxies. We find the optimal bandwidth for the von Mises kernel function in 124
z-slices spanning from z = 0.4 to 5 using the Likelihood Cross-Validation method. It
allows us to create density field maps with the lowest bias/variance.

We then use the density measurements to investigate the role of environment in star
formation activity of a mass-complete sample of galaxies at 0.4 < z < 3.5. Our findings

are summarized as follows:

1- At all redshifts, the average SFR and sSFR for a mass-complete sample of galaxies
decrease with increasing density contrast. The trend is steeper at low redshift
(0.4 < z < 0.8) such that the average SFR decreases by a factor of ~ 50 as the

density contrast increases from 6 ~ —0.5 to 6 ~ 6.

2- We find strong evidence of environmental quenching for massive galaxies
(Mz10'M,) out to z ~ 3.5. We measured that the environmental quenching
efficiency is 0.2, implying that a dense environment has 220% more massive
quiescent galaxies compared to an under-dense region. This ratio reaches ~ 60%

at the lowest redshift bin of this study (0.4 <z < 0.8).
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3- We find that the environmental quenching efficiency increases with stellar mass.
This observation supports "over-consumption" model for environmental quench-
ing where the gas depletion happens once the fresh gas accretion stops due to a
dense environment. The gas depletion time depends on stellar mass and redshift
and could explain the stellar mass dependence of the environmental quenching
efficiency. The depletion time becomes longer (> 10 Gyr) at lower redshifts, so
it could not be a proper quenching pathway at local Universe; however, "over-
consumption" is most likely the dominant environmental quenching mechanism

at the redshift range of this study.
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Chapter 3

The MOSDEF survey: Environmental
dependence of the gas-phase

metallicity of galaxiesat 1.4 <z <2.6

Abstract

Using the near-IR spectroscopy of the MOSFIRE Deep Evolution Field (MOSDEF) sur-
vey, we investigate the role of local environment in the gas-phase metallicity of galax-
ies. The local environment measurements are derived from accurate and uniformly
calculated photometric redshifts with well-calibrated probability distributions. Based
on rest-frame optical emission lines, [NII]A6584 and Ha, we measure gas-phase oxy-
gen abundance of 167 galaxies at 1.37 < z < 1.7 and 303 galaxies at 2.09 < z < 2.61,
located in diverse environments. We find that at z ~ 1.5, the average metallicity of
galaxies in overdensities with M, ~ 10%®M,, 10'*?M, and 10'*®M, is higher rela-
tive to their field counterparts by 0.094 £ 0.051, 0.068 &+ 0.028 and 0.052 + 0.043
dex, respectively. However, this metallicity enhancement does not exist at higher

redshift, z ~ 2.3, where, compared to the field galaxies, we find 0.056 % 0.043,
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0.056 £0.028 and 0.096 + 0.034 dex lower metallicity for galaxies in overdense envi-
ronments with M, ~ 10°8M_, 10'%2M, and 10'*7M,, respectively. Our results suggest
that, at 1.37 < g < 2.61, the variation of mass-metallicity relation with local environ-
ment is small (< 0.1dex), and reverses at z ~ 2. Our results support the hypothesis that,
at the early stages of cluster formation, owing to efficient gas cooling, galaxies resid-
ing in overdensities host a higher fraction of pristine gas with prominent primordial gas
accretion, which lowers their gas-phase metallicity compared to their coeval field galax-
ies. However, as the Universe evolves to lower redshifts (z<52), the shock-heated gas in
overdensities cannot cool down efficiently, and galaxies become metal-rich rapidly due
to the suppression of pristine gas inflow and re-accretion of metal-enriched outflows in

overdensities.

3.1 Introduction

Over the last few years, we have made significant progress towards developing a
comprehensive and self-consistent model for the formation of galaxies. At each step,
however, the model is compounded by non-linear effects regarding the feedback pro-
cesses involved and the parameters deriving them. Gas accretion from the intergalactic
medium (IGM) supplies cold gas for a galaxy to build up its stellar population through
the gravitational collapse of molecular clouds. As the stars form, heavy elements are
produced in their hot cores, resulting in the chemically enriched material which will be
expelled to the interstellar medium (ISM) through feedback processes such as stellar
winds (Garnett, 2002; Brooks et al., 2007) and/or supernovae explosions (e.g., Stei-
del et al., 2010; Martin et al., 2012; Chisholm et al., 2018). Furthermore, feedback
processes can remove part of the enriched material from galaxies into the IGM (e.g.,

Heckman et al., 1990; Tremonti et al., 2004; Chisholm et al., 2018). Thus, gas-phase
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metallicity is expected to be connected with most of the galaxy evolutionary processes
(e.g., gas inflow/outflow and star formation) and can be considered as one of the funda-
mental characteristics of galaxies that encodes information regarding galaxy evolution
over cosmic time.

A tight correlation has been observed between the gas-phase metallicity and stellar
mass of galaxies (Mass-Metallicity Relation, hereafter MZR) out to z ~ 3.5, such that
galaxies with lower stellar masses have lower metallicities (e.g., Tremonti et al., 2004;
Erb et al., 2006; Mannucci et al., 2009; Finkelstein et al., 2011; Steidel et al., 2014;
Sanders et al., 2015, 2020). Moreover, it has been found that the MZR evolves with
redshift so that galaxies at a given stellar mass have lower metallicity at high redshifts
(e.g., Steidel et al., 2014; Maiolino and Mannucci, 2019; Sanders et al., 2020).

Although a tight correlation has been found between stellar mass and gas-phase
metallicity spanning a wide range of stellar masses, other physical properties of galax-
ies could also play a role in contributing to the observed scatter in this relation. For
example, the star formation rate (SFR) in galaxies controls their metallicity. At a given
stellar mass, galaxies with lower SFR have higher metallicities (e.g., ?Sanders et al.,
2018). Gas accretion from the IGM adds chemically poor gas into the ISM of galaxies,
which lowers the galaxy’s gas-phase metallicity. On the other hand, cold gas infall that
provides additional fuel for star formation increases the SFR. Therefore, cold gas accre-
tion changes the metallicity content of the ISM in a complicated way. Lilly et al. (2013)
introduced a gas regulator model that expresses the gas-phase metallicity of a galaxy
in terms of the properties of the accreted gas (metallicity and rate of infalling gas) and
SFR. Their model explains the observationally-confirmed dependence of the MZR on
SFR.

However, the evolution of the ISM and its metal content does, to a large extent, de-

pend on the properties of the infalling gas which, in turn, is affected by the environment
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where the galaxy resides (Peng and Maiolino, 2014; Gupta et al., 2018). Chartab et al.
(2020) studied the environmental dependence of star formation activity of galaxies
in the five widely separated fields of the Cosmic Assembly Near-IR Deep Extragalactic
Legacy Survey (CANDELS; Grogin et al., 2011; Koekemoer et al., 2011) out to z ~ 3.5.
They found that environmental quenching efficiency evolves with stellar mass such that
massive galaxies in overdense regions become quenched more efficiently than their low
mass counterparts. This suggests that, besides the stellar mass quenching, which is the
dominant quenching mechanism at high redshift, the environmental quenching is also
effective as early as z ~ 3 for massive galaxies (i.e., the quiescent fraction of galaxies
with M, ~ 10*'M, are 20% higher (Chartab et al., 2020) in overdensities than that
of field counterparts at z ~ 2.8). They also suggest that the growth of environmental
quenching efficiency with stellar mass can be explained by the termination of cold gas
accretion in an overdense environment. In the absence of cold gas accretion, massive
galaxies exhaust their remaining gas reservoirs in shorter timescales compared to low
mass galaxies (see also, Balogh et al., 2016; Kawinwanichakij et al., 2017; Fossati et al.,
2017; Old et al., 2020). Using the Evolution and Assembly of Galaxies and their En-
vironments (EAGLE) simulation, van de Voort et al. (2017) found a suppression of the
cold gas accretion rate in dense environments, mostly for satellite galaxies. Zavala et al.
(2019) reported ALMA observation of 68 spectroscopically-confirmed galaxies within
two proto-clusters at z ~ 2.2 and found that proto-clusters contain a higher fraction
of massive and gas-poor galaxies compared to those residing in the field environment.
They concluded that the environmental quenching exists during the early phases of
cluster formation (see also, Darvish et al., 2016; Nantais et al., 2017; Ji et al., 2018;
Pintos-Castro et al., 2019; Contini et al., 2020; Ando et al., 2020). However, Lemaux
et al. (2020) recently observed an enhanced star formation for star-forming galaxies in

overdensities at g > 2 (see also, Elbaz et al., 2007; Tran et al., 2010). All these obser-
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vations reveal the importance of the local environment in gas accretion rate and SFR
that govern the gas-phase metallicity of galaxies.

Moreover, the metallicity of the infalling gas varies in different environments. In
the local Universe, it is observed that the metallicity of IGM gas in cosmic voids is
< 0.02 Z, (Stocke et al., 2007), while this number is ~ 0.3 Z, for a cluster-like en-
vironment (e.g., Mushotzky and Loewenstein, 1997). This is consistent with results
from the MlustrisTNG simulations (Gupta et al., 2018) that predict a metal-enhanced
infalling gas in a dense environment out to z ~ 1.5. Both pieces of evidence of lower
gas accretion rate and higher metallicity of IGM gas in denser environments hint that
a part of the scatter on the MZR could be due to the difference in the environment of
galaxies.

The metallicity of galaxies in diverse environments is extensively studied in the local
Universe. Small but significant environmental dependence of the MZR is found, espe-
cially for satellite galaxies, such that at a given stellar mass, galaxies in overdensities
have higher gas-phase metallicities (e.g., Cooper et al., 2008; Ellison et al., 2009; Peng
and Maiolino, 2014; Wu et al., 2017; Schaefer et al., 2019). Cooper et al. (2008) found
that 215% of the measured scatter in the MZR is caused by environmental effects. Fur-
thermore, Peng and Maiolino (2014) found that galaxies with high metallicities favor
denser environments at z ~ 0. They conclude that higher metallicity of infalling gas in
dense environments is responsible for the environmental dependence of the MZR.

Beyond the local Universe (at zx1), the situation is unclear. Some studies found
evidence of enhanced gas-phase metallicity in low-mass cluster galaxies at 2=21.5 (e.g.,
Kulas et al., 2013; Shimakawa et al., 2015; Maier et al., 2019). Kulas et al. (2013) used
Keck/MOSFIRE observations to compare the gas-phase metallicity of 23 protocluster
members (z ~ 2.3) with 20 field galaxies. They found that the mean metallicity of

low mass galaxies (M, ~ 10'°M,) in the protocluster is ~ 0.15 dex higher than that
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in the field. On the other hand, Valentino et al. (2015) reported 0.25 dex lower gas-
phase metallicity for the members of a z ~ 2 protocluster (M, ~ 10'°>M,) compared
to field galaxies at the same redshift. Conversely, some other studies have not observed
significant environmental dependence of the MZR at high redshift (e.g., Tran et al.,
2015; Kacprzak et al., 2015; Namiki et al., 2019).

With the wealth of near-IR spectroscopy for the star-forming galaxies (1.37 < z <
2.61) in the MOSFIRE Deep Evolution Field (MOSDEF) survey (Kriek et al., 2015), com-
bined with the local environment measurements (Chartab et al., 2020) derived from
accurate and uniformly calculated photometric redshifts with well-calibrated probabil-
ity distributions, in this paper we investigate the effect of the local environment on the
gas-phase metallicity of galaxies at z ~ 1.5 and z ~ 2.3. In Section 3.2, we present
the details of the MOSDEF sample used in this work. We then briefly describe the local
number density measurements, as a proxy for the environment, based on the photo-
metric observations of the CANDELS fields. We describe sample selection procedure
in Section 3.3. In Section 3.4, we investigate the role of the environment in the MZR,
followed by the physical interpretation of our observations. We discuss our results in
Section 3.5 and summarize them in Section 3.6.

Throughout this work, we assume a flat ACDM cosmology with H, =
100h kms™'Mpc™?, Q, = 0.3 and ©, = 0.7. All magnitudes are expressed in the

AB system, and the physical parameters are measured assuming a Chabrier (2003) IME
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3.2 Data

3.2.1 The MOSDEF survey

MOSDEF is an extensive near-IR spectroscopic survey conducted over 48.5 nights using
the Keck/MOSFIRE spectrograph (McLean et al., 2012). As a part of the survey, ~ 1500
galaxies in five CANDELS fields (EGS, COSMOS, GOODS-N, UDS, and GOODS-S) were
observed in three redshift ranges where strong rest-optical emission lines fall within
windows of atmospheric transmission (400 galaxies at z ~ 1.5, 750 at z ~ 2.3, and
400 at z ~ 3.4). These galaxies are selected from the 3D-HST photometric and spectro-
scopic catalogs (Skelton et al., 2014; Momcheva et al., 2016) to a limiting HST/F160W
magnitude of 24.0, 24.5, and 25.0 at z ~ 1.5, 2.3, and 3.4, respectively. Based on these
magnitude limits, the MOSDEF sample is roughly mass-complete down to M, ~ 10°°M,
(Shivaei et al., 2015). For a full description of the survey strategy, observation and data
reduction, we refer readers to Kriek et al. (2015).

The spectral energy distributions (SED) of MOSDEF galaxies are fitted using the
multiwavelength photometric data from the 3D-HST survey (Skelton et al., 2014; Mom-
cheva et al., 2016). Briefly, the photometric fluxes are corrected for contamination
caused by strong nebular emission lines measured from the MOSDEF rest-frame op-
tical spectra. The flexible stellar population synthesis model of Conroy et al. (2009)
is adopted to build a library of synthetic spectral energy distributions. Star formation
histories are modeled with a delayed exponentially declining function (SFR o< te™"/%),
where t is the age of a galaxy and 7 is the star formation timescale. Dust attenuation is
applied using the Calzetti et al. (2000) law and solar stellar metallicity is assumed for
all galaxies. Then, the SED fitting is performed using the FAST code (Kriek et al., 2009),

which uses a y? minimization method to find the best-fit stellar population model and
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corresponding properties such as stellar mass and SFR. Corresponding confidence inter-
vals are computed by perturbing the photometry using the photometric errors. Redshifts
are fixed to their spectroscopic values for the SED fitting. The spectroscopic redshifts
and emission line fluxes are measured from the extracted 1D spectra, presented in Kriek

et al. (2015).

3.2.2 Measuring local environment of galaxies

To quantify the environment of MOSDEF galaxies, we utilize the publicly available cat-
alog of Chartab et al. (2020) which includes measurements of local density for galaxies
brighter than HST/F160W < 26 AB mag in all the five CANDELS fields: GOODS-S
(Guo et al., 2013), GOODS-N (Barro et al., 2019), COSMOS (Nayyeri et al., 2017),
EGS (Stefanon et al., 2017), and UDS (Galametz et al., 2013).

As described in Chartab et al. (2020), including both the spectroscopic and pho-
tometric redshifts for density measurements can bias the estimates in favor of galax-
ies with spectroscopic redshifts. Thus, despite the availability of spectroscopic red-
shifts for ~ 12% of galaxies in the CANDELS fields, the environment catalog relies
on uniformly calculated photometric redshifts (normalized median absolute deviation
Onmvap ~ 0.02), with well-calibrated redshift probability distribution functions (PDF)
(Kodra, 2019, D. Kodra et al. in prep). The environment catalog has been constructed
using the full photometric redshift PDFs adopting the technique of boundary-corrected
weighted von Mises kernel density estimation (Chartab et al., 2020). Here we provide
a brief explanation of density measurements.

Taking advantage of the well-calibrated and tested photometric redshift PDFs of
CANDELS galaxies, the position of galaxies are treated in a probabilistic way, such that

all the information regarding the position of a galaxy in redshift space is embedded in
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its photometric redshift PDE The dataset within the CANDELS fields is sliced to con-
stant comoving width, Ay = 35h *Mpc (e.g., Az = 0.035 at z ~ 2), which is greater
than both redshift space distortion (Fingers-of-God effect; Jackson, 1972) and the pho-
tometric redshift PDF resolution over the redshift range 0.4 < z < 5. Each galaxy is
distributed over all redshift slices (z-slice) based on its photometric redshift PDE such
that the galaxy has a specific weight in each z-slice. Then, to calculate the local density
in each z-slice, the weighted von Mises kernel density estimation is employed. The von
Mises kernel is the spherical analog of the Gaussian kernel where variables are angles
(e.g., right ascension and declination) instead of linear data (Garcia-Portugués et al.,

2013). To quantify the environment, density contrast (&) is defined as

o0==-—1, (3.1)

where ¥ is the number density of galaxies at the desired point and X is the average den-
sity in the corresponding z-slice. Figure 3.1 shows an example of the density map for
one of the z-slices at z ~ 2.13 in the COSMOS field. One should note that the probabilis-
tic nature of the method allows us to take into account the contribution of all galaxies
(based on their photometric redshift PDFs) when we create density maps. In Figure 3.1
we also include six spectroscopically confirmed overdensities at z ~ 2.1 (Yuan et al.,
2014) which were initially discovered from the Magellan/FOURSTAR Galaxy Evolution
Survey (ZFOURGE) (Spitler et al., 2012). We find that all six confirmed overdensities
in Yuan et al. (2014) are correctly predicted in the density map.

To assign a density contrast for each galaxy, the weighted integration of the local
densities over z-slices has been performed since a galaxy with a photometric redshift
is not localized in redshift space but is distributed over all z-slices based on its PDE

The densities are also corrected for a systematic under-estimation near the edge of the
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Figure 3.1: An example of the density map for the CANDELS-COSMOS field at z ~ 2.13
(Chartab et al., 2020). Stars show MOSDEF sources located in this z-slice. Yuan et al.
(2014) spectroscopically confirmed six overdensities at this redshift which were initially
identified by Spitler et al. (2012). They are denoted by open circles.
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survey footprint using the re-normalization technique.

In the following section, we cross-match the MOSDEF galaxies with the CANDELS
photometric catalogs to find their associated local density measurements. Although we
have spectroscopic redshifts for the MOSDEF galaxies, we do not pin them in density
maps based on spectroscopic redshifts to measure their environments. The density mea-
surements trace the relative position of galaxies in the survey and are not sensitive to
systematic biases that may exist in the photometric redshifts, whereas measuring den-
sities based on the photometric redshifts but defining positions of the MOSDEF galaxies

in density maps by their spectroscopic redshifts leads to inconsistencies.

3.3 Sample selection

We select MOSDEF galaxies that have Ha line luminosities with S/N > 3. We only
include the star-forming galaxies based on the UVJ rest-frame color selection (Muzzin
et al., 2013) derived from SED fitting. Objects that are flagged as an active galactic
nucleus (AGN) in the MOSDEF catalog are excluded. The AGNs are identified based on
X-ray emission or IRAC colors. We also require that log([NII]/Ha) < —0.3 to exclude
optical AGNs (Coil et al., 2015; Azadi et al., 2017, 2018; Leung et al., 2017, 2019). To
have a mass-complete sample, we only consider galaxies with M, > 10°°M,. These
criteria result in a total of 560 galaxies at 0.78 < z < 2.64. We then cross-match these
objects with the local environment catalog of Chartab et al. (2020) within a radius equal
to the FWHM size of HST/F160w band point spread function, ~ 0.2”. For 23 galaxies,
we could not find a source within the radius of ~ 0.2” in the CANDELS photometry
catalogs due to the difference in the source identification and photometry extraction
between the CANDELS and the 3D-HST. Also, 15 galaxies were not included in the

environment catalog since the catalog is constructed based on specific selection criteria:
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(1) SExtractor’s stellarity parameter < 0.95, (2) requiring 95% of photometric redshift
PDF of the galaxy to fall within the redshift range of 0.4 < z < 5, and (3) brighter
than 26 AB mag in HST/F160w band. 14 out of 15 missing galaxies in the environment
catalog were incorrectly identified as low-z galaxies or had very broad photometric
redshift PDFs which have not satisfied the second criterion, and the other missing galaxy
was identified as a galaxy with HST/F160w > 26 AB mag in the CANDELS photometric
catalogs that has not satisfied the third criterion.

Figure 3.2 shows the comparison between the spectroscopic and the CANDELS pho-
tometric redshifts of the sample. The photometric redshift is defined as a probability-
weighted expectation value of the redshift based on the photometric redshift PDF (Ko-
dra, 2019). We find a value of 0.03 for the normalized median absolute deviation of
photometric redshifts. This revalidates the accuracy of photometric redshifts, which
results in reliable local density measurements. Furthermore, we removed outlier galax-
ies with the error > 0.5 in their photometric redshifts and galaxies out of the desired
redshift range (shown with open circles in Figure 3.2). The final sample is divided into
two redshift bins, 167 galaxies at 1.37 < z < 1.70, and 303 galaxies 2.09 < z < 2.61.

To investigate if our sample is representative of the full dynamic range of the lo-
cal environment in the CANDELS data, we compare the local environmental density
of CANDELS star-forming galaxies with M, > 10°°M, at the same redshift range with
our sample (the MOSDEF galaxies). We use rest-frame UVJ colors computed in Chartab
et al. (2020) to select a star-forming sub-sample of CANDELS galaxies. Figure 3.3 shows
the histogram of density contrast for MOSDEF galaxies and for all of the star-forming
CANDELS galaxies at the same redshift ranges. We find that MOSDEF galaxies cover
a wide range of environments, making them unique for studying the environmental
dependence of spectroscopic properties of galaxies. There is slight evidence that MOS-

DEF galaxies reside in relatively denser environments than the CANDELS star-forming

58



N
ot

Do
o

—_
-

Photometric Redshift (CANDELS)
Oo°
=

—_
(@)
AL LANLANLENLE LN B LN R

<
ot

| I | | | | I | | | | I | | | | I | | |
0.5 1.0 1.5 2.0 2.5
Spectroscopic Redshift (MOSDEF)

Figure 3.2: Comparison between the MOSDEF spectroscopic and CANDELS photomet-
ric redshifts of the sample. The photometric redshift is defined as a probability-weighted
expectation value of the redshift based on the photometric redshift PDE The average
uncertainty on photometric redshifts is displayed in the lower right corner. The normal-
ized median absolute deviation of the redshift for the sample is 0.03. Solid blue circles
show the final sample used in this work. The green shaded region corresponds to the
lower redshift bin at 2 ~ 1.5, and the pink region shows the highest redshift bin at
z ~ 2.3. Open circles are either outliers or galaxies outside the desired redshift ranges.
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sample which is expected for most spectroscopic surveys as they usually maximize the
number of sources per mask. However, this effect is minimal in MOSDEF since it is an
extensive program that covers ~ 600 arcmin? at z ~ 2.3 and ~ 300 arcmin? at z ~ 1.5
(Kriek et al., 2015). Given the total area of the CANDELS fields (~ 960 arcmin?), MOS-
DEF covers ~ 30% and ~ 60% of the CANDELS area at z ~ 1.5 and z ~ 2.3, respectively.
This wide areal coverage translates to diverse environments in our sample, as shown in
Figure 3.3.

We divide the sample into three bins of environment. Although we find that the
local environment distribution of our sample is well representative of the full CANDELS
galaxies, we do not set the environment binning thresholds based on our sample. In-
stead, we calculate them from all the star-forming CANDELS galaxies at desired redshift
ranges. We find the tertiles which divide the CANDELS sample into three bins of en-
vironments, each containing a third of the sample. We consider galaxies in the lowest
tertile (6 < & 1 ) as field galaxies and those within the second tertile (& 1 <6<6 2 )
as intermediate-densities and the highest tertile (6 > 6 é) as overdensities. Table 3.1
shows the density contrast thresholds to define the field, intermediate and overdense
samples along with the sample size and the average density contrast, (1+§) at each red-
shift bin. Our sample includes ~ 55 and ~ 100 galaxies in each bin of the environment
at z ~ 1.5 and z ~ 2.3, respectively (see Table 3.1).

Fossati et al. (2015) linked observational local number density of galaxies to their
parent halo masses using a stellar mass-limited sample of galaxies (M, > 10°°M,)
in semi-analytic models of galaxy formation. We estimate an average halo mass
M0 10M,, for overdensities (the highest tertile in present work) at z ~ 2 (see
also, Fossati et al., 2017). Present-day descendants of these overdensities have
M0 10'*M (Behroozi et al., 2013) associated with rich clusters. Massive core halos

of these present-day rich cluster progenitors at z ~ 2 (protoclusters) have virial radii of
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Table 3.1: Properties of environment-selected sample

Environment Sample size 1+6 (1+96)

z~1.5

Field 53 <1.19 0.97

Intermediate-density 54 1.19-1.69 1.43

Overdense 60 >1.69 2.43
z~23

Field 97 <1.24 0.97

Intermediate-density 96 1.24-1.77 1.49

Overdense 110 >1.77 2.48

<1 comoving Mpc (Chiang et al., 2017), which can be observed within the CANDELS
fields. Thus, our last environment bin, so-called overdensity, traces these massive cores
of protoclusters at high redshift which will grow into 2 = 0 clusters. However, all the
dark matter and baryons that will assemble into a z = O cluster may be very extended
at z ~ 2, ~ 50 comoving Mpc (Muldrew et al., 2015), which can not be captured in
small CANDELS fields.

We also estimate an average halo mass M,;,<10'*°M, (Fossati et al., 2015) for the
lowest tertile of the environment bins, so-called field galaxies. These halos will grow
into halos with M, ,,,<10"M, atz = 0 (Behroozi et al., 2013). Thus, field galaxies in the
present work are the progenitor of galaxies residing in very poor z = 0 groups/clusters
(Local Group-like).

In the following section, we model the MZR for our environment-selected samples
to understand how metal enrichment processes of galaxies change with their respective

environments.
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3.4 Results

3.4.1 The MZR in diverse environments

Here we use Ha and [NII]JA6584 lines to estimate oxygen abundances of galaxies as
an indicator for their gas-phase metallicities. However, the [NIIJ16584 emission line
is not detected with S/N > 3 for 48 out of 167 and 118 out of 303 galaxies at z ~ 1.5
and z ~ 2.3, respectively. As we discuss later in Section 3.5.3, requiring [NII]A6584-
detection biases our sample toward higher gas-phase metallicities. Therefore, to include
[NII]A6584 non-detected galaxies in metallicity measurements, we create composite
spectra by stacking the spectra of galaxies in bins of stellar mass and environment.

Following Shivaei et al. (2018), we shift individual spectra to the rest frame and then
normalize them by the Ha luminosity. Composite spectra are computed by averaging
the normalized spectra in bins of 0.5 A considering the weights of 1/ aiz where o is the
standard deviation of the i*" spectra. The uncertainty in the weighted average is also
obtained using (. Uiiz)_%.

The resultant composite spectra are normalized to the Ha luminosity. Therefore,

the average flux ratio of ([NHL%)

is determined by fitting a triple Gaussian function
for [NII]A6548,6584 and Ha lines and extracting the area underneath the Gaussian
function for the normalized [NII]JA6584 line. We perturb the composite spectra using
their error distributions and estimate the average flux ratio for 500 trials. Also, galaxies
in each bin of stellar mass and environment are bootstrap re-sampled in each trial to
account for sample variance. The average and standard deviation of 500 trials are
adopted as the flux ratio and its uncertainty.

We determine oxygen abundances (12 +1log(O/H)) for the composite spectra using

Pettini and Pagel (2004) calibration of the N2 = [NHL% line ratio,
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12 +1log(0O/H) = 8.9 + 0.571og(N2) (3.2)

The intrinsic uncertainty (1o dispersion) of the oxygen abundance of an individ-
ual galaxy in the calibration is 0.18. A composite spectrum consists of N galaxies; thus,
the intrinsic error in the oxygen abundance of the composite spectrum is 0.18/+/N (Erb
et al., 2006; Sanders et al., 2015). To include the N2 calibration error in measurements,
one can calculate the total variance of metallicity by adding the intrinsic variance to the
weighted average variance from the stacks. We do not include calibration error when re-
porting the uncertainty in metallicities. Moreover, the N2 estimator is calibrated locally
and there is some debate within the literature regarding the validity of the calibration
for high-redshift galaxies (Kewley et al., 2013; Steidel et al., 2014; Shapley et al., 2019;
Sanders et al., 2020). However, it does not cause a problem for our work, where we
study the relative metallicities to understand the effect of the local environment on the
metal content of galaxies.

We further separate our sample in different environments into three bins of stellar
mass such that each bin includes approximately an equal number of galaxies. We then
calculate composite line luminosities for these nine bins of environments and stellar
masses and calculate composite metallicities. To determine the average MZR for each
environment (field, intermediate-density, and overdense), we fit a linear function to the

composite metallicities and average stellar masses,

12 +1og(O/H) = + alog(%), (3.3)

®

where a and f8 are the slope and intercept of the linear function, respectively. The

best-fit parameters and errors are given in Table 3.2. To estimate errors, we perturb
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Figure 3.4: MZR at z ~ 1.5 for galaxies residing in 3 different environments: Over-
density (red), Intermediate-density (green), and underdensity (blue). For [NIT]A16584
non-detection, the upper limit of the metallicity is shown with inverted triangle symbols.
The metallicity measurements for the composite spectra are shown with diamonds. The
fitted average MZR lines (based on Table 3.2) for different environments are shown
along with the 1o error bars (the shaded regions around the best-fit models). The
best-fit models suggest that the metallicity at a given stellar mass enhances in denser
environments at z ~ 1.5 while the trend reverses at z ~ 2.3 such that galaxies in denser
environments tend to have lower metallicities. Errors in the metallicities of composite
spectra are not shown as they are smaller than the symbols (diamond). The SDSS local
MZR (Kewley and Ellison, 2008) is also shown by solid grey line.
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Figure 3.4: Continued: MZR at z ~ 2.3 for galaxies residing in 3 different environ-
ments: Overdensity (red), Intermediate-density (green), and underdensity (blue). For
[NII]A6584 non-detection, the upper limit of the metallicity is shown with inverted
triangle symbols. The metallicity measurements for the composite spectra are shown
with diamonds. The fitted average MZR lines (based on Table 3.2) for different en-
vironments are shown along with the 1o error bars (the shaded regions around the
best-fit models). The best-fit models suggest that the metallicity at a given stellar mass
enhances in denser environments at z ~ 1.5 while the trend reverses at z ~ 2.3 such
that galaxies in denser environments tend to have lower metallicities. Errors in the
metallicities of composite spectra are not shown as they are smaller than the symbols
(diamond). The SDSS local MZR (Kewley and Ellison, 2008) is also shown by solid grey
line and the average MZR for all the MOSDEF galaxies at z ~ 2.3 from Sanders et al.
(2018) is demonstrated by dashed grey line.
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Table 3.2: Best-fit linear parameters for MZR?

Environment a B
z~1.5
Field 0.21+0.04 6.29+0.43
Intermediate-density 0.29+0.03 5.51£0.31
overdense 0.23+£0.03 6.11+0.31
z~2.3
Field 0.35+0.05 4.84+0.48
Intermediate-density 0.31+0.04 5.19+0.44
overdense 0.30+£0.04 5.33%+0.49
Sanders + 18° 0.34 5.01

a Best-fit parameters for 12 +1log(O/H) = 8 + alog(M, /M)
b Best-fit parameters from Sanders et al. (2018) for MOSDEF galaxies at z ~ 2.3 with-
out any constraint on their environments.

metallicities according to their uncertainties and repeat the fitting process 500 times.
We also include best-fit parameters from Sanders et al. (2018) for the MOSDEF galaxies
at z ~ 2.3. Their sample is the same as ours except that they have one more constraint
on the detection (S/N > 3) of the Hf} emission line.

The resulting MZRs in different environments are shown in Figure 3.4 along with the
metallicity and stellar mass of individual galaxies. The metallicity measurements for the
composite spectra are shown with diamonds. We find an enhancement in the gas-phase
metallicity of galaxies in dense environments at z ~ 1.5 compared to the field galaxies,
while the trend reverses at z ~ 2.3 such that galaxies in the dense environment tend to
have lower metallicities compared to their counterparts in lower-density environments.

Atz ~ 1.5, the average galaxies with 10°°My <M, <10 M, which reside in overden-
sities have enhanced metallicities by ~ 0.07 dex compared to their field counterparts.
At the low stellar mass end of the MZR, this enhancement is less significant, mostly
due to a higher fraction of [NII]A6584 non-detection galaxies in the low mass end. At
z ~ 2.3, the average galaxies with 10°°M,<M, <10 M, in the dense environment are

~ 0.11 dex metal deficient relative to the field galaxies at the same stellar mass range.
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A notable caveat for studies with a small sample size, which is the case for most of
the high-redshift spectroscopic samples, is dissimilar stellar mass distributions among
the galaxies in different environments. It is crucial to have the same stellar mass dis-
tributions in different environments to properly study the effect of the environment on
the gas-phase metallicity of galaxies at a given stellar mass. As we bin the data to find
the average MZR in diverse environments, different stellar mass distributions can result
in different average metallicities. This difference can be misinterpreted as an environ-
mental imprint on the MZR. Therefore, before proceeding to a discussion of our results,
in the next section, we first perform an analysis on a mass-controlled sample of galaxies
where we carefully match the stellar mass distribution of galaxies in different environ-
ments and find the composite spectra for the mass-controlled sample. This allows us
to properly disentangle the effect of stellar mass from the local environment, providing

an unbiased measurement of environmental trend.

3.4.2 Mass-controlled sample

The stellar mass distribution of our sample is shown in Figure 3.5. As expected, galax-
ies in diverse environments have different stellar mass distributions. We find that over-
densities tend to have a higher fraction of massive galaxies compared to underdense
regions. For instance, the median stellar mass of our field sample at z ~ 1.5 is 107°M,,
while this value for the overdense sample is 10'*>*M,. In the highest redshift bin,
z ~ 2.3, the median stellar masses are 10°**M, and 10'%”M, for field and overdense
galaxies, respectively. It is, therefore, important to match the stellar mass distribution
of galaxies in different environments to properly disentangle the effect of the local en-
vironment on the gas-phase metallicity from the stellar mass. As shown in Figure 3.5,

we match the stellar mass distribution of galaxies in three environment bins by sub-
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sampling the galaxies such that each environment has the same number of galaxies at a
given stellar mass. We adopt a resolution of log(M, /M) = 0.1 dex when matching the
stellar mass distributions. In other words, we draw a fraction of galaxies in different
environments such that they have the same stellar mass distributions with 0.1 dex res-
olution. As there are not unique mass-matched sub-samples in different environments,
we repeat sub-sampling 500 times. For each trial, we measure the composite spectra in
the bins of environment and stellar mass using the same procedure described in Section
3.4.1. The stellar mass bins of 9.5 < log(M, /M®) < 10, 10 < log(M,/M®) < 10.5, and
log(M,/M®) > 10.5 are adopted. We perturb the resultant composite spectra of each
trial according to their uncertainties. Ultimately, we construct the final mass-controlled
composite spectra and their errors, using the average and standard deviation of the 500
measurements, respectively.

We do not take into account stellar mass uncertainties when matching the stellar
mass distribution of galaxies in different environments, since the median uncertainty of
stellar masses in our sample is ~ 0.05 dex, which is smaller than the desired resolution

in the mass-controlled sample, 0.1 dex.

3.4.2.1 Metallicity of mass-controlled sample

The composite spectra for the nine bins of stellar masses and environments for the

[NII]A6584

. estimates and gas-phase

mass-controlled sample are shown in Figure 3.6. The
metallicity (oxygen abundance) for mass-controlled composite spectra in the nine bins
of stellar masses and environments are presented in Table 3.3. We follow the same
procedure as described in Section 3.4.1 to measure the metallicity of galaxies in the
bins of environment and stellar mass from the composite spectra using the N2 indicator.

We also measure the average stellar masses and SFRs of the mass-matched samples

in stellar mass and environment bins. We use SFRs derived from SED fitting since the
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dust-corrected Ha luminosity is not available for 40% of our sample. We avoid imposing
a constraint on the detection of the Hf emission line needed for dust correction, as
it decreases our sample size significantly. The variation of metallicity at fixed M, in
different environments is small (< 0.1 dex) and thus requires large sample sizes to be
detected. Previous studies found that the SED-derived SFRs for MOSDEF galaxies are
in general agreement with SFRs derived from dust-corrected Ha luminosities (Shivaei
et al., 2016; Reddy et al., 2015). The average SED-derived SFRs listed in Table 3.3
suggest that even though there is evidence for a weak environmental dependence of
the SFRs for our star-forming sample at a given stellar mass, it is not significant due to
large uncertainties in the SFR measurements. Errors of SFRs listed in Table 3.3 include
uncertainty in the SFR of individual galaxies as well as sample variance. A detailed
study of the environmental imprints on specific SFRs of MOSDEF galaxies can properly
constrain this relation. Old et al. (2020) have used [OII]-derived SFRs to investigate this
relation at 1.0 < z < 1.5 in Gemini Observations of Galaxies in Rich Early Environments
Survey (GOGREEN; Balogh et al., 2017). They find no significant difference between
the specific SFR of the cluster and the field sample at z > 1.3.

The MZR for the mass-controlled sample at z ~ 1.5 and z ~ 2.3 are presented in
Figure 3.7. We emphasize that the stellar mass distributions in the environment bins
are similar. This allows us to remove the effect of stellar mass on metallicity to properly
investigate the environmental effects. Also, although the mass-matched sample has
fewer number of galaxies than the whole sample, we sub-sample the data 500 times to
incorporate the contribution of the full sample in measurements. As shown in Figure
3.7, we find that at a given stellar mass, the metallicity of galaxies changes with their
respective environments at both redshift intervals considered here.

At z ~ 1.5, the average metallicity of galaxies in overdensities is higher than that of

field galaxies, with enhancements of 0.094 £ 0.051 (1.80 significance), 0.068 & 0.028
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(2.40 significance) and 0.052 & 0.043 (1.20 significance) dex for the mass-controlled
sample with M, ~ 108M,, 10'%*M_ and 10'°®M,, respectively. For galaxies residing
in the intermediate-density, the metallicity enhancements are 0.090 +0.052 (1.70 sig-
nificance), 0.007 £ 0.029 (insignificant) and 0.077 £+ 0.042 (1.80 significance) dex at
the same stellar masses mentioned above.

In contrast, at z ~ 2.3, the average metallicity of galaxies in overdensities is lower
than their field counterparts. Galaxies in the mass-controlled sample that reside in
overdensities with M, ~ 10%%M,, 10'%*M, and 10'®"M,, are metal deficient by 0.056+
0.043 (1.30 significance), 0.056 + 0.028 (20 significance) and 0.096 + 0.034 (2.80
significance) dex relative to the field sample, respectively. At this redshift, the metal
deficiencies are 0.017 £0.032 (insignificant), 0.022£0.025 (insignificant) and 0.085 +
0.034 (2.50 significance) dex for galaxies located in the intermediate-density with the
same stellar masses as above.

Analysis of the mass-controlled samples confirms the trends already observed for
the unmatched sample in Figure 3.4; however, the significance of observed trends is
more reliable when we control the stellar mass distribution of the sample. Considering
all stellar mass ranges (10°°M,<M,<10''M,), at z ~ 1.5, on average galaxies in over-
densities are ~ 0.07 dex rich in metal compared to their field counterparts. In contrast,
at z ~ 2.3, average galaxies in overdensities have ~ 0.07 dex lower metallicities com-
pared to the field galaxies. Before discussing the physical origin of the observed trends

in detail, we compare our results with previous works in the following section.
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Figure 3.7: Top: MZR for mass-matched sample at z ~ 1.5 in three different environ-
ments: Field (blue), Intermediate-density (green) and Overdense (red). Three stel-
lar mass bins are fixed at 9.5 < log(M,/M®) < 10, 10 < log(M,/M®) < 10.5 and
log(M,/M®) > 10.5 and error bars in stellar masses show the 1o scatter of the data
around the average value. Bottom: The offset between the average metallicity of galax-
ies in overdensities (protocluster/cluster) and that of field galaxies as a function of stel-
lar mass at z ~ 1.5. For comparison, previous studies in the literature at both redshifts
are also included in the figure (see Section 3.5.1 for details).
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stellar mass bins are fixed at 9.5 < log(M,/M®) < 10, 10 < log(M,/M®) < 10.5
and log(M,/M®) > 10.5 and error bars in stellar masses show the 1o scatter of the
data around the average value. Bottom: The offset between the average metallicity of
galaxies in overdensities (protocluster/cluster) and that of field galaxies as a function
of stellar mass at z ~ 2.3. For comparison, previous studies in the literature at both
redshifts are also included in the figure (see Section 3.5.1 for details).
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3.5 Discussion

3.5.1 Comparison with previous works

Only a handful of studies have been conducted to investigate the role of the environment
in the MZR at z > 1. The bottom panels in Figure 3.7 show the offset between the
average metallicity of galaxies in overdensities (protocluster/cluster) and that of field
galaxies as a function of stellar mass at both redshift bins, 2 ~ 1.5 and 2.3. In these
figures, we also include the aforementioned offsets from literature. Our finding at z ~
1.5 is in full agreement with the recent work of Maier et al. (2019). They studied a
massive cluster at z ~ 1.5 and found that, at a given stellar mass, the metallicities of
galaxies in the inner part of the cluster are higher by ~ 0.1 dex than those of infalling
and field galaxies. They suggest that strangulation in the dense cores of clusters results
in a cold gas removal that enhances the metallicity. However, Namiki et al. (2019) and
Tran et al. (2015) found no significant environmental dependence of the MZR around
z ~ 1.5. Namiki et al. (2019) compared the MZR of narrow-band Ha-selected cluster
members with the field MZR of Stott et al. (2013). Tran et al. (2015) considered the
field sample of Zahid et al. (2014) for the comparison. Thus, we also utilize the field
samples of Stott et al. (2013) and Zahid et al. (2014) to measure the metallicity offset
(shown in Figure 3.7) for the studies of Namiki et al. (2019) and Tran et al. (2015),
respectively.

In the studies regarding the environmental dependence of the MZR, the sample se-
lection bias needs to be handled properly to ensure that both field and cluster samples
are selected in the same way. For example, Stott et al. (2013) found that Ha emit-
ting galaxies selected from High-Z Emission Line Survey (HiZELS) (Sobral et al., 2013)

have remarkably higher metallicity at a given stellar mass compared to a rest-frame UV-
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selected sample of Erb et al. (2006). They argued that the UV-selected sample of Erb
et al. (2006) tends to have a higher average SFR compared to the HiZELS narrow-band
selected sample, resulting in a bias against metal-rich galaxies. Therefore, the compari-
son between the MZR of two different works can be biased due to the selection criteria.
However, this is not an issue when the sample is selected uniformly in different environ-
ments, and measurements are performed consistently. Shimakawa et al. (2015) studied
narrow-band selected galaxies in two rich overdensities at z = 2.2 and 2.5. They found
that the metallicity of protocluster galaxies (M, < 10'! M,) is ~ 0.15 dex higher than
that of field galaxies, which contrasts with our result at z ~ 2.3. According to Stott
et al. (2013) and discussions included in Shimakawa et al. (2015), selection bias is
a potential concern in their study since different criteria are used for the selection of
protocluster (narrow-band selected) and field (UV-selected, Erb et al., 2006) galaxies.
This concern can be addressed in future studies by comparing the protocluster MZR of
Shimakawa et al. (2015) with a field MZR of a narrow-band selected Ha emitters at
z~ 2.2

Kacprzak et al. (2015) and Alcorn et al. (2019) studied the MZR of a protocluster
(Yuan et al., 2014) at z = 2.1 and reported no significant environmental effect on the
MZR. As shown in Figure 3.1, we also captured this protocluster in the present work.
We speculate that the lack of environmental dependence of the MZR in their studies can
originate from considering all the protocluster members at the same density contrast.
As seen in Figure 3.1, the protocluster includes different components and considering
that all the members are located in an overdensity weakens any existing environmental
dependence of the MZR.

Valentino et al. (2015) found that cluster star-forming galaxies (10'°M, < M, <
10'M,) are ~ 0.25 dex poorer in metals than their field counterparts at z ~ 2. We

find a similar trend at z ~ 2.3 with a lower average metal deficiency of ~ 0.1 dex.
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Moreover, Sattari et al. in prep. studied a massive protocluster at z = 2.2 (Darvish et al.,
2020) and found that protocluster galaxies with M, ~ 10°® M and M, ~ 10'%2 M, are
0.03%0.06 and 0.10+0.04 dex metal deficient, respectively, compared to field galaxies.
Our findings at z ~ 2.3 are in agreement with their results.

In the presence of limited sample size, unbalanced stellar mass distribution of galax-
ies between cluster members and the field sample can affect the environmental trends.
In other words, even in each stellar mass bin (e.g., 9.5 < log(M,/M®) < 10), the
stacked spectra are biased toward massive galaxies, which are usually detected with
higher S/N. Therefore, one needs to match the shape of stellar mass distributions in dif-
ferent environments as described in Section 3.4.2, and having the same average/median
stellar mass in the bins of the environment does not guarantee that the effect of stellar
mass on gas-phase metallicity is removed properly. Kulas et al. (2013) have studied the
MZR of a protocluster at z ~ 2.3 and reported a 0.1 dex metallicity enhancement with
respect to the field galaxies. We do not confirm such trends in the present work. Their
field and protocluster samples are selected consistently (UV-selected). However, based
on Figure 2 of Kulas et al. (2013), we speculate that the metallicity enhancement seen
in their work can be affected by the significantly different stellar mass distributions of
their protocluster and field samples.

Beyond the local Universe, all the previous works regarding environmental de-
pendence of gas-phase metallicity are conducted by comparing MZR for a clus-
ter/protocluster and a sample of field galaxies. However, within a given clus-
ter/protocluster, galaxies may have different density contrasts. Thus, quantifying the
environment using local density is a better approach to study environmental effect
rather than considering all the members of a cluster/protocluster residing in an over-
density. For instance, Maier et al. (2019) found that the metallicity enhancement at

z ~ 1.5 is only observed for the core (inside half of R,,) of a cluster, not for infalling
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protocluster members. Assuming that all the cluster/protocluster members have simi-
lar local densities weakens any underlying environmental dependence of the MZR. In
the present work, for the first time, we study the gas-phase metallicity of galaxies as
a function of their local density and its evolution with cosmic time beyond the local
Universe. Similar works have been conducted by Mouhcine et al. (2007); Cooper et al.

(2008); Peng and Maiolino (2014) with SDSS sample at z ~ 0.

3.5.2 How does the environment affect MZR?

In this work, we find that galaxies in overdense regions have lower metallicity than their
field counterparts at z ~ 2.3, but they become more metal-rich as they evolve to z ~ 1.5.
In other words, the gas-phase metallicity of galaxies in a dense environment increases
by ~ 0.15 dex as they evolve from z ~ 2.3 to z ~ 1.5 (~ 1.5 Gyr), but the metallicity of
field galaxies are almost unchanged over this period. It implies that, at high redshift,
metal enrichment processes are affected by the environment where galaxies reside.
Previous studies observed that dense environments at the early stage of galaxy clus-
ter formation (z=2) contain a significant fraction of pristine gas (e.g., Cucciati et al.,
2014). In the absence of gravitational heating processes, gas accretion in overdensi-
ties should be more prominent due to their deep potential well. However, infalling gas
in overdensities with massive halos gets shock-heated and needs to radiate its kinetic
energy to accrete into the halo. At high redshifts, where the average density of the
Universe is higher by a factor of (1 + z)°, gas cooling is very efficient (van de Voort
and Schaye, 2012). It is also observed that overdense regions in the early Universe
are not only overdense in galaxies but also contain a large fraction of dense gas (e.g.,
Hennawi et al., 2015). Denser gas can cool down faster, facilitating the accretion of the

metal-poor primordial gas into galaxies (Kere$ et al., 2005; Dekel and Birnboim, 2006).
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As a result, the prominent accretion of cold metal-poor gas in overdensities dilutes the
metal content of ISM in galaxies at high redshifts. This results in the metal-poor gas in
the galaxies residing in dense environments at high redshifts, as observed in the present
work at z ~ 2.3. Valentino et al. (2015) also observed the same metal deficiency atz ~ 2
and concluded that the accretion of pristine gas from cluster-scale reservoirs lowers the
gas-phase metallicity of galaxies in dense environments compared to their coeval field
galaxies.

In contrast, at the lower redshift, z<2, the gas cannot cool down efficiently in over-
densities, so the galaxies in those regions start to experience cosmological starvation.
The lack of pristine metal-poor gas accretion in cluster members has been observed
in different simulations out to 2 ~ 2 (van de Voort et al., 2017; Gupta et al., 2018).
Moreover, Gupta et al. (2018) studied chemical pre-processing of cluster galaxies in the
IlustrisTNG cosmological simulation and found that at z = 1.5, cluster galaxies receive
~ 0.05 dex more metal-rich infalling gas than galaxies in the field. But, this metallicity
enhancement disappears at higher redshifts (z > 1.5). At z ~ 2, when galaxies actively
form their stars, feedback processes should be strong enough to expel part of the pro-
cessed gas into the IGM through the outflows. As a result, crowded regions contain
pre-processed and metal-enriched gas, which can be then re-accreted to the galaxies
at lower redshifts. As pre-processed gas has higher metallicity, it can cool down faster
which facilitates its accretion (Keres et al., 2005; Dekel and Birnboim, 2006). There-
fore, we speculate that both effects, suppressed primordial metal-poor gas infall and
pre-processed metal-enriched gas accretion, are essential in ramping up metal produc-
tion in a dense environment around z<2. This can explain our result at z ~ 1.5, where
we find metallicity enhancement for galaxies in overdensities compared to field galax-
ies.

In the absence of cold gas accretion, galaxies could maintain their SFR unchanged
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for a period of time as they start to consume their gas reservoirs. This time ranges from
a few hundred Myr for most massive galaxies up to a few Gyr for low-mass galaxies
(McGee et al., 2014; Balogh et al., 2016). However, the dilution of ISM’s metal content
will be ceased immediately after the termination of cold gas accretion. Therefore, the
absence of SFR suppression in overdense regions at z ~ 1.5 for our star-forming sample
does not contradict the observed metal enhancement in galaxies residing in overden-
sities at that redshift. Given the relatively short cosmic time interval between z ~ 2.3
and z ~ 1.5 (~ 1.5 Gyr), galaxies with stellar mass range probed in the present work
(M, < 10''M,) do not have enough time to consume their remaining gas reservoirs
after the halt of cold gas accretion.

Sanders et al. (2018) showed that the MZR varies with SFR at z ~ 2.3, such that
the gas-phase metallicity of galaxies at fixed M, is anticorrelated with their SFRs. Us-
ing SED-derived SFRs, we also find slight evidence of enhanced SFR for star-forming
galaxies located in overdensities. Therefore, the prominent gas accretion in overdense
regions at high redshifts can explain both lower gas-phase metallicity and higher SFR
of galaxies residing in overdensities at z ~ 2.3. It is worth noting that gas outflows can
also play a significant role in lowering the gas-phase metallicity of galaxies located in
overdensities and actively forming stars. These outflows can re-accrete into galaxies at
lower redshifts and increase the gas-phase metallicity of galaxies as found in the present

work at z ~ 1.5.

3.5.3 The MZR with [NII]16584-detection requirement

We perform linear regression for individual galaxies (non-stacked) to calculate the best-
fit MZR for galaxies with significant detection (S/N > 3) in [NII]A6584. We note that

requiring detection in [NIIJA6584 introduces a bias to our sample toward higher gas-
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phase metallicities, especially in the low-mass end of the MZR where non-detections
are prevalent; however, it is worth investigating the offset between the best-fit MZRs
in different environments without considering the contribution of [NII]A6584 non-
detections. We fit a linear model, 12 + log(O/H) = Z, + a[log(M,/M,) — 10], to the
MZR of the samples in two extreme environment bins (underdensity and overdensity)
considering both measurement errors in stellar mass and gas-phase metallicity. Fig-
ure 3.8 shows the best-fit lines along with 2D-posterior distributions of the slope and
the intercept for the bins of environment. A significant distinction (> 20) between
the posterior of fit parameters for the field galaxies and those located in overdensities
suggests that the metallicity is enhanced at z ~ 1.5 and suppressed at z ~ 2.3 for galax-
ies in overdensities compared to field counterparts. Based on the best-fit models and
their corresponding uncertainties, on average, galaxies in overdensities at z ~ 1.5 have
0.050 £ 0.024 dex higher gas-phase metallicity compared to coeval field galaxies. The
trend reverses at higher redshift, z ~ 2.3, such that galaxies residing in overdensities
are metal deficient by 0.055 £ 0.025 dex than the field counterparts. These results are
in general agreement with our findings using mass-matched stacked spectra (Figure
3.7). Moreover, we estimate the intrinsic scatter of the MZR (oy,) in both extreme
environments at z ~ 1.5 and z ~ 2.3. We assume that the observed scatter (o)

— 2 2
bs — Fint + O meas’

around the best-fit MZR is ag where o, is the average measurement
uncertainty. We estimate that the intrinsic scatter of the MZR at z ~ 1.5 (z ~ 2.3) is
0.07 (0.07) and 0.07 (0.10) dex for the field galaxies and those residing in overdensities,
respectively, which are consistent with the intrinsic scatter of z ~ 0 MZR in different
environments (Cooper et al., 2008). We note that, although ignoring [NII]A6584 non-
detections does not change our conclusions, the bias is evident in the low-mass end of

the MZR by comparing best-fit lines in Figure 3.8 with gas-phase metallicities derived

from mass-matched stacked spectra (Figure 3.7). Therefore, the stacking technique
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employed in Section 3.4 is the preferred method as it provides an unbiased MZR where

the contribution of [NII]JA6584 non-detections are taken into account properly.

3.6 Summary

Using a large near-IR spectroscopic sample drawn from the MOSDEF survey, combined
with the local density measurements from the CANDELS photometric survey, we study
the environmental dependence of the MZR at z ~ 1.5 and z ~ 2.3. We cross-match
MOSDEF galaxies with the publicly available catalog of local density measurements in
five CANDELS fields (Chartab et al., 2020), and use the N2 = [NH]H% indicator to
measure the gas-phase oxygen abundances of 167 galaxies at 1.37 < z < 1.7 and 303
galaxies at 2.09 <z < 2.61.

The samples are labeled as overdense, intermediate-density, and field based on their
local density measurements. We match the stellar mass distribution of our sample in
three different environments to properly disentangle the effects of stellar mass from
those related to the environment. Massive galaxies are mostly found in overdensities
and unmatched underlying stellar mass distributions between different environments
can affect the strength of the trends or even change the observed trends in the presence
of a limited sample size. For the mass-matched sample, our findings can be summarized

as follows:

e Atz ~ 1.5, the average metallicity of galaxies in overdensities with M, ~ 10%%M,,
10920, and 10'%8M, is higher relative to their field counterparts by 0.094 %
0.051 (1.80 significance), 0.068 &+ 0.028 (2.40 significance) and 0.052 £ 0.043
(1.20 significance) dex, respectively. Also, the metallicity enhancements for M, ~

10%#M,, and 10'*#M, galaxies in intermediate-densities are 0.090+0.052 (1.7c
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Figure 3.8: Similar to Figure 3.4, but here we ignore [NII]A6584 non-detection galax-
ies. The best-fit lines to MZRs are shown for galaxies with S/N > 3 detection in
[NII]A6584, residing in two extreme environments, overdensity (red) and underden-
sity (blue). The shaded regions around the best-fit models show 1o error in the
best-fit lines. Both gas-phase metallicity and stellar-mass errors are taken into ac-
count in regression analysis. Sub-panels show the best value (“+”), 1o (solid) and
20 (dashed) confidence intervals for the two-dimensional posterior distribution of the
slope and the intercept, which are considered to be free parameters of the linear model,
12 +1og(O/H) = Z; + a[log(M, /M) — 10].
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significance) and 0.077 = 0.042 (1.80 significance) dex, respectively, with being

insignificant for M, ~ 10'%*M_ galaxies.

e At z ~ 2.3, galaxies that reside in overdensities with M, ~ 10%%M,, 10'%*M,
and 10'°"M,, have lower gas-phase metallicity by 0.056 + 0.043 (1.3c signifi-
cance), 0.056 + 0.028 (20 significance) and 0.096 + 0.034 (2.80 significance)
dex compared to their coeval field sample, respectively. This metal deficiency is
insignificant for galaxies residing in intermediate-densities except for the massive
galaxies (M, ~ 10'%’M,), where we found 0.085 £0.034 (2.5¢ significance) dex

metal deficiency compared to field counterparts.

e Our results suggest that the efficient gas cooling mechanisms at high redshifts
result in the prominent accretion of primordial metal-poor gas into the galaxies
in overdensities. This cold metal-poor gas can dilute the metal content of ISM
gas and lowers the gas-phase metallicity of galaxies, as seen in the present work
(z ~ 2.3). However, as galaxies evolve to the lower redshifts (2<2), the shock-
heated gas in overdensities with massive halos cannot cool down efficiently, which
prevents it from accreting into the galaxy. The termination of pristine gas accre-
tion in overdensities along with the accretion of pre-processed gas due to the
strong outflows increase the metallicity of galaxies at lower redshifts, z < 2. This
scenario can explain our result at z ~ 1.5, where we find metallicity enhancement

for galaxies in overdensities compared to coeval field galaxies.
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Chapter 4

A machine learning approach to

predict missing wave-band photometry

Abstract

Using machine learning we can transfer the knowledge gained in fields with wealth of
observations to those which lack such extensive observations. As a proof of concept,
using the recently updated COSMOS catalog (COSM0S2020), we train a model to pre-
dict Euclid-like observations in near-IR Y-, J-, H-bands from the Hawaii Two-0 (H20)
data. H20 is an ongoing survey covering ugriz and Spitzer/IRAC observations over
Euclid deep fields. We find that magnitudes in Y-, J-, H-bands can be predicted with
remarkable accuracy (1o mag scatter 0.1 for galaxies brighter than 24 AB mag) from
H20-like observations. Our results suggest that in the presence of a limited number
of bands, a machine learning model trained over the population of galaxies with ex-
tensive spectral coverage outperforms template-fitting. Such machine learning model
maximally comprises the information acquired over previous large surveys and breaks
degeneracies in the parameter space of template-fitting inevitable in the presence of a

few bands. We show that including near-IR observations in the training of a random
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forest model to predict either the photometric redshifts or stellar masses based on H20
data does not improve model performance significantly, meaning that near-IR bands
are predictable and H20-like bands capture most of the information needed to measure
photometric redshifts and stellar masses. One should note that our results and models

are limited to z < 5.5 due to the redshift range of the training sample.

4.1 Introduction

Future space telescopes such as Euclid and The Roman Space Telescope (formerly called
WFIRST) will provide broad-band imaging for millions of galaxies, pivotal to better un-
derstanding of dark sectors of the Universe (dark matter and dark energy) as well as
co-evolution of galaxies and large-scale structures over cosmic time. The challenge,
however, is to obtain wide waveband coverage to constrain spectral energy distribution
(SED) of millions of galaxies and measure their photometric redshifts and physical pa-
rameters such as stellar mass and star formation rate. For instance, Euclid will rely on
ground-based optical photometry to measure photometric redshifts (Euclid Collabora-
tion et al., 2020). Recently, a new ground-based survey, Hawaii Two-0 (H20; McPart-
land et al. in prep), has been designed to provide complementary photometric data for
future space missions. The H20 will provide u-band observations from MegaCam in-
strument in Canada-France-Hawaii telescope (CFHT) and g-,r-,i-, z-band imaging from
Hyper Suprime-Cam instrument on the Subaru telescope over 20 square degrees of the
Euclid deep fields. Spitzer/IRAC observations from the Spitzer Legacy Survey (SLS;
Capak et al., 2016) are also available in the same fields. The question then is how to
extract maximum information from the acquired data? Can we use the existing data to

simulate future surveys to optimize their design?
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Template fitting is widely used to infer photometric redshifts of galaxies and their
physical properties (e.g., Arnouts et al., 1999; Bolzonella et al., 2000; Ilbert et al.,
2006). However, theoretical synthetic templates may not be representative of real pa-
rameter space for galaxies. For example, templates can include spectral energy dis-
tributions which do not have an observational analog. This will cause degeneracy in
parameter measurement, especially when we reconstruct SEDs with few bands. Many
of these degeneracies break by obtaining data with wide spectral coverage (i.e. a larger
number of wavebands). An example of such data set is the COSMOS Evolution Survey
(COSMOS; Scoville et al., 2007) that has been observed in more than 40 bands from
X-ray to far-infrared wavelengths. The wealth of information in this field provides very
well constrained SEDs for galaxies. However, not all surveys have as many photometric
bands as the COSMOS field. Using machine learning techniques, we can transfer this
information gained in the COSMOS field to the fields such as Euclid deep fields, where
such numerous wave-bands photometry do not exist. Using the existing information,
if we could develop techniques to predict fluxes in the wavebands that are not avail-
able in galaxy surveys, we could 1) further constrain their SEDs and hence, improve
the accuracy of physical parameter measurements; (2) carefully design future surveys;
(3) significantly save in the observing time; (4) identify and only observe in selected
wavebands that are essential.

Machine learning has become popular in recent years to build models based on spec-
troscopic redshifts (Carrasco Kind and Brunner, 2014; Masters et al., 2017) and train
models based on synthetic templates (Hemmati et al., 2019) or mock catalogs gener-
ated from galaxy simulations (Davidzon et al., 2019; Simet et al., 2021). These methods
are particularly useful as machine learning algorithms can learn more complicated rela-
tions given that a sample of accurate and large training data is available (Mucesh et al.,

2021). Moreover, these models speed up parameter measurement, which is crucial with
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the advent of a flood of data from upcoming surveys (Hemmati et al., 2019).

In this paper, we develop a technique to predict fluxes in missing bands and hence,
improve the wavelength resolution of existing photometric data. We evaluate the tech-
nique using the latest version of the COSMOS data. We predict fluxes in the Euclid
wavebands from the ground-based observations of the H20 fields. We then test how
the Euclid data will help in improving measurements of the photometric redshifts and
stellar masses of galaxies, using COSMOS as a test sample.

In Section 4.2, we briefly introduce the updated COSMOS photometry catalog (COS-
MOS2020; J. Weaver et al. in prep.), and use that to build a sample of H20-like and
H20+Euclid-like galaxies. In Section 4.3, we use dimensionality reduction techniques
to visualize photometry of data in 2-dimensional space. This is followed by Section 4.4
where we train a machine learning algorithm, Random Forest model, to predict fluxes in
Euclid-like wavebands using data in wavebands similar to the existing H20. In Section
4.5, we investigate the accuracy of the photometric redshifts and stellar masses given
the limited number of bands available in H20-like and H20+Euclid data. We discuss
and summarize our results in Section 4.6.

Throughout this work, we assume flat ACDM cosmology with H, = 70 kms™'Mpc™?,
Qn, = 0.3 and Q, = 0.7. All magnitudes are expressed in the AB system, and the

physical parameters are measured assuming a Chabrier (2003) IME

4.2 Data

We use the updated version of the COSMOS catalog, COSM0S2020 (J. Weaver et al.
in prep.). This provides much deeper near-infrared and mid-IR (Spitzer) photometric
data as well as two independent methods for photometric extraction - the conventional

and a profile-fitting (The Farmer; J. Weaver et al., in prep.) methods. The catalog
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contains consistent photometric data in 39 bands from FUV to mid-infrared consisting
of broad-, medium and narrow filters. All the data are reduced to the same scale with
appropriate PSFs. The photometric redshifts are calculated using the LePhare (Arnouts
et al., 1999; Ilbert et al., 2006) code with similar configuration described in Ilbert et al.
(2013). Given the large number of bands with deep observations, photometric redshift
solutions are accurate, reaching a normalized median absolute deviation (o yysp) of
0.03 for galaxies as faint as i = 27 AB mag (J. Weaver et al. in prep.). The redshifts
of galaxies were then fixed on their estimated photometric redshifts and the stellar
masses were estimated. In this paper, we consider COSMOS2020 photometric redshifts
and stellar masses as a “ground truth” since spectroscopic redshifts are available for
a limited number of galaxies and are biased towards a specific population of galaxies
(mostly star-forming with strong emission lines).

We use two sets of wave-bands: 1) H20-like bands: A := {u,g,1,i,z,chl,ch2}, 2)
H20+Euclid-like bands: B := {u, g,1,1,2,Y,J,H, ch1, ch2}. u-band observations are con-
ducted by MegaCam instrument at CFHT, and other optical bands (g,r,i and z) are
available from Subaru’s Hyper Suprime-Cam (HSC) imaging. Spitzer/IRAC channel
1,2 (chl,ch2) data are compiled from all the IRAC observations of the COSMOS field
(Moneti et al., in prep.). Near-IR photometry in Y, J and H bands are obtained from
the UltraVista survey (McCracken et al., 2012). We select a subset of the COSM0S2020
galaxies that are observed in all the aforementioned bands and have i-band magnitude
< 25. We further exclude galaxies with the best-fit y? > 2 to have a clean sample of
galaxies with well-constrained photometric redshifts and physical parameters. These
selection criteria result in 121531 galaxies out to z ~ 5.5. Some sources have negative
fluxes in the desired bands, which is likely due to the variation of background across

the image. We set these fluxes to zero.
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4.3 Data Visualization

Photometric redshifts and physical parameter measurements for galaxies in a photomet-
ric survey are solely based on their fluxes in N wave-bands. For instance, the H20-like
data with N=7 bands occupy a 7-dimensional space, where the position of each galaxy
is determined by its fluxes in 7 bands. Therefore, galaxies with similar positions in N-
dimensional space are expected to have similar redshifts and physical parameters if we
believe that N is large enough to fully sample the observed SED of galaxies. They even
will have similar fluxes in other wave-bands where observations are not available. How-
ever, showing galaxy fluxes in a high-dimensional space (e.g., 7-dimensional space) is
impossible and thus, we use dimensionality reduction techniques to present them in
2D space such that the information of higher dimension is maximally preserved. In
this work, we use Uniform Manifold Approximation and Projection (UMAP; Mclnnes
et al., 2018) technique to visualize our sample in a 2-dimensional space. UMAP is a
non-linear dimensionality reduction technique that estimates the topology of the high-
dimensional data and uses this information to construct a low-dimensional represen-
tation of data that preserves structure information on local scales. It also outperforms
other dimensional reduction algorithms such as t-SNE (t-Distributed Stochastic Neigh-
bor Embedding; van der Maaten and Hinton, 2008) since it preserves structures on
global scales as well. In a simple sense, UMAP constructs a high-dimensional weighted
graph by extending a radius around each data point and connecting points when their
radii overlap. This radius varies locally based on the distance to the n‘" nearest neigh-
bor of each point. The number of the nearest neighbor (n) is the hyper-parameter in
UMAP that should be fixed to construct high-dimensional graph. Small (large) value
for n will preserve more local (global) structures. Once the high-dimensional weighted

graph is constructed, UMAP optimizes the layout of a low-dimensional map to be as
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similar as possible to the high-dimensional graph.

We use the UMAP Python library ! to map 7-dimensional flux space of H20-like data
to 2 dimensions considering nearest neighbor value of 50 to provide a balance between
preserving local and global structures. We do not map magnitudes or colors since non-
detected values cannot be handled properly when using them. Multi-waveband fluxes
contain all the information regarding colors, but using colors misses information re-
garding fluxes or magnitudes. Therefore, mapping fluxes of galaxies from that space to
2-dimension is a better way than using colors. Since fluxes in different bands have fairly
similar distributions, no normalization is needed before applying UMAP In the case of
significantly distinct distributions, normalization is needed to avoid the dominance of
a wave-band with larger dynamic range. Figure 4.1 shows a 2-D visualization of the
sample with H20-like bands using the UMAP algorithm. As an example, the mapped
data are color-coded by the H-band fluxes (not present in H20 photometry) in micro
Jansky. The smooth transition of the H-band fluxes in the 2D representation in Figure
4.1 reassures us that galaxies with similar fluxes in H20-like bands also have similar
H-band fluxes. We note that the H20-like data set does not include H-band data (that
is going to be provided by Euclid).

Visualized data in Figure 4.1 show qualitatively that the H-band fluxes are pre-
dictable using H20-like data. To perform a quantitative assessment on how accurately
one can predict fluxes in Euclid-like JHK bands given the H20-like observations, we train
a Random Forest (RF; Breiman, 2001) model with half of our sample and evaluate the
model’s performance with the other half. A random forest consists of an ensemble of re-
gression trees. The algorithm picks a subsample of the dataset, builds a regression tree
based on the subsample and repeats this procedure numerous times. The final value is

the average of all the values predicted by all the trees in the forest. Having numerous

! https://github.com/Imcinnes/umap
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Figure 4.1: 2-D visualization of the sample with H20-like bands using the UMAP tech-
nique. The mapped data are color-coded by the H-band fluxes. Smooth gradient of
H-band fluxes in the 2-D representation reassures us that galaxies with similar fluxes in
H20-like bands have similar H-band fluxes as well.
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decision trees based on subsampled data makes this algorithm unbiased and unaffected
by overfitting. Another advantage of this method is that the inputs do not need to be
scaled before feeding into the model. In the following section, we train a random forest

model and evaluate its accuracy.

4.4 Flux predictions

We split the sample into a training and a test sample. With 60,766 galaxies as a training
sample, we build a Random Forest model with 100 regression trees to predict Euclid-
like YJH bands from the H20-like band fluxes. We use Python implementation of the
algorithm (Scikit-learn; Pedregosa et al., 2011) 2 with its default parameters to build the
model. The true (observed) fluxes in the YJH bands are available in the COSM0S2020
catalog. Using the trained Random Forest model, we then predict the expected fluxes
for galaxies not included in the training set, with the results compared in Figure 4.2. For
each band, we compare the predicted magnitudes (Magp,cgiciea) With the true observed
magnitudes (Magr,,.). We find that the Random Forest model can predict unbiased
YJH fluxes with high accuracy. The bottom panel in each figure shows the scatter of
the Magp,egicted —Magre as a function of true magnitudes. With median magnitude dis-
crepancy (A) of ~ 0.004, we find that the offset is comparable with discrepancies that
arise from different methods of photometric data reduction. Weaver et al. (in prepa-
ration) found that the median tension between the magnitudes derived from aperture
photometry and profile-fitting extraction is A ~ 0.03 in YJ bands and A ~ 0.02 in H-
band. Thus, such small offsets in the random forest regressor are within the intrinsic
uncertainties of the data reduction techniques. Green solid and dashed lines in the

sub-panels of Figure 4.2 show the median of A and its 68% confidence intervals, re-

2 https:/ /scikit-learn.org/stable
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Figure 4.2: The performance of the Random Forest model on the 60,766 test galaxies
not used for the training of the model. The model is trained based on H20-like bands
(u,g,1,i,z,ch1,ch2) and predicts Euclid-like YJH bands. Bottom panels show the scatter
of Magp,edgicted — Magre as @ function of true magnitudes and A is the median offset in
these scatter plots.
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Figure 4.2: Continued

spectively. The scatter in the prediction is < 0.15 mag for galaxies brighter than 24 AB
mag. This shows that near-IR observations of Euclid can be accurately predicted from
the available observations of H20. While our focus in this paper is on the Euclid and
H20 bands, the method we present is general and directly applicable to other surveys.

Furthermore, we repeat our analysis by excluding Spitzer/IRAC bands as the Euclid
wide survey covers areas that are not fully covered by the Spitzer/IRAC. We find that,
solely based on optical bands (ugriz), near-IR fluxes in Y-, J- and H-band can be pre-
dicted with the median offset of A =0.002,0.009 and 0.021, respectively. The scatter
around the median trend is less than 0.15,0.16 and 0.2 in YJH bands respectively for
galaxies as faint as 24 AB (the 50 magnitude limit of the Euclid wide survey in YJH
bands (Laureijs et al., 2011)). This implies that even without Spitzer/IRAC coverage,

near-IR fluxes can be constrained using optical observations.
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4.5 Photometric redshift and stellar mass

In the previous section we showed that, given the observations of the H20 survey, near-
IR observations of Euclid are well constrained. In other words, observations of the
COSMOS field provide valuable information regarding the distribution of galaxies in
the flux space even if we do not observe galaxies as extensively as it is done in the
COSMOS field in terms of the spectral coverage. When we use template fitting code
with synthetic templates, we usually do not take into account this valuable information.
There are two approaches to incorporate this information in the photometric redshifts
or physical parameters measurements. First, add a prior to fluxes in the bands that are
not observed in the survey. For instance, when we perform SED fitting using H20-like
bands, we can add priors to the YJH bands based on a Random Forest model, which is
trained over the population of galaxies from the COSMOS observations. Second, train
a model based on SED-fitting results calculated with a large number of bands. In this
case, when we feed our model with H20-like data, it will decide about the best value of
a parameter based on both the existence of similar observations in the COSMOS field
(information from galaxy populations) and the SED-fitting solution for that galaxy.

In this section, we employ the latter approach to train a model to predict the photo-
metric redshifts and the stellar masses of galaxies based on H20-like and H20+FEuclid-
like bands. We train a random forest model based on a training sample of observed
galaxies. The inputs of the model are H20-like fluxes and the output is either photo-
metric redshift or stellar mass computed from SED fitting over 39 bands available in
the COSM0S2020 catalog. We also train another similar model where the inputs are
H20+Euclid-like bands. Figure 4.3 shows the performance of trained models on the test
sample with 60,766 galaxies. We find that both models recover photometric redshifts

and stellar masses with similar accuracy with being slightly accurate using H20+Euclid-
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Figure 4.3: Performance of the random forest model to predict photometric redshifts
and stellar masses when the model is trained by H20-like bands. The trained model
recovers photometric redshifts and stellar masses with high accuracy. The similar per-
formance of the model with and without YJH bands originates from the fact that the
H20-like bands capture most of the information available in YJH bands as shown in
Figure 4.2. The black dashed lines show one-to-one relation, and the gray dashed lines
correspond to the predicted redshifts at £0.15(1 + z) (outlier definition boundaries).
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Figure 4.3: Performance of the random forest model to predict photometric redshifts
and stellar masses when the model is trained by H20+Euclid-like bands (right panels).
The trained model recovers photometric redshifts and stellar masses with high accuracy.
The similar performance of the model with and without YJH bands originates from the
fact that the H20-like bands capture most of the information available in YJH bands as
shown in Figure 4.2. The black dashed lines show one-to-one relation, and the gray
dashed lines correspond to the predicted redshifts at £0.15(1 + z) (outlier definition
boundaries). 101



like inputs. Normalized median absolute deviation (o yyap) of Az/(1+z2) is ~ 0.02 for
both models with ~ 1% outlier fraction. Outlier galaxies are defined as galaxies with
Az/(1+2) > 0.15. The median absolute deviation of log(M,/M,) is ~ 0.1 dex for
both models. We explain this similar performance using the results of Section 4.4. The
random forest model with H20-like bands comprises all the information regarding Eu-
clid bands as we trained the model with the population of observed COSMOS galaxies.
Therefore, it should recover photometric redshifts and stellar masses as accurately as
the model which includes near-IR JHK observations. Slight under-performance of the
model with H20-like bands can be explained by the existence of a scatter in the predic-

tions of JHK bands fluxes (Figure 4.2).

4.5.1 Synthetic templates

In the following, we use UMAP to visualize photometry of synthetic SED models com-
monly used in template-fitting procedure. We build a set of theoretical templates using
2016 version of a library of Bruzual and Charlot (2003), considering Chabrier (2003)
initial mass function. Star formation histories are modeled with an exponentially declin-
ing function (SFR o< e/7), where 7 is the star formation timescale. Dust attenuation
is applied using the Calzetti et al. (2000) law and solar stellar metallicity is assumed for
all templates. We build ~ 750,000 theoretical templates assuming 7 € (0.1, 10) Gyr,
t € (0.1,13.7) Gyr, A, € (0,2) mag and z € (0,5.5). t and A, are the stellar age and
the extinction in the visual band, respectively. We then calculate the syntetic photom-
etry in both H20-like and H20+Euclid-like bands by applying the corresponding filter
response.

As we learned the topology of fluxes in the H20-like bands for real observed galaxies

in COSM0S2020 catalog (Figure 4.1), we can transform H20-like band fluxes of syn-
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tetic photometry into the learned space. Figure 4.4 shows the 2-D visualization of the
theoretical templates with H20-like bands in that learned space. As an example, data
points in the reduced dimension are color-coded by their syntetic H-band fluxes in micro
Jansky. Comparing theoretical templates with the observed data shown in Figure 4.1
reveals that model galaxies encounter degeneracies. In this specific example, we show
that templates with similar H20-like fluxes have more diverse H-band fluxes than real
observations, which can produce degenerate results when template fitting is performed
based on H20-like bands. Adding information of the COSMOS2020 observations as a
prior imposes a strong correlation between the observed and missing bands and makes
the theoretical templates less degenerate as shown in Figure 4.1. For example, the dark
blue arc in the left side of Figure 4.4 mismatches with the observational counterpart.
In other words, synthetic templates predict H-band flux of ~ 0.1 uJy for galaxies in
that vicinity (i.e., the dark blue arc), but real observations show that they have in fact
H-band flux of ~ 10 uJy. This shows that extra information that exists in the previous
observations can add valuable information to template fitting analysis.

In the present work, we focus on predicting the Euclid bands from optical and/or IR
observations and investigate how accurate other missing bands can be recovered; how-
ever, the method could be applied to many other bands. If one adds a predicted band in
the template-fitting procedure, the errors should be assigned based on the 10 scatter of
the predicted flux (dashed green lines in Figure 4.2). It is particularly important to prop-
erly take into account the systematic scatter of the predicted bands in template-fitting
and ensure that the predicted bands are not over-weighted in best-template selection.
However, it is worth highlighting that the better approach would be using a machine
learning model which is trained based on template-fitting results of a galaxy population

with well-constrained SEDs such as COSM0S2020 (Figure 4.3).
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Figure 4.4: Similar to Figure 4.1, but for synthetic photometric data. The high-
dimensional synthetic H20-like data are transformed to the space learned in Figure 4.1.
The map is color-coded by the synthetic H-band fluxes. Existing dissimilarities between
this figure and Figure 4.1 show that synthetic models lack the observed information.
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4.6 Discussion and Summary

In this paper, we present a machine learning technique that can be used to predict
missing fluxes from a survey. To prove the concept, we applied the method trained on
the COSMOS data to predict Euclid-like near-IR observations based on H20-like survey
data, which include ugriz and Spitzer/IRAC observations. We demonstrate that theo-
retical templates lack such valuable information already observed through numerous
bands in the COSMOS field. We conclude that degeneracies in template-fitting can be
alleviated if one trains a model based on template-fitting solutions for observed galaxies
with extensive observations instead of using some arbitrary large parameter space. We
show that a model trained on H20-like bands is as accurate as a model which is trained
over H20+Euclid-like bands, given that the model is trained over the observed galaxy
population with a vast number of wave-bands.

Masters et al. (2015) mapped high-dimensional color space of COSMOS galaxies in
Euclid-like bands using the self-organizing map (SOM) technique (Kohonen, 1982) and
proposed a spectroscopy survey to fully cover regions in reduced color space with no
spectroscopic redshifts. This survey, C3R2, is awarded 44.5 nights on Keck telescope to
map the color-redshift relation necessary for week lensing cosmology (Masters et al.,
2017, 2019). Later on, Hemmati et al. (2019) used SOM to map the color space of
theoretical models and used the reduced map as a fast template-fitting technique. In
the present work, we use a new technique, UMAR to find a 2-dimensional representation
of a high-dimensional flux distribution. This technique is superior to other techniques
as it preserves both local and global structures. Points far away from each other in high
dimension remain far away in the low dimensional representation of data construed
by UMAR It is also significantly faster than other dimensionality-reduction techniques

such as t-SNE. Therefore, UMAP is a powerful method that can be utilized instead of
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the SOM technique, which is commonly used in the literature.

Acquiring data for galaxy surveys over wide areas and a range of wavelengths with a
large number of wave-bands is costly. In this paper, we develop a new method based on
machine learning algorithms to transfer information from previous extensive surveys
(e.g., COSMOS) to complement the present and future surveys in their missing bands
with no additional telescope time. The method generates comprehensive data similar
to those expected from future surveys (e.g., Euclid) which can be used to simulate and
optimize their observations. The technique can also enhance photometric catalogs that
are already available in different fields (e.g., GOODS-South) where there are only a

limited number of wavebands observed.
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Chapter 5

Summary and Conclusions

This thesis is mainly focused on studying observed properties of galaxies as a function of
their environment out to high redshifts. The number density maps of galaxies provide
valuable information regarding the environment in which a galaxy resides. However,
density map measurements can be challenging due to the lack of accurate and unbiased
redshifts, especially at high redshift universe. This problem motivated us to develop a
fully probabilistic method that uses the probability distribution of photometric redshifts

to produce density maps.

5.1 Summary of Chapter 2

Using the photometric redshift distribution function, we estimated each galaxy’s contri-
bution to the density map at a given redshift slice. Therefore, each galaxy contributes to
different redshift slices depending on the width of its respective redshift probability dis-
tribution. We employed weighted von-Mises kernel density estimation where the band-
width of the kernel function is optimized by likelihood cross-validation. The von-Mises

kernel is the spherical analog of the Gaussian kernel where variables are angles (e.g.,
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right ascension and declination) instead of linear data. In Chapter 2, we introduced
details of the method and we applied them to the CANDELS fields. Using photometric
redshift probability distributions, we measured accurate density maps at different red-
shifts for all the CANDELS fields out to z = 5. We corrected density maps for systematic
underestimation caused by the edge of the survey fields. We made a publicly available
catalog of environment measurements for all the CANDELS fields (Chartab et al., 2020).
We measured mass quenching efficiency (i.e., the fraction of massive quenched galax-
ies that would be star-forming if they were low mass in the same environment) and
environmental quenching efficiency (i.e., the fraction of quenched galaxies in overden-
sities that would be star-forming if they were in the underdense region) out to z ~ 3.5
and found that both efficiencies depend on redshift and stellar mass. The environmen-
tal quenching efficiency decreases with increasing redshift and decreasing stellar mass.
Besides the stellar mass quenching, which is the dominant quenching mechanism at
high redshift (z > 1), the environmental quenching is efficient for massive galaxies at
high redshifts (i.e., the quiescent fraction of galaxies with M, ~ 10'*M, are 20% higher
in overdensities than that of field counterparts at z ~ 2.5). We also found that the en-
vironmental quenching is more efficient than the stellar mass quenching for low mass

galaxies (M<10'°M,) at low and intermediate redshifts, z<1.2 (Chartab et al., 2020).

5.2 Summary of Chapter 3

One of the highly debated questions in extragalactic astronomy is how the environment
of high-redshift galaxies affects their gas-phase metallicity. In the third chapter, we
used the near-IR spectra of galaxies in the MOSFIRE Deep Evolution Field (MOSDEF)

survey, combined with our density maps, to investigate this question. We used the

N9 — [NIA6584

-~ indicator to measure the gas-phase oxygen abundances of 167 galaxies
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at 1.37 < z < 1.7 and 303 galaxies at 2.09 < z < 2.61. Using our density estimates,
we divided the sample into overdense, intermediate-density, and field based on their
local density measurements. Furthermore, we matched the stellar mass distribution of
the sample in three different environments to properly disentangle the effects of stellar
mass from those related to the environment. We found that, at 1.37 < z < 2.61, the
variation of mass-metallicity relation with the local environment is small (< 0.1 dex),
and its effect reverses at z ~ 2 (Chartab et al., 2021).

Our results in this chapter supported the hypothesis that, at the early stages of cluster
formation, owing to efficient gas cooling, galaxies residing in overdensities host a higher
fraction of pristine gas with prominent primordial gas accretion, which lowers their gas-
phase metallicity compared to their coeval field galaxies. However, at lower redshifts
(z < 2), the shock-heated gas in overdensities cannot cool down efficiently, and galaxies
become metal-rich rapidly due to the suppression of pristine gas inflow and re-accretion

of metal-enriched outflows in overdensities.

5.3 Summary of Chapter 4

Future observations will broaden our understanding by providing cosmologically sig-
nificant volume needed for large-scale structure studies. Hawaii Two-0 (H20) survey
is a wide (~ 20 deg?) and deep survey with spectral coverage of 2-5 um essential to
estimate photometric redshifts and physical parameters of the high-redshift galaxies.
The survey covers the North Ecliptic Pole (NEP) and Chandra Deep Field South (CDFES)
Fields, which are selected as calibration fields for the Euclid mission. In chapter 4, we
have developed a technique to predict fluxes in photometric bands that are absent from
galaxy surveys, using machine learning algorithms trained on real data. For the training

set, we used COSM0S2020, the latest COSMOS photometric catalog. For this purpose,
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we trained a random forest regression model, which is powerful in learning non-linear
relations as we have in the color space of galaxies. Also, we used Uniform Manifold
Approximation and Projection (UMAP) to project high dimensional flux space of both
real COSMOS2020 and synthetic template photometries commonly used in SED-fitting.
We found that these predictions improve SED-derived photometric redshifts and phys-
ical parameters of H20 galaxies by imposing data-driven prior from COSMOS galaxies.
Furthermore, this method can help optimize future missions (e.g., Euclid, Roman Space
Telescope) as it provides simulated broadband photometry in missing bands based on

the available observations of galaxies in NEP and CDFS fields.
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