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ABSTRACT OF THE DISSERTATION

Mapping Spatially Resolved Star Formation, Metallicity and Dust Across Galaxy
Populations Over Cosmic Time

by
Marziye Jafariyazani

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

In this thesis, I study the integrated and spatially resolved (kilo-parsec scale) prop-
erties of star-forming and quiescent galaxies across cosmic time to understand their evolu-
tion. First, using a sample of star-forming galaxies at intermediate redshifts (0.1 < z < 0.42)
selected from the MUSE Wide Survey, I investigate the spatial distribution of Ha star for-
mation rate (SFR) and the Balmer decrement using data from MUSE integral field spec-
trograph. For the same galaxies, I derive spatially resolved mass, SFR and dust maps from
pixel-by-pixel Spectral Energy Distribution (SED) fitting on multiband photometric data
from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS)
taken with the Hubble Space Telescope. I find strong dependence of the radial profiles of
both stellar and nebular color excesses on the integrated specific SFR of star-forming galax-
ies. My results support the inside-out scenario for the growth of these galaxies. Next, I
investigate the chemical abundances and star formation histories of high-redshift quiescent
galaxies. My sample consists of five unique gravitationally lensed galaxies at 1.95 < z < 2.64

which includes MRG-MO0138, the brightest lensed quiescent galaxy detected in the near in-
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frared wavelengths. This is the only sample of quiescent galaxies at z ~ 2 for which we
have a precise measure of stellar abundances as well as spatially resolved measurements,
made possible due to strong gravitational lensing. I first analyze spectra of MRG-M0138 to
measure magnesium-enhancement [Mg/Fe] (only the second precise [Mg/Fe] measurement
at z ~ 2), iron abundance [Fe/H] and, for the first time, their spatial gradient, as well as the
stellar abundances of 6 other elements using full spectral fitting. I finally present my analy-
sis of the other four galaxies in this sample where in addition to investigating their chemical
abundances, I study their star formation histories reconstructed by fitting synthetic models
to their multi-band photometric and spectroscopic data. I show these galaxies have sig-
nificant Mg-enhancement which cannot be explained solely by short formation timescale
as proposed by simple chemical evolution models, then I discuss new scenarios to explain

chemical abundances in these galaxies.

X



Contents

List of Figures xii
List of Tables xxi
1 Introduction 1

2 Spatially Resolved Properties of Galaxies from CANDELS+MUSE: Ra-

dial Extinction Profile and Insights on Quenching 7
2.1 Introduction . . . . . . . . . . . . e 7
2.2 Sample selection . . . ..o 10
2.2.1 CANDELS . . . . . . . e 11
2.2.2 MUSE-Wide Survey . . . . . . . .. . e 11
2.2.3 Finalsample . . . . . .. .. 12
2.3 Measurement of resolved properties . . . . . . . .. ... 14
2.3.1 Resolved photometric measurements . . . . . ... .. ... ..... 14
2.3.2 Resolved spectroscopic measurements . . . . . ... ... ... ... 15
2.3.3 Three sample galaxies with resolved measurements . . . . . . . . .. 17
2.4 Results. . . . . oL e 20
2.4.1 Integrated SFR diagnostics . . . . . . .. ... ... ... 20
2.4.2 Radial profiles of mass, SFR and sSFR.. . . . . .. ... ... .... 21
2.4.3 Extinction profiles . . . . . . ... oo 27
2.4.4 Resolved SFR-M,. and sSFR-M, relations . . . . .. ... ... ... 32
2.5 Summary ... Lo 34
3 Resolved Multi-element Stellar Chemical Abundances in the Brightest
Quiescent Galaxy at z ~ 2 36
3.1 Introduction . . . . . . . . .. L 36
3.2 Data . . . .. e 40
3.3 Full spectral fitting . . . . . . . . ... 41
3.4 Results. . . . . . e 43
3.4.1 Comparison to COSMOS-11494 and local massive ETGs . . . . . . . 45
3.4.2 Stellar Age and Abundance Gradients . . . . . ... ... .. .... 49



3.4.3 Evidence for an Interstellar Medium . . . . . . . . . ... ... ...

3.5 Discussion . . . ... ..

4 The stellar populations and star formation histories of quiescent galaxies

at z ~ 2
4.1 Introduction. . . .. ..
42 Data .. ... ... ...

4.3 Chemical abundances .

4.4  Stellar Population Gradients . . . . . . . . . . ... .. L oL

4.5 Star Formation Histories
4.6 Discussion . . . . .. ..

5 Conclusions

5.1 Spatially resolved properties of star-forming galaxies . . . . . .. ... ...

5.2 High-z quiescent galaxies

Bibliography

xi

57
o7
60
63
69
75
79

81
81
84

88



List of Figures

1.1

1.2

2.1

2.2

The cosmic star formation history measured from rest-frame far-UV and
infrared data (Madau and Dickinson 2014). . . . . .. ... ... ... ...
Stellar abundances for a quiescent galaxy at z = 2.1 (black filled circle) and
massive quiescent galaxies at z~ 1.4 (colored symbols) compared to local
early-type galaxies (plusses) and stacks of quiescent galaxies at 0.07 < z < 0.7

(gray squares). Figure is adopted from Kriek et al. 2019. . . . . . . .. . ..

My sample of 32 galaxies with MUSE detection of Ha and Hf lines over
plotted on the galaxies from the CANDELS survey at the same redshift
range: 0.1 < z < 0.42. Black dashed line is representing the main sequence
of star-forming galaxies from Lee et al. 2015 for galaxies at z ~ 0.35. Galaxies
of this sample are color-coded according to their redshift. . . . .. ... ..
Total SFR of galaxies measured by summing up the SFRs per pixel vs. SFR
measured from the integrated emission lines. Red data points are SFRy,
and black ones are dust-corrected SFRy,. Dashed line represents one-to-one

relationship. . . . . . . . ..o

xii

13



2.3

24

2.5

2.6

From left to right: spatially resolved stellar mass surface density, SFR sur-
face density, stellar E(B—V), Ha emission and Hf emission maps for three
galaxies from my sample. To allow for visually comparing HST and MUSE
PSF, resolved SED-fitting maps (first three in each row) have HST quality
where input seven images of SED-fitting were PSF matched to the resolu-
tion in F160W, and Ha and HS maps which are derived from 3D datacubes
provided by MUSE-Wide Survey have their original PSF. . . . . .. .. ..
Radial profile of nebular to stellar color excess (black dashed lines) over-
plotted on sSFR profile (grey dotted lines) for 3 sample galaxies which their
nebular E(B—V) to stellar E(B—V) ratio profiles closely follow their sSFR
profiles. The mass, SFR, stellar E(B—V), Ha and HS maps for these three
galaxies are presented in Figure 2.3 (the top panel of figure 2.3 is correspond-
ing to left panel of this graph). . . . . . . ... ... ... ... . ... ...
Comparison between the SFRy, and SFRggp for the integrated light of galax-
ies. Gray dotted line represents the one-to-one relationship. Blue dashed
line represents the best fit to the data with the slope = 0.819 4 0.232, and
intercept= —0.919 £ 0.152. . . . . . . ... Lo
Median radial profile of Ygrg for all the galaxies in the sample. Red and black
profiles represent the SFRy,, and the dust-corrected SFRy,, respectively.

Shaded regions correspond to 1o error in the data. . . . . ... ... ...

xiii

19

20

22



2.7 Median radial sSFR profiles for galaxies in the sample. Solid black profile

2.8

presents the SED-derived sSFR and the solid blue profile shows the sSFRs
calculated by dividing the dust-corrected SFRy, by the SED-derived stellar

mass in each annulus. In both profiles, shaded regions represent 1o error in

Median radial profiles of nebular and stellar color excess for galaxies in the
sample. I divided the sample into two bins based on their integrated sSFR
such that the number of galaxies in two bins are about the same. Galaxies in
the left panel have integrated sSFR< 1.25 Gyr~!, and galaxies in the right
panel have integrated sSSFR> 1.25 Gyr~!. In each panel, red and blue profiles
present the stellar and nebular color excess, respectively. In all profiles,
shaded regions represent 1o scatter in the data. In the right panel, the
dotted lines correspond to the best fit model to the data where the stellar
reddening is modeled with a linear relation and nebular profile is fitted by a

POWEr-law. . . . . . . . . e e

Xiv

26



2.9

3.1

Resolved main sequence and resolved sSFR-M, relations for galaxies in my
sample. Gray data points represent individual annuli in galaxies. Two top
panels are presenting resolved main sequence with two different SFR diagnos-
tics. Left panel is based on SFRggp and right panel is based on dust-corrected
SFRy.. Bottom panels present sSFR-M, relation with sSFRggp on the left
and dust-corrected sSFRy, on the right. Solid gray lines are the best linear
fits to grey data points with the fitted parameters presented in Table 2.1.
Colored pentagons are the median SFR/sSFR (top/bottom panels) in bins
of stellar mass which are color-coded by the average distance from the center

of the galaxies. . . . . . . . . . . .

The upper right panel presents HST observations of the two brightest images
of MRG-MO0138 along with the placement of the slit on each image (repro-
duced from Newman et al. 2018b). Other panels show the integrated spectra
of these two images observed with Keck/MOSFIRE (purple, Image 1 in the
upper right panel) and Magellan/FIRE (light blue, Image 2) in J, H, and K
bands. The best-fit model to each spectrum is shown in solid black or blue.
Grey shaded regions are masked in the spectral fitting process. For display
purposes, all spectra are smoothed to 370 km s~! by taking the inverse vari-

ance weighted mean. . . . . . .. . ... Lo Lo

XV

31

39



3.2

3.3

Corner plot showing covariances among age, [Fe/H], and the abundances of
elements for which [X/Fe] is measured to < 0.1 dex precision in the MOS-
FIRE spectrum. Black contours show results from fitting the MOSFIRE
spectrum, and blue contours correspond to fitting the FIRE spectrum, which
has lower S/N. These contours correspond to lo, 20 and 3o levels. Titles
show the median of the marginalized posteriors obtained from the MOSFIRE
SPECETUIl . . . . . . Lo e e e e e e
[X/Fe] for different elements derived for MRG-M0138 and stacked spectra of
SDSS early-type galaxies. Black diamonds represents values for MRG-M0138
derived from the MOSFIRE spectrum, and blue hexagons correspond to the
FIRE spectrum. Each colored solid line represents local ETGs with a specific
velocity dispersion, o, as indicated in the legend. Abundances of most of the
elements increase with increasing o. Interestingly, [Mg/Fe] is significantly
higher in MRG-MO0138 than is typical of local galaxies, even those with the

highest o. . . . . . . .

xXvi

42

44



3.4 Relationships among stellar mass, [Mg/Fe|, and [Fe/H| for MRG-M0138

3.5

(black and blue diamonds, corresponding to the MOSFIRE and FIRE mea-
surements), COSMOS-11494 at z = 2.1 (green circle; Kriek et al. 2016), and
the centers of local massive ETGs (light blue circles; Greene et al. 2019).
Red pentagons show measurements derived from the SDSS stacks of Conroy
et al. 2014. The solid line in the upper left panel shows the scaling relation
from Thomas et al. 2005. The z ~ 2 galaxies are distinct from each other
and from the centers of local massive ETGs in the [Mg/Fe] vs. [Fe/H] plane
(lower panel). A simple chemical evolution model (dot-dashed line) from
Kriek et al. 2016 could plausibly explain the abundances of COSMOS-11494
with a very short formation timescale, but this model cannot account for the
high [Mg/Fe] and [Fe/H] of MRG-MO138. . . . . ... ... .........
Spatially resolved age, [Mg/Fe] and [Fe/H] for MRG-M0138. The flux-
weighted radius in each spatial bin is indicated as R/R.. Black dotted lines
represent the measured value from the integrated spectra. Solid blue line
represents the fit to the resolved data in the form of A x log (R/R.) + B,
where A and B are presented in each panel. I find that age and [Mg/Fe| are

uniform over 0.5 — 1.4R,, while I detect a marginally negative gradient in

xvii

46



3.6 Resolved spectra of MRG-M0138 in seven bins observed with Keck/MOSFIRE

4.1

4.2

(grey lines) and the best-fit model to each spectrum which are shown in red.
Extraction aperture (R) for each bin is specified in arcsec along the slit
relative to the position of peak flux. For display purposes, all spectra are

smoothed to 370 km s~! by taking the inverse variance weighted mean.

Composite HST images of the four galaxies in the sample. The lensed qui-
escent galaxies are shown in boxes. MRG-MO0150 has multiple images which
are numbered. The images are adopted from Newman et al. 2018a. . . . . .
Abundance patterns of high-z quiescent galaxies compared to local coun-
terparts. Top left: [Fe/H] versus velocity dispersion (o), top right: [Mg/Fe]
versus velocity dispersion, lower left: [Mg/Fe| versus [Fe/H]. High-z quiescent
galaxy sample include 4 galaxies from this work: MRG-M2129 (blue square),
MRG-S1522 (maroon pentagon), MRG-M0918 (purple diamond) and MRG-
MO0150 (yellow-thin diamond, with only [Fe/H] measured due to lack of Mg-
line in its spectrum), two galaxies from the literature: MRG-MO0138 (black
circle; Jafariyazani et al. 2020) and COSMOS-11494 (green filled-x; Kriek
et al. 2016). Local sample include local ETGs from Conroy and van Dokkum
2012 (green stars), stacks of SDSS ETGs (red pluses; Conroy et al. 2014) and

centers of local MASSIVE ETGs (light purple circles; Greene et al. 2019). .

xviil

52

60

65



4.3

4.4

4.5

4.6

4.7

Stellar population gradients for MRG-P0918. Red dash-dotted lines are based
on the integrated spectra, and red dotted lines represent their 1o errorbar.
Physical radius cannot be measured for this galaxy due to lack of lens model.
There is no detectable gradient in age, [Mg/Fe| and [Fe/H] in this galaxy.

Stellar population gradients for MRG-M0150 and MRG-M2129. Red dash-
dotted lines are based on the integrated spectra, and red dotted lines repre-
sent their 1o errorbar. Solid black lines and their surrounding shaded regions
are the fit to the resolved data in the form of A x log (R/Re) + B, where A
and B are presented in each panel. Both galaxies show a relatively flat age
and [Mg/Fe] gradients and a negative [Fe/H] gradient. . . . . .. ... ...
Reconstructed star formation history for MRG-MO0138. Best-fit SFH model
as well as the 68% and 95% Bayesian credible intervals derived from posterior
distributions are presented. SFRs are demagnified by a factor of 12.5, derived
from its constructed lens model. . . . . . . ... oL
Reconstructed star formation history for MRG-MO0150. Best-fit SFH model
as well as the 68% and 95% Bayesian credible intervals derived from posterior
distributions are presented. SFRs are demagnified by a factor of 4.4, derived
from its constructed lens model. . . . . . .. ..o oo oo
Reconstructed star formation history for MRG-M2129. Best-fit SFH model
as well as the 68% and 95% Bayesian credible intervals derived from posterior
distributions are presented. SFRs are demagnified by a factor of 4.4, derived

from its constructed lens model. . . . . . . . . . . ...

Xix

66

67

70

71



4.8

4.9

4.10

4.11

Reconstructed star formation history for MRG-P0918. Best-fit SFH model
as well as the 68% and 95% Bayesian credible intervals derived from posterior
distributions are presented. SFRs are demagnified by a fiducial magnification
factor of 4 due to lack of lens model. . . . . . . .. ... oL
Reconstructed star formation history for MRG-S1522. Best-fit SFH model as
well as the 68% and 95% Bayesian credible intervals derived from posterior
distributions are presented. SFRs are demagnified by a fiducial magnification
factor of 4 due to lack of lens model. . . . . . . .. ... oo
Reconstructed star formation histories of all galaxies in the sample. All SFRs
are demagnified as described in above figures. . . . . . ... ... ...
Metallicity and Mg-abundance versus star-formation timescale which is de-
fined as the duration of time in which the a galaxy increases its stellar mass
from 10% to 90% of its total mass (tggy — t19%). The grey line represents
Thomas et al. 2005 relation between [o/Fe| and formation timescale. I ac-
knowledge that these two formation timescales are not exactly similar as
Thomas et al. 2005 reported the width of Gaussian star formation histories

as formation timescale. . . . . . . . . L

XX

73

74

75



List of Tables

2.1

4.1

4.2

4.3

4.4

Best fit values to the resolved SFR-M, and sSFR-M, relations. . . . . . . .

Available photometric data for galaxies in my sample. Total fluxes for MRG-

MO0150 are normalized to its Image 1. Data are adopted from Newman et al.

Spectroscopic observation information for galaxies in my sample, adopted
from Newman et al. 2018a. Spectrum of MRG-M0150 is from its Image 1. .
Photometric data for MRG-MO0138. Total fluxes are normalized to its Image
1. Data are adopted from Newman et al. 2018a. . . . . . . . . ... ... ..

Age, [Mg/Fe] and [Fe/H]| derived from alf . . . ... ... ... ... ....

xxi

61

62



Chapter 1

Introduction

Galaxy formation is a multi-scale and multi parameter problem and despite many
advancements in the field, there are still some fundamental questions that remain unan-
swered. One series of science questions that are particularly interesting and motivated this
thesis are: What processes are responsible for transforming blue star-forming galaxies to
red quiescent systems? What are the imprints of these processes on the spatially resolved
scales of galaxies? How metals and dust are distributed in galaxies and how they affect the
growth of these systems?

In the past few decades, wealth of data from imaging and spectroscopic surveys
across the electromagnetic spectrum as well as many advanced theoretical and modeling
tools attempted to answer these questions. These efforts led to a consistent picture of the
cosmic star formation history which the star formation rate per unit volume has increased
after the Big Bang, peaked approximately when the age of the universe was about 3.5

Gyr, and then declined exponentially at later times (see Madau and Dickinson 2014 for a



comprehensive review). This is nicely summarized in Figure 1.1 adopted from the same
paper.

However, we are still lacking data and comprehensive explanatory models to draw
a detailed picture of this evolution. One limitation is that most observational measurements
and therefore models are based on integrated light of the galaxies due to the resolution limit
of current instruments, so our understanding from internal processes in galaxies are very
limited especially for more distant objects. However, resolved studies of local galaxies,
including the Milky Way, show complex distribution of stars, gas and dust throughout
galaxies (e.g., Sdnchez et al. 2012; Dalcanton et al. 2012; Bundy et al. 2015). Therefore,
studying the internal processes of individual galaxies at kilo-parsec scales seems crucial to
have a comprehensive picture of galaxy formation and evolution processes. Moreover, there
is not enough constraint even at integrated scales for more compact and fainter galaxies,
for example for high redshift (z) quiescent systems.

In the first part of this thesis (Chapter 2), I investigate the distribution of star
formation rate (SFR), specific SFR (sSFR), and dust attenuation across individual galax-
ies for a sample of 32 galaxies selected from the MUSE-Wide Survey (Herenz et al. 2017)
at 0.1 < z < 0.42. In this analysis, I take advantage of the high spatial resolution of
the MUSE integral-field spectrograph to measure reliable spatially resolved Ha and HS
emission line maps for individual galaxies. I also derive resolved stellar mass, SFR and
dust maps using pixel-by-pixel Spectral Energy Distribution (SED) fitting on high resolu-
tion multi-band HST /ACS and HST /WFC3 data from the Cosmic Assembly Near-infrared

Deep Extragalactic Legacy Survey (CANDELS, Grogin et al. 2011; Koekemoer et al. 2011).
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Figure 1.1: The cosmic star formation history measured from rest-frame far-UV and infrared

data (Madau and Dickinson 2014).

By combining these, I analyze the radial profile of various physical parameters across these
galaxies to understand how mass, star formation activity and color excess profiles are re-
lated. This will tell us about the timescale of the star formation and possible growth models
for these galaxies.

In the second part of my thesis, I focus on high-redshift quiescent systems which
their evolutionary path is not yet well explained. This is crucial to understand the causes
of star formation quenching at cosmic noon when most galaxies were experiencing the
peak of their star formation activity. Also, these rare objects are close to their epoch of
quenching when the majority of merger activities had not yet occurred to pollute their
stellar population. Therefore, they provide us with a perfect lab to test the physics of star

formation and quenching which is needed for drawing a robust picture of growth of galaxies.



One powerful method to understand the growth of these galaxies is by measuring
their stellar chemical compositions. However, such measurements are extremely challenging
for quiescent galaxies at high redshifts, because they have faint stellar continua and compact
sizes, making it difficult to detect absorption lines and nearly impossible to spatially resolve
them. Before this thesis, there was only one quiescent galaxy at z ~ 2 for which integrated
stellar abundances (e.g., iron, magnesium) were measured precisely (~ 0.1 dex precision,
Kriek et al. 2016), and there were only a handful of galaxies with such measurements at z
~ 1.4 (Kriek et al. 2019). These are shown in Figure 1.2 (adopted from Kriek et al. 2019)
which highlights how few data point we have from stellar abundances of high-z quiescent
galaxies which are needed to understand this population.

In this context, powerful cosmic telescopes, strong gravitational lensing systems,
offer us the opportunity to overcome some of these limitations, and enable us to study these
galaxies with detailed spectroscopy that can be spatially resolved to investigate their internal
structures. In the third chapter of this thesis, I analyze deep spectra of MRG-M0138, a
lensed quiescent galaxy at z = 1.98 which is the brightest of its kind at this redshift range,
with an H-band magnitude of 17.1. Taking advantage of full spectral fitting, I measure
magnesium and iron abundance and, for the first time, the stellar abundances of 6 other
elements in this galaxy. I further constrained, also for the first time in a z ~ 2 galaxy, radial
gradients in stellar age, magnesium abundance and iron abundance. My measurements show
a very unusual chemical abundances for MRG-M0138 even compared to the centers of local
massive early-type galaxies which are believed to be descendants of this population. This

observation challenges simple galactic chemical evolution models and shows the need for
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Figure 1.2: Stellar abundances for a quiescent galaxy at z = 2.1 (black filled circle) and
massive quiescent galaxies at z~ 1.4 (colored symbols) compared to local early-type galaxies
(plusses) and stacks of quiescent galaxies at 0.07 < z < 0.7 (gray squares). Figure is adopted

from Kriek et al. 2019.



more observations and elaborate models. This motivated the analysis of the next chapter
of this thesis (chapter 4) to understand if this galaxy is representative of high redshift
quiescent galaxy populations, what other constraint we can put on their evolution processes
using other probes, and what models are needed to explain their evolution.

In chapter 4, I study four other high-z gravitationally lensed quiescent galaxies at
1.95 < z < 2.64. Besides investigating their chemical abundances at integrated and spatially
resolved scales, I examine their evolutionary path by another independent probe which is
their star formation histories reconstructed by fitting stellar population synthesis models to
their multi-band photometric and spectroscopic data.

I conclude this thesis by a summary followed by ongoing projects and possible

future directions in Chapter 5.



Chapter 2

Spatially Resolved Properties of

Galaxies from CANDELS-+MUSE:
Radial Extinction Profile and

Insights on Quenching

2.1 Introduction

Over the past decades, great deal of work has been done to understand the physical
properties of galaxies over a wide range of cosmic time. However, most of these studies are
based on measurements of the integrated light of galaxies and most information about the
behavior of galaxies at small scales (kpc level) are ignored. Resolved studies of local galaxies,

including the Milky Way, show complex distributions of metallicities, stars, gas, dust, and



star formation activity (e.g., Sdnchez et al. 2012; Dalcanton et al. 2012; Bundy et al. 2015).
This suggests that to draw a comprehensive picture of how galaxies evolve, what processes
are involved, and how such processes occur requires that we study galaxies at high spatial
resolution scales to understand the internal mechanisms that drive the underlying galaxy’s
evolution.

A relatively inexpensive and accurate method, widely used to measure physical
parameters for large samples of galaxies, is to fit their Spectral Energy Distribution (SED)
using multi-waveband photometric data. The shape of the SED of a galaxy depends on
all physical properties including the star-formation history, metal content, dust properties,
interstellar medium (ISM) properties, etc. Therefore by fitting stellar population models
to observed SEDs, we can extract these parameters (see Conroy 2013 for a review on SED
modeling). This method is recently extended to measure these properties at the resolution
element of galaxies, providing pixel-by-pixel estimates and therefore, high resolution maps
(e.g.,Wuyts et al. 2012a; Hemmati et al. 2014; Guo et al. 2018). However, relying solely on
SED-derived parameters is problematic due to potential degeneracies and uncertainties as-
sociated with the SED-fitting process. Stellar mass is known to be the most reliable output
from SED-fitting, since it is measured by the normalization of the SED, while properties
such as star formation rates (SFR), color excess, age, etc. rely on a wide range of assump-
tions. For instance, SED-derived SFR is highly degenerate with age, dust, and metallicity
and is dependent on the assumed star formation history (SFH) and initial mass function
(IMF) (Conroy 2013). Furthermore, physical properties should be derived from indepen-

dent methods rather than deriving all from SED-fitting to properly study their correlations



with each other without being worried about model-dependent correlations. Hence, using
spectroscopic information besides photometry seems to be required to break degeneracies
and obtain more robust results.

Another challenge in measuring physical properties of galaxies, both at integrated
and resolved scales, is estimating the effect of dust on the measured properties. It is known
that SED color excess is seriously affected by age - dust - metallicity degeneracy, and it only
measures reddening toward the stellar light which can be different from reddening toward
nebular emission lines (Calzetti 1997). This different level of attenuation toward nebular
and stellar regions is explained to some extent by two-component dust model proposed by
Charlot and Fall 2000. In this model, old stars which are distributed all over the galaxies
become redder due to the attenuation only from the diffuse interstellar medium (ISM),
while young, short-lived massive stars formed in cold molecular clouds tend to ionize their
surrounding regions, and are subject to attenuation from ionized gas as well. Therefore, it
is important to measure both forms of reddening not only to correct their effect on other
physical parameters, but also to better understand the geometry of stars and dust inside
galaxies. This also requires spectroscopy to directly measure diagnostic lines sensitive to
extinction (i.e. Balmer decrement: Ha/HfS) to estimate the attenuation toward nebular
regions.

In recent years, spatially-resolved spectroscopy of local galaxies became feasible
thanks to the integral field spectroscopy (IFS) surveys, such as SAMI (Croom et al. 2012;
Scott et al. 2018), CALIFA (Sanchez et al. 2012), and MaNGA (Bundy et al. 2015). For

this work, I needed IFS data in a field with available high spatial resolution multi-waveband



photometry, so I take advantage of MUSE-Wide Survey (Urrutia et al. 2019a) which also
allowed us to go further than previous studies by examining the resolved properties of
galaxies at lower masses and higher redshifts. I focus on studying radial profiles of SFR,
sSFR and dust attenuation in a sample of 32 galaxies with high S/N detection of Ha and
Hp at 0.1 < z < 0.42 and average stellar mass of 1087! M. The aim is to evaluate the effect
of dust on measured properties, study the radial gradient in nebular and stellar reddening,
and constrain quenching mechanisms based on radial profile of the SFR and sSFR for this
sample.

The chapter is organized as follows. In §2 I present the sample and its selection
criteria. §3 provides my methodology in analyzing the photometric and spectroscopic data
from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS)
and MUSE-Wide Survey respectively at kpc scale. I discuss my results from resolved analy-
sis of SFR, sSFR and dust distribution in galaxies in §4. In §5 I summarize the main points
of this work and discusses future directions.

Throughout this chapter, I adopt a cosmology with a matter density parame-
ter Qp = 0.3, a cosmological constant 24 = 0.7 and a Hubble constant of Hy = 70

kms~'Mpc~!. All magnitudes are in the AB system.

2.2 Sample selection

Accurate measurement of the physical properties of galaxies at kpc-scales requires
a sample with high-spatial resolution multi-waveband photometry and integral field spec-

troscopy. With extensive dataset currently available for galaxies in the GOODS-South field,
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this provides an ideal sample as it combines the deepest and highest resolution multi-band
HST data from the CANDELS survey with integral field spectroscopic data of high spectral
and spatial resolution from the MUSE-Wide Survey. In this section I briefly explain the

two parent samples followed by my sample selection strategy.

2.2.1 CANDELS

CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) is the largest single project
carried out by the Hubble Space Telescope (HST'), with 902 orbits of observing time. CAN-
DELS consists of five fields (GOODS-South, GOODS-North, EGS, UDS, COSMOS) with
the optical imaging data from the Advanced Camera for Surveys (ACS) and infrared data
from Wide Field Camera 3 (WFC3). The catalog is selected in WFC3 H-band (F160W) and
contains 18000 galaxies to a o limiting magnitude of ~ 27. HST images, multi-wavelength
photometric catalogs and catalogs of integrated physical properties for CANDELS galaxies
are now available in all five fields (for details see, Guo et al. 2013, Galametz et al. 2013;

Mobasher et al. 2015; Nayyeri et al. 2017; Stefanon et al. 2017).

2.2.2 MUSE-Wide Survey

MUSE-Wide Survey is a blind 3D spectroscopic survey of sub-areas in the CANDELS-
DEEP and CANDELS-COSMOS regions with 1-hour exposure time per 1 arcmin? pointing.
It has been done using the the MUSE instrument on the Very Large Telescope (VLT) in
the wide field mode, which provides medium resolution spectroscopy at a spatial sampling
of 0.2" per spatial pixel. The extended wavelength range was used, covering 4750-9350 A,

with ~ 2.5 A resolution. The final survey will cover 100 fields each covering an area of 1
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arcmin?. This analysis uses data from 24 MUSE fields in the GOODS-S deep area (Herenz
et al. 2017). The data from these fields provided the preproccessed datacubes for a total of

831 emission line galaxies with redshifts in the range 0.04 < z < 6.

2.2.3 Final sample

The main goal of this work is to measure the kpc scale distribution of SFR, sSFR,
and dust in galaxies and relate them to the integrated physical properties. Recent star
formation activity is measured using Ha emission line, and dust distribution is estimated
from Balmer decrement (Ha/HfS) which provides a measure of the extinction correction.
Therefore, I select the sample such that Ha and HS emission lines both fall in the observed
wavelength range covered by the spectrograph to enable measurements of both lines simul-
taneously. This restricts the redshift range of the sample to 0.1 < z < 0.42. Finally, I omit
galaxies for which their Ha and/or Hf lines could not be fitted properly due to low S/N or
being at the edge of the field of view, such that the whole galaxy was not covered. Only 32
galaxies (out of a sample of 831) satisfy my selection criteria with the stellar mass spanning
the range 10”7 to 1013 M, and average mass of 10%7" M.

Figure 2.1 shows my final sample on the SFR-M, relation, compared to all the
galaxies observed in the CANDELS GOODS-S field at the same redshift range (0.1 < z <
0.42) which shows the properties of the galaxies in this sample compared to the overall
population of galaxies at this redshift range. Stellar mass and SFR in this plot are derived
from SED-fitting with details explained in section 3.1. The dashed black line represents the
main sequence of star-forming galaxies at z ~ 0.35 from Lee et al. 2015. These galaxies are

typically towards the upper part of the “main sequence”, suggesting we are looking at the
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Figure 2.1: My sample of 32 galaxies with MUSE detection of Ha and Hf lines over plotted
on the galaxies from the CANDELS survey at the same redshift range: 0.1 < z < 0.42.
Black dashed line is representing the main sequence of star-forming galaxies from Lee et al.

2015 for galaxies at z ~ 0.35. Galaxies of this sample are color-coded according to their

redshift.

more active population of star-forming galaxies which is expected on Ha selected samples

(e.g. Nelson et al. 2016; Emami et al. 2019). Despite small sample size, the galaxies in this

study cover ~ 3 orders of magnitude in stellar mass.
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2.3 Measurement of resolved properties

2.3.1 Resolved photometric measurements

In this section I describe techniques in measuring resolved photometric properties
of galaxies. Following Hemmati et al. 2014, I perform pixel-by-pixel SED fitting using
HST imaging data in seven pass bands. The HST imaging data consist of four optical
bands from the ACS (F435W, F606W, F775W, and F850LP) and three near-infrared bands
from WFC3 (F105W, F125W, and F160W) from the CANDELS GOODS-S survey. An
automated pipeline is developed to perform high spatial resolution measurements. First I
make a 100x100 pixel cutout around each source and produce a segmentation map of that
galaxy. The goal of the segmentation map, is to simply define edges for the galaxy with
0 and 1 values for pixels not corresponding and corresponding to the galaxy respectively.
Multiplying the segmentation map to each of the cutouts removes the surrounding objects
and background pixels. I then perform PSF matching to degrade HST images to the MUSE
resolution (~ 1.1 arcsec) at Ha wavelength. A multi-waveband catalog is then generated for
each galaxy with each row corresponding to a resolution element with magnitudes in seven
pass bands and their associated RMS errors. The spectroscopic redshift for each galaxy is
also listed.

Model SEDs are generated covering a wide range in parameter space. The model
template library includes SEDs for stars from the PICKLES library (Pickles 1998), AGN
and normal galaxies. For quasars, I use synthetic and composite quasar libraries available
in the LePhare package (Arnouts et al. 1999; Ilbert et al. 2006), and for galaxies I build

a unique and inclusive library using Bruzual and Charlot 2003 stellar population synthe-
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sis models. I assume a Chabrier 2003 initial mass function, exponentially declining star
formation histories with 7 in the range 0.05 to 20 Gyr, and the metallicity to be 40% Solar.

SED-fitting on the resolved elements is then performed using the LePhare SED-
fitting code, which finds the closest match from the model templates to the observed SED
corresponding to each resolution element based on 2 minimization. The redshifts are fixed
to their spectroscopic values to fit for the physical parameters including stellar mass, SFR,
and extinction. Lephare code enables us to add the contribution of emission lines including
Lya, Ha, HB, [On], [O111]4959, and [O111]5007 based on Kennicut relations (Kennicutt
1998 ) and incorporate Calzetti dust attenuation law (Calzetti et al. 2000). Figure 2.3
shows resolved stellar mass and SFR surface density as well as stellar E(B—V) maps for
three sample galaxies. For visualization purposes, these maps show results of resolved SED-
fitting on HST quality data where images from seven photometric bands were PSF matched
to the resolution in F160W. Overall the observed trends are not affected by degrading the

HST images to MUSE resolution.

2.3.2 Resolved spectroscopic measurements

Spatially resolved spectroscopic measurements are performed using data products
from the MUSE-Wide Survey. I use 3D reduced datacubes for all galaxies in the sample with
their detailed reduction procedure presented in Herenz et al. 2017. To produce emission line
maps, I first fit the stellar continuum with a low-order polynomial and subtract it from each
spaxel. Then the emission line fluxes are measured by fitting the spectra by a Gaussian,
weighted by the variances of the spectrum for every spaxel. In measuring the integrated

emission line fluxes, I do not account for any possible effect by kinematics due to both the
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relatively low stellar masses and the exclusion of inclined galaxies (axial ratio b/a < 0.5)
from the sample.

Using emission line maps, I then measure Ha/Hf to estimate the effect of dust.
From quantum physics, we know that the flux ratio of two nebular Balmer emission lines
is constant for a fixed electron temperature, and deviation from the theoretical value can
be due to the dust extinction. I measure Balmer decrement pixel-by-pixel for the spaxels
where both Ha and HS have S/N > 3 to produce a reliable map for each galaxy. In
this process, pixels which have an observed value of F(Ha)/F(HB) < 2.86, which is the
theoretical threshold for Case B recombination at T = 10000 K in the absence of dust
(Osterbrock 1989), are assigned zero extinction.

SFRy, is computed using calibration from Kennicutt 1998 for individual pixels,
and to be consistent with my SFRggp measurements, I adjusted them to account for my
SED-fitting assumptions compared to Kennicutt 1998 assumptions: Chabrier 2003 IMF
instead of Salpeter 1955 IMF, and 40% Solar metallicity instead of Solar. Balmer color
excess, E(HSB-Ha), is computed following Equation 2.1 using Balmer dercrement maps.
Then A(Ha), attenuation toward HII regions, is measured for each pixel following Equation
2.2. In this Equation, k(Ha) and k(H ) are the amount of extinction at the Ha and Hf
wavelengths, assuming a Calzetti et al. 2000 dust attenuation law. Finally, SFRs per pixel
are corrected for extinction using Balmer decrement.

HO‘/Hﬁ)obs

E(HB — Ha) = 2.5 logy ( 586 (2.1)
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A(Ha) = k?gg)ﬁ__kfgl) x k(Hao) (2.2)

As a sanity check, I examined if SFR computed from the integrated emission line
of the galaxies are equivalent to the sum of the SFRs of their pixels, as shown in Figure
2.2 for the case of observed and dust-corrected SFRy,. I find that the measurements are in
good agreement such that both independent approaches are consistent. The only concern is
that incorporating lower signal to noise HZ measurements significantly increased the error

bars and scatter between the two SFRs.

2.3.3 Three sample galaxies with resolved measurements

For visualization purposes, I bring spatially resolved mass, SFR, stellar E(B—V),
Ha and HS maps for three sample galaxies in Figure 2.3, following by their radial profile
of nebular to stellar E(B—V) and sSFR in Figure 2.4. These maps are examples of how
distribution of physical properties can be so diverse and non-Gaussian, and allow visual
inspection of how resolved structures of galaxies affecting the radial profile of sSFR and

nebular to stellar reddening.
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Figure 2.2: Total SFR of galaxies measured by summing up the SFRs per pixel vs. SFR
measured from the integrated emission lines. Red data points are SFRy, and black ones

are dust-corrected SFRy,. Dashed line represents one-to-one relationship.
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Figure 2.3: From left to right: spatially resolved stellar mass surface density, SFR surface
density, stellar E(B—V), Ha emission and HS emission maps for three galaxies from my
sample. To allow for visually comparing HST and MUSE PSF, resolved SED-fitting maps
(first three in each row) have HST quality where input seven images of SED-fitting were
PSF matched to the resolution in F160W, and Ha and Hf maps which are derived from

3D datacubes provided by MUSE-Wide Survey have their original PSF.
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Figure 2.4: Radial profile of nebular to stellar color excess (black dashed lines) overplotted
on sSFR profile (grey dotted lines) for 3 sample galaxies which their nebular E(B—V) to
stellar E(B—V) ratio profiles closely follow their sSFR profiles. The mass, SFR, stellar
E(B-V), Ha and Hf maps for these three galaxies are presented in Figure 2.3 (the top

panel of figure 2.3 is corresponding to left panel of this graph).

2.4 Results

2.4.1 Integrated SFR diagnostics

I'start by comparing the dust-corrected SFRy, and SFRggp for the integrated light
of galaxies in my sample. SFRy, is tracing the ionizing radiation from massive stars (>
10M) which provides a relatively instantaneous measure of the SFR (< 10Myr) (Kennicutt
1998) whereas SFRggp is measuring the average SFR of the galaxy over its lifetime based
on the assumed SFH. Despite tracing different star formation timescales and large errors in
SFRsgD, these two diagnostics are well-correlated (p-value= 0.0004) as shown in Figure 2.5.
The blue dashed line in Figure 2.5 shows the best-fit linear relationship, where the slope is
0.81940.232 and the intercept is —0.919 4-0.152. The slope of this relation is close to unity

for lower SFRs with deviation from unity at higher SFR values. This is consistent with

20



the results from Shivaei et al. 2016 who found a near unity relation between dust-corrected
SFRy. and SFRggp (UV-to-FIR) for a sample of z ~ 2 galaxies. I note that, while the
SFRy, is reliably corrected for dust attenuation by the Balmer decrement, not including
the FIR data in the SED fitting might produce slight underestimation of SFRggp at larger
SFR values where more dust attenuation is expected (e.g., Reddy et al. 2010; Casey et al.
2014b; Shivaei et al. 2016). This increases the deviation of the two measures at higher SFRs
(decreasing the slope).

My sample of emission line galaxies are residing on or above the main sequence
of star forming galaxies (e.g., Noeske et al. 2007; Elbaz et al. 2011), with more massive
objects having higher average SFR values (see Figure 2.1). The deviation of the two SFR
diagnostics (probing different SFR timescales) at larger SFRs, is hence suggestive of the
quenching process starting in the more massive objects in my sample (the so called mass
quenching; Peng et al. 2010). In the following subsections I look into resolved distribution

of SFR, sSFR, and dust to further learn about the quenching mechanism.

2.4.2 Radial profiles of mass, SFR and sSFR

To combine and compare the resolved spectroscopic and photometric products, I
transform pixel measurements to radial profiles by taking the median value of all the pixels
in each annulus. I then use the bootstrap method to estimate the standard error of the
sample median. While this technique loses some information (e.g. smooths out clumps
present in galaxies), the strategy facilitates the interpretation of the results as we avoid

complexity and uncertainties of matching pixels between two sets of data.
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Figure 2.5: Comparison between the SFRy, and SFRggp for the integrated light of galaxies.
Gray dotted line represents the one-to-one relationship. Blue dashed line represents the best

fit to the data with the slope = 0.819 + 0.232, and intercept= —0.919 + 0.152.
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The radial profile of the stellar mass surface density declines smoothly from the
most inner regions outwards to the disk, consistent with previous studies (e.g., Wuyts et al.
2012b; Hemmati et al. 2015) at similar redshifts. The radial profile of the SFR also declines
towards outer parts of galaxies, but not as smooth as the mass density. In Figure 2.6
I show the radial profile of the median SFR surface density (Xspr) over all the galaxies
in the sample out to 4.5 kpc radius. Shaded regions in this figure represent the standard
deviation over the full sample. Red profile shows the observed SFRy,, (uncorrected for dust),
increasing towards the inner regions of galaxies with a relatively shallow slope. However,
the increased SFR in the central regions become clearer when SFRy,, is corrected for dust
using the Balmer decrement (black profile). This also suggests that dust is more centrally
concentrated, and decreases towards the outskirts, consistent with previous results (e.g.,
Hemmati et al. 2015; Nelson et al. 2016).

Nelson et al. 2016 used resolved measurements of Ha and Hf emission lines for
~600 galaxies at z ~ 1.4 to study the radial distribution of SFRy, and dust attenuation.
They found high central SFRs and steeper dust attenuation gradients with increasing stellar
mass of galaxies, such that Ha attenuation (Ap,) in the center of galaxies with the average
mass of log M. /Mg = 10.2 is up to 2 magnitudes. However, for galaxies with log M, /Mg =
9.2 they observed little dust attenuation at all radii, whereas according to Figure 2.6, dust
obscures the SFR by a factor of ~ 3 at the very center of the galaxies in my sample with
the average mass of M, = 1()8'711\/[@. In the next subsection I look in more detail into the

distribution of dust inside galaxies in this sample.
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Figure 2.6: Median radial profile of Xgpgr for all the galaxies in the sample. Red and black

profiles represent the SFRy,, and the dust-corrected SFRy,, respectively. Shaded regions

correspond to lo error in the data.
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To better investigate the mass build up in these galaxies, I also present the radial
profile of the specific star formation rate (sSFR) in Figure 2.7. Here, resolved sSFRs are
estimated both by pixel-by-pixel SED-fitting (grey line/ shaded region) and dividing the
dust-corrected SFRy, by the SED-derived stellar mass (blue line/shaded region). In the
second approach, the median mass and median SFR of the pixels inside a ring is used to
estimate the sSFR per annulus. The shaded regions in this Figure represent the standard
deviation of sSFRs at different radii in this sample. As expected, standard deviation is
much larger for the sSFRggp profile at all radii which is due to uncertainties associated
with SFRggp. The radial profile of the sSFRggp is almost flat throughout the galaxy;
however, sSFRy, shows ~ 0.8 dex increase in median sSFR from center out to 4.5 kpc
radii.

Nearly flat trend for SED-based sSFR was previously observed by Liu et al. 2018
for star forming galaxies with the mass ranging from 10° to 10'° M, whereas they found
an increasing sSFR. profile for galaxies in their most massive bin (M, > 10'%5 M). Belfiore
et al. 2018 also found a mostly flat sSFR profile based on Ha measurements from MaNGA
survey for the lowest mass galaxies in a sample of star forming main sequence and green
valley galaxies (10 to 10%° M), and an increasing sSFR profile for higher mass galaxies.
However, Figure 2.7 suggests that sSFRy,, profile is not necessarily flat in this sample with
the average mass of M, = 108‘711\/[@. This increase of sSSFR with radius implies that the
central regions of these galaxies formed at earlier times such that they are less gas rich com-
pared to the outer regions, which suggests an inside-out growth scenario for the formation of

these galaxies. I note that the sample size here is small and the scatter among the galaxies

25



0.5
—— SSFRyq
—— SSFRsep
0.0 °
o
|
> 0.5 -
3
o
L
D 1.0
o
o
—-1.5 1
_2-0 T T 1 1 1 1 1 1

0.5 1 1.5 2 2.5 3 35 4 45
Radius [kpc]

Figure 2.7: Median radial sSFR profiles for galaxies in the sample. Solid black profile
presents the SED-derived sSFR and the solid blue profile shows the sSFRs calculated by
dividing the dust-corrected SFRy, by the SED-derived stellar mass in each annulus. In

both profiles, shaded regions represent 1o error in the data.

(visible from the shaded regions in Figure2.7) is large to draw strong conclusions. However,
the flatness of sSSFRggp compared to the decline of the sSFRy, towards the central parts
of the galaxy, also suggests an inside-out quenching of star formation. This is again due
to the different timescales of SFR that Ha and SED are probing, where per unit stellar
mass, there is less recent SFR compared to the longer timed average SFR in inner regions

of galaxies compared to outer regions in the disk.
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2.4.3 Extinction profiles

In this subsection I present the radial profiles for the stellar and nebular extinc-
tions. For this purpose, resolved stellar E(B—V) is estimated through pixel-by-pixel SED-
fitting and nebular E(B—V) is measured from the Ha and Hf emission lines in every pixel

following Equation 2.3:

2.5 Ha/Hp

E(B —V)gas = k(HB) — k(Ha) IOgIO(TSG) (2.3)

where k(Ha)=3.326 and k(H/)=4.598, are values of extinction curve at the wave-
length of these two lines computed based on Calzetti extivtion curve (Calzetti et al. 2000),
and 2.86 is the intrinsic Balmer decrement for Case B recombination at T = 10000 K and

electron density of 10* cm™3.

The median E(B—V) in each annulus is used to produce
radial dust profiles in individual galaxies. I then extracted reddening profile of the sample
by taking the median E(B—V) at each annulus over all the galaxies. The radial profiles of
both nebular and stellar dust vary from galaxy to galaxy in this sample, so defining one
dust profile shape for the whole sample is not valuable. However, integrated properties of
galaxies are known to be correlated with dust inside galaxies (e.g., Reddy et al. 2015). I
therefore, study the dependence of the reddening profiles on integrated physical properties
including stellar mass, SFR and sSFR and found that the profiles are most significantly
dependent on the integrated sSFRs.

Figure 2.8 presents the nebular and stellar E(B—V) profiles when I divided the

sample into two sSFR, bins with similar number of galaxies in each bin. At the lower sSFR

bin (left panel of Figure 2.8), the Pearson correlation coefficients between E(B—V) and
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radius is within the range of 0 and -0.5 showing a weak radial dependence of both stellar
and nebular reddening which can be explained by low values of extinction at all radii for
these galaxies. On the contrary, in the higher sSFR bin (right panel of Figure 2.8), the
correlation coefficient of both nebular and stellar reddening and radius are less than -0.8,
indicative of a strong relation between E(B—V) and radius. I fitted a power-law to the
nebular profile as E(B—V)= Ar® where A=0.2240.02 and b=—0.85+0.10 (blue dotted line
in Figure 2.8) , and a linear relation to the stellar reddening as E(B—V)= mr + ¢ where
m=-—0.03 + 0.01 and ¢=0.19 £ 0.02 (red dotted line in Figure 2.8).

Clear from Figure 2.8 and as already seen in section 2.4.2, the highest attenuation
by dust occurs in the central regions of the galaxies with the exception of stellar E(B—V) in
low integrated sSFR. galaxies. These plots also indicate that sSFR is affecting both nebular
and stellar E(B—V) profiles such that galaxies with higher integrated sSFR, have higher
values of both types of reddening at all radii. Also, galaxies in the higher sSFR bin tend
to have steeper profiles, showing higher nebular and stellar reddening toward the center of
these galaxies.

Another essential notion to examine in this sample is the extra attenuation towards
nebular emission lines compared to the stellar light. The ratio of nebular to stellar reddening
for the integrated light of galaxies has been extensively studied (e.g., Calzetti et al. 2000;
Reddy et al. 2010; Wild et al. 2011; Koyama et al. 2019), there is however a large scatter in
this relation. Reddy et al. 2015 related this scatter to physical properties such as sSFR and
stellar mass based on observations of star-forming galaxies at z~2. Hemmati et al. 2015

presented the nebular to stellar ratio at kpc-scales in a small sample of emission line galaxies
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at z ~ 0.4, and also found extra reddening towards the nebular emission lines, increasing
with the mass surface density. This is consistent with the overall trend seen in this sample,
visible in Figure 2.8 where the blue shaded region sits above the red one in inner regions of
galaxies with higher mass surface densities.

While the trends of nebular and stellar dust reddening over the whole sample agrees
with what has been suggested before, the nebular to stellar reddening ratio in individual
galaxies seems unique for every single galaxy. This is expected given the sensitivity of the
profiles to the patchiness of dust and the distribution of clumps in galaxies, so a unified
trend is not observed for individual galaxies at kpc-scales. Also, the observed ratio of
nebular to stellar reddening varies significantly among the galaxies. However, I find that
the nebular to stellar color excess profile is closely following the sSFR radial profile such
that for the younger parts of the galaxy with higher current SFR (high sSFR), nebular to
stellar color excess is increasing significantly. Figure 2.4, presents the radial profile of the
nebular E(B—V) to stellar E(B—V) for three sample galaxies over plotted on their sSFR
profiles. These are the same galaxies as the resolved kpc-scale maps in Figure 2.3 (galaxies
from left to right in Figure 2.4 correspond to those from top to bottom in Figure 2.3). This
figure allows visual inspection of correlations between the shape of reddening profiles and
the resolved structures inside galaxies, such as the position of star forming clumps (e.g.,
galaxy on top panels of Figure 2.3) or the non-central mass distribution (e.g., galaxy on

bottom panels of Figure 2.3).
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Figure 2.8: Median radial profiles of nebular and stellar color excess for galaxies in the
sample. I divided the sample into two bins based on their integrated sSFR such that the
number of galaxies in two bins are about the same. Galaxies in the left panel have integrated
sSFR< 1.25 Gyr~!, and galaxies in the right panel have integrated sSFR> 1.25 Gyr~!. In
each panel, red and blue profiles present the stellar and nebular color excess, respectively.
In all profiles, shaded regions represent 1o scatter in the data. In the right panel, the dotted
lines correspond to the best fit model to the data where the stellar reddening is modeled

with a linear relation and nebular profile is fitted by a power-law.
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Figure 2.9: Resolved main sequence and resolved sSFR-M, relations for galaxies in my
sample. Gray data points represent individual annuli in galaxies. Two top panels are
presenting resolved main sequence with two different SFR diagnostics. Left panel is based
on SFRgep and right panel is based on dust-corrected SFRy,. Bottom panels present
sSFR-M, relation with sSFRggp on the left and dust-corrected sSFRy, on the right. Solid
gray lines are the best linear fits to grey data points with the fitted parameters presented
in Table 2.1. Colored pentagons are the median SFR/sSFR (top/bottom panels) in bins of

stellar mass which are color-coded by the average distance from the center of the galaxies.
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2.4.4 Resolved SFR-M., and sSFR-M, relations

The main sequence of star forming galaxies is a well studied relation between
integrated SFR and stellar mass of galaxies (e.g. Noeske et al. 2007; Speagle et al. 2014;
Renzini and Peng 2015). This relation can also be studied at resolved scales to reveal
how kpc-scale properties are related to unresolved measurements (e.g. Wuyts et al. 2013;
Hemmati et al. 2014; Ellison et al. 2018). Studying the sSFR-M, relation also reveals
information about the star-formation history of galaxies. At small scales, this relation can
be used to infer when different stellar populations were formed and to differentiate between
galaxy growth scenarios using the radial gradient in sSFR-M, relation.

In Figure 2.9 I present the resolved main sequence, where the top panels show
the resolved SFR versus mass surface density and bottom panels showing resolved sSFR
versus mass surface density for all the galaxies in the sample. On the left panels, SFR is
calculated from SED fitting and right panels are based on dust-corrected SFRy,. Each grey
data point on these plots represents an annulus of a galaxy with the width of 1 kpc, where
the median value of the ¥y, , Ysrr and sSFR of the pixels are assigned to that annulus.
Colored pentagons in these plots show the median SFR/sSFR in mass bins with the width
of 0.5 dex, color coded by the distance from the center. I perform least square regression
to grey data points shown as solid gray lines with the best fitted parameters presented in
table 2.1. In all panels, the best fit line is a good representation of the median SFR/sSFR
in each mass bin (colored pentagons) except for the highest mass bin which is most likely

due to poor statistics.
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The top two panels confirm that linear relation between SFR and M, (so-called
main sequence) exists at resolved scales with different slopes and normalization depending
on the SFR diagnostics. This slope is much steeper when SFRs are derived from SED-fitting
(0.78 in compare to 0.43) suggesting that massive regions of galaxies have already built up
their stellar mass through forming stars over their lifetime. Recent star formation traced by
SFRy, is relatively lower in these massive regions. I also infer that the position of different
parts of galaxies on this plot is strongly dependent on their radial distance such that inner

regions (redder points) have higher ¥y, and YspR.

Table 2.1: Best fit values to the resolved SFR-M., and sSFR-M., relations

Relation Slope y-intercept RMSE

SFRsgp-My  0.78 -7.39 0.09
SFRHa-M. 0.43 -5.66 0.05
sSFRggp-M.  -0.05 -8.55 0.09
sSFRpo-M,  -0.59 -5.67 0.07

The bottom panels indicate that the sSFRggp results in a shallower trend com-
pared to sSFRy, (-0.05 vs. -0.59) which means that the radial gradient in recent SFR traced
by Ha is higher in comparison with average SFR traced by SED-fitting. In other words,
massive regions which are already quenched show less evidence for recent star formation
activity. Also, inner parts of the galaxies (redder points) have higher ¥y, and lower sSFR,
implying that these parts contain the bulge of the galaxy and formed their stars before the

outer regions (i.e. disks), which is again an evidence for inside-out growth of these galaxies.
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2.5 Summary

In this work, I investigate the resolved photometric and spectroscopic properties of
32 galaxies at 0.1 < z < 0.42 with stellar masses ranging from 1077 to 10'%3 M. Following

are the main points of this study:

e [ observe a linear relationship between SFRggp and dust-corrected SFRy,, with a near
unity slope at lower SFRs, and deviation from unity at higher SFR values which can
be explained by the effect of dust and/or quenching mechanisms which start in the

more massive galaxies of the sample.

e | measure an increase of ~ 0.8 dex in the median SFRy, from center to 4.5 kpc radii
for galaxies in the sample. This suggests that sSFR is not necessarily constant with
radius in relatively low-mass galaxies (M, < 10'° M) and inside-out growing is a

possible scenario for the evolution of these galaxies.

e I find that radial profile of stellar and nebular E(B—V) are strongly dependent on
the integrated sSFR of the galaxy. Radial profile of E(B—V) in galaxies with lower
sSFR, are weakly dependent on radius; however, in galaxies with high sSFR, both
stellar and nebular reddening have significantly higher values of extinction in inner
parts of galaxies. I also study the radial profile of the ratio of nebular E(B—V) to
stellar E(B—V) which found to be patchy and unique for individual galaxies with no

specific trend with radius in this sample.

e I show that the slope and normalization of the resolved SFR-M, and sSFR-M, rela-

tions are highly dependent on the SFR diagnostics (SFRsgp vs. SFRy,). Also, the
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position of different regions of galaxies on these two plots is determined by their radial
distance from the center in a way that central regions have higher ¥y, and Xgrr and
lower sSFR, which implies that these parts formed their stars before the outer parts

and is an another evidence for inside-out growth of these galaxies.

I developed the methodology of studying resolved properties of galaxy samples
with combined HST+MUSE data. In future work, I will incorporate the upcoming data
from the completed MUSE-Wide Survey, which include ~ 4 times the sample discussed
here to build upon my current analysis (data for 44 out of 100 fields of this survey is now
available at https://musewide.aip.de/project/). Clearly, next generation telescopes
and instruments will also allow us to study the spatially resolved properties of large and

diverse samples of intermediate and high redshift galaxies with unprecedented detail.
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Chapter 3

Resolved Multi-element Stellar
Chemical Abundances in the

Brightest Quiescent Galaxy at z ~

2

3.1 Introduction

Chemical abundances in early-type galaxies have been one of the main tools for
studying their formation history. Specifically the a-enhancement (a-element-to-iron abun-
dance ratio compared to the solar abundance ratio, e.g., [Mg/Fe]), is sensitive to the
timescale of star formation because of the different lifetimes of the stars that produce

these elements in supernovae (SNe). SN Type II (core-collapse) release mostly a-elements
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including oxygen, magnesium, silicon, etc. (Woosley and Weaver 1995) whereas SN Type
Ta mostly release iron and other iron peak elements. This implies that galaxies with more
extended star formation histories (SFHs) are expected to have a lower [«a/Fe] and higher
[Fe/H].

The a-enhancement, as a timescale diagnostic, has been extensively used to infer
the formation histories of early-type galaxies in the local universe (e.g., Thomas et al. 2003b;
Greene et al. 2019). However, these archaeological studies can reconstruct the formation
history of the stars currently in the galaxy, and if there has been a significant amount of
merging, then those stars were born in a range of different progenitor galaxies with poten-
tially different formation histories. Therefore, to study conditions in the main progenitors of
today’s ellipticals, including highly star-forming dust-obscured galaxies at z > 3 (e.g., Toft
et al. 2014; Casey et al. 2014a; Valentino et al. 2020), we need to observe quiescent galaxies
closer to the epoch of quenching, before the majority of merger activity had occurred and
polluted the population. At high redshifts, nearly all chemical studies have focused on the
gas-phase metallicity, measured using nebular emission lines, which traces the current com-
position of the interstellar medium (ISM) and is affected by inflows and outflows. Stellar
abundances requiring absorption line measurements are more challenging, but they provide
complementary information by tracing the composition of ISM when the stars were form-
ing. Furthermore, stellar abundances are the only chemical probe available for quiescent
galaxies that lack bright emission lines and may be gas-poor. However, the faintness of

high-z quiescent galaxies makes spectroscopic observations extremely challenging.
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In recent years, several authors have attempted to extend stellar chemical abun-
dance studies to higher redshifts using a single or stacked spectra of a handful of quiescent
galaxies (e.g., Onodera et al. 2015; Lonoce et al. 2015; Kriek et al. 2019; Lonoce et al. 2020).
Currently, there is only one quiescent galaxy at z ~ 2 for which [Fe/H] and [Mg/Fe] have
been measured to ~ 0.1 dex precision (COSMOS-11494, Kriek et al. 2016). This galaxy
is the most Mg-enhanced massive galaxy ever observed and is thus believed to have had a
very short star formation timescale compared to that inferred from local samples. Results
from this unique object suggested that the chemical composition of massive galaxies may
have evolved substantially after they quenched, likely through mergers. However, more
observations are needed to confirm this scenario.

In this work, I analyze the spectra of MRG-MO0138, a gravitationally lensed quies-
cent galaxy at z = 1.98 discovered by Newman et al. 2018a. I measure its detailed stellar
abundance pattern and compare it to COSMOS-11494 and local massive galaxies that are
representative of its descendant. Moreover, for the first time for such a distant quiescent
galaxy, I measure the gradient in age, a-enhancement and iron abundance to investigate the
uniformity of the star formation history. In Section 3.2 I briefly present my data, in Section
3.3 I explain the full spectral fitting process, models and assumptions, and in Section 3.4 1
present my results, the measured age and chemical abundances of 8 elements. I discuss the
implication of my results in Section 3.5. Where necessary I assume a flat ACDM cosmology

with €, = 0.3 and Hy = 70 km s~ 1.
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Figure 3.1: The upper right panel presents HST observations of the two brightest images of

MRG-MO0138 along with the placement of the slit on each image (reproduced from Newman

et al. 2018b). Other panels show the integrated spectra of these two images observed with

Keck/MOSFIRE (purple, Image 1 in the upper right panel) and Magellan/FIRE (light

blue, Image 2) in J, H, and K bands. The best-fit model to each spectrum is shown in solid

black or blue. Grey shaded regions are masked in the spectral fitting process. For display

purposes, all spectra are smoothed to 370 km s~! by taking the inverse variance weighted

mearn.
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3.2 Data

MRG-MO0138 is a gravitationally lensed galaxy with five different images. Two
spectroscopic observations have been made of this galaxy, one of its brightest image (H=17.1)
taken with the near-infrared spectrograph MOSFIRE (McLean et al. 2010, 2012) at the Keck
1 telescope in the J and H bands, and the other of the second-brightest image taken with
the near-infrared echellete FIRE (Simcoe et al. 2013) at the Magellan Baade telescope.
The MOSFIRE spectrum has a signal-to-noise ratio (S/N) of 137 per velocity dispersion
element (~300 km/s) in H band, which is by far the most detailed spectrum of a quiescent
galaxy at a similar redshift. The FIRE spectrum covers a wider wavelength range with a
lower S/N=77 and is mainly used as a cross-check in this analysis. Details about these
observations and data reduction processes can be found in Newman et al. 2018a.

I also have resolved spectra in a series of seven bins along the MOSFIRE slit,
which T use to derive age and metallicity gradients across this object (for details about
these spectra see Newman et al. 2018b). Also, using the resolved rotation curve of this
galaxy (Newman et al. 2018b), I am able to remove rotation from the two-dimensional
spectrum. After this derotation, the galaxy spectral features are aligned vertically while
the sky emission lines are tilted. By extracting a one-dimensional spectrum using inverse
variance weighting, I then obtain a remarkably clean integrated spectrum that is virtually
free of the sky line residuals that normally affect near-infrared spectra.

The wavelength ranges used for the fitting process in this work are 3925 - 4540 A
and 4995 - 6070 A for the MOSFIRE spectrum and 3650 - 4540 A, 4990 - 6070 A and 6650

- 7600 A for the FIRE spectrum. In both spectra, I mask the region between 4270 and
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4325 A where there is evidence for residual telluric absorption. I also mask the Na D line,
which I found to be too strong to be a purely stellar feature and thus requires additional
absorption by an interstellar medium (see Section 3.4.3). The two brightest images of the

MRG-MO0138 and our integrated spectra are shown in Figure 3.1.

3.3 Full spectral fitting

I analyze our spectra using alf (Conroy and van Dokkum 2012; Conroy et al. 2018),
which is an absorption line fitter of near-infrared and optical spectra of stellar systems older
than 1 Gyr. This code uses a Markov Chain Monte Carlo (MCMC) algorithm to fit the
data to combined libraries of empirical and synthetic stellar spectra covering a wide range
of parameter space (Sanchez-Blazquez et al. 2006; Choi et al. 2016; Villaume et al. 2017).
I run alf in full mode, which fits for 46 parameters as described by Conroy et al. 2018,
including velocity, velocity dispersion, age, abundances of O, C, N, Na, Mg, Si, K, Ca, Ti,
V, Cr, Mn, Co, Ni, Cu, Sr, Ba and Eu, along with various nuisance parameters. I note
that the S/N of our spectra is not sufficient to meaningfully constrain all of the abundance
ratios, but I identify 8 elements whose abundance is measured to < 0.1 dex precision from
the MOSFIRE spectrum and confine my analysis in the rest of this chapter to these species:
Fe, Mg, Ca, Si, Ni, C, Mn and Cr. I should note that although the MOSFIRE spectrum
formally constrained the Ti abundance to 0.1 dex precision, the spectrum does not cover the
strong TiO absorption features, so I exclude it from my results. In the fitting process, errors
are rescaled by a jitter term to ensure they are realistic, which is useful in the near-infrared

where systematic errors in the data reduction can be significant.

41



Age [Gyr] = 1.3628}

[Fe/H] = 0.26+3%4

[Fe/H]

[Mg/Fe] = 0.51%§62

® 2 0 P v 6

clEismneepr

2, 9,9, 9, 0,9, 2, 0

[Mg/Fe]
v 6

%

[Ca/Fe] = 0.12+38

|

[CalFe]
(7} o o
U P K

[
-

Y

[Si/Fe] = 0.06%592

[si/Fel
o o o
D 2 o %

& ®=

e,

[NifFe] = —0.23*3%2

>

[C/Fe] = 0.03*59¢

|

[C/Fel
N Yo, o
9,5 2, 9, 0, 0 %,%,%;°

=

[Mn/Fe] = 0.02+393

[Mn/Fe]
%%, %%

[Cr/Fe] = 0.10*33¢

©),

PO DL P PR OSSO S oS P PSP PSP T PSP P PP N
VNS 2707 07 07 07 oF o7 o7 o7 (M (O (VY Y 0 ¥ ¥V ? Y P 07 07 o7 (P (V9 o7 0707 o7 o

Age [Gyr] [Fe/H] [Mg/Fe] ’ [Ca/Fe] [Si/Fe] [Ni/Fe] [C/Fe] ’ [Mn/Fe] [Cr/Fe]

[Cr/Fe]

B @ @ ® =
&%

SNC D
v &8
© @

selore
LI

NEN
o o ,0_ 0, 0
s % % % %

2
9
o

Figure 3.2: Corner plot showing covariances among age, [Fe/H], and the abundances of
elements for which [X/Fe| is measured to < 0.1 dex precision in the MOSFIRE spectrum.
Black contours show results from fitting the MOSFIRE spectrum, and blue contours cor-
respond to fitting the FIRE spectrum, which has lower S/N. These contours correspond to
lo, 20 and 30 levels. Titles show the median of the marginalized posteriors obtained from

the MOSFIRE spectrum



In the modeling, I assume a single age population and a Kroupa IMF (Kroupa
2001). I allow the abundance of individual elements ([X/H]) to vary from -0.3 to 1. I
also perform following robustness tests: changing the degree of the polynomial fitted to the
continuum, fixing the abundances of poorly constrained elements to values typical of local
massive early-type galaxies (ETGs), allowing the response function, which determine the
change in the spectrum due to a change in the abundance of a single element, to vary with
metallicity (rather than using response functions calculated at solar metallicity, our default
procedure), and restricting the fit to A > 4000 A to exclude the Ca HK lines. Results from
all of these tests are well within the error-bar of the final reported values.

I followed the same procedure for each of the 7 resolved spectra. However, due to
their lower S/N, I focus only on the age, [Fe/H], and [Mg/Fe| derived from these spectra.

Moreover, in order to compare the properties of this high-z quiescent galaxy with
local counterparts, I also perform the fitting process with exactly the same models and
assumptions on six stacked spectra of SDSS (Sloan Digital Sky Survey) early-type galaxies
from Conroy et al. 2014. These high S/N spectra are from the inner 0.5 R, of passive
galaxies, and are binned by their velocity dispersion spanning from 100 to 320 km s~!. The
only difference is the wavelength range of the fit, which is from 4000 - 7300 A and 8000 -

8850 A for SDSS spectra.

3.4 Results

Figure 3.1 presents the best-fit models to each spectrum, which provide excellent

fits. In Figure 3.2, corner plots show the derived values of age, [Fe/H], and the abundances
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Figure 3.3: [X/Fe] for different elements derived for MRG-M0138 and stacked spectra of
SDSS early-type galaxies. Black diamonds represents values for MRG-MO0138 derived from
the MOSFIRE spectrum, and blue hexagons correspond to the FIRE spectrum. Each
colored solid line represents local ETGs with a specific velocity dispersion, o, as indicated
in the legend. Abundances of most of the elements increase with increasing o. Interestingly,
[Mg/Fe] is significantly higher in MRG-M0138 than is typical of local galaxies, even those

with the highest o.
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of 7 elements (Mg, Ca, Si, Ni, C, Mn, Cr) that have < 0.1 precision from the MOSFIRE
fit, which is unique for a z ~ 2 galaxy. Purple contours show results from the MOSFIRE
data, and blue contours show results from the FIRE spectrum. Posteriors from the two
spectra overlap and I assess the consistency between the two sets of parameters using the
Qpur statistic which follows a x? distribution (Equation 49, Raveri and Hu 2019). I derive
a p-value of 0.04 that indicates marginal tension at the ~ 20 level between two sets of
parameters. This might reflect small residual systematics in the spectra, or the fact that
they probe different light-weighted radii in the galaxy due to the lens mapping. I also found
that excluding [Ni/Fe] from the comparison removed the tension (p = 0.13) and implied full
consistency.

The estimated age of the galaxy is 1.37 & 0.11 Gyr from the MOSFIRE spectrum
(corresponding to zform = 3.3 £0.2) and 1.67 £+ 0.23 Gyr from the FIRE spectrum (zgorm =

3.84+0.5).

3.4.1 Comparison to COSMOS-11494 and local massive ETGs

I compare the abundances of different elements in this unique high-z quiescent
galaxy with the chemical abundances of local ETGs in Figure 3.3. In this figure, solid
lines represent [X/Fe] derived from stacked spectra of the inner regions of SDSS early-type
galaxies. It is known that the star formation history of passive galaxies is well correlated
with their velocity dispersion (e.g., Graves et al. 2010), and that is why these galaxies are
binned by this parameter. Figure 3.3 shows that the abundance of some elements, such

as calcium, does not depend on the velocity dispersion, whereas for some other elements,
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Figure 3.4: Relationships among stellar mass, [Mg/Fe|, and [Fe/H] for MRG-MO0138 (black
and blue diamonds, corresponding to the MOSFIRE and FIRE measurements), COSMOS-
11494 at z = 2.1 (green circle; Kriek et al. 2016), and the centers of local massive ETGs
(light blue circles; Greene et al. 2019). Red pentagons show measurements derived from the
SDSS stacks of Conroy et al. 2014. The solid line in the upper left panel shows the scaling
relation from Thomas et al. 2005. The z ~ 2 galaxies are distinct from each other and from
the centers of local massive ETGs in the [Mg/Fe] vs. [Fe/H] plane (lower panel). A simple
chemical evolution model (dot-dashed line) from Kriek et al. 2016 could plausibly explain
the abundances of COSMOS-11494 with a very short formation timescale, but this model

cannot account for the high [Mg/Fe| and [Fe/H] of MRG-MO0138.
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such as magnesium and carbon, the abundance is a strong function of velocity dispersion
(Conroy et al. 2014). The abundance ratios of MRG-M0138 and this local sample of ETGs
are relatively consistent, except for [Mg/Fe|, which is significantly (~ 0.2 dex) higher for
MRG-MO0138 even compared to local ETGs at the highest velocity dispersion bin (320
kms™!). The only other z ~ 2 quiescent galaxy with a comparably precise measurement is
COSMOS-11494 (Kriek et al. 2016), which also shows a strong Mg-enhancement.

I then present the relation between [Mg/Fe|, [Fe/H] and stellar mass (M,) for
MRG-M0138 and COSMOS-11494 in Figure 3.4. To allow for comparison between the
stellar populations of quiescent galaxies at the present time and z ~ 2, I also show the
abundances of a sample of local ETGs from the MASSIVE survey (Ma et al. 2014). Con-
sidering the high stellar mass of MRG-M0138 (log M, = 11.69+0.12), this galaxy is likely
the progenitor of a very massive local elliptical, and the MASSIVE survey is an integral
field spectroscopic survey of the most massive early-type galaxies within ~ 108 Mpc, thus
providing a perfect comparison sample. Chemical abundances and masses of this sample
are adopted from Greene et al. 2019; I use abundances measured in the inner 2 kpc. Ad-
ditionally, I added the sample of the stacked spectra of SDSS galaxies from Conroy et al.
2014 to the first two panels of Figure 3.4, to show the stellar mass dependence of [Mg/Fe]
and [Fe/H] over a wide range of stellar mass.

As predicted from local samples, [Mg/Fe] is increasing with stellar mass, but both
massive z ~ 2 galaxies lie noticeably away from the simple scaling relation based on local
ETGs adopted from Thomas et al. 2005. Even considering the scatter among local ETGs

in the MASSIVE sample, COSMOS-11494 has higher ratio of [Mg/Fe] than any of the local
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ETGs, and MRG-M0138 is comparable to the most Mg-enhanced galaxies in this sample.
In contrast to the relatively similar behavior of MRG-M0138 and COSMOS-11494 in the
[Mg/Fe]-M, parameter space, these two galaxies are completely distinct from each other
when looking at the [Fe/H]-M, relation. Generally, [Fe/H] is not a strong function of stellar
mass, and in the high mass regime, local ETGs from MASSIVE sample span a relatively
wide range of [Fe/H]|, with values as low as —0.36 to a maximum of +0.15. In this parameter
space, MRG-M0138 with [Fe/H] of +0.26 £ 0.04 is more iron-rich than any of these local
galaxies, wheres COSMOS-11494 with [Fe/H]= —0.25 £+ 0.11 is among the galaxies with
the lowest [Fe/H] ratio. This is also emphasized in the last panel of Figure 3.4, which shows
that both z ~ 2 galaxies are distinct from the local sample but with different abundance
patterns, which implies significant differences in the enrichment histories of these galaxies.

Furthermore, the [Ca/Fe] ratio is also significantly different in MRG-M0138 and
COSMOS-11494. MRG-MO0138 has [Ca/Fe]=+0.12 £+ 0.05, comparable to local ETGs,
whereas COSMOS-11494 is very Ca-enhanced ([Ca/Fe|=+0.59 + 0.07; Kriek et al. 2016).
Its very high [Ca/Fe] ratio is surprising, since local ETGs show almost no Ca-enhancement.
In MRG-MO0138, on the other hand, the abundance of Ca does not follow Mg, which is
consistent with previous studies that showed a different behavior of these two elements,
specifically the underabundance of Ca relative to other a-elements (e.g., Worthey 1998;
Thomas et al. 2003a; Smith et al. 2009). Figure 3.3 shows one aspect of the dissimilar be-
havior of Mg and Ca: [Mg/Fe] increases with increasing velocity dispersion, whereas [Ca/Fe]

is almost constant.
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3.4.2 Stellar Age and Abundance Gradients

I present my unique measurement of the spatially resolved age, [Mg/Fe], and [Fe/H]
for MRG-MO0138 in Figure 3.5. The best-fit model to each spectra is shown in Figure 3.6.
In each spatial bin, I take the light-weighted radial position from Newman et al. 2018b.
I fit our resolved data with a functional form of Axlog (R/R.) + B, where A and B are
presented on each panel of Figure 3.5.

I do not detect an age gradient (A4 = 0.03 £ 0.15 Gyr dex ') or a gradient in
[Mg/Fe|, which suggests that the star formation history was fairly uniform across this galaxy.
However, I find a marginally negative gradient for [Fe/H] with a slope of —0.354+0.27. These
gradients are comparable to those seen in local early-type massive galaxies. For example,
Greene et al. 2015 found gentle gradients in age (A = —0.35 £ 0.11 Gyr dex™!, see their
Table 1) and [Fe/H] (A = —0.46 + 0.11) and no gradient in [Mg/Fe] for the galaxies in
the highest velocity dispersion bin (¢ > 290 km s™!) of the MASSIVE survey. The small
metallicity gradient in MRG-M0138 (—0.040 4+ 0.028 dex/kpc) is comparable to the gas
metallicity gradients in high-z massive star-forming galaxies, and based on simulations,
seems to require strong feedback mechanisms during the star-forming phase to mix the gas
throughout the disk of this galaxy (e.g., Gibson et al. 2013; Leethochawalit et al. 2016; Ma
et al. 2017).

Fairly uniform stellar age and a uniformly high [Mg/Fe] imply that star formation
must have stopped abruptly and relatively uniformly across the disk around z ~ 3.3. This
is consistent, at least qualitatively, with the short gas depletion times and disky kinematics

observed in many high-z submillimeter galaxies proposed as progenitors of galaxies like
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MRG-MO0138 (Hodge et al. 2012; Aravena et al. 2016; Jiménez-Andrade et al. 2020).
Another issue of key theoretical importance is the link between quenching and
bulge formation. Suggested by compaction models, violent disk instabilities funnel gas into
galaxy centers, leading to nuclear star formation just prior to galaxy-wide quenching via
gas consumption and outflows (e.g., Dekel and Burkert 2014; Zolotov et al. 2015; Tacchella
et al. 2016; Wu et al. 2020). However, some observation of quiescent galaxies at z ~ 2
reported no indication of a bulge (Toft et al. 2017), calling into question the generality of
this model. In this context, although MRG-MO0138 has a small bulge-like structure resolved
in HST imaging (R. = 800 pc) that contains 26% of the light (Newman et al. 2018a),
our ground-based spectroscopy cannot reach within 0.5R. = 2.4 kpc, which is necessary
to investigate the bulge stellar populations and thereby test compaction or other related
quenching models. These further investigations will become possible with future JWST

observations.

3.4.3 Evidence for an Interstellar Medium

Na D absorption is very strong in MRG-MO0138. If we interpret the absorption as
entirely photospheric, my alf fits imply an unreasonably high [Na/H] ~ 2.5. This strongly
suggests that an interstellar medium (ISM) is responsible for some of the Na D absorption.
To place a lower limit on the column density of ISM, I assume a maximum stellar [Na/H]
= +1, consistent with observations of local ETGs (Conroy et al. 2014), and measure the
equivalent width (EW) of Na D for a model with the age of MRG-M0138. In this model,

EW(NaD) = 3.57 A, and the measured value in the MOSFIRE spectrum, is EW(NaD) =
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Figure 3.5: Spatially resolved age, [Mg/Fe] and [Fe/H] for MRG-M0138. The flux-weighted
radius in each spatial bin is indicated as R/R.. Black dotted lines represent the measured
value from the integrated spectra. Solid blue line represents the fit to the resolved data in
the form of A x log (R/R.) + B, where A and B are presented in each panel. I find that

age and [Mg/Fe] are uniform over 0.5 — 1.4R., while I detect a marginally negative gradient
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Figure 3.6: Resolved spectra of MRG-MO0138 in seven bins observed with Keck/MOSFIRE
(grey lines) and the best-fit model to each spectrum which are shown in red. Extraction
aperture (R) for each bin is specified in arcsec along the slit relative to the position of peak
flux. For display purposes, all spectra are smoothed to 370 km s~! by taking the inverse

variance weighted mean.
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5.02 £ 0.12 A. Now we can simply assume that the excess absorption is due to the ISM,
EW(NaD)g; = 1.45 A, and then assuming an unsaturated interstellar absorption line, we
can estimate a lower limit for the column density of the sodium, N(Na) > 5 x 102 cm™2,
using the relation from Spitzer 1978 and the oscillator strength from Morton 1991.

Using the linear relation between the neutral sodium column density and neu-
tral atomic and molecular hydrogen column density N(H) in the diffuse ISM from Ferlet
et al. 1985, we can estimate N(H) ~ 9x10%° cm~2. If we assume the neutral hydrogen
is distributed within the effective radius (Remaj = 4.8 kpc, axis ratio b/a = 0.26; New-
man et al. 2018a) with this column density, we find a lower limit for the neutral hydrogen
mass within 1 R, of ~ 108 Mg. This is small compared to the stellar mass of the galaxy
(Muryn, /M. > 3 x 107%), indicating that although quenching did not completely remove
the ISM, our observations would be consistent with a very small gaseous reservoir remain-
ing. I note this is a very conservative lower limit on the gas mass of the MRG-M0138, which
is far below the current detectable range of the deepest radio observations targeting dust
continuum or CO line emission. Therefore, it is complementary to radio observations that
detect or place an upper limit on the ISM mass of this galaxy, which would better provide

insight into the processes that quenched its star formation.

3.5 Discussion

I have obtained an extremely high S/N spectrum of MRG-M0138, a lensed quies-
cent galaxy at z = 2. I measured the stellar age, [Fe/H], and abundance ratios [X/Fe| for

7 species for the first time in a z ~ 2 galaxy. Interestingly the abundance ratio pattern
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(Figure 3.3) seems compatible with massive local ETGs for most elements, with the major
exception of Mg. This is striking, since Mg is produced exclusively in core-collapse SNe
and so is a pure tracer of massive stars. The very high [Mg/Fe| ratio I find is particularly
remarkable when coupled with the high [Fe/H| (Figure 3.4), which renders MRG-M0138
dissimilar from the centers of local ETGs.

The chemical abundances of MRG-M0138 and COSMOS-11494, the only two qui-
escent galaxies at z ~ 2 with precise abundance measurements, suggest that even the centers
of today’s massive ETGs have not evolved passively. If further observations show that these
two systems are typical of z ~ 2 quiescent galaxies, it will require a significant mixing of
stars into the centers of massive galaxies over time. This cannot be explained solely by
inside-out growth, a paradigm that is supported largely by the observed modest evolution
in the central density compared to the dramatic evolution seen in the outskirts of massive
galaxies (e.g., Patel et al. 2013). Instead these first two observations suggest that the central
chemical abundances evolve substantially, which implies that although mergers may have
the largest effect on the galaxy outskirts, they are nonetheless able to pollute the galaxy
centers significantly. More work is needed to address the question of whether cosmologically
motivated merger histories can explain the apparent chemical evolution.

The a-enhancement is a common method of estimating formation timescale (ts) of
low-redshift quiescent galaxies, for example, using the Thomas et al. 2005 relation: [«/Fe]
~ % — % log(ty). Applying this linear relation to MRG-MO138 results in unrealistically short
formation timescale of ~ 0.05 Gyr. This suggests that the assumptions in the Thomas

et al. 2005 model, such as closed box chemical evolution, a Salpeter slope for the initial
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mass function (IMF), or constant SFHs, are too simplistic to be able to explain these
observations. Alternatively the adopted SNe yields may not be valid, particularly at high
metallicity. Also, t may depend not only on [a/Fe|, but also on other parameters such as
total metallicity (e.g., Yan et al. 2019).

Moreover, for the case of MRG-MO0138, the high a-enhancement is observed si-
multaneously with a high [Fe/H]. It is a long-standing problem to reproduce both high
metallicities and high [a/Fe] simultaneously in models, as simply truncating the star for-
mation (e.g., with AGN feedback) produces a high [a/Fe] but a low [Fe/H] (e.g., Okamoto
et al. 2017; De Lucia et al. 2017). MRG-M0138 makes this problem even worse, as it has
even higher [Fe/H] and [«/Fe] than local galaxies. Simple chemical evolution models that
only vary the star-formation timescale, such as the line shown in the lower panel of Figure
3.4, cannot match my measurements. One possible solution to this problem, though not
necessarily a unique one, is to alter the initial mass function (IMF): a top-heavy IMF results
in more massive stars and therefore more a-elements.

The possible need for a top-heavy IMF in high-z dusty star-forming galaxies has
been suggested in some observations and models (e.g., Zhang et al. 2018; Cai et al. 2020).
For example, Zhang et al. 2018 inferred a top-heavy IMF based on observations of isotopo-
logue ratios of CO in sub-millimeter galaxies at z ~ 2-3. These dusty, highly star-forming
galaxies are plausible progenitors of massive quiescent galaxies at z ~ 2 like MRG-MO0138.
However, the CO ratios are sensitive to the rotation speeds of massive stars, which depend
on metallicity and possibly on ISM properties in ways that are not well understood Romano

et al. 2019. The stellar abundance pattern I have measured may provide a complementary
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diagnostic of the high-mass IMF, but detailed galactic chemical evolution modeling is needed
to derive such constraints and assess their robustness. I plan to perform such modeling in
future work.

In summary, MRG-MO0138 is a massive, disk-dominated quiescent galaxy with a
formation redshift of z,m, ~ 3.3. The star formation history of this galaxy seems to have
been very short across the whole disk, based on the uniformly high [Mg/Fe|, though star
formation may have begun earlier in the central regions based on the marginal detection of
a negative [Fe/H]| gradient. Quantitatively reproducing the high [Mg/Fe] of this galaxy, es-
pecially coupled with its high [Fe/H], is challenging and may require alterations to standard
galactic chemical evolution models such as a top-heavy IMF. The fact that MGR-MO0138 has
distinct chemical abundances from local analogs and also from its only well-studied counter-
part at z ~ 2, COSMOS-11494, motivates the need for deep spectroscopy of a larger sample
of high-z quiescent galaxies, which will become feasible with next-generation facilities such

such as JWST and 30-m class telescopes.
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Chapter 4

The stellar populations and star
formation histories of quiescent

galaxies at z ~ 2

4.1 Introduction

Despite significant advances made towards understanding galaxy formation and
evolution, there are still many fundamental questions that remain unanswered. Among
them is the process of galaxy quenching that can be studied from different perspectives
using different probes and galaxy populations. To address this question, one needs to
rebuild the formation history of quiescent galaxies. One way to explore this is to investigate
their stellar chemical abundance using diagnostics such as a-enhancement (a-element-to-

iron ratio, [a/Fe]) which is a widely used diagnostic. [a/Fe] is believed to be sensitive to the
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star formation timescale because core-collapse supernovae (SN) produce mostly a-elements
(e.g., oxygen, magnesium, silicon, etc. Woosley and Weaver 1995) in a short timescale
whereas longer lived SN Type Ia mostly release iron peak elements. This diagnostic has
been extensively used to deduce the star formation history (SFH) of local early-type galaxies
(ETGs) (e.g., Thomas et al. 2003b; Greene et al. 2019).

However, galaxies undergo minor and major mergers throughout their history,
therefore by only studying old quiescent galaxies which their mergers history is not fully
understood, we could have a biased view of the star formation and quenching mechanisms.
This suggests that we need to also look at quiescent galaxies at high redshifts around the
time they experienced quenching. However, these systems are rare, and hard to observe
with current instruments due to being compact and faint. In fact, to this date, there are
only two quiescent galaxies at z ~ 2 for which a-enhancement and iron abundance have been
measured precisely (~ 0.1 dex precision): COSMOS-11494 (Kriek et al. 2016), and MRG-
MO0138 (Jafariyazani et al. 2020). The latter is the brightest quiescent galaxy detected in
the near infrared (NIR) thanks to the power of strong gravitational lensing. This galaxy was
among a unique sample of five lensed, massive, quiescent systems at 1.95 < z < 2.64 found
by Newman et al. (2018a). COSMOS-11494 and MRG-M0138 both had unusual abundances
compared to their local counterparts and specifically their very high [Mg/Fe| (0.59 + 0.11
for COSMOS-11494 and 0.51 + 0.05 for MRG-MO0138), suggested a very short formation
timescale based on simple chemical evolution models. Therefore, understanding the typical
stellar chemical composition of this population of galaxies requires more observations and

possibly modified models.
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In this chapter, I first investigate the stellar population of the other four high-z
quiescent galaxies introduced in Newman et al. 2018a. Given that these are strongly lensed
systems, we can also measure the age,[a/Fe] and [Fe/H] gradients for three of these galax-
ies which put further constraints on their evolutionary path. Also, I further investigate
the evolutionary path of these galaxies with a complementary approach. This technique
is to reconstruct the formation histories of galaxies by fitting stellar population synthesis
models to their multi-band photometric and/or spectroscopic data (see Conroy 2013 for a
comprehensive review). This is also a widely used method to study star formation histories
at different redshifts; however, at higher redshifts, we face the challenge of extending spec-
troscopic observations to near-infrared wavelengths (e.g., Pacifici et al. 2016; Belli et al.
2019; Akhshik et al. 2020; Estrada-Carpenter et al. 2020). For this work, I recover the
star formation history of the galaxies in the sample by taking advantage of fitting their
photometry and spectra simultaneously using Prospector (Johnson et al. 2019; Leja et al.
2017; Foreman-Mackey et al. 2013). This will enable us to investigate whether the star
formation timescales suggested by stellar abundances are consistent with the reconstructed
star formation histories.

The chapter is organized as follows. In Section 4.2 I briefly describe my data. In
Section 4.3 I explain the procedure and assumptions to measure chemical abundances from
spectra and present my measurements. Section 4.4 presents spatially resolved chemical
abundance measurements and Section 4.5 describes the reconstruction of star formation
histories. I discuss my results and their implication in Section 4.6. I assume a flat ACDM

cosmology with €2, = 0.3, Qz = 0.7 and Hy = 70 km s~ 1.
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MRG*M0150

. .MRG-P0918

Figure 4.1: Composite HST images of the four galaxies in the sample. The lensed quiescent
galaxies are shown in boxes. MRG-MO0150 has multiple images which are numbered. The

images are adopted from Newman et al. 2018a.

4.2 Data

In chapter 3 (Jafariyazani et al. 2020), I presented a comprehensive study of MRG-
M0138 using Keck/MOSFIRE (McLean et al. 2010, 2012) and Magellan/FIRE (Simcoe et al.
2013) spectra. In this chapter, I investigate the stellar chemical abundances, their gradient
and the star formation history of four other lensed galaxies which are shown in Figure 4.1
(MRG-2129, MRG-M0150, MRG-P0918 and MRG-S1522; Newman et al. 2018a). The full
description of observation of each galaxy and their lensing configurations were presented

in Newman et al. 2018a. These galaxies have been observed with a variety of ground and
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Instrument Filter AB Magnitude
MRG-MO0150
WFPC2 F606 W 23.89 £0.16
ACS F814W 22.87 4+ 0.06
WEFC3-IR F110W 21.52 £0.04
WFC3-IR F125W 21.17+£0.03
WFC3-IR F140W 20.43 +£0.03
WEFC3-IR F160W 19.90 + 0.03
FourStar J 21.274+0.08
FourStar H 19.63 £+ 0.06
FourStar K, 19.16 + 0.06
IRAC Ch. 1 18.79+ 0.07
IRAC Ch. 2 18.33 £ 0.06
MRG-M2129
ACS F435W 25.13 +0.74
ACS F475W 24.53 £0.29
ACS F555W 24.53 £0.21
ACS F606 W 24.16 £+ 0.22
ACS F625W 23.91 £ 0.23
ACS F775W 23.22 +£0.15
ACS F814W 23.16 +0.08
ACS F850LP 22.55£0.13
WFC3-IR F105W 21.90 £ 0.05
WFC3-IR F110W 21.14 £ 0.04
WEFC3-IR F125W 20.78 £ 0.03
WFC3-IR F140W 20.31 4+ 0.03
WFC3-IR F160W 20.06 £ 0.03
FourStar K, 19.59 + 0.06
IRAC Ch. 1 19.11 +£0.05
IRAC Ch. 2 19.02 £+ 0.05
MRG-P0918
ACS F555W 23.59 +0.14
ACS F814W 22.36 £ 0.05
WFC3-IR F105W 21.41 £0.04
WFC3-IR F160W 19.54 +0.03
FourStar J1 21.22 £ 0.09
FourStar Jo 20.87 £ 0.08
FourStar Js 20.38 £ 0.08
FourStar H 19.36 + 0.06
FourStar K, 19.17 +0.06
IRAC Ch. 1 19.05 +0.07
MRG-S1522
WFC3-UVIS F606 W 23.91 £ 0.05
LDSS Z 22.65 +0.12
WEFC3-IR F105W 21.95+0.04
WFC3-IR F160W 19.96 + 0.03
FourStar J1 21.80 £ 0.07
FourStar Jo 21.64 £+ 0.08
FourStar J3 20.90 £ 0.09
FourStar H 19.75 £ 0.06
FourStar K, 19.41 + 0.06
IRAC Ch. 1 19.14 £ 0.06
IRAC Ch. 2 18.99 £ 0.06

Table 4.1: Available photometric data for galaxies in my sample. Total fluxes for MRG-

MO0150 are normalized to its Image 1. Data are adopted from Newman et al. 2018a.
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Instrument Exposure time Slit position angle Seeing
(Hour) (Degree) (Arcsecond)
MRG-M2129 Magellan/FIRE 16.7 -13 49
MRG-M0150 Magellan/FIRE 6.5 -7.5 55
MRG-P0918 Magellan/FIRE 7 176 42
MRG-S1522 Magellan/FIRE 9 136 57

Table 4.2: Spectroscopic observation information for galaxies in my sample, adopted from

Newman et al. 2018a. Spectrum of MRG-M0150 is from its Image 1.

space based instruments in optical and NIR wavelength. Table 4.1 lists all photometric
measurements, and Table 4.2 presents information about their spectroscopic observations.

In summary, I use Magellan/FIRE spectra of these galaxies to infer their stellar
chemical abundances, and all the available photometric bands to simultaneously fit the
spectra and photometry. I also have resolved spectra in a series of five bins along the slit
for three of these galaxies (MRG-S1522 is unresolved). I use these spatially resolved data
to infer age and metallicity gradients across these objects ( see Newman et al. 2018b for
details about resolved spectra).

In section 4.5, I also reconstruct star formation history for MRG-M0138 which
its detailed chemical abundances were presented in Chapter 3. For this galaxy, I use its
Keck/MOSFIRE spectroscopy (presented in previous chapter) along with its multi-band

photometric measurements which are shown in Table 4.3.
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Instrument Filter AB Magnitude
MRG-MO0138

ACS F555W 22.26 + 0.20
LDSS g 22.61+0.19
LDSS T 21.49 +£0.15
LDSS i 20.80 +0.13
LDSS z 19.64 £ 0.12
WEFC3-IR F105W 18.93 +0.04
WFC3-IR F160W 17.28 £0.03
FourStar Ji 19.06 + 0.07
FourStar Jo 18.40 + 0.07
FourStar J3 17.76 £+ 0.06
FourStar H 17.08 £+ 0.06
FourStar K 16.67 + 0.06
IRAC Ch. 1 16.21 £ 0.05
IRAC Ch. 2 16.00 £ 0.05

Table 4.3: Photometric data for MRG-M0138. Total fluxes are normalized to its Image 1.

Data are adopted from Newman et al. 2018a.

4.3 Chemical abundances

To infer stellar chemical abundances, I fit models to the spectra using alf (Conroy
and van Dokkum 2012; Conroy et al. 2018) consistent with my previous work on MRG-
MO0138 (chapter 3 of this thesis, Jafariyazani et al. 2020). Alf is a full spectral fitting code
which uses Markov Chain Monte Carlo (MCMC) algorithm to fit the spectra to empirical
and synthetic stellar libraries (Sénchez-Blazquez et al. 2006; Choi et al. 2016; Villaume
et al. 2017). It can be run in three different modes depending on the quality of data and
the number of desired output parameters. Although these spectra do not have sufficient
signal-to-noise (S/N) to constrain all the parameters included in the full fitting mode, I
choose this mode for this analysis to take into account the emission lines and re-scale errors
by a jitter term, which is only available in this mode. Re-scaling errors for near-infrared
data, where systematic errors associated with the data reduction process are significant,

ensure that errors are realistic.
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Table 4.4: Age, [Mg/Fe| and [Fe/H] derived from alf

Age (Gyr) [Mg/Fe] [Fe/H]
MRG-M2129 1.0540.2 0.58 + 0.21 —0.29 4+ 0.21
MRG-M0150 1.28 4 0.34 N/A* —0.56 + 0.33
MRG-P0918 0.65 4 0.07 0.40 £ 0.15 —0.49 4+ 0.12
MRG-S1522 1.08 4 0.17 0.19 + 0.23 —0.62 4+ 0.22

*Mg b lines ares not covered in the spectra of this galaxy to ensure a reliable [Mg/Fe] measurement.

Basic assumptions are a Kroupa Initial Mass Function (IMF, Kroupa 2001) and
the following range for the stellar abundance of individual elements: —0.3 < [X/H] < +1.
My final results are based on a single age population model; however, I also performed
the fit assuming a two component star formation history model, and the resulting values
showed convergence to a single component model and therefore did not change desired
output parameters significantly.

My results including measured age, [Mg/Fe|] and [Fe/H] and their uncertainties
are listed in Table 4.4. I did not include the [Mg/Fe] measurement for MRG-M0150 in my
analysis since its spectra does not cover magnesium b lines (Mg b at 5167, 5172 and 5183
A). Also, I caution that the lower limit of age in stellar population models is 1 Gyr, and for
ages between 0.5 to 1 Gyr, the models are extrapolated to estimate the age. Therefore, the
uncertainties for ages below 1 Gyr are underestimated, which is the case for MRG-P0918,

the youngest galaxy in the sample, with the estimated age of 0.65 + 0.07 Gyr.
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Figure 4.2: Abundance patterns of high-z quiescent galaxies compared to local counterparts.
Top left: [Fe/H] versus velocity dispersion (o), top right: [Mg/Fe] versus velocity disper-
sion, lower left: [Mg/Fe] versus [Fe/H]|. High-z quiescent galaxy sample include 4 galaxies
from this work: MRG-M2129 (blue square), MRG-S1522 (maroon pentagon), MRG-M0918
(purple diamond) and MRG-MO0150 (yellow-thin diamond, with only [Fe/H| measured due
to lack of Mg-line in its spectrum), two galaxies from the literature: MRG-M0138 (black
circle; Jafariyazani et al. 2020) and COSMOS-11494 (green filled-x; Kriek et al. 2016). Lo-
cal sample include local ETGs from Conroy and van Dokkum 2012 (green stars), stacks of
SDSS ETGs (red pluses; Conroy et al. 2014) and centers of local MASSIVE ETGs (light

purple circles; Greene et al. 2019).
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Figure 4.3: Stellar population gradients for MRG-P0918. Red dash-dotted lines are based
on the integrated spectra, and red dotted lines represent their 1o errorbar. Physical radius
cannot be measured for this galaxy due to lack of lens model. There is no detectable gradient

in age, [Mg/Fe| and [Fe/H] in this galaxy.
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Figure 4.4: Stellar population gradients for MRG-M0150 and MRG-M2129. Red dash-

dotted lines are based on the integrated spectra, and red dotted lines represent their 1o

errorbar. Solid black lines and their surrounding shaded regions are the fit to the resolved

data in the form of A x log (R/Re) + B, where A and B are presented in each panel. Both

galaxies show a relatively flat age and [Mg/Fe| gradients and a negative [Fe/H| gradient.

67



Figure 4.2 compares these new measurements with the existing data for the only
two counterparts of these galaxies (COSMOS-11494, Kriek et al. 2016 and MRG-M0138,
Jafariyazani et al. 2020) at z ~ 2 as well with three different samples of local early-type
galaxies from Conroy and van Dokkum (2012); Conroy et al. (2014) and Greene et al.
(2019). The top panels show [Fe/H] and [Mg/Fe] values versus velocity dispersion (o).
In agreement with previous works, [Fe/H] does not tend to have a strong dependence on
velocity dispersion, but [Mg/Fe] has a positive correlation with velocity dispersion in local
galaxies (e.g., Trager et al. 2000b,a; Johansson et al. 2012). All of these 4 galaxies have low
[Fe/H] even compared to local ETGs, consistent with low metallicity of COSMOS-11494 but
completely different from the high [Fe/H] of MRG-MO0138. On the [Mg/Fe] vs. o parameter
space, MRG-M2129 and MRG-P0918 are similar to both of their z ~ 2 counterparts and are
Mg-enhanced even compared to the local ETG populations. MRG-S1522 is also considered
to be Mg-enhanced but with a value more comparable to its local counterparts with similar
velocity dispersion; however, its large errorbar makes the interpretation hard.

These measurements confirm that high-z quiescent galaxies have high [Mg/Fe] and
low [Fe/H] relative to local ETGs with comparable velocity dispersion. The high [Mg/Fe]
values can be indicative of a short formation timescale of ~ 0.1 Gyr according to common
closed box chemical evolution models where short-lived core-collapse SN produced most of
a-elements, but longer lived SN Type Ia were not yet able to increase the iron abundance
in the galaxy (Thomas et al. 2005; Kriek et al. 2016). In Section 4.5, I will evaluate this
statement by reconstructing the star formation history of the present sample by fitting

stellar population models to their spectra and their multi-band photometry.
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4.4 Stellar Population Gradients

I follow the same procedure as for integrated spectra to measure the spatially
resolved age, [Mg/Fe] and [Fe/H] for three out of four galaxies in the sample. MRG-S1522
has not a resolved spectra and therefore is omitted for this part of the analysis. Also, we do
not have a lens model for MRG-P0918 due to unknown redshift of the lensing cluster, and
therefore I report its gradients as a function of distance along the spectroscopy slit instead
of the physical radius which is shown in Figure 4.3. I fit the radial gradients in MRG-M0150
and MRG-2129 with a functional form of Axlog (R/Re) + B which are presented in Figure
4.4.

Interestingly, I do not detect any significant age gradient or a gradient in [Mg/Fe]
similar to what I found for MRG-MO0138 which is consistent with a fairly uniform stellar mass
assembly history across these galaxies. I find a negative [Fe/H] gradient for MRG-M0150
and MRG-M2129 and although I am not able to quantify the gradient for MRG-P0918 due
to lack of lens model, it seems to have a flat [Fe/H] profile. A nearly flat metallicity gradient
suggests the presence of efficient feedback mechanisms during the star-forming phase which
redistribute the metals produced in central regions towards the external region of the galaxy.
Nevertheless, a significant negative metallicity gradient is consistent with more conservative

feedback models (e.g., Pilkington et al. 2012; Gibson et al. 2013; Ma et al. 2017).
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Figure 4.5: Reconstructed star formation history for MRG-M0138. Best-fit SFH model as
well as the 68% and 95% Bayesian credible intervals derived from posterior distributions

are presented. SFRs are demagnified by a factor of 12.5, derived from its constructed lens

model.
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Figure 4.6: Reconstructed star formation history for MRG-M0150. Best-fit SFH model as
well as the 68% and 95% Bayesian credible intervals derived from posterior distributions

are presented. SFRs are demagnified by a factor of 4.4, derived from its constructed lens

model.
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Figure 4.7: Reconstructed star formation history for MRG-M2129. Best-fit SFH model as
well as the 68% and 95% Bayesian credible intervals derived from posterior distributions
are presented. SFRs are demagnified by a factor of 4.4, derived from its constructed lens

model.
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Figure 4.8: Reconstructed star formation history for MRG-P0918. Best-fit SFH model as
well as the 68% and 95% Bayesian credible intervals derived from posterior distributions
are presented. SFRs are demagnified by a fiducial magnification factor of 4 due to lack of

lens model.
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Figure 4.9: Reconstructed star formation history for MRG-S1522. Best-fit SFH model as
well as the 68% and 95% Bayesian credible intervals derived from posterior distributions
are presented. SFRs are demagnified by a fiducial magnification factor of 4 due to lack of

lens model.
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Figure 4.10: Reconstructed star formation histories of all galaxies in the sample. All SFRs

are demagnified as described in above figures.

4.5 Star Formation Histories

To better understand the formation processes of these galaxies, we infer their star
formation histories by fitting synthetic templates to their spectra and all of their available
photometric data (mentioned in section 4.2) simultaneously. Our templates are from the
Flexible Stellar Population Synthesis library (FSPS; Conroy et al. 2009; Conroy and Gunn
2010). The fitting process is done by running Prospector (Foreman-Mackey et al. 2013;
Johnson et al. 2019, 2021), a fully Bayesian framework to infer stellar population properties
from photometric and/or spectroscopic data, together with dynesty (Speagle 2020) which is
a nested sampling package to sample the multi-dimensional parameter space efficiently. An
important features of this tool is its flexible spectroscopic calibration model which allows

combining photometric and spectroscopic data from infrared to ultraviolet with taking into
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account the spectrophotometric calibration errors. We use Prospector-a (Leja et al. 2017)
for our physical model framework which includes contribution of stars, dust, and systematic
effects to the observed emission.

The stellar population properties include redshift, velocity dispersion, mass, metal-
licity, etc. and a non-parametric star formation history which consists of 14 independent
logarithmically spaced age bins. we assume a continuity prior (Leja et al. 2019) to get
a smooth behavior in star formation rate (SFR) as a function of time. This prior fits
for Alog(SFR) between adjacent time bins and explicitly weights against sharp changes in
SFR(t). For the dust absorption, we use three-parameter model from Kriek and Conroy
2013. In Prospector, we adopted this model by setting a uniform prior between 0 and 3
for dust2, a Gaussian prior centered on 0, with 0=0.3, and clipped at -1.5 and +0.4 for
dust_index; and a Gaussian prior centered on 0, with ¢=0.3, and clipped at 0 and 2 for
dustl_fraction (dustl/dust2). The polynomial used to remove the continuum has 1 order
per 100 rest-frame angstrom. We note that we masked Mg b line in the spectra, where
present, as my chemical abundance analysis shows Mg-enhancement in galaxies; however,
Mg-enhanced models are not yet included in templates.

The non-parametric star formation histories provide full flexibility to recover pos-
sible multi-bursts or rejuvenation episodes. I present reconstructed SFHs for individual
galaxies in Figure 4.5 through 4.9 where the best-fit model and the 68% and 95% credible
intervals of the SFHs are shown. All SFRs are demagnified with the corresponding mag-
nification factors (u) adopted from Newman et al. 2018a. Magnification factors are 12.5,

4.5 and 4.4 for MRG-M0138, MRG-M2129 and MRG-MO0150 respectively. For MRG-51522
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and MRG-P0918 where lens models could not be constructed, I assume a fiducial p of 4 for
consistency.

Figure 4.10 present the best fit SFH models for all of the galaxies in the sample to
enable visual comparison. The resulting star formation histories show a diverse range of dis-
tributions. MRG-M0138 and MRG-P0918 had a more bursty star formation activity before
quenching, but the star formation history of the other three galaxies are more extended.
This is not exactly consistent with my chemical abundance analysis where they suggest a
short formation timescale assuming widely used chemical evolution models developed based
on local galaxies. To better address this contradiction, I define a star-formation timescale
based on the reconstructed SFH as the time takes for the galaxy to increase its stellar mass
from 10% to 90% of its total mass (tggy — t10%)-

I present these formation timescales along with metallicity and Mg-abundance
and a simple relation based on closed-box chemical evolution models in Figure 4.11. I
acknowledge that the definition of the formation timescale in these studies are not the
same, but still give us a general framework for comparison. Thomas et al. (2005) used
the width of Gaussian star formation histories (At) as formation timescale compared to
our tgoy, — tipy from non-parametric star formation histories. Thomas et al. (2005) model
cannot explain more Mg-enhanced galaxies in this sample. I discuss the implications of

these results in the next section.
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4.6 Discussion

In this section, I discuss the implication of my measurements. The measured
abundances for the local ETGs can be generally explained by star formation timescales
of 1-2 Gyr assuming simple chemical evolution models (e.g., Thomas et al. 2005). For
the sample of high-z quiescent galaxies studied here, reconstructed non-parametric star
formation histories are consistent with formation timescale of 1-2 Gyr, but surprisingly, the
chemical abundances, specifically large Mg-enhancement in some of these galaxies requires
lower (and somehow unrealistic) star formation timescales.

In fact, chemical abundances shortly after the quenching do not appear to be
consistent with the extended star formation histories computed for these galaxies, at least
using a simple chemical evolution model. This could implies the presence of post-quenching
merger-driven evolution which would likely affect the locally measured abundances. The
abundances of the other two galaxies, MRG-P0918 and MRG-S1522 are comparable to the
center of local MASSIVE ETGs with highest Mg-enhancement and lowest [Fe/H] which
supports a very short formation timescale that happened before z ~ 2. Therefore, these two
galaxies could have evolved into today’s ETGs with lessen or even no need for merger-driven
evolution. However, we caution that the abundances of the two samples were not measured
using the same technique, making the comparison more uncertain.

In either case, these results suggest that coupling SFHs with more elaborate chem-
ical evolution models are needed to explain the evolution of these galaxies more consistently.
Such models can constrain different parameters affecting the evolution including different

core-collapse supernova yields, different SN Type Ia delay time distributions, slope of the
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IMF or inflows (which can lower [Fe/H] relative to a closed box model). Specifically, a
flatter high-mass slope of the IMF might be required to produce more massive stars and

therefore higher a-enhancement in these galaxies.
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Chapter 5

Conclusions

5.1 Spatially resolved properties of star-forming galaxies

In the first part of my thesis research (chapter 2 of this thesis, Jafariyazani et al.
2019), I studied the spatially resolved properties of star-forming galaxies at intermediate-
redshifts (0.1 < z < 0.42) aiming to understand the internal processes which govern their
formation and evolution. I investigated the spatial distribution of Ha star formation rate
(SFRHq) and the Balmer decrement (i.e., Ha / HB ), using integral field spectroscopic data
from the MUSE-Wide Survey. I also derived spatially resolved mass, SFR and dust maps
from pixel-by-pixel spectral energy distribution fitting on seven band photometric data from
the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS).

Combining my spectroscopic and photometric measurements, I measured a signif-
icant increase in the median specific (SFRy,) from the center to outer radii which implied
that inside-out growing is a possible scenario for the evolution of these galaxies. I also found

that the radial profile of stellar and nebular color excess is strongly dependent on the inte-
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grated specific SFR of the galaxy. Furthermore, I showed that the slope and normalization
of the resolved main sequence of star-forming galaxies are highly dependent on the SFR
diagnostics (SFRspp vs. SFRp.). Also, the position of different regions of galaxies on
this parameter space is determined by the radial distance from the center which suggests
that inner parts of the galaxies formed their stars before the outer parts as another piece
of evidence for inside-out growth of these galaxies.

In this project, I developed the methodology of studying resolved properties of
galaxies with combined photometric and integral field unit spectroscopic data. This opens
new avenues for future works including to incorporate the upcoming data from the com-
pleted MUSE Wide Survey to build upon this analysis by quadrupling the sample size
explored in this work. Furthermore, this methodology can be tuned to address more di-
verse science questions, for example, to explore gas-phase metallicity distribution and how it
is related to the internal physical properties and possibly to the environment of the galaxies.

This is the subject of my new research project where I use photometric data from
CANDELS and public data available from 44 out of 100 tatal fields of MUSE Wide Survey
(Urrutia et al. 2019b) to study the gas-phase metallicity distribution in intermediate redshift
galaxies (0.2 < z < 0.9). This will tell us about the evolutionary path of these galaxies,
and enable us to test different growth models in this population. Metallicity distributions
are important diagnostics of galaxy evolution, because they record the history of events
happened in a galaxy including mergers, gas flows, and star formation activity; however,
they are still not well understood even for local galaxies. For example, a recent analysis

based on high-resolution observations with MUSE/VLT showed that a simple scenario where
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the oxygen abundance distribution of spiral galaxies can be explained with a single negative
gradient (e.g. Sdnchez-Menguiano et al. 2016) is not a complete picture (Sdnchez-Menguiano
et al. 2018). But an abundance drop in the inner regions of the discs and flattening in the
outer regions are very common in these galaxies which need to be explained. This is an
example emphasizing that high spatial-resolution observation of metallicity distribution in
galaxies at different epochs are crucial to reveal a complete picture of the evolution of
galaxies.

Although we are still limited by the resolution limit of our instruments, and we
may not be able to measure metallicity diagnostic emission lines including [OIII], [OI1], etc.
at resolution scales of the MUSE instrument for a statistically large sample of non-local
galaxies, my preliminary analysis showed that by decomposing galaxies into bulge and disk
components using HST imaging data, I can measure these diagnostic emission lines for
each component, for a statistically large sample at 0.2 < z < 0.9. Also, by measuring stellar
mass, SFR, and reddening of these two components from CANDELS data, I would be able
to constraint the mass-metallicity and fundamental metallicity relations for bulge and disk
components at this redshift range.

Combining spatially resolved photometry and spectroscopy is also very much
needed as we are waiting for the JWST and 30-40-meter class telescopes that have re-
solved galaxy formation studies as one of their key science cases. Investigations based on
current facilities will be a pathfinder for such observations and to combine high spatial
resolution ground and space-based data to tackle fundamental questions about the growth

of galaxies.
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5.2 High-z quiescent galaxies

In the second part of my thesis work (chapter 3 and 4, Jafariyazani et al. 2020
& Jafariyazani et al. in prep), I first analyzed, by taking advantage of full spectral fit-
ting, Keck/MOSFIRE and FIRE/Magellan spectra of MRG-M0138, the brightest quiescent
galaxy detected at z ~ 2 so far. Using this spectra, which the former is by far the highest
quality spectrum ever obtained for a high-redshift quiescent galaxy, I performed novel mea-
surements of magnesium-enhancement [Mg/Fe| (only the second [Mg/Fe|] measurement at
z ~ 2 after COSMOS-11494 (Kriek et al. 2016)), iron abundance [Fe/H] and, for the first
time, the gradient in each of these abundances. I also measured the stellar abundances of
six other elements in this galaxy with 0.1 dex precision.

These measurements show that both MRG-M0138 and COSMOS-11494 are very
Mg-enhanced compared to the centers of local massive early type galaxies. These dissimilar
abundances between high and low redshift quiescent galaxies suggest that even the inner
regions of massive galaxies could have experienced significant mixing of stars in mergers, in
contrast to a purely inside-out growth model. More interestingly, MRG-M0138 not only is
Mg-enhanced, but also is very iron rich ([Fe/H] = 0.26 + 0.04) in contrast to COSMOS-
11494. This points to the long-standing problem of reproducing high metallicities and high
[a/Fe] simultaneously in chemical evolution models. The abundance pattern observed in
MRG-MO0138 challenges simple galactic chemical evolution models and casts doubt on the
accuracy and completeness of our assumptions and models which significantly affect our

results but are not yet well understood and indicates the need for more elaborate models.
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Additionally, for the first time in a high redshift quiescent galaxy, I measure the
age and metallicity gradients thanks to the gravitational lensing. These gradients put
further constraints on the formation history of this galaxy and suggest that star formation
must have stopped abruptly and relatively uniformly across this system. These detailed
information are currently available to us merely due to the power of strong gravitational
lensing which gives us spatial resolution needed to study the internal structure of high
redshift compact systems. Still, even higher resolution measurements are needed to study
the stellar populations of the very center of this galaxy (e.g., bulge) which can offer us
the information necessary to test and rule out different quenching scenarios. This can be
achieved by future JWST observations which thankfully we have guaranteed time to observe
this unique object, MRG-M0138, with the JWST Near Infrared Spectrograph (NIRSpec)
and Near Infrared Camera(NIRCam).

The unusual abundances of these two high redshift quiescent galaxies motivated
my next project on this interesting population where I investigate the stellar populations
and star formation histories of four other high-z lensed quiescent galaxies. By measuring
age, [Mg/Fe|, [Fe/H], and gradients in each of these parameters for these galaxies, I found
that Mg-enhancement is common in this population, but in contrast to MRG-M0138, all
other galaxies in my sample have low [Fe/H].

I also reconstruct non-parametric star formation histories for all five galaxies in my
sample which shown to have diverse shapes, and they generally have formation timescale
of 1-2 Gyr which is inconsistent with very short formation timescales inferred from Mg-

enhancement based on closed-box simple chemical evolution models. This inconsistency
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between chemical abundances shortly after quenching and extended reconstructed star for-
mation histories could suggest some post-quenching merger-driven evolution that affected
the locally measured abundances or the need for modifying simple chemical evolution mod-
els to be able to explain this population. In either case, coupling the SFHs with more
elaborate chemical evolution models is a key to understanding this population.

These results provoked my ongoing research project which is to model chemical
abundances by assuming different star formation histories and adopt different models for
parameters affecting them. This enables me to test different models including for core-
collapse supernova yields, SN Type Ia delay time distributions, inflows and outflows, and
the slope of the IMF. My preliminary results suggest that a flatter high-mass slope of the
IMF might be required to produce more massive stars and therefore higher a-enhancement
in this population of galaxies to match observations.

On the observational side, we still need more data and larger samples from this
population of galaxies. Considering current available facilities, this can be achieved by
searching for magnified high redshift quiescent galaxy candidates in recent archival obser-
vations of galaxy clusters conducted after 2015 (after the search by Newman et al. 2018a).

Also, in future, the upcoming Euclid (Laureijs et al. 2011) and Nancy Grace Roman
surveys (Green et al. 2012) will provide us with thousands of lensed systems, and we will find
the unique opportunity to identify and study quiescent galaxies even at spatially resolved

scales for statistically large samples of galaxies in the young universe.
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This will enable us to understand, for the first time, the true conditions of the early
period of intense star formation in massive galaxies close to the epoch of their quenching,

before they get polluted by galaxy mergers.
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