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ABSTRACT OF THE DISSERTATION

Evolution of z ~ 2 Galaxies on Resolved Scales Using CANDELS/3D-HST Imaging and
Emission Line Spectroscopy From the MOSDEF Survey

by
Tara D. Fetherolf

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, September 2020
Dr. Naveen A. Reddy, Chairperson

Studying the resolved structure of high-redshift galaxies can give insight into the
evolution of galaxy properties. The resolved distribution of stars and the interstellar dust
obscuring their light can be probed using stellar population maps, which are derived from
resolved images of galaxies. I use emission line spectroscopy from the MOSFIRE Deep Evo-
lution Field (MOSDEF) survey combined with CANDELS/3D-HST high-resolution imaging
to create resolved stellar population and reddening maps for ~300 star-forming MOSDEF
galaxies at z ~ 2. In the construction of my maps, I incorporate a more precise method-
ology that negates systematic biases towards dustier measurements compared to previous
methodologies.

The focus of my dissertation is to understand how star formation may influence
complex geometries of dust within galaxies. Uniform coverage of dust in front of the stars
has typically been assumed, but some studies have revealed that instead a two-component
dust model is more appropriate with higher obscuration caused by dust towards star-

forming regions. To avoid assumptions made when correcting for spectroscopic slit-loss,

vi



I directly compare the MOSDEF spectroscopic measurements to the photometric measure-
ments within the area encompassed by the spectroscopic slit placement. My results indicate
that the relative optical-to-ultraviolet star-formation rate ratio is higher in the centers of
large galaxies compared to their outskirts, which may imply that highly star-forming galax-
ies have patchier dust distributions.

Previously, resolved galaxy structure has been quantified based on their light dis-
tributions from the resolved imaging. I devise a new and more general metric, called “patch-
iness,” that is sensitive to any deviations from the average and use it to directly probe the
distribution of physical properties in galaxies. This patchiness metric is used alongside two
previously established measures in order to interpret the complex geometries of the dust and
stars within galaxies. My results reveal how the dustiness within galaxies changes as galax-
ies grow, transitioning from mostly uniform coverage to the two-component model with
regions of higher obscuration. Overall, my dissertation work addresses how star-forming
galaxies evolve on both resolved and unresolved scales, particularly at high redshifts when

star-formation activity was at its highest.
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Chapter 1

Introduction

One of the major goals of cosmology is to understand how galaxies assemble their
stellar mass over cosmic time. Measuring the rate that stars are forming is one of the
best measures of galaxy growth. Based on the star-formation rate (SFR) density versus
cosmic time (see Figure 1.1), galaxies were very active and building their stellar mass very
quickly at redshift z ~ 2 (see Madau & Dickinson 2014). Therefore, studying galaxies at
cosmic noon is a critical step in understanding their evolution. Active galaxies produce a
lot of dust, which complicates extracting their intrinsic SFRs. Starlight that is obscured
by dust will get scattered and absorbed by the dust grains, then reemitted in the infrared.
Figure 1.2 shows how a dust-free spectral energy distribution (SED) of a stellar population

(blue curve) changes when the obscuring effects of dust are included (red curve).
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Figure 1.1: The SFR density versus cosmic time from Madau & Dickinson (2014). SFRs are
measured from both the far UV and infrared. Each color and shape of the points represents
a different study (see Table 1 in Madau & Dickinson 2014).

1.1 The Influence of Dust

A method that is used to correct for the effects of dust is to measure the observed
slope of the SED in the ultraviolet (UV, 1250-2500 A; Calzetti et al. 1994; Meurer et al.
1999) and then make an assumption about how much the light is attenuated as a function of
wavelength (e.g., Cardelli et al. 1989; Fitzpatrick & Massa 1990; Calzetti et al. 2000; Gordon
et al. 2003; Reddy et al. 2015; Shivaei et al. 2020). However, Figure 1.3 shows how the degree
that the UV slope changes not only depends on the amount of dust, but also the distribution
of dust. Dust that is in front of the stars will have a greater influence on the UV slope
compared to if the same amount of dust were well-mixed with the stars. An alternative, but

more direct dust correction method is to measure the ratio of nebular recombination lines



log vf,

Dust-free

1

0.01 0.10 1.00

10.00 100.00 1,000.00

A (pm)
Figure 1.2: Example SED of a stellar population synthesis model from Conroy (2013). The
blue curve shows the SED of the composite stellar population before the contribution of

dust has been included. The red curve shows how the same composite stellar population
SED changes when the effects of dust are incorporated.

compared to the intrinsic ratio expected from typical interstellar medium (ISM) conditions
(Osterbrock 1989), known as the Balmer decrement (Ha/HfS). This method is sensitive to
the highest mass stars, which are likely to die before their birth cloud disperses.

Some studies have found that these two measures of dust attenuation are approxi-
mately equal or differ by a constant factor in high-redshift galaxies (e.g., Meurer et al. 1999;
Calzetti et al. 2000; Kashino et al. 2013; Price et al. 2014; Tacchella et al. 2018), such that
the dust distribution could be simply approximated by a mostly uniform or even clumpy
foreground screen (Calzetti et al. 1994). However, several authors have alternatively argued
that dust opacities are higher towards the most massive stars that have recently formed
such that nebular dust attenuation is higher than that of the stellar continuum and the

amount of extra attenuation varies with SFR (Yoshikawa et al. 2010; Kreckel et al. 2013;
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Figure 1.3: A demonstration of how changing the dust geometry relative to the stars influ-
ences the shape of the observed SED from Calzetti (2013). Illustrations for the distribution
of the stars (blue stars) and dust (red regions) are shown on the left. The intrinsic and
dust-attenuated SEDs are represented by the blue and red curves on the right, respectively.
Top: When the dust (red region) is well-mixed with the stars (blue stars), there is little

effect on the observed SED. Bottom: If the same amount of dust is instead entirely in front
of the stars, then there is a greater effect on the shape of the observed SED.

Reddy et al. 2015), specific SFR (Wild et al. 2011; Price et al. 2014; Boquien et al. 2015;
Reddy et al. 2015; Hemmati et al. 2015), SFR surface density (Boquien et al. 2015), and

metallicity (Shivaei et al. 2020).

1.2 Resolved Structure of High-redshift (zalaxies

The work presented in the chapters that follow address the following questions

regarding the resolved structure and evolution of high-redshift galaxies.



1. How does the geometry of stars and dust affect globally measured physical properties

of galaxies?

2. What causes nebular dust attenuation to be higher than that of the stellar continuum

and how does this relate to potential differences between Ha and UV SFR indicators?

3. How does the geometry of stars and dust change as galaxies evolve?

4. How efficiently does dust mix throughout the ISM?

These questions are not easily addressed using observations from the ground due to the
atmosphere blocking regions of the electromagnetic spectrum, emitting thermal radiation,
and blurring resolved structures of galaxies by turbulent motions at high altitudes. Obser-
vations of high-redshift galaxies are also subject to the effects of cosmological dimming (see
Barden et al. 2008) and high-redshift galaxies are at an earlier stage in their evolution such
that they are physically smaller in size (e.g., Toft et al. 2007; Trujillo et al. 2007; van der
Wel et al. 2014; Scott et al. 2017; van de Sande et al. 2018). While the effects of galaxy
growth and redshift cannot be avoided, the effects of the atmosphere can be negated by
putting a telescope in space.

High-redshift galaxies do not have classical “Hubble Sequence” structures such
as disks, bulges, or bars (Hubble 1926; de Vaucouleurs 1959). Instead, most high-redshift
galaxies appear irregular in shape (e.g., Griffiths et al. 1994; Dickinson 2000; van den Bergh
2002; Papovich et al. 2005; Shapley 2011; Conselice 2014) such that their structures are
typically quantified through their radial profiles (e.g., Nelson et al. 2013, 2016; Hemmati

et al. 2015; Tacchella et al. 2018), the properties of clump-like structures (e.g., Guo et al.



2012, 2015, 2018; Wuyts et al. 2012, 2013; Hemmati et al. 2015), or numerically using
morphology metrics (e.g., CAS, Gini, M20, ICD; Conselice 2003; Abraham et al. 2003; Lotz
et al. 2004; Papovich et al. 2005). Previous resolved studies of z ~ 2 galaxies either lacked
spectroscopic redshifts (only photometric redshifts were available) that are necessary for
removing degeneracies in the SED fitting or they did not have sufficiently large sample sizes
that are representative of the population of galaxies being studied (Wuyts et al. 2012; Guo
et al. 2012, 2015, 2018; Tadaki et al. 2014; Boada et al. 2015; Jung et al. 2017; Tacchella

et al. 2018).

1.3 Dissertation Outline

The work presented in this dissertation avoids the effects of the atmosphere and
obtains spectroscopic redshifts for a large sample of high-redshift galaxies by pairing high-
resolution imaging from the Hubble Space Telescope (HST') with emission line spectroscopy
from the MOSFIRE multi-object spectrograph (McLean et al. 2010, 2012) on the Keck I tele-
scope. The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS;
Grogin et al. 2011; Koekemoer et al. 2011) obtained HST imaging in the optical to near-
infrared in 8 broadband filters covering 5 well-studied extragalactic fields at a 0”06 pixel ~!
resolution, which corresponds to ~0.5kpcpixel™! at z ~ 2. The CANDELS imaging has
also been complemented by spatially resolved emission line maps from the 3D-HST survey
(Brammer et al. 2012; Momcheva et al. 2016) and a photometric catalog containing ancil-

lary data from other ground- and space-based observations covering the same extragalactic

fields (Skelton et al. 2014). The MOSFIRE Deep Evolution Field (MOSDEF; Kriek et al.
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Figure 1.4: Orientations of the overlapping observations from CANDELS, 3D-HST, and
MOSDEF for 3 of the extragalactic fields from Kriek et al. (2015). The orange shaded
regions represent the CANDLES resolved imaging, the 3D-HST grism masks are highlighted
by the light blue boxes, and the MOSFIRE multi-object spectrograph masks are numbered
in the black rectangles.

2015) survey further adds to the legacy of CANDELS by observing ~1500 star-forming
galaxies and AGN at 1.4 < z < 3.8 in the same regions of the sky (see Figure 1.4). This
work primarily utilizes the spectroscopic redshifts for the resolved SED fitting and the Ha
and HS emission line measurements to measure the nebular dust attenuation towards sites
of recent star-formation and the SFR that is sensitive to these regions. Targets for the
MOSDEF survey were selected in three redshift bins (z ~ 1.5, z ~ 2.3, and z ~ 3.4) in
order to optimally observe several emission lines in the atmospheric transmission windows.
Data from the z ~ 3.4 bin are not used in this dissertation because Ha is not typically
detected and galaxies are harder to resolve with sufficient S/N in the CANDELS imaging
at these redshifts.

This dissertation is split into three main segments and organized as follows. Chap-
ter 2 broadly focuses on the methodology for creating resolved stellar population and robust

reddening maps, which includes an improved binning technique that reduces systematic bi-



ases observed in the reddening derived from resolved SED fitting compared to previous
methods. The effects of potential aperture biases on different probes of dust reddening
and SFRs are investigated in Chapter 3. A new morphology metric, called “patchiness,” is
defined in Chapter 4 and used to quantify the resolved dust reddening maps and infer the
structural evolution of the dust distribution in the ISM of star-forming galaxies at z ~ 2.
Finally, the main conclusions of the dissertation and potential future work are summarized

in Chapter 5.



Chapter 2

Paper I: An Improved Voronoi
Binning Technique on Spatially
Resolved Stellar Populations at

2~ 21

Abstract We use a sample of 350 star-forming galaxies at 1.25 < z < 2.66 from the MOS-
FIRE Deep Evolution Field survey to demonstrate an improved Voronoi binning technique
that we use to study the properties of resolved stellar populations in z ~ 2 galaxies. Stel-

lar population and dust maps are constructed from the high-resolution CANDELS/3D-HST

IThis chapter contains a draft of an article that has been accepted for publication by Oxford University
Press in the Monthly Notices of the Royal Astronomical Society written by Tara Fetherolf, Naveen A. Reddy,
Alice E. Shapley, Mariska Kriek, Brian Siana, Alison L. Coil, Bahram Mobasher, William R. Freeman, Ryan
L. Sanders, Sedona H. Price, Irene Shivaei, Mojegan Azadi, Laura de Groot, Gene C.K. Leung, and Tom O.
Zick due for publication in 2020.



multi-band imaging. Rather than constructing the layout of resolved elements (i.e., Voronoi
bins) from the S/N distribution of the Hjgp-band alone, we introduce a modified Voronoi
binning method that additionally incorporates the S/N distribution of several resolved fil-
ters. The SED-derived resolved E(B — V)gtars, stellar population ages, SFRs, and stellar
masses that are inferred from the Voronoi bins constructed from multiple filters are gen-
erally consistent with the properties inferred from the integrated photometry within the
uncertainties, with the exception of the inferred E(B — V)gtars from our z ~ 1.5 sample due
to their UV slopes being unconstrained by the resolved photometry. The results from our
multi-filter Voronoi binning technique are compared to those derived from a “traditional”
single-filter Voronoi binning approach. We find that single-filter binning produces inferred
E(B — V)sars that are systematically redder by 0.02mag on average, but could differ by
up to 0.20mag, and could be attributed to poorly constrained resolved photometry cov-
ering the UV slope. Overall, we advocate that our methodology produces more reliable
SED-derived parameters due to the best-fit resolved SEDs being better constrained at all

resolved wavelengths—particularly those covering the UV slope.

2.1 Introduction

Quantifying the distributions of stars, gas, and dust is an important step in un-
derstanding the formation and evolution of galaxies. For example, the locations of massive
stars and their rates of formation can help address the assembly history of galaxies (e.g.,
Wuyts et al. 2012; Hemmati et al. 2014; Boada et al. 2015), the rate and efficiency with

which gas is converted into stars (e.g., Lang et al. 2014; Jung et al. 2017; Tacchella et al.

10



2018), and a galaxy’s merger history (e.g., Conselice 2003; Lotz et al. 2004, 2008; Cibinel
et al. 2015). Studying the structure of galaxies at z ~ 2 is particularly relevant as cosmic
star formation reaches its peak at this epoch, and galaxies were rapidly assembling their
stellar mass (see Madau & Dickinson 2014).

Galactic structure can either be assessed qualitatively by eye (e.g., Hubble’s Tun-
ing Fork; Hubble 1926) or quantitatively using parametric (e.g., Sérsic profile; Sérsic 1963)
and non-parametric (e.g., CAS, Gini, Myo; Conselice 2003; Abraham et al. 2003; Lotz et al.
2004) metrics that measure the distribution of light. However, morphological classification
schemes can potentially break down at higher redshifts. Compared to typical local galaxies,
high-redshift galaxies are at an earlier stage in their evolution and appear clumpier and
irregular in shape (e.g., Griffiths et al. 1994; Dickinson 2000; Papovich et al. 2005; Shapley
2011; Conselice 2014). Furthermore, since galaxies at z ~ 2 are in the process of building the
bulk of their stellar mass (Madau & Dickinson 2014), they are typically physically smaller
in size due to their lower stellar masses (e.g., Toft et al. 2007; Trujillo et al. 2007; van der
Wel et al. 2014; Scott et al. 2017; van de Sande et al. 2018) compared to their low-redshift
counterparts. Observationally, these distant galaxies are also subject to the effects of cos-
mological dimming (see Barden et al. 2008), and the highest spatial resolution achievable
with space-based facilities like the Hubble Space Telescope (HST) cover physically larger
regions (few-kpc per resolution element) compared to that of lower redshift galaxies that
are observed with the same instruments (sub-kpc per resolution element). Consequently,

careful analyses are required when quantifying the morphology of galaxies (i.e., the distri-
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bution of stars, gas, and dust within galaxies) across a range of redshifts in an effort to infer
how the structure of galaxies changes with cosmic time.

Several studies have explored resolved stellar populations in z 2 2 galaxies by
fitting the observed pixel-to-pixel spectral energy distribution (SED) with stellar population
synthesis models (Guo et al. 2012, 2015, 2018; Boada et al. 2015; Jung et al. 2017; Tacchella
et al. 2018). While the highest resolution (for a given pixel scale) is obtained by fitting
for the resolved SEDs within individual pixels, the signal-to-noise (S/N) within individual
pixels may be too low such that the derived resolved stellar population properties may be
unreliable. Furthermore, the signal may be correlated between adjacent pixels given that
the spatial resolution of the instrument (i.e., the point-spread function, or PSF) is larger
than the size of the individual pixels. To compensate for these effects, several studies have
implemented an adaptive Voronoi binning technique (Cappellari & Copin 2003) that groups
pixels based on their S/N distribution such that low S/N pixels are grouped together into
larger bins (e.g., Wuyts et al. 2012, 2013, 2014; Genzel et al. 2013; Tadaki et al. 2014;
Lang et al. 2014; Chan et al. 2016). Typically, Voronoi bins are constructed using the S/N
in a single filter, namely the Higy band. However, for redder galaxies, such construction
can lead to Voronoi bins with low S/N in bluer bands, resulting in poor constrains on the
resolved stellar populations. If the S/N is not sufficiently high in at least 5 resolved filters
(see Torrey et al. 2015), then the resulting best-fit SEDs may not produce reliable stellar
population inferred quantities for these bins.

In this work, we introduce an improved Voronoi binning method that groups pixels

based on reaching a desired S/N threshold in multiple resolved filters. Our method improves
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the reliability of the derived stellar population parameters—albeit by sacrificing some spatial
resolution—compared to the traditional single-filter approach for constructing Voronoi bins.
In this paper, we apply our methodology to a sample of 350 star-forming galaxies drawn from
the MOSFIRE Deep Evolution Field survey (MOSDEF; Kriek et al. 2015). The MOSDEF
survey obtained rest-frame optical spectra for ~1500 star-forming galaxies and AGNs at
1.4 < z < 3.8 that were drawn from the Cosmic Assembly Near-IR Deep Extragalactic
Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al. 2011) and overlap with
observations from the 3D-HST survey (Brammer et al. 2012; Skelton et al. 2014). Our study
of the resolved stellar populations in high-redshift galaxies improves upon previous work.
Previous resolved studies of z 2 2 galaxies either lacked accurate spectroscopic redshifts
necessary to mitigate degeneracies in SED-fitting (typically only photometric redshifts were
used) or had samples with fewer than 100 galaxies (Wuyts et al. 2012; Guo et al. 2012,
2015, 2018; Tadaki et al. 2014; Boada et al. 2015; Jung et al. 2017; Tacchella et al. 2018).
The statistically large sample of galaxies with robust spectroscopic redshifts and emission
line measurements in the MOSDEF dataset, on the other hand, enables an unprecedented
view into the resolved stellar populations of z ~ 2 galaxies. In this paper, we focus on the
methodology of our Voronoi binning technique and demonstrate its utility. Detailed analysis
of the resolved stellar population parameters obtained based on the new methodology will
be presented in a follow-up paper.

The data, sample selection, and integrated stellar population synthesis modeling
is presented in Section 2.2. In Section 2.3, our modified multi-filter Voronoi binning tech-

nique for building stellar population and reddening maps is outlined. The resolved SEDs
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and SED-derived properties are compared to unresolved global quantities derived from the
3D-HST photometry in Section 2.4 and our modified multi-filter Voronoi binning method
is compared to the traditional single-filter Voronoi binning technique. Finally, the key
points are summarized and we provide recommendations for resolved SED fitting analyses
in Section 2.5.

All line wavelength measurements are given in vacuum and magnitudes are ex-
pressed in the AB system (Oke & Gunn 1983) throughout this paper. A cosmology with

Hy=70kms™ ' Mpc™!, Qx = 0.7, and ,,, = 0.3 is assumed.

2.2 Data, Sample Selection, and Integrated SED-derived Prop-

erties

In this section, we present our observations, sample selection, and stellar popu-
lation parameters inferred from fitting unresolved (integrated, or global) photometry. In
Section 2.2.1, we discuss the high-resolution, multi-wavelength CANDELS/3D-HST pho-
tometry from which we construct the resolved stellar population and reddening maps. The
MOSDEF survey is described in Section 2.2.2, including the spectroscopic redshift measure-
ments. The sample drawn from the parent MOSDEF survey is discussed in Section 2.2.3.
Finally, in Section 2.2.4, we list the assumptions used to obtain global and resolved stellar

population parameters.
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2.2.1 CANDELS/3D-HST Photometry

We use multi-wavelength broadband photometry from 0.3 to 8.0 um in the five
CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) extragalactic fields: AEGIS, COS-
MOS, GOODS-N, GOODS-S, and UDS. CANDELS HST imaging covers ~900 arcmin? and
is 90% complete at Higo ~ 25mag. We make use of the publicly-available? imaging and
photometric catalogs that were processed and compiled by the 3D-HST grism survey team
(Brammer et al. 2012; Skelton et al. 2014; Momcheva et al. 2016). The HST images were
drizzled to a 0706 pixel ™! scale and PSF-convolved to the same 0”18 spatial resolution as

the H160 data.

2.2.2 MOSDEF Spectroscopy

Targets for the MOSDEF survey were selected from the five CANDELS extra-
galactic fields using the 3D-HST photometric and spectroscopic catalogs in three redshift
bins (1.37 < z < 1.70, 2.09 < z < 2.61, and 2.95 < z < 3.80) such that the following
strong rest-frame optical emission lines fall in near-IR windows of atmospheric transmission:
[OIT]A3727, 3730, HB, [OIII]AA4960, 5008, Ha, [NIT]JAA6550, 6585, and [SIT|A6718,6733. The
targets were selected to an Higg-band limit of 24.0, 24.5, and 25.0 mag for the z = 1.37—1.70,
2.09 — 2.61, and 2.95 — 3.80 redshift bins (hereafter referred to as the z ~ 1.5, z ~ 2.3, and
z ~ 3 samples), respectively, corresponding to a stellar mass limit of ~10% M, for all three
redshift bins. The galaxy identifications used throughout this paper refer to the 3D-HST

v4 photometric catalog.

2https://3dhst.research.yale.edu/
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The 4.5 year MOSDEF survey obtained rest-frame optical spectra for ~1500 star-
forming and AGN galaxies using the MOSFIRE multi-object spectrograph (McLean et al.
2010, 2012) in the Y, J, H, and K bands (R = 3400, 3000, 3650, and 3600 using 0”7 slit
widths) on the 10 m Keck I telescope. Every slit mask also included at least one slit star,
which is used for the absolute flux calibration and corrections for slit loss. Line fluxes are
measured by fitting a linear function to the continuum and a Gaussian function to each
emission line. For the [OII]AA3727,3730 doublet and Ha+[NII]AA6550, 6585 lines, a double
and triple Gaussian is fit the the lines, respectively. The stellar population model that best
fits the observed 3D-HST photometry (Section 2.2.4) is used to correct Ha and Hf line
fluxes for underlying Balmer absorption. Flux errors are obtained from the 68th-percentile
width of the distribution of line fluxes that have been remeasured from the 1D spectra that
have been perturbed by their error spectra 1000 times. Finally, the spectroscopic redshift
is measured from the observed wavelength of the highest signal-to-noise (S/N) emission
line, which is typically Ha or [OIII]A5008. Refer to Kriek et al. (2015) and Reddy et al.
(2015) for additional details on the MOSDEF survey, including the observing strategy, data
reduction, and line flux measurements.

In this study, the redshift of each galaxy (and its resolved components) is fixed to
the measured MOSDEF spectroscopic redshift in order to constrain the stellar population

parameters derived from the SED fitting.
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Figure 2.1: Left: Spectroscopic redshift distribution of galaxies in our sample covering
two redshift bins: 1.24 < z < 1.74 and 1.84 < 2z < 2.66. The white histogram shows
the initial sample distribution (830 galaxies). The gray histogram denotes our primary
sample (350 galaxies) that results after S/N restrictions are applied in the Voronoi binning
procedure (see Section 2.3.2). Middle: Ha SFR versus stellar mass, i.e. the star-forming
main sequence. Ha emission is corrected for dust using the Balmer decrement and assuming
the Cardelli et al. (1989) extinction curve. All Ho SFRs are calculated assuming a Chabrier
(2003) IMF and 20% Solar metallicity (see Section 2.2.4). The solid green line (extended
by the dashed line for visual clarity) is the best linear fit to the SFR—M, relation based on
the first two years of data from the MOSDEF survey (Shivaei et al. 2015b). The empty
and filled circles show the galaxies in the initial (830) and final samples (350), respectively.
The yellow stars are the medians of the individual points of the 350 galaxies in our sample,
equally divided into four bins of stellar mass. Right: The size—M, relation for our initial
and selected samples, with the same symbol coloring as the middle panel. The area is
measured from the detected 3D-HST segmentation map region for each galaxy. Our final
sample selection is marginally biased against compact, low-mass galaxies due to the S/N
requirements imposed by the Voronoi binning procedure (see Section 2.3.2).

2.2.3 Sample Selection

Our sample is derived from the MOSDEF parent sample in the z ~ 1.5 and
z ~ 2.3 redshift bins. First, only galaxies with robust spectroscopic redshifts that have
been measured using at least two emission features with a S/N > 2 are selected. AGNs
are removed based on their identification through their X-ray luminosities, optical emission
lines (log ([NII]/Ha) > —0.3), and/or mid-IR luminosities (Coil et al. 2015; Azadi et al.

2017, 2018; Leung et al. 2019). This initial sample contains 830 star-forming galaxies at
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1.24 < z < 2.66, including 74 galaxies that were serendipitously detected outside of the
targeted MOSDEF redshift bins. Additional constraints to the S/N and resolution of the
photometry are applied when performing adaptive Voronoi binning (see Section 2.3.2), which
brings our sample to 350 star-forming galaxies at redshifts 1.25 < z < 2.66.

The spectroscopic redshift distribution, SFR-M, relation, and size—M, relation
are shown in Figure 2.1 for the galaxies in our initial (white histogram; empty circles) and
final (gray histogram; filled circles) samples. Also shown is the median SFR, size, and
stellar mass of our sample divided into four equally sized bins (yellow stars). The SFR
bins are on average 0.16 dex above the main sequence relation defined in Shivaei et al.
(2015b), which is within the intrinsic scatter of the relation. Our final selected sample is
marginally biased against low-mass and low-SFR galaxies, primarily due to the tendency of
such galaxies to be compact and/or faint. It is difficult to spatially resolve compact galaxies
into several components and faint galaxies do not have sufficient S/N for measuring reliable
spatially resolved fluxes across several filters. Therefore, these factors cause low-mass and
low-SFR galaxies to be excluded from our sample during the Voronoi binning procedure

(see Section 2.3.2).

2.2.4 Spatially-Unresolved SED Fitting

The stellar populations are modeled on both resolved (see Section 2.3.4) and un-
resolved scales for galaxies in our sample to obtain SED-derived E(B — V )stars, stellar pop-
ulation ages, SFRs, and stellar masses. Here we describe the SED fits to the integrated
galaxy light, as measured from the 3D-HST photometric catalogs. A x? minimization tech-

nique is used to select the Bruzual & Charlot (2003) stellar population model that best
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fits the observed photometry (see Reddy et al. 2012). First, the photometry is corrected
for the strongest emission lines measured in the MOSDEF spectroscopy, including Ha,
Hp, [OII[]AAN4960, 5008, and the [OII]A3728 doublet. In the SED modeling, we assume a
Chabrier (2003) initial mass function (IMF), constant star-formation histories (SFHs), and
allow the ages to range between 50 Myr and the age of the Universe at the redshift of each
galaxy.> Reddening in the range 0.0 < E(B — V)gars < 0.4 is considered while assuming
an SMC extinction curve (Fitzpatrick & Massa 1990; Gordon et al. 2003) and sub-solar
metallicity (0.2 Zg).*

Typical SED parameter errors are derived using a subset of 50 randomly selected
galaxies from our sample that span the SED fitting parameter space in E(B — V)gtars, stellar
population age, SFR, and stellar mass in both redshift bins. Only 50 galaxies are selected
for the error analysis in the interest of limiting computation time, but the range of SED
parameters probed by these 50 galaxies is similar to that of the larger sample. The measured
fluxes are perturbed 100 times by their flux errors and refit. The width of the parameter
space of the 68 (of 100) models with the lowest x? relative to the observed photometry
are assumed to represent the errors in the SED parameters. The typical SED parameter
error is then estimated as the average of the errors from all galaxies in the subsample. The

typical random SED parameter errors derived from the SEDs fit to the perturbed 3D-HST

3Reddy et al. (2012) found that both exponentially rising and constant SFHs best reproduce SFRs for
z ~ 2 galaxies when stellar population ages are limited to being older than the typical dynamical timescale
(50 Myr). Stellar population ages that are derived using constant SFHs are typically ~30% younger than
those assumed with exponentially rising SFHs (Reddy et al. 2012).

4Recent studies have found that SMC-like or steeper attenuation curves paired with sub-Solar metallicities
are more appropriate for young, high-redshift galaxies (Reddy et al. 2018a). The Calzetti et al. (2000)
attenuation curve paired with Solar metallicities may be more appropriate for massive galaxies, but primarily
affects the absolute mass measurements and not their relative order (Reddy et al. 2018a) and, thus, does
not significantly change our results.
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photometry are as follows: 0.01 in E(B — V)gtars, 0.20dex in log stellar population age,

0.05dex in log SFR, and 0.16 dex in log stellar mass.

2.3 Resolved Stellar Population and Reddening Maps

2.3.1 Resolved Photometry

The resolved stellar population and reddening maps are constructed using HST /WFC3
resolved imaging in the F125W, F140W, and F160W filters (hereafter Jio5, JHi40, and
Higp), and HST/ACS resolved imaging in the F435W, F606W, F775W, F814W, and
F850LP filters (hereafter Byss, Vios, 775, Is14, and zg50). Note that not all of the filters are
available for all of the CANDELS fields. The resolved imaging is supplemented with un-
resolved Spitzer /IRAC photometry at 3.6 um, 4.5 um, 5.8 um, and 8.0 um, which has been
corrected for contamination by neighboring sources using models of the HST images that
have been PSF-smoothed to the lower resolution IRAC photometry. Pixels associated with
the 3D-HST photometry are identified using the Source Extractor (Bertin & Arnouts 1996)
segmentation maps provided by the 3D-HST grism survey (Skelton et al. 2014), which are
based on a noise-equalized combination of Jyo5+J Hi40+H160-

RMS error (noise) maps are additionally required to measure flux uncertainties
and the pixel-to-pixel S/N, which are obtained using the provided 3D-HST weight maps.
While the science images have been spatially smoothed to the resolution of the Higg filter
by the 3D-HST team, the weight maps are based on the un-convolved imaging. Using the
un-convolved and convolved science images, the weights are converted to spatially matched

measurement errors as follows. First the weight maps are converted to noise maps using
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Norig = 1 / /Worig, Where wqig is the provided weight and Ngie is the noise. Then the

spatially matched measurement errors are calculated in each pixel by

S
Nconv = ‘ o y (21)

Sorig/Norig

where Syrig and Nyig are the signal and noise of the original science images and Seconv
and Ncony are the signal and noise of the convolved images. By definition, Equation 2.1
conserves the S/N on a pixel-to-pixel level between the original and convolved images. Total
flux errors measured from the convolved noise maps are typically ~70% larger than the 3D-
HST photometric catalog flux errors, but the larger errors do not significantly affect our

results.

2.3.2 Adaptive Voronoi Binning

Construction of the resolved stellar population and reddening maps begins with iso-
lating individual galaxies in our sample. Sub-images that are 80 x 80 pixels in size (478 x4"8,
or approximately 40 x 40 kpc at z ~ 2) are cut for each galaxy from the CANDELS/3D-HST
imaging and its respective spatially matched noise map. The 3D-HST segmentation map is
then used to mask any pixels not associated with the galaxy. The median of the pixels that
are unassociated with any detected sources is used to apply a local background subtraction
to each pixel of the sub-image, although the correction is negligible since the CANDELS
images are already background subtracted.

To study resolved stellar populations of galaxies, SED fitting can be performed
either on a pixel-by-pixel basis, or on larger “resolved” elements (e.g., Voronoi bins) formed

by grouping together adjacent pixels. We argue that the latter procedure is necessary for a
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proper interpretation of the resolved stellar populations for the following reasons. Generally
only the central regions of each galaxy have sufficient S/N for reliable SED fitting on a pixel-
by-pixel basis. Moreover, the signal is correlated between neighboring individual pixels due
to the spatial resolution indicated by the HST PSF and data resampling when construct-
ing the images. Several studies have used the two-dimensional adaptive Voronoi binning
technique developed by Cappellari & Copin (2003) to study resolved stellar populations in
galaxies (e.g., Wuyts et al. 2012, 2013, 2014; Genzel et al. 2013; Tadaki et al. 2014; Lang
et al. 2014; Chan et al. 2016). The Cappellari & Copin (2003) algorithm adaptively bins
pixels based on the S/N distribution such that each Voronoi bin has at least the specified
target S/N while maintaining a “roundness” threshold. With the exception of Chan et al.
(2016), these studies applied Voronoi binning to their samples by requiring a S/N = 10
per Voronoi bin in the Hygg filter. While this approach boosts the S/N for Higp in every
resolved element, bluer filters may have lower S/N per pixel depending on the colors of the
galaxy. For this reason, Chan et al. (2016) instead applied the same S/N = 10 threshold to
the zg50 filter. We alternatively include the contribution of light from spatially segregated
regions that are brighter at shorter wavelengths (e.g., blue star-forming regions compared
to red bulge-like features) in each spatially resolved element by modifying the Cappellari
& Copin (2003) algorithm (version 3.0.4) to construct the Voronoi bins based on the S/N
distribution of multiple filters. Each filter is evaluated and is only used for Voronoi binning

if the total S/N in that filter,
(¥)oa= B (2.2
N total Z:L:p‘lx le
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measured across all pixels associated with the galaxy is more than the user-designated target
S/N, where npix is the number of pixels identified in the segmentation map. We use a target
S/N = 5, which is acceptably lower than previous studies due to our multi-filter requirement,
but necessary to obtain robust constraints on the stellar population parameters.

The modifications applied to the Cappellari & Copin (2003) algorithm add con-
straints only while building the Voronoi bins. Unmodified processes include the pixel se-
lection while building candidate bins, the “roundness” threshold of a candidate bin, or the
assignment of unsuccessfully binned pixels after the bins have been created. We refer the
reader to Cappellari & Copin (2003) for further details on their adaptive Voronoi binning
technique. Here we describe how Voronoi bins are constructed given our modifications (re-
fer to Figure 2.2 for a visual outline). The layout of the Voronoi bins is based on the S/N
distribution of a primary filter (Hygo is used, similar to other studies), although the S/N
distribution in all applicable filters is considered. A candidate bin begins with the unbinned
pixel that has the highest S/N in the primary filter, then neighboring pixels are added
to the bin until the specified target S/N is reached in all applicable filters. The modified
algorithm also includes designating an optional minimum Voronoi bin size. The smallest
Voroni bins are constrained to contain at least 3 pixels (in contrast with typical Voronoi
binning schemes that allow single pixels to be Voronoi bins) such that they match the HST
PSF resolution of (0718, translating to the smallest resolution elements having an area of
~0.75 kpc?. If this binning procedure fails (for example, the entire galaxy has been grouped
into a single bin), the process is repeated using one less filter—specifically the filter with

the lowest (S/N)iotal as calculated in Equation 2.2 (note that the primary filter is always
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Figure 2.2: Flowchart highlighting the modifications we applied to the Cappellari & Copin
(2003) adaptive Voronoi binning algorithm. For this study, the primary filter is Fy = Higp,
the target signal-to-noise is (S/N); = 5, and the minimum number of pixels per Voronoi bin
iS Nmin = 3. Ngig is the number of additional filters used in addition to the primary filter,
Nirial is the number of times adaptive Voronoi binning has been attempted, IVix is the

number of unbinned pixels remaining, N,

been assigned into a Voronoi bin.

24

Revised Inputs:
FOS: Hieo
2 (ﬁ)t =10

Number of Ajtempts: Nesial < N F
Ntrial =0

VORONOI
BINNING
FAILED

VORONOI
BINNING
COMPLETE

pix,Vbin 18 the number of pixels within the Voroni
bin being constructed, and Nypiys iS the total number of Voronoi bins after all pixels have



=10 @ T T T b) T T © T
0 a | | c -5
o y
i + + Q 4
7 g
6 T ) T 3 &
(0]
s 5 —t— —— —— o
Al (d) (e) (f) P En"
3| a
- + + 41
2 L
11 1 1 1o
0 | | | | | | | | |
10 20 30 10 20 30 10 20 30
kpc kpc kpc

Figure 2.3: The S/N maps before and after applying adaptive Voronoi binning for one of
the galaxies in our sample, UDS 21834 (z = 1.67). Only the 911 pixels and 41 bins identified
by the segmentation map are shown. Top row: the pixel-to-pixel S/N distribution in (a)
Hygp and (b) Vgo. Panel (¢) shows for each pixel the number of filters (Ngy;) that have
a S/N > 5. Bottom row: the Voronoi bin S/N distribution in the (d) Higp and (e) Vios
filters. Panel (f) shows for each Voronoi bin the number of filters that have a S/N > 5. The
Voronoi bins within the darkest blue region match our criteria of a S/N > 5 in >5 filters,
which throughout the text will be referred to simply as the “Voronoi bins.” All other lighter
blue regions make up the “outskirt” component and will be referred to as such throughout
the text.

required). Upon each failed binning attempt, this procedure will repeat iteratively until
only the primary filter remains. If all other filters have been rejected, the revised adaptive
Voronoi binning algorithm is applied to the primary filter (Hjgp) alone using a S/N that is
twice that of the original target S/N (S/N = 10, matching the requirements used by previ-
ous studies). However, for this study we require that the bins be defined by multiple filters
that span the Balmer and 4000 A breaks in order to more robustly quantify ages and stellar
masses on a bin-by-bin basis. Therefore, any galaxies that failed to be adaptively binned

using at least two filters (Hig0 and one additional filter) are removed from our sample.
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As an example, Figure 2.3 shows how the S/N distribution for one of the galaxies
in our sample (UDS 21834, z = 1.67) varies between the Higg and Vgog filters on the pixel-
to-pixel level in panels (a) and (b) and across the Voronoi bins in panels (d) and (e). Panel
(f) in Figure 2.3 shows the number of filters that have a S/N > 5 in each Voronoi bin. For
comparison, panel (c) shows the number of filters that have a S/N > 5 on the pixel-to-pixel
level. Torrey et al. (2015) found that applying a simplified set of SED fitting assumptions
(i.e., dust-free, restricted ages, and limited metallicities) to a sample of simulated galaxies
observed in 5 filters reproduced stellar masses within a factor of two of the known simulated
mass. Therefore, reliable best-fit SEDs are expected to be produced from the regions where a
S/N > 5isreached in at least 5 filters, as is represented by the darkest blue color in panels (c)
and (f) of Figure 2.3. By comparing the areas covered by the darkest blue color in panels (c)
and (f), it can be seen that a larger region of the galaxy can be used for reliable SED fitting
when adaptive Voronoi binning is applied with a multi-filter requirement. For this reason,
we only consider Voronoi bins that have a S/N > 5 in a minimum of 5 filters for the primary
SED fitting. Throughout the text, we refer to the bins with a S/N > 5 in at least 5 filters as
the “Voronoi bins.” We also ensure that the high S/N filters cover both sides of the Balmer
and 4000 A break region, which further constrains the stellar population age estimates. Bins
that are not above the target S/N contain the “remaining” signal and tend to be in the
outskirts of the galaxy (light blue bins shown in panel (f) of Figure 2.3). The bins that
have less than 5 filters with S/N > 5 are referred to as “outskirt” components of the galaxy.
Collectively, the high S/N Voronoi bins combined with the outskirt bins cover exactly the

same area defined by the 3D-HST segmentation map. In Section 2.4, the integrated SED and
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its respective parameters derived from the conservatively selected Voronoi bins are compared
to those derived from additionally including the outskirt components. Outskirt bins are only
included in our analyses where specifically noted as their SED-derived properties are more
uncertain due to the lower S/N in these bins.

Galaxies that have less than 5 Voronoi bins (outskirt bins do not contribute)
remaining are removed from our sample, as they are considered unresolved. Galaxies in
our sample have 5-151 Voronoi bins (~16 bins on average), as is shown by the histogram in
Figure 2.4. On average, an individual Voronoi bin contains ~18 pixels (~4.5kpc?) and the
median bin size is 6 pixels (1.5kpc?). Overall the Voronoi binning procedure reduces the
sample size from the 830 star-forming galaxies discussed in Section 2.2.3 to 350 galaxies. As
can be seen in Figure 2.1, the Voronoi binning requirements marginally biases our sample

against low-mass, low-SFR, and compact galaxies.

2.3.3 Flux Measurements

The counts in the convolved science images and noise maps are converted to flux
density, and the AB magnitude and magnitude error are calculated within each Voronoi bin.
The minimum magnitude error is set to 0.05 mag, in order to prevent any single photometric
point from skewing the SED fit.

To better constrain the stellar masses estimated from the SED fitting, Spitzer /IRAC
unresolved photometry (normalized to the segmentation map area) is paired with the re-
solved photometry. We choose to simply normalize the IRAC photometry by the Higg flux

in each resolved element, rather than adjusting the best-fit resolved SEDs to match the in-
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Figure 2.4: Distribution of the number of Voronoi bins within each galaxy in our sample.
To be included in our sample, galaxies must have at least 5 Voronoi bins. The black dashed

vertical line shows the average number of Voronoi bins per galaxy, N = 16. The median
Voronoi bin size is 6 pixels and the minimum Voronoi bin size is set to 3 pixels.

tegrated 3D-HST SED as suggested by Wuyts et al. (2012). The IRAC flux in each resolved
element, FIRAC,Vbin, is estimated by normalizing the total IRAC flux by the Hygg bin flux.

The normalized TRAC flux per Voronoi bin is defined as

H160,vbin

) 2.3
Hi60,t0t (2:3)

FirAC,vbin = FIRAC tot

where Higo 10t and FIRAC,tot are the 3D-HST Hyp and IRAC broadband fluxes, and Hi6o vbin
is the Higo flux measured within the resolved element (Voronoi bin, in our case). In Ap-
pendix A, we show that the differences in the best-fit SEDs and SED-derived parameters
are typically insignificant when using the more computationally-expensive methodology de-

scribed by Wuyts et al. (2012). However, the Wuyts et al. (2012) method may be more
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appropriate when key SED features are not properly constrained by the resolved photometry
(e.g., UV slope, Balmer/4000 A breaks; also see Section 2.4.2).

Using the normalization defined by Equation 2.3 forces the Hig0—IRAC colors
to be constant across the entire galaxy, thus constraining the strength of the Balmer
and 4000 A breaks for the highest redshift galaxies in our sample (z > 2.5). As the
Balmer/ 4000 A break is sensitive to stellar population age and attenuation (e.g., Worthey
1994; Shapley et al. 2001), we must be wary of how fixing the H160-IRAC color affects
the derived age and reddening maps. In Appendix B, we investigate how variations in the
H160-IRAC colors influence the distribution of stellar population ages and reddening in-
ferred through the SED fitting. In general, we find that the redder Voronoi bins remain red
(higher E(B — V)gtars) and the bluer Voronoi bins remain blue (lower E(B — V')gars) when
their Hy1o-IRAC colors are perturbed, indicating that our constraint on the Higo—IRAC
colors (i.e., Equation 2.3) does not unduly influence the results concerning the distribution

of stellar population ages and attenuation within galaxies.

2.3.4 Resolved SED Fitting

The same model assumptions that were outlined in Section 2.2.4 are also used
for the resolved SED fitting. For each galaxy in our sample, two representations of the
integrated properties are obtained by fitting a single SED to (a) the multi-wavelength 3D-
HST broadband photometry (Skelton et al. 2014, see Section 2.2.4) and (b) the total sum
of the flux within all of the valid Voronoi bins (including the total 3D-HST IRAC fluxes).

Resolved SED modeling is performed on all of the individual Voronoi bins and outskirt
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Figure 2.5: Stellar population and reddening maps from resolved SED fitting for UDS 21834
(z = 1.67, left panels) and COSMOS 3666 (z = 2.09, right panels), showing the distribution
of E(B — V)gstars (top left), stellar population age (top right), SFR (bottom left), and stellar
mass (bottom right). These galaxies both have 41 Voronoi bins with the bins containing an
average of 8 and 6 pixels (~2kpc? and ~1.5kpc?), respectively. The gray regions indicate
the outskirt component consisting of regions that are included in the segmentation map, but
do not fulfill the Voronoi bin criteria (S/N > 5 in at least 5 filters) discussed in Section 2.3.2.
The listed number in each panel shows the average E(B — V)gtars Or stellar population age
weighted by the Voronoi bin areas or the summed SFR or stellar mass from all of the
Voronoi bins.

components. In Section 2.4 we compare the resolved and integrated SED fitting results
and demonstrate how using only the high S/N Voronoi bins does not significantly affect
the results from the SED fitting (see Section 2.3.2). Figure 2.5 shows the resolved stellar
population and reddening maps for UDS 21834 (z = 1.67) and COSMOS 3666 (= = 2.09) as
examples. The average F(B — V)sars, average stellar population age, summed SFR, and
summed stellar mass derived from the Voronoi bins is listed in the top left corner of each

panel in Figure 2.5.
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Typical resolved SED parameter errors are derived using the same subset of
50 galaxies as was used to obtain the integrated SED parameter errors (see Section 2.2.4).
Only 50 galaxies are selected for the error analysis in the interest of limiting computation
time, but the range of SED parameters probed by these 50 galaxies is similar to that of
the larger sample. The measured fluxes in each Voronoi bin are perturbed 100 times by
their flux errors and refit. The width of the distribution of parameters for the 68 (of 100)
models with the lowest y? relative to the observed photometry are assumed to represent
the errors in those parameters for each individual Voronoi bin. Within a single galaxy, the
SED parameter errors of the individual Voronoi bins are averaged together, resulting in a
typical Voronoi bin error within the individual galaxy. Finally, the typical Voronoi bin SED
parameter error is estimated as the average of the typical Voronoi bin errors from all 50
galaxies in the subsample. The typical SED parameter errors derived from the SEDs fit
to the perturbed Voronoi bin fluxes are as follows: 0.03 in E(B — V)gtars, 0.21dex in log

stellar population age, 0.16 dex in log SFR, and 0.10 dex in log stellar mass.

2.4 Resolved vs. Integrated Properties

In comparing the resolved and integrated stellar population parameters, we must
be aware of the different apertures over which the measurements are made, and the slightly
different methodology used to fit the SEDs. Specifically, the integrated 3D-HST flux mea-
surements are based on the flux within 0’7 apertures and are corrected for the contribution
from the strongest emission lines that were detected in the MOSFIRE spectra, including

[OIT]A3727, 3730, HB, [OIII]AN4960, 5008, and Ha (Reddy et al. 2015). The resolved Voronoi
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bin fluxes, on the other hand, are measured directly from the sum of the flux detected by
the pixels in the resolved imaging and are not corrected for the contribution of the emis-
sion lines detected by MOSDEF. Additionally, the integrated 3D-HST photometry covers a
larger dynamic range in wavelength than the range covered by the filters that are available
for resolved photometry due to the ancillary ground-based data that is available. While
the Spitzer /IRAC photometry is included to increase wavelength coverage of the resolved
photometry, we assume that the H160—IRAC colors are fixed across all resolved elements
using Equation 2.3. Despite these inherent differences between the integrated and resolved
photometry, the Vgos — Higo colors measured from the integrated 3D-HST fluxes and the
sum of the flux from all Voronoi bins and outskirt components agree within the measured
scatter of 0.3 mag.

The biases that may arise from differences between the resolved and unresolved
photometry are explored by directly comparing the associated best-fit SEDs (Section 2.4.1)
and SED-derived parameters (Section 2.4.2). In Section 2.4.3, we show how our modified
multi-filter Voronoi binning technique can improve upon that using the Higg filter alone
by comparing the best-fit SEDs and SED-derived parameters from the two techniques.
Finally, the implications of our findings on resolved stellar population studies is discussed

in Section 2.4.4.

2.4.1 Comparing Best-fit SEDs

The unresolved and summed resolved SEDs for eight galaxies in our sample that

span the SED fitting parameter space (low/high E(B — V)gtars, stellar population age, SFR,
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Figure 2.6: Best-fit SEDs for eight example galaxies spanning the SED fitting parameter
space. From top to bottom, each row respectively shows example galaxies with low (left)
and high (right) E(B — V )stars, stellar population ages, SFRs, and stellar masses. The black
points are the fluxes from the 3D-HST photometric catalog (Skelton et al. 2014) corrected
for the brightest MOSDEF emission lines and the black curves are their respective best-fit
SEDs. The light blue points are the total integrated fluxes within the Voronoi bins (Voronoi
bins with S/N > 5 in at least 5 different filters). The light blue curves represent the sum of
the SEDs that are best fit to the individual Voronoi bins. The red points indicate the total
flux obtained when summing the Voronoi bin and outskirt bin fluxes, which naturally lie
close to the values obtained from the 3D-HST photometry. The red curves show the SED
fits to the red points. Photometric errors are typically smaller than the size of the points.
Note that not all galaxies have outskirt components, such as GOODS-N 21507.
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and stellar mass) are shown in Figure 2.6. The summed best-fit SEDs derived from the re-
solved Voronoi bin photometry (light blue points and curves) are compared to the SEDs
derived from the unresolved photometry (black points and curves). The 3D-HST photom-
etry (black points) has extended wavelength coverage and includes more light than the
valid Voronoi bins (light blue points)—typically 0.85 mag brighter. The summed Voronoi
bin SEDs do not include “outskirt” components, which are defined as low S/N regions in
Section 2.3.2. Therefore, Figure 2.6 additionally shows the SEDs that result from adding
the outskirt component SEDs to the summed Voronoi bin SEDs (red points and curves).
The total flux from the sum of the Voronoi bins and outskirt components is nearly equiva-
lent to the measured flux from the unresolved 3D-HST photometry for filters with resolved
imaging (red and black points). Similarly, the summed resolved SEDs that include outskirt
components are nearly identical to the unresolved SEDs obtained from the 3D-HST pho-
tometry (red and black curves).” Note that not all galaxies, such as GOODS-N 21507, have
an outskirt component as all of the regions have sufficient S/N to be included as Voronoi
bins.

From Figure 2.6, we conclude that the shapes of the SEDs are generally well-
preserved between the resolved and integrated results (with the exception of galaxies sim-
ilar to AEGIS 8907, which are further discussed in Section 2.4.2). The primary difference
between the resolved and integrated SEDs is the normalization, which is attributed to the
fact that the Voronoi bins contain less light than the broadband measurements. This causes

the Voronoi bins to exhibit systematically lower stellar masses and SFRs compared to the

5As stated at the beginning of Section 2.4, small differences between the total flux and the 3D-HST
photometry are expected, but generally agree within the uncertainties.
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3D-HST photometry (as expected), but on average the offset is less than the uncertainties

in the SED-derived stellar masses and SFRs.

2.4.2 Comparison of SED-derived Parameters

The shapes of the resolved SEDs are generally consistent with the unresolved
SEDs presented (Figure 2.6), but several galaxies exhibit summed resolved SEDs that are
systematically offset from the integrated SED. The E(B — V)gtars and stellar population age
derived from the SED that is best-fit to the integrated 3D-HST photometry is compared to
the average E(B — V)gtars and stellar population age derived from the Voronoi bins weighted
by the area of each Voronoi bin.® The stellar masses and SFRs derived from the SED fit
to the integrated photometry is compared to the sum of the stellar mass and SFR within
all of the Voronoi bins. While the SED normalization differences caused by different area
coverage between the Voronoi bins and integrated photometry do cause systematically lower
stellar masses and SFRs, we find that on average all SED-derived parameters inferred from
the resolved SEDs are within one standard deviation of those derived from the integrated
3D-HST photometry.

A notable exception is that the resolved SEDs of the z ~ 1.5 galaxies are on
average redder and younger than indicated by the broadband SED fits, as is showcased by

AEGIS 8907 in Figure 2.6. The AEGIS 8907 photometry demonstrates that this discrepancy

5Noisy outskirt bins that do not satisfy a S/N > 5 in at least 5 filters are generally not included in the
analysis unless specified (see Section 2.3.2). Therefore, the area-weighted average E(B — V)stars and stellar
population age of the Voronoi bins for an individual galaxy is not biased towards large outskirt bins with
poorly constrained photometry. Furthermore, alternatively weighting individual Voronoi bins by either the
Hi60 flux or log stellar mass results in average E(B — V)stars and stellar population ages that are within 1o
of the area-weighted average E(B — V)stars and stellar population ages, such that the results presented here
do not change with this alternate treatment.
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Figure 2.7: Left: The average Voronoi bin E(B — V')gars weighted by the area of the Voronoi
bins versus the E(B — V)stars derived from the 3D-HST photometry. Right: The total SFR
of the Voronoi plus outskirt bins versus the SFR derived from the 3D-HST photometry.
The points are color-coded by their spectroscopic redshift. The dashed black line indicates
where the E(B — V)gars or SFR derived from the Voronoi bins equals those inferred from
the 3D-HST photometry. Only the galaxies in the z ~ 1.5 sample exhibit E(B — V )stars
or SFRs that deviate significantly from those derived from the 3D-HST photometry due to
the lack of resolved imaging covering the UV slope (e.g., AEGIS 8907 in Figure 2.6).

is caused by the lack of resolved imaging covering the rest-frame UV for our z ~ 1.5
sample. The number of filters that cover the UV slope depends on the field, where all of
the z ~ 1.5 galaxies in AEGIS, COSMOS, or UDS have only one HST filter available that
covers the UV slope (1250-2500 A). We find that the best-fit SEDs prefer redder and younger
solutions when the UV slope is unconstrained. Only above redshifts z = 2.1 do AEGIS,
COSMOS, and UDS galaxies have at least two filters covering the UV slope. The left panel
of Figure 2.7 demonstrates how the resolved SED fitting of the z ~ 1.5 sample produces
redder inferred E(B — V')stars compared to those from the unresolved broadband SED fits,
while the preference for redder E(B — V )stars completely disappears for the z ~ 2.3 sample.
Similarly, the right panel of Figure 2.7 shows how the redder E(B — V)gtars and younger

stellar ages in the z ~ 1.5 sample causes the derived SFRs from the Voronoi plus outskirt
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Figure 2.8: Left: The average Voronoi bin E(B — V)gtars weighted by the area of the Voronoi
bins versus the E(B — V')gtars derived from the 3D-HST photometry for the z ~ 2.3 galaxies.
The black points show the original F(B — V)gtars of the z ~ 2.3 galaxies (top). The red
points show how removing the two bluest filters from the z ~ 2.3 galaxies reproduces the
relative reddening observed in the z ~ 1.5 sample (bottom). Right: The sum of the model
SEDs that best fit the resolved Voronoi bins for GOODS-N 22669 (z = 2.13). The thick light
blue curve shows the summed SED that includes all of the data from the resolved imaging
(blue points). The thick purple curve shows the summed SED where the data from the two
bluest filters were not included in the SED fitting (red crosses). The faded curves in black,
blue, green, yellow, and red represent SED models with E(B — V')gars equal to 0.0, 0.1, 0.2,
0.3, and 0.4, respectively. Several curves of the same color are shown to demonstrate how
the SED model shape varies with different stellar population ages when E(B — V)gtars is
held constant.

bins” to be overestimated compared to SFRs inferred from the 3D-HST photometry. The
discrepancy between the inferred E(B — V)gtars derived from the unresolved and resolved
photometry in the z ~ 1.5 sample occurs at all E(B — V')gars values that are probed by the
SED model grid (0.0 < E(B — V)gtars < 0.4) and does not correlate with stellar mass, such
that the measured differences in F(B — V)gtars are not likely associated with our choice in
dust attenuation curve (see footnote 4). However, there may be intrinsic differences in the

stellar populations between the two redshift samples.

"SFRs inferred from the Voronoi bins alone are lower than those inferred from the 3D-HST photometry
because they cover a smaller region of the imaging. Therefore, comparing the SFRs derived from the Voronoi
plus outskirt bins is more appropriate for the right panel of Figure 2.7.
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In order to further investigate whether the redder inferred E(B — V )stars are caused
by the lack of UV slope coverage or differences between the intrinsic stellar populations in the
two redshift bins, we select 111 galaxies from our z ~ 2.3 sample that have observations in at
least 7 resolved HST filters. The two bluest filters observed are removed such that only one
remaining filter covers the UV slope, with at least 5 resolved filters remaining for the SED
fitting. As can be seen in the right panel of Figure 2.7, when the resolved SED fitting (see
Section 2.3.4) is repeated we find that the average E(B — V )stars inferred across all Voronoi
bins is redder than that inferred when there are additional filters covering the UV slope.
Therefore, we conclude that the inferred F(B — V)gtars values for the z ~ 1.5 sample are
overestimated due to there being fewer than 2 filters covering the UV slope. Figure 2.8 shows
how the sum of the resolved SEDs changes (thick light blue curve compared to the thick
purple curve) when the 2 bluest filters covering the UV slope are removed (red crosses) for
GOODS-N 22669 (z = 2.13). For context, a subset of the SED models are also shown, where
each color represents a step in F(B — V)gars for a range of stellar population ages (i.e., the
black, blue, green, yellow, and red SEDs represent SED models with 0 < E(B — V)gars <
0.4 in steps of 0.1 mag, respectively). There are three significant features that can be seen
in Figure 2.8: 1) when the UV photometry is included, the shape of the best-fit SED is
primarily constrained by the rest-frame UV photometry (light blue curve); 2) when the UV
photometry is not included, the shape of the best-fit SED is primarily constrained by the
rest-frame optical photometry (purple curve); and 3) the SED fits generally under-predict
the IRAC photometry. The IRAC photometry may be brighter than what can be fit with

the model SEDs in the rest-frame near-IR due to the higher sensitivity and larger aperture
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over which these measurements are made. Systematically brighter IRAC fluxes and the
known discrepancy between stellar population age and extinction in the SED models at
optical wavelengths (e.g., Worthey 1994; Shapley et al. 2001) may together explain why
there is a bias towards redder best-fit SEDs when the UV slope is unconstrained (such as
AEGIS 8907).

The lack of UV slope coverage in the resolved Voronoi bin fitting for the z ~ 1.5
sample may complicate inferences of the intrinsic variation in the reddening distribution for
these galaxies. However, rather than observing a flat reddening distribution in the z ~ 1.5
galaxies, structure is observed in the E(B — V')gars maps (e.g., see Figure 2.5 for UDS 21834
at z = 1.67) due to the reddening and ages being constrained in part by the strength of
the Balmer/4000 A breaks in the SED fitting. Finally, we note that the SED-derived SFRs
and stellar masses are constrained by the overall normalization of the SED, and they are

minimally affected by the lack of observations covering the UV slope.

2.4.3 Traditional Voronoi Binning

In constructing the Voronoi bins in Section 2.3.2, we enforce more stringent re-
quirements (minimum 3 pixels and S/N > 5 in 5 filters) than the “traditional” Voronoi
binning procedure (S/N > 10 in Hjgp) performed in previous studies (Wuyts et al. 2012,
2013, 2014; Genzel et al. 2013; Tadaki et al. 2014; Lang et al. 2014). In this section, the re-
sults from our multi-filter Voronoi binning technique is directly compared to the traditional
Voronoi binning approach using the same subset of 50 galaxies that were used to determine
the typical SED errors (see Section 2.2.4 and Section 2.3.4). Only 50 galaxies are selected for

this analysis in the interest of limiting computation time, but the range of SED parameters
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Figure 2.9: Left: The average E(B — V)gars weighted by the area of the Voronoi bins
derived from the “traditional” Voronoi bins derived from the Higp S/N distribution exclu-
sively versus the Voronoi bin distribution derived from several filters (see Section 2.3.2). The
Spearman rank correlation coefficient and its significance are listed in the top left corner.
Right: The average E(B — V)gars weighted by the area of the Voronoi bins derived from
both Voronoi binning schemes compared to the E(B — V)gtars inferred from the 3D-HST
photometry for both redshift samples. The red points represent the “traditional” Voronoi
binning technique and the light blue points represent our multi-filter Voronoi binning tech-
nique. The red and light blue stars are the averages from individual points equally divided
into four bins of E(B — V)gtars in the x-axis. The black dashed lines indicate where the
E(B — V)gtars derived from all sources are equal.

probed by these 50 galaxies is similar to that of the larger sample. The traditional Voronoi
bins are constructed using the original Cappellari & Copin (2003) algorithm (version 3.0.4),
which exclusively requires each Voronoi bin to attain a S/N > 10 in the Higp filter alone.
Traditional Voronoi bin construction failed for one galaxy, resulting in a final subsample of
49 galaxies for this exercise.

The left panel of Figure 2.9 shows that the average E(B — V)gtars inferred across
the traditional Voronoi bins determined by the Hygp-band alone is typically redder (higher)
compared to the average E(B — V)gars inferred from the multi-filter determined Voronoi

bins. For context, the average E(B — V )stars derived from both Voronoi binning procedures
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are also compared to the E(B — V)gars derived from the unresolved 3D-HST photometry in
the right panel of Figure 2.9. We find that the average E(B — V )stars inferred from the tradi-
tional Hygp-only Voronoi bins (red points and stars) are on average 0.02 mag redder (higher)
than our multi-filter approach (light blue points and stars) in both redshift bins, but devi-
ate as much as 0.20 mag. Meanwhile, the E(B — V)gtars from our multi-filter approach are
0.10 and 0.02mag redder (higher) than the 3D-HST globally derived E(B — V)stars (black
dashed line) for our z ~ 1.5 and z ~ 2.3 samples, respectively. For the z ~ 1.5 sample, the
likely explanation as to why both resolved methods exhibit redder (higher) E(B — V')stars
compared those derived from the unresolved 3D-HST photometry is that the UV slope is
unconstrained by the available resolved data, as explained in Section 2.4.2. Meanwhile, the
differences between the E(B — V)gtars derived from our multi-filter technique and the unre-
solved 3D-HST photometry are on average smaller than the differences in the E(B — V')stars
derived from the traditional Voronoi binning technique and the unresolved 3D-HST pho-
tometry. This is due to the larger Voronoi bin sizes inherent to our technique that are
consequently less resolved compared to Voronoi bins that are defined by a single filter.
The differences observed between the E(B — V)gtars inferred from the Higo derived
Voronoi bins and the multi-filter derived Voronoi bins could also be explained by the high
S/N requirement for bluer filters in the multi-filter technique, in that it will force blue
regions of the galaxy to be included with intrinsically red regions. Forcing additional blue
light to be included with intrinsically red regions would cause the multi-filter Voronoi bins
to typically exhibit systematically shallower UV slopes compared to traditionally defined

Voronoi bins—particularly those covering the reddest regions of the galaxy. Therefore, in
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Figure 2.10: Examples of the best-fit SEDs from the Voronoi bins built from the Hygq filter
alone compared to best-fit SED of the single Voronoi bin constructed from our multi-filter
procedure (Section 2.3.2) that covers the same physical area as the Hygp-only Voronoi bins.
The black points represent the fluxes within the Higg-only Voronoi bins, which add up
to the fluxes from a single, larger Voronoi bin built using our new criteria (light blue/red
points). The errors for the light blue/red points are typically smaller than the size of the
points. The gray curves are the SEDs that are best fit to the Higo-only Voronoi bin fluxes.
The red curves represent the sum of the gray curves and are generally hidden behind the
light blue curves that represent the SEDs that are best fit to the individual Voronoi bin
constructed from our multi-filter procedure. The number of Higg-only Voronoi bins is listed
in the top right corner of each panel and an (o) is shown if the matched multi-filter Voronoi
bin is considered an outskirt component. The values in the bottom right corner of each
panel show the differences in E(B — V')gtars, stellar population age, SFR, and stellar mass
inferred from the integrated Hygo-only Voronoi bin SEDs versus the individual Voronoi bin
from our multi-filter procedure. The image in the top left corner of each panel shows for
each galaxy: the segmentation map area in gray, the area where the Voronoi bins have a
S/N > 5 in at least 5 filters in dark blue, and the individual Voronoi bin that is represented
by the curves in light blue. The two columns show examples where the summed SEDs
(light blue and red curves) are similar (left column) or discrepant (right column) compared
to each other.
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Figure 2.10, the resolved SEDs that cover the same spatial areas from the two methodologies
are directly compared such that they have the same total fluxes (light blue and red points).
Individual Voronoi bins built from the multi-filter procedure (Section 2.3.2) are typically
larger than traditionally constructed Voronoi bins based only on the Higg filter. Specifically,
Figure 2.10 shows examples of the resolved SEDs from the traditional Voronoi bins (black
points and gray curves) that entirely make up an individual Voronoi bin from the multi-
filter procedure (light blue points and curves). As can be seen, there are examples where the
shape of the summed SEDs derived from the traditionally defined Higp-only Voronoi bins
(light blue curves) either matches (left column) or deviates (right column) from the shape of
the SEDs derived from the multi-filter Voronoi bins covering the same region (red curves).
Based on the matching UV slopes from the examples shown in the left column of Figure 2.10
and the fact that the discrepant SED examples in the right column have been compared
over the same resolved regions where all filters contain the same total flux, we conclude
that bluer light being forced into the multi-filter Voronoi bins does not serve as an adequate
explanation to the observed systematic difference between the E(B — V)gtars inferred from
the two methodologies in Figure 2.9. However, Figure 2.10 also shows that the best-fit
SEDs from the multi-filter technique are typically more tightly constrained by the higher
S/N photometry than the SEDs fit to the smaller Voronoi bins constructed from the Higo
filter alone. The inclusion of any resolved components with low S/N at short wavelengths
appears to cause the summed best-fit SEDs to exhibit steeper UV slopes that result in
redder (higher) E(B — V )sars for galaxies in both the z ~ 1.5 and z ~ 2.3 samples (right

column of Figure 2.10). Furthermore, since the discrepancy between the UV slopes of the
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two Voronoi binning methods is observed in both of our redshift bins, it is important to note
that the redder inferred E(B — V)gtars from the summed traditional SEDs is independent
from the redder E(B — V)gars that are caused by the lack of resolved UV slope coverage
in the z ~ 1.5 sample (see Section 2.4.2). Overall, the preference towards redder SEDs
tends to occur when the UV slope is generally poorly constrained (in this case by large
photometric errors or, as discussed in Section 2.4.2, limited data).

Based on the results presented here, we find that traditionally defined Voronoi bins
result in resolved SEDs that are systematically redder (higher E(B — V)stars) than multi-
filter defined Voronoi bins. This systematic effect is due to the lower S/N in bluer filters when
constructing Voronoi bins based only on the distribution of Higp-band light. By extension,
we expect SED fitting across individual pixels to exhibit redder (higher) E(B — V )stars as
well. In order to best constrain the shape of the SEDs that are fit to resolved photometry,
we recommend using a binning procedure that enforces high S/N across both blue and red
resolved filters—especially covering the UV slope and Balmer/4000 A breaks. Additionally,
caution should be taken when including regions that have low S/N overall (i.e., “outskirt”

components) in resolved studies.

2.4.4 Discussion

The structure of high-redshift galaxies can give insight into the evolution of galaxies
on resolved scales (see Conselice 2014). In particular, the SFR of a galaxy is an important
measure of how galaxies build their stellar mass. However, the intrinsic SFR of a galaxy must
be inferred by correcting for the obscuring effects of dust. The scattering and attenuation of

starlight by dust depends on the amount and distribution of dust (e.g., Draine & Lee 1984;
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Fitzpatrick & Massa 1986; Calzetti et al. 1994, 2000), which is typically accounted for by
assuming an attenuation curve. Obtaining accurate dust reddening on resolved scales may
inform the assumptions made when fitting unresolved photometry, such as the slope and
shape of the dust attenuation curve (Reddy et al. 2018a; Shivaei et al. 2020). While stellar
masses are generally quite robust to methodology, we have shown throughout this paper
that the inferred resolved reddening can be difficult to constrain due to a combination of the
age-extinction-metallicity degeneracy (Worthey 1994; Shapley et al. 2001; see Appendix B),
unconstrained UV slopes (see Section 2.4.2), and generally low S/N resolved rest-frame UV
photometry (see Section 2.4.3). In such cases, Voronoi bins constructed based on multiple
filters may be desirable in order to obtain more robust resolved stellar population parameters
and, in particular, robust reddening maps.

In Appendix B, we discussed how constraining the Balmer/4()00A breaks is im-
portant for breaking the age-extinction degeneracy (Worthey 1994; Shapley et al. 2001),
particularly for galaxies at z > 2.5 where the Balmer/4000A breaks shift into the Higo
filter. Through our choice of normalizing the unresolved IRAC photometry by the resolved
Hygp flux, we made the assumption that the resolved Hi6p—IRAC colors are constant across
all bins in each galaxy. We showed that constraining the Hy40—IRAC colors does not signif-
icantly influence the distribution of stellar population ages and reddening within galaxies.
While only 15 galaxies in our sample are at z > 2.5, constraining the Balmer /4000 A breaks
by assuming a constant Hi60—IRAC color distribution may be a viable solution for resolved

studies at higher redshifts.
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Throughout this paper, we showed that if the UV slope is not well-constrained
by the resolved photometry, such as at lower redshifts (z < 2.1; see Section 2.4.2) or by
low S/N regions (see Section 2.4.3), then the derived resolved stellar populations prop-
erties may be biased towards SEDs with redder (higher) E(B — V)gtars. If the inferred
E(B — V)gtars is overestimated, then observed SFRs may consequently be overcorrected for
dust attenuation, which would result in the inferred intrinsic SFRs also being overestimated
(see Figure 2.7). This observational reddening bias most significantly affects our z ~ 1.5
sample, where only one resolved filter covers the UV slope (see Section 2.4.2), but more
generally this systematic bias has a greater influence on intrinsically blue galaxies (young,
dust-free stellar populations) opposed to intrinsically red galaxies (old, dusty stellar popula-
tions). A Wuyts et al. (2012) methodology can be implemented to adjust the resolved SEDs
to better reproduce the integrated SED shape in cases where it is not possible to obtain at
least two resolved filters covering the UV slope (1250-2500 A), but at the cost of increased
uncertainty in the specific distribution of the resolved stellar population properties (see
Appendix A). For galaxies where the resolved UV slope is not well-constrained due to low
S/N, we introduced a technique in Section 2.3.2 that increases the S/N across all resolved
filters to produce more reliable SEDs that are fit to the resolved photometry at the cost of
a marginally decreased resolution compared to previous methods (see Section 2.4.3). Our
multi-filter Voronoi binning technique increases the number of resolved elements that can
confidently recover resolved stellar population parameters through SED fitting, particularly

for galaxies with low surface brightness or extended diffuse light.
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Based on the analyses presented throughout this paper, we provide a list of rec-
ommendations for confidently deriving resolved stellar population properties. 1) If possible,
ensure that at least two photometric observations span key rest-frame SED features, par-
ticularly the UV slope and Balmer/4000 A breaks. 2) Incorporate a binning technique that
either includes information about the S/N distribution of both red and blue filters or other-
wise ensures that at least 5 filters are significantly detected—especially shorter wavelength
filters that are typically lower S/N. 3) Generally be wary of biases that may exist between
resolved properties that are inferred from well- (e.g., full wavelength coverage, S/N > 5in 5

filters) versus poorly-constrained (e.g., unconstrained SED features, “outskirt” components)

SEDs.

2.5 Summary

In this paper, we presented an improved Voronoi binning technique for study-
ing resolved stellar populations at high redshifts, which overall aims to increase the con-
fidence in the best-fit SEDs and stellar population properties that are derived from the
resolved photometry. The layout of the resolved components for performing resolved SED
fitting was determined from the S/N distribution of multiple filters in the high-resolution
CANDELS/3D-HST imaging for a sample of 350 star-forming galaxies drawn from the MOS-
DEF survey at spectroscopic redshifts 1.25 < z < 2.66. The stellar population and dust
maps were constructed based on our new multi-filter Voronoi binning technique and their
integrated stellar population properties were compared to those derived from the unresolved

broadband imaging and those derived from a “traditional” Voronoi binning approach that
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used the Hjgp filter alone to determine Voronoi bins. Our main conclusions are summarized

as follows.

e In Section 2.3.2, we described a modified Voronoi binning technique (see Figure 2.2)
that accounts for the S/N distribution of multiple resolved filters opposed to the Hygo
filter alone. In order for an individual Voronoi bin to be included in our analysis, we
required the bin to contain a S/N > 5 in at least 5 resolved filters. Any bins that did

not satisfy this criteria were deemed “outskirt” components (see Figure 2.3).

e We found that the shapes of the summed resolved SEDs from our multi-filter binning
technique were generally consistent with the SEDs that were fit to the unresolved
broadband photometry (see Figure 2.6) in Section 2.4.1. Similarly, in Section 2.4.2 we
found that the average E(B — V)gtars, average stellar population ages, summed SFRs,
and summed stellar masses are typically within 1o of the stellar population properties

derived from the unresolved broadband photometry.

e The most significant deviation between the resolved and unresolved SEDs and best-
fit stellar population parameters was the shape of the UV slope and the average
E(B — V)gtars inferred from the resolved reddening maps for galaxies in the z ~ 1.5
sample (see Figure 2.7). By removing rest-frame UV photometry from the z ~ 2.3
sample and repeating the resolved SED fitting, we determined in Section 2.4.2 that
the discrepancy in the z ~ 1.5 inferred reddening is most likely caused by the lack of

data that is able to constrain the UV slope (1250-2500 A).

49



e When comparing our multi-filter Voronoi binning technique (S/N > 5 in at least 5
filters) with a “traditional” single-filter approach (S/N > 10 in Hjgp) in Section 2.4.3,
we found that the single-filter technique results in E(B — V)gars values that are sys-
tematically redder by 0.02mag on average than our multi-filter method, but could
deviate by as much as 0.20 mag (see Figure 2.9). We also found that our multi-filter
technique produces average inferred E(B — V)gars that are closer to those derived
from the unresolved broadband photometry compared to the single-filter approach,
but we note that this may be expected from the larger (i.e., lower resolution) bins
that are inherent to our technique. We also demonstrated through Figure 2.10 that
systematically redder UV slopes may result from poorly constrained rest-frame UV
photometry, which can occur in the smaller, traditionally defined Voronoi bins. Fi-
nally, we note that SED-derived stellar masses remain robust between methodologies

when all Voronoi bins are included.

The methodology presented here will be applied to future resolved analyses using
the MOSDEF dataset, which will additionally incorporate results from the rest-frame optical
emission line measurements. In general, we advocate for a methodology that best constrains
the SEDs that are best-fit to the resolved photometry. Well-constrained SEDs can generally
be obtained by using high S/N multi-band photometry that covers key features in the
rest-frame SED (i.e., UV slope, Balmer/4000 A breaks). Furthermore, low S/N “outskirt”
regions could be excluded from analyses, otherwise biases between well- versus poorly-
constrained resolved SEDs must be understood when interpreting the results. Finally, we

note that higher confidence in resolved stellar population parameters through the methods
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presented here comes at the cost of lower resolution. However, these methods will similarly
push to higher resolutions when applied to future high-resolution imaging instruments, such

as the NIRcam on the upcoming James Webb Space Telescope.
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Chapter 3

Paper 1I: The Dependency of
Hao-to-UV SFR Ratios on SFR and

Size at z ~ 2!

Abstract We perform an aperture-matched analysis of dust-corrected Ha and UV SFRs us-
ing 312 star-forming galaxies from the MOSFIRE Deep Evolution Field (MOSDEF) survey
at spectroscopic redshifts 1.36 < z < 2.66. By combining Ha and Hf emission line mea-
surements with multi-waveband resolved CANDELS/3D-HST imaging, we directly com-
pare measurements of dust-corrected Ha and UV SFRs that account for the spectroscopic

slit area. Previous studies have found that Ha and UV SFRs generally agree for typical

!This chapter contains a draft of an article that has been submitted for publication by Oxford University
Press in the Monthly Notices of the Royal Astronomical Society written by Tara Fetherolf, Naveen A. Reddy,
Alice E. Shapley, Mariska Kriek, Brian Siana, Alison L. Coil, Bahram Mobasher, William R. Freeman, Ryan
L. Sanders, Sedona H. Price, Irene Shivaei, Mojegan Azadi, Laura de Groot, Gene C.K. Leung, and Tom O.
Zick.
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star-forming galaxies, but become increasingly discrepant for galaxies with higher SFRs
(2100 Mg yr~ 1), with Ha-to-UV SFR ratios being larger for these galaxies. Our analysis
suggests that this trend persists even after carefully accounting for the apertures over which
Ha and UV-based SFRs (and the nebular and stellar continuum reddening) are derived.
Furthermore, we find an overall increase in the normalization of the relationship between
Ha-to-UV SFR ratios and Ha SFRs when measured across the spectroscopic aperture, sug-
gesting that galaxies that extend beyond the spectroscopic aperture (i.e., galaxies that are
large in size) exhibit higher Ha-to-UV SFR ratios in their centers. We also find that the
offset from the observed trend between Ha-to-UV SFR ratios and Ha SFRs is correlated
with galaxy size. These results may be explained by centrally-peaked Ha emission or neb-
ular reddening where the Ha and UV light profiles do not necessarily match at all radii.
These observations are indicative of a patchier distribution of dust in galaxies with high

SFRs.

3.1 Introduction

Galaxies were rapidly assembling their stellar mass at z ~ 2 when cosmic star-
formation activity was at its peak (see Madau & Dickinson 2014). An important measure
of how galaxies build their stellar mass is their star-formation rate (SFR). The SFR of
galaxies in the local universe has been probed by observations of the ultraviolet (UV) con-
tinuum, nebular emission lines (e.g., Ha, HB, Bry), mid- and far-infrared (IR) continuum,
radio continuum, X-ray emission, and combinations of these tracers (e.g., Kennicutt 1998;

Kennicutt & Evans 2012; Hao et al. 2011). SFR measurements for higher redshift galaxies,
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however, typically rely on a limited set of tracers. For example, at higher redshifts, the
longer-wavelength tracers are of limited use as typical unlensed galaxies are not directly
detected at these wavelengths. As such, we must rely on SFR indicators that can be ac-
cessed for individual high-redshift galaxies (e.g., UV continuum, Ha, Hf), which require
corrections for the obscuring effects of dust.

Dust obscuration can be directly probed by comparing the measured Balmer decre-
ment (Ha/HB) to the intrinsic Balmer decrement expected from typical conditions in the
interstellar medium (ISM; Osterbrock 1989). This method is sensitive to the reddening
towards the youngest stellar populations that host the most massive stars. An alterna-
tive method for estimating dust obscuration is to measure the slope of the UV continuum
(Calzetti et al. 1994; Meurer et al. 1999). In general, these two measures for obscuration
cannot be used interchangeably. Several studies of high-redshift galaxies have observed
higher reddening at a fixed wavelength towards the most massive stars (E(B — V')gas) com-
pared to the stellar continuum (E(B — V)gtars) by a constant factor (e.g., Meurer et al.
1999; Calzetti et al. 2000; Kashino et al. 2013; Price et al. 2014; Tacchella et al. 2018) or as
a function of SFR (Yoshikawa et al. 2010; Kreckel et al. 2013; Reddy et al. 2015), specific
SFR (Wild et al. 2011; Price et al. 2014; Boquien et al. 2015; Reddy et al. 2015; Hemmati
et al. 2015), SFR surface density (Boquien et al. 2015), and metallicity (Shivaei et al. 2020).

Once appropriate dust corrections have been applied, Ha and UV SFRs have been
found to generally agree for most star-forming galaxies at high-redshifts (e.g., Erb et al.
2006a; Reddy et al. 2010; Wuyts et al. 2013; Steidel et al. 2014; Reddy et al. 2015; Shivaei

et al. 2015a, 2020; Theios et al. 2019; Shivaei et al. 2020). However, some authors have
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found that SFRs derived from nebular emission are higher systematically than those inferred
from the UV continuum in high-redshift galaxies with high SFRs (2100 M yr—!; Hao et al.
2011; Reddy et al. 2015; Katsianis et al. 2017). Variations in SFRs derived using different
tracers may result from their sensitivity to star formation on different timescales (Reddy
et al. 2012; Price et al. 2014), which could provide useful information about the initial mass
function (IMF) or star-formation history (SFH) of galaxies (Madau & Dickinson 2014), or
could alternatively be caused by incorrect assumptions regarding dust corrections.

A non-uniform distribution of dust and stars has been invoked to explain the
observed differences between nebular and stellar continuum reddening (Calzetti et al. 1994;
Wild et al. 2011; Price et al. 2014, Reddy et al. 2020, in press), and could also potentially
explain the observed variations in Ha- and UV-based SFRs (Boquien et al. 2009, 2015; Hao
et al. 2011; Reddy et al. 2015; Katsianis et al. 2017). The young massive stars that dominate
the nebular line emission (215 Mg; Kennicutt & Evans 2012) may be enshrouded in their
parent birth clouds, while the UV continuum is dominated by stars over a larger range
of main sequence lifetimes (10-200 Myr; Kennicutt & Evans 2012). However, some of the
less massive O and B stars will survive the disruption and dissipation of their birth clouds
(Calzetti et al. 1994; Boquien et al. 2015; Faisst et al. 2017; Narayanan et al. 2018) and will
disproportionally add to the UV continuum light compared to the contribution from the
majority of the unobscured stars. On the other hand, Reddy et al. (2020, in press) recently
suggested that the differences between the nebular emission and UV continuum reddening
do not necessarily need to be connected to the dust in the molecular phase of the ISM.

Alternatively, the dust that is reddening the nebular emission could additionally originate
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from the non-ionized or neutral gas phase of the ISM with the youngest OB associations
still located in regions of higher dust column density on average.

From a practical standpoint, if geometrical effects within galaxies are at play for
explaining variations in the reddening and SFRs, then the assumptions that are used to
correct spectroscopic emission line measurements for light falling outside of the slit aper-
ture may be inaccurate (Kewley et al. 2005; Richards et al. 2016; Green et al. 2017). If
the spectroscopic emission line measurements are not corrected for slit-loss, then Ha SFRs
would be underestimated and UV SFRs would be higher than Ha SFRs. However, total Ha
SFRs could also be over or underestimated if inappropriate assumptions are made about
the Balmer decrement or Ha light radial profiles, which have been observed to be centrally
peaked in z ~ 2 galaxies (e.g., Nelson et al. 2013, 2016; Hemmati et al. 2015; Tacchella et al.
2018). Furthermore, the average Balmer decrement measured across the spectroscopic slit
may not necessarily be indicative of the globally averaged Balmer decrement, and could con-
tribute to any discrepancies between E(B — V')gas and the globally-measured E(B — V)stars-
Therefore, it is important to identify the significance of any “aperture” biases when com-
paring spectroscopic measurements of nebular emission lines with measurements of the UV
continuum, the latter of which is typically performed on the whole galaxy.

In this study, we investigate how aperture effects influence the interpretation of
SFRs and reddening derived from UV and nebular emission line observations. We pair rest-
frame optical spectra from the MOSFIRE Deep Evolution Field survey (MOSDEF; Kriek
et al. 2015) with multi-waveband resolved imaging from the Cosmic Assembly Near-infrared

Deep Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al. 2011). Targets for the
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MOSDEF survey were selected from the five CANDELS extragalactic fields in three redshift
bins (z ~ 1.5, z ~ 2.3, and z ~ 3) that also have overlapping grism observations from the
3D-HST survey (Brammer et al. 2012; Skelton et al. 2014). The MOSDEF survey obtained
rest-frame optical spectra for ~1500 star-forming and AGN galaxies at 1.4 < z < 3.8. Here
we take advantage of the statistically large MOSDEF spectroscopic survey by analyzing a
sample of 312 star-forming galaxies with detected Ho and HS emission at z ~ 2.

Our data and sample selection are presented in Section 3.2. In Section 3.3, we
describe our methodology for measuring dust-corrected Ha and UV SFRs directly within
the MOSFIRE spectroscopic slit region. We then compare the globally measured dust-
corrected SFRs to those measured inside the spectroscopic aperture and discuss our findings
in Section 3.4. Finally, our results are summarized in Section 3.5.

Throughout this paper, we assume a cosmology with Hy = 70kms~! Mpc™!,
Qpx =0.7, and Q,, = 0.3. All line wavelengths are in vacuum and all magnitudes are ex-

pressed in the AB system (Oke & Gunn 1983).

3.2 Data and Sample Selection

3.2.1 CANDELS/3D-HST Photometry

CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) observed ~900 arcmin?
of the sky and achieved 90% completeness at Higp ~ 25mag covering five well-studied
extragalactic fields: AEGIS, COSMOS, GOODS-N, GOODS-S, and UDS. We use the multi-
wavelength HST /WFC3 (F125W, F140W, and F160W filters, hereafter Jios, JHi49, and

Hig0) and HST /ACS (F435W, F606W, F775W, F814W, and F850LP filters, hereafter Byss,
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Vo6, 9775, Is14, and zg50) resolved CANDELS imaging that has been processed by the 3D-
HST grism survey team (Brammer et al. 2012; Skelton et al. 2014; Momcheva et al. 2016).
The publicly-available? processed CANDELS images have been drizzled to a 0706 pixel !
scale and PSF-convolved to the spatial resolution of the Higg imaging (0718). We also
use the broadband photometric catalogs provided by the 3D-HST team, which cover 0.3 to

8.0 um in the five extragalactic CANDELS fields.

3.2.2 MOSDEF Spectroscopy

Targets were selected for the MOSDEF survey in three redshift bins (1.37 < z <
1.70, 2.09 < z < 2.61, and 2.95 < z < 3.80) using the 3D-HST photometric and spectro-
scopic catalogs. In order to reach a stellar mass limit of ~10° M, for all three redshift bins,
an Higp-band limit of 24.0, 24.5, and 25.0 mag was used for the z ~ 1.5, 2 ~ 2.3, and z ~ 3
bins, respectively. These redshift bins were selected such that the following strong rest-frame
optical emission lines fall in near-IR windows of atmospheric transmission: [OII]A3727, 3730,
Hp, [OIII]AN4960, 5008, Her, [NITJAN6550, 6585, and [SIT|A6718, 6733.

Observations for the recently-completed MOSDEF survey were taken over 4.5 years
on the 10 m Keck I telescope using the MOSFIRE multi-object spectrograph (McLean et al.
2010, 2012) in the Y, J, H, and K bands (R = 3400, 3000, 3650, and 3600 using 0”7 slit
widths). Rest-frame optical spectra were obtained for ~1500 galaxies at 1.4 < z < 3.8.
Every slit mask included at least one slit star, which is used, in part, for the absolute flux
calibration of the spectra and to correct for slit losses. Given that the typical seeing during

the observations is on order the same as the width of the slit at 0’7, using a point source

“https://3dhst.research.yale.edu/
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slit star is insufficient to correct the spatially-resolved MOSDEF galaxy targets for light
lost outside of the spectroscopic slit. Therefore, to best account for additional slit loss, a
secondary correction is applied to the spectrum of each galaxy in each near-IR filter. This
correction is based on a 2D rotated elliptical Gaussian that is fit to the 3D-HST Higp image
of the galaxy that has been convolved to the typical seeing during the observation through
the relevant filter (Reddy et al. 2015). See Kriek et al. (2015) for further details on the

MOSDEF survey, including the observation strategy and data reduction.

Line Flux Measurements

Line fluxes are measured by fitting a linear function to the continuum and a Gaus-
sian function to each emission line, with double and triple Gaussians fit to the [OII]JAA3727, 3730
doublet and Ha+[NIIJAA6550, 6585 lines, respectively. Ha and Hf line fluxes are corrected
for underlying Balmer absorption using the stellar population model that best fits the
observed 3D-HST broadband photometry (Section 3.3.2). Flux errors are obtained by per-
turbing the 1D spectra by their error spectra 1000 times, remeasuring the line fluxes, and
taking the 68th-percentile width of the distribution. Finally, the observed wavelength of the
highest signal-to-noise (S/N) line, which is usually Ha or [OIIIJA5008, is used to estimate
the spectroscopic redshift. For more details on the emission line flux measurements, see

Reddy et al. (2015).

3.2.3 Sample Selection

The sample selection used for our analysis is described as follows. Our sample

is derived from the MOSDEF parent sample in the z ~ 1.5 and z ~ 2.3 redshift bins,
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where both the Ha and H emission lines are covered by the ground-based spectroscopy. In
order to optimally measure Balmer decrements and correct for slit loss, both Ha and Hf are
required to be detected with a S/N > 3. However, we also consider an “initial” sample where
Hp is undetected (S/N < 3), but still covered by the observations, to investigate a possible
bias against the dustiest galaxies. AGNs are identified through their X-ray luminosities,
optical emission lines (log ([NII]/Hea) > —0.3), and/or mid-IR luminosities (Coil et al. 2015;
Azadi et al. 2017, 2018; Leung et al. 2019), then removed from our sample.

With these requirements, our initial and primary samples include 675 and 449 star-
forming galaxies, respectively, at 1.24 < z < 2.66. The primary sample includes 19 galaxies
that fall outside of the targeted MOSDEF redshift bins, as these targets were serendipitously
detected. When the CANDELS HST images are smoothed to the seeing of the MOSFIRE
observations (see Section 3.3.1), 25 galaxies are undetected in the segmentation maps based
on the smoothed images and are removed from our sample. After modeling the stellar
populations globally and within the slit area (see Section 3.3.2), we find that the SED-
derived SFRs (i.e., UV SFRs) of 112 galaxies are measured to be higher inside the slit
than across the entire galaxy—which is unphysical and primarily caused by key features
of the SED being unconstrained (e.g., UV slope, Balmer/4000 Abreaks; see Section 3.3.2).
Therefore, we remove these galaxies from our sample as well, resulting in a final sample size
of 312 star-forming galaxies at 1.36 < z < 2.66.

Figure 3.1 shows the spectroscopic redshift distribution and SFR—-M, “star-forming
main sequence” relation for the galaxies in our primary sample (312 galaxies; filled gray

circles) compared to the initial sample (675 galaxies; empty circles). As a visual aid, our
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Figure 3.1: Left: The distribution of spectroscopic redshifts for our sample covering two
redshift bins: 1.24 < z < 1.74 and 1.99 < z < 2.66. The spectroscopic redshifts of the initial
sample (675 galaxies) are shown by the white histogram. The final sample (312 galaxies),
where all galaxies are detected with a S/N > 3 in Ha and Hf emission, is denoted by
the gray histogram. Right: Our sample relative to the star-forming main sequence (i.e.,
Ha SFR versus stellar mass). Ha emission is corrected for dust reddening by using the
Balmer decrement and assuming the Cardelli et al. (1989) extinction curve. A Chabrier
(2003) IMF and 20% Solar metallicity is also also assumed when calculating Ha SFRs (see
Section 3.3.3). The linear relation that is best-fit to the star-forming main sequence using
the first two years of data from the MOSDEF survey (Shivaei et al. 2015b) is shown by the
solid green line and is extended with a dashed line for visual clarity. The MOSDEF spectra
are stacked in four equal bins of stellar mass for both our initial (large faded red diamonds)
and final (small filled red diamonds) samples, respectively, showing that our sample is not
biased against the dustiest galaxies where HfB is not detected. The galaxies in our initial
(675) and final (312) samples are shown by the empty and filled circles, respectively. The
sample is also divided equally into four bins of stellar mass to show the medians of the
individual measurements for the 312 galaxies in our sample (yellow stars).
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sample is divided into four equally sized bins and their medians in SFR and stellar mass
are shown (yellow stars). We find that the median bins are on average 0.14 dex above the
Shivaei et al. (2015b) main sequence relation, which was defined by the star-forming galaxies
observed during the first two years of the MOSDEF survey. When Hf is not detected for
MOSDEF targets, it is most often due to contamination from skylines rather than falling
below the detection threshold (Reddy et al. 2015; Shivaei et al. 2015b; Sanders et al. 2018).
We use specline® (Shivaei et al. 2018) to construct stacks of the spectra in four bins of
stellar mass for the galaxies in our initial (675 galaxies; large faded red diamonds) and our
final (312 galaxies; small filled red diamonds) samples. The stacks from both our initial
and final samples are within the intrinsic scatter of the Shivaei et al. (2015b) main sequence
relation, therefore, we confirm that our sample is not biased against the dustiest galaxies

when HfB non-detections are excluded.

3.3 Methodology and Measurements

In this section, we outline our procedure for calculating dust-corrected SFRs mea-
sured from Ha emission and the UV stellar continuum. Ha and HB emission measured
from slit spectroscopy (and other observed spectroscopic measurements) do not include in-
formation about the regions of the galaxy lying outside of the slit area, as is illustrated
in Figure 3.2. Relevant to our sample, the slit-loss corrections applied to the MOSDEF
spectroscopic observations assume a certain light profile for the galaxy based on a single

filter (see Section 3.2.2). This simple light profile may not be sufficiently accurate for large

Shttps://github.com/IreneShivaei/specline/
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Compact Large
Galaxy Slit Galaxy

Unobserved
Emission

Figure 3.2: Visualization of how the spectroscopic slit covers compact versus large galaxies.
The gray region between the dashed vertical lines represents the spectroscopic slit area,
which is centered (black dot) on the light distribution of each galaxy (yellow circles) mea-
sured from the photometry. Only the emission within the spectroscopic slit area is directly

observed, whereas any emission that lies outside of the slit area (red hatched regions) is not
directly observed.

galaxies that have a significant fraction of their light falling outside of the slit area or that
may have light profiles that vary significantly from band-to-band. Furthermore, the posi-
tion of the slit is randomly oriented relative to the physical structure of individual galaxies
in order to optimize their placement on the mask for multi-object spectroscopy. The UV
light, however, is typically measured over a larger area than is covered by the spectroscopic
slit, and is determined by the light contained within a circular or isophotal aperture in
the imaging. Thus, to make a truly fair comparison between Ha and UV SFRs, we must

measure them over the same spatial area, or aperture.
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First, we describe the image smoothing and flux measurements that are made over
the same spatial resolution and area as the MOSFIRE slit spectroscopy in Section 3.3.1.
In Section 3.3.2, we present the SED fitting assumptions and procedure that are used to
obtain the both the global and slit-measured stellar population properties, which includes
the inferred E(B — V)gars- Finally, in Section 3.3.3, we detail our methods for obtaining

E(B — V)gas, Ha SFRs, and UV SFRs.

3.3.1 Smoothing to the Lowest Resolution

The seeing of the MOSFIRE observations was typically ~077, which is a lower
spatial resolution than the FWHM of the HST PSF (0718). Therefore, in order to di-
rectly compare measurements made from the resolved imaging with the spectroscopic mea-
surements, we first smooth the HST images to match the spatial resolution of the MOS-
FIRE seeing. The astropy.convolution python package (Astropy Collaboration et al.

2013, 2018) is used to convolve the HST images with a 2D gaussian kernel with FWHM

Okernel = \/Jl%/[OSFIRE — 04gr, where opgr is the FWHM of the HST PSF equal to 0”18,
and onosrFIRE is the FWHM of the seeing from the MOSFIRE observations. This smooth-
ing procedure is repeated assuming onyosrrg i 075079 in (/1 increments, which covers
variations in the seeing during the MOSFIRE observations. The smoothed images that are
selected for an individual galaxy depends on the average seeing during the respective MOS-
FIRE observations (omosrire). RMS maps corresponding to the smoothed HST images
are constructed by scaling the original RMS maps such that the S/N is preserved in each

pixel (Fetherolf et al. 2020, Section 2.3.1).
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A segmentation map based on the smoothed images is generated following the same
input parameters for Source Extractor (Bertin & Arnouts 1996) as Skelton et al. (2014) and
using a noise-equalized Ji95+J Hi40+H160 smoothed image for source detection. We find
that the segmentation maps that are based on the smoothed images are approximately
equivalent to the original segmentation map processed by the 3D-HST team. However,
25 galaxies from our sample are undetected in the segmentation map of the smoothed
images and, thus, are removed from our sample. The smoothed images that assume a
omosFIRE that best matches the MOSFIRE seeing from the observations of each galaxy are
used to measure fluxes and perform SED fitting (see Section 3.3.2).

Pixels that fall inside the slit area are identified using the source centroid, mask
position angle, and slit width. The counts from the smoothed images for the pixels inside
the slit are summed and converted to AB magnitude and the magnitude error is determined
similarly (except summed in quadrature) from the noise maps. In order to avoid any single
photometric point from skewing the SED fit, we restrict the minimum magnitude error to
0.05 mag.

To better constrain the shape of the SED at longer wavelengths, we supplement the
resolved CANDELS imaging with unresolved Spitzer /IRAC photometry at 3.6 um, 4.5 um,
5.8 um, and 8.0 pum available from the 3D-HST broadband photometry catalog (Skelton et al.
2014). The Spitzer /IRAC photometry has been corrected for contamination by neighbor-
ing sources using models of the HST images that have been PSF-smoothed to the lower
resolution IRAC photometry and source pixels were identified from the segmentation maps.

In order to include the IRAC photometry with the photometric slit measurements for SED
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fitting, the total IRAC fluxes from the 3D-HST broadband photometric catalog, FiRAC tots
are normalized using the Hjgo flux measured inside the slit area from the smoothed imaging,
Higp g1t as follows:

Hi60 s1it

Fracgstit = FIRAC, tot (3.1)

)
Hi60,tot

where Higp o1 is the total Higp flux measured from the 3D-HST broadband photometry
and Firac it is the resultant normalized IRAC flux. For an in-depth discussion of how
this procedure affects the derived stellar population properties, see Fetherolf et al. (2020,

Appendix B).

3.3.2 SED Fitting

The broadband and slit-measured photometry are modeled, as follows, to obtain
SED-derived E(B — V)gtars, stellar population ages, SFRs, and stellar masses. First, the
contribution of the strongest emission lines measured in the MOSDEF spectroscopy (i.e.,
Ha, Hp, [OIII]AN960, 5008, and the [OIT]A3728 doublet) is removed from the broadband
photometry. A x? minimization technique is used to select the Bruzual & Charlot (2003)
stellar population synthesis model that best fits the photometry assuming a Chabrier (2003)
IMF, SMC extinction curve (Fitzpatrick & Massa 1990; Gordon et al. 2003), and sub-
solar metallicity (0.2 Z5).* Reddening is allowed to vary between 0.0 < E(B — V)stars <

0.4. Only constant SFHs and stellar ages between 50 Myr and the age of the Universe at

4An SMC-like or steeper extinction curve paired with sub-solar metallicities has been found to be more
appropriate for young, high-redshift galaxies compared to the Calzetti et al. (2000) attenuation curve (Reddy
et al. 2018a). However, alternatively assuming the Calzetti et al. (2000) attenuation curve and solar metal-
licities primarily affects the absolute mass measurements and not their relative order (Reddy et al. 2018a).
Therefore, the results presented here do not significantly change if we were to alter the assumed extinction
curve.
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the redshift of each galaxy are considered.” Finally, the measured photometric fluxes are
perturbed 100 times by their flux errors to obtain the 1o SED parameter uncertainties
based on the 68 lowest y? perturbed models.

We find 112 galaxies that exhibit SED-derived SFRs that are unphysically larger
when measured inside the slit area than across the entire galaxy. We consider the SFRs
measured inside the slit to be inaccurate in these cases considering that they are based
on significantly fewer and less precise photometric measurements. Fetherolf et al. (2020,
Chapter 2) showed that if the photometry does not constrain key features of the SED (e.g.,
UV slope, Balmer /4000 A break) either by wavelength coverage or sufficient S/N, then the
SED-derived parameters may be biased towards redder E(B — V)gtars and younger stellar
population ages while stellar masses remain robust. Overestimated reddening and underes-
timated stellar ages (at constant stellar mass and SFH) can, in turn, lead to underestimated
SFRs. We find that all 112 galaxies that exhibit overestimated SED-derived SFRs inside
the slit exhibit E(B — V)gars and stellar ages that are both redder and younger than the
globally averaged F(B — V)gtars and stellar ages inferred from the broadband photometry.
Comparatively, the average differences between total and slit-measured F(B — V)gtars and
log stellar ages for the 312 other galaxies in our sample are only 0.03 mag and 0.09 dex, re-
spectively. Furthermore, 98 of the 112 galaxies with overestimated slit-measured SED SFRs

have less than two photometric points with a S/N > 1 covering the UV slope (1250-2500 A ),

®The SFRs of z ~ 2 galaxies are best reproduced using either exponentially rising or constant SFHs when
the stellar population ages are restricted to being older than the typical dynamical timescale (50 Myr; Reddy
et al. 2012). Assuming constant SFHs typically produces stellar population ages that are ~30% younger
than those derived from exponentially rising SFHs (Reddy et al. 2012).

SThere is always at least one filter covering the UV slope, but that filter does not necessarily have a
S/N > 1.
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thus indicating that this region of the SED is not well-constrained in these galaxies. For
these reasons, we decide to remove from our sample the 112 galaxies that do not have robust

constrains on the UV slope.

3.3.3 Nebular E(B — V)gs and SFR Calculations

The nebular reddening, E(B — V)gas, is calculated by using the measured Balmer
decrement (Ha/Hp) of each galaxy and assuming the Cardelli et al. (1989) Galactic extinc-

tion curve in the following equation:

2.5 Ha/Hﬁ) 7 (3.2)

E(B - V)gas = k(Hp) — k(Ha) logyg <286
where k(Ha) and k(Hf) are extinction coefficients at Ho and HS (2.53 and 3.61, respec-
tively, assuming Cardelli et al. 1989 extinction). Equation 3.2 assumes typical ISM con-
ditions, namely Case B recombination, 7' = 10000K, and n., = 10%2cm™2, where galax-
ies with Ha/HS < 2.86 are assumed to have zero dust extinction (Osterbrock 1989). A
dust-corrected Ha luminosity is then obtained using k(Ha) from the Cardelli et al. (1989)
Galactic extinction curve and the E(B — V)gas derived in Equation 3.2.7

In this study, we are interested in directly comparing the SED-derived (i.e., UV)
SFRs with spectroscopic dust-corrected Ha SFRs. Typically, Ha luminosities are converted
to SFRs using the Kennicutt (1998) relation. However, the Kennicutt (1998) relation as-
sumes solar metallicities, whereas we assume 20% solar metallicities in the SED fitting (see

Section 3.3.2). To ensure that the Ha SFRs are consistent with the assumptions used to

"Recently, Reddy et al. (2020, in press) derived the first directly measured high-redshift nebular dust
attenuation curve using the full MOSDEF sample and found that its shape is similar to the Cardelli et al.
(1989) Galactic extinction curve at rest-frame optical wavelengths.
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infer the SED-derived SFRs, we obtain an appropriate Ha luminosity-to-SFR, conversion
for each galaxy directly from the Bruzual & Charlot (2003) SED model templates. For each
individual galaxy, the best-fit stellar population age derived from the broadband photome-
try is used to select the appropriate SED model template. From the template, the rate of
ionizing photons is measured by integrating between 90 < A < 912 A. Then, the conversion
from luminosity to SFR is derived from the recombination rate of Ha photons. Typical
ISM conditions are again assumed for Case B recombination, 7' = 10000 K, and electron
densities equal to 102 cm™=3 (Osterbrock 1989). Deriving Ha SFRs using the SED model
templates results in SFRs that are ~24% (~0.11dex) lower than those derived using the
typically assumed Kennicutt (1998) relation. All Ha SFRs throughout this paper, including
the Shivaei et al. (2015b) SFR-M, relation in Figure 3.1, have been corrected to assume the
appropriate luminosity-to-SFR conversion derived here. Finally, the E(B — V')gas and Ho
SFRs are obtained directly within the slit area by reversing the slit-loss corrections applied
to Ha and Hf (see Section 3.2.2) and repeating the aforementioned procedure.

In order to have a consistent definition for UV SFRs in comparison to Ha SFRs in
Section 3.4, the UV luminosity-to-SFR conversion is also derived separately for each galaxy.
The 1600 A luminosity is measured from the Bruzual & Charlot (2003) SED model template
with the same age as determined for the Ha luminosity-to-SFR, conversion and a constant
SFH. The UV SFRs are then dust-corrected assuming an SMC extinction curve (Fitzpatrick
& Massa 1990; Gordon et al. 2003) and the SED-derived E(B — V)stars. UV SFRs that are

derived in this way are on average ~3% lower (~0.012 dex) than the SED-derived SFRs.
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3.4 Photometric vs. Spectroscopic Properties

The SFR of a galaxy is a fundamental measure for understanding how galaxies
assemble their stellar mass. An important question is whether SFRs measured at different
wavelengths agree, as discrepancies may give clues about their sensitivity to star formation
on different timescales (Reddy et al. 2012; Price et al. 2014), provide useful information
about the IMF and SFH of galaxies (Madau & Dickinson 2014), or reveal how dust is dis-
tributed amongst various stellar populations (Boquien et al. 2009, 2015; Hao et al. 2011;
Reddy et al. 2015; Katsianis et al. 2017). Alternatively, the assumptions made when correct-
ing spectroscopic observations for light lost outside of the slit area may cause spectroscopic
SFR measurements to disagree with photometric ones (Kewley et al. 2005; Richards et al.
2016; Green et al. 2017). In this section, we investigate whether the discrepancy between
dust-corrected SFRs measured from Ha emission and the UV stellar continuum persists
when assumptions about the aperture are minimized by directly deriving reddening and
SFRs within the MOSFIRE spectroscopic slit area.

In Section 3.4.1, we compare the relationship between Ha-to-UV SFR ratios versus
Ha SFRs measured globally and exclusively within the spectroscopic slit area. We then
discuss the implications of our results relative to aperture effects in Section 3.4.2. Finally,

we place our findings in the context of previous work in Section 3.4.3.

3.4.1 Global vs. Slit-measured Ha-to-UV SFR Ratios

In Figure 3.3, the relationship between Ha-to-UV SFR ratios and Ha SFRs for

the 312 galaxies in our sample is shown in the case when all SFRs are measured or inferred
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Figure 3.3: Left: Total dust-corrected Ha-to-UV SFR ratios versus total dust-corrected Ha
SFRs for the 312 galaxies in our sample. The black horizontal dashed line indicates where
the Ha SFRs would equal the UV SFRs and the points are colored by the fraction of the
galaxy that falls within the slit area (see Figure 3.2). The star symbol shows the median Ha-
to-UV SFR ratio, Ha SFR, and fraction of the galaxy within the slit for the full sample. The
solid lines show the best-fit relationships for the full sample (green), compact galaxies with
slit fractions >0.6 (blue), and large galaxies with slit fractions <0.6 (red). The blue and red
shaded regions show the uncertainties in the best-fit relationships of the compact and large
galaxies, respectively, thus emphasizing the significance of the offset from the relationship
between Ha-to-UV SFR ratios and Ha SFRs being dependent on galaxy size. Right: Same
as the left panel, except that all of the dust-corrected SFRs (and their respective inferred
reddening) are measured exclusively within the spectroscopic slit area. The dashed green
line shows the best-fit relationship to the full sample for the slit-measured SFRs and, for
reference, the solid green line shows the best-fit relationship to the full sample from the
global measurements in the left panel. The green shaded region shows the uncertainty of
the slit-measured best-fit relationship for all galaxies, thus emphasizing the significance of
the shift in normalization between SFR measurements made exclusively within the slit area
(right panel) compared to those made across the entire galaxy (left panel).

over the entire galaxy (left panel) and exclusively within the spectroscopic slit area (right
panel). The points are color-coded by the fraction of the galaxy that is covered by the
spectroscopic slit. Galaxies where this fraction is close to unity are compact and lie almost
entirely within the slit (see Figure 3.2). The median Ha-to-UV SFR ratio, Ha SFR, and
fraction of galaxy area covered by the spectroscopic slit for the entire sample is shown by the

colored star symbol in each panel. As can be seen by the median Ha-to-UV SFR ratio (star
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symbols) in Figure 3.3, Ha SFRs are typically higher than UV SFRs (0.22 dex for total and
0.39 dex within the slit). More significantly, Figure 3.3 shows that Ha and UV SFRs tend to
generally agree in galaxies with lower Ha SFRs and deviate more significantly as Ha SFR
increases, regardless of whether SFRs are measured inside the slit or globally. Additionally,
while not shown, Ha and UV SFRs similarly tend to agree at low E(B — V)gas, but deviate
at high E(B — V)gas to the same significance as is already shown with increasing How SFR.
The scipy.odr package is used to perform orthogonal distance regression linear fits to the
relationship between Ha-to-UV SFR ratios and Ha SFRs. The solid and dashed lines in
Figure 3.3 show the best-fit linear relationships to the full sample (green), compact galaxies
with slit fractions >0.6 (blue), and large galaxies with slit fractions <0.6 (red), where 0.6
is the average slit fraction of all galaxies in our sample. The shaded regions show the 1o
uncertainties for the linear fits of the same color. To show how the relationship changes
between the total versus slit measurements, the best-fit relationship to the full sample from
the left panel of Figure 3.3 is also shown as a solid green line in the right panel. We find
that the slope and scatter between Ha-to-UV SFR ratios and Ha SFRs are approximately
the same regardless of how the SFRs are measured (the scatter is 0.22dex for total and
0.25 dex within the slit).

The primary difference between total (left panel of Figure 3.3) and slit-measured
(right panel of Figure 3.3) SFRs is the shift in the normalization of the trend between Ha-
to-UV SFR ratios and Ha SFRs (dashed green line in the right panel compared to the solid
green line taken from the left panel). Figure 3.4 shows the differences in the positions of

the points between the left and right panels of Figure 3.3 (i.e., the slit-measured Ha-to-UV
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Figure 3.4: The difference between the log of Ha-to-UV SFR ratios measured globally and
inside the slit versus the difference between Ha SFRs measured globally and inside the slit.
The points are colored by the fraction of the galaxy that is covered by the slit area. The
y-axis labels are reversed such that the orientation of the points is relative to the vertical
shift in position between the left and right panels of Figure 3.3. The horizontal dashed line
shows where the total and slit-measured Ha-to-UV SFR ratios would be equal. The colored
star shows the average shift between the points in the left and right panels of Figure 3.3,

emphasizing that the galaxies in our sample typically exhibit higher Ha-to-UV SFR ratios
when measured exclusively inside the spectroscopic slit area compared to the global average.

SFR ratios and slit-measured Ha SFRs are subtracted from the global measurements). By
definition, the Ha and UV light inside the slit area is always lower or equal to those measured
across the entire galaxy. If the fraction of Ha and UV light decreased equally between total
and slit measurements, then the Ha-to-UV SFR ratio would remain constant. However,
Figure 3.4 shows that the Ha-to-UV SFR ratios are on average higher when measured
inside the slit compared to those derived using the total SFRs. Therefore, the fraction of
Ha light that is “lost” outside of the slit area may not necessarily be proportional to the

fraction of UV light that falls outside of the slit area.
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The points in Figure 3.3 also show that the offset from the relationship between
the Ha-to-UV SFR ratios and Ha SFRs (i.e., the residuals between the points and the
best-fit linear relationship) is dependent on the fraction of the galaxy falling within the
slit aperture. At a fixed total or slit-measured Ha SFR, large galaxies with a significant
fraction of light falling outside of the slit aperture (red points and line in Figure 3.3) exhibit
lower Ha-to-UV SFR ratios—and by extension higher total and slit-measured UV SFRs—
than compact galaxies (blue points and line in Figure 3.3). Using the Spearman rank
correlation test and Figure 3.5, we find that the fractional slit coverage (i.e., size of the
galaxy) is significantly correlated with the offset from the relationship between Ha-to-UV
SFR ratios and Ha SFRs (green lines in Figure 3.3) at 80, regardless of whether all SFRs
are measured globally (panel a) or within the slit area (panel b). More specifically, we find
that the fractional slit coverage is most significantly correlated with total UV SFRs (130,
panel c¢) and slit-measured UV SFRs (120, panel d), and slightly less (but still significantly)
correlated with total Ho SFRs (8¢, panel e) and slit-measured Ha SFRs (60, panel f).
Meanwhile, the direct correlation between the fractional slit coverage and the Ha-to-UV
SFR ratios is only marginally significant when the SFRs are globally averaged (1o, panel
g) and insignificant when measured within the slit area (0.20, panel h). This is because at

a constant fractional slit coverage, there is a broad range of measured Ha-to-UV SFRs.

3.4.2 Aperture Effects on Ha-to-UV SFR Ratios

In order to interpret our results from Section 3.4.1, we first need to assess how the

geometry between the slit observations and the galaxy orientation influences our results.
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Figure 3.5: Relationships between the fractional slit area (i.e., galaxy size) and the following;:
the residuals from Figure 3.3 between the Ha-to-UV SFR ratios and best-fit linear relation
(green solid and dashed lines in Figure 3.3; panels a and b), UV SFRs (panels ¢ and d),
Ha SFRs (panels e and f), and Ha-to-UV SFR ratios (panels g and h). The left and right
panel columns show measurements that were made globally and inside the spectroscopic slit
area, respectively. The yellow stars are the averages from individual measurements equally
divided into four bins of the fractional slit area (Agjit/Atot). The Spearman rank correlation
coefficient and its significance are listed in the top left corner of each panel.
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We consider the fractional slit coverage as a proxy for physical size of the galaxies in our
sample since the resolved angular sizes do not change significantly over the redshifts covered
by our sample (1.3 < z < 2.7). To remind the reader, Figure 3.2 shows the observed and
unobserved emission from a compact and large galaxy relative to the spectroscopic slit
boundaries. Galaxies that are nearly entirely contained within the slit boundaries (i.e.,
the compact galaxies) have slit coverage fractions near unity, and thus the spectroscopic
measurements of Ha SFRs will be close to those that would be measured globally if such
measurements existed.

As can be seen in the right panel of Figure 3.3, the relationship between Ha-
to-UV SFR ratios, Ha SFRs, and their sizes (i.e., fraction of each galaxy within the slit
area) persists when restricting all quantities to the light that falls inside the slit area and is
directly observed. Therefore, the increase in Ha-to-UV SFR ratios with Ha SFRs is not an
artifact of the way that Ha is corrected for slit loss. Having said that, in the right panel of
Figure 3.3 we also observe a significant shift in the normalization of the relationship between
the Ha-to-UV SFR ratios and Ha SFRs when measurements are made directly inside the slit
(dashed green line) versus inferred globally (with a slit loss correction for Hey; solid green
line). Naturally, the smallest change in normalization occurs for those compact galaxies
where a large fraction of the light falls in the slit (blue points), while the largest change
in normalization occurs for those galaxies where a smaller fraction of the light falls in the
slit (red points). There are three possible scenarios that affect the normalization. 1) If the
Ha-to-UV SFR ratio is constant across the entire galaxy, then restricting our measurements

only to the light within the slit would result in a lower measured Ha SFRs while the Ha-to-
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UV SFR ratios remain constant. This would result in the relationship between Ha-to-UV
SFR ratios and Ha SFRs to simply shift to the left when only considering the light within
the slit. 2) If the Ha-to-UV SFR ratio is lower within the slit versus outside the slit, then
restricting our measurements to the slit area would result in lower Hao SFRs and lower
Ha-to-UV SFR ratios, thus shifting their relationship to the left and down. 3) Lastly, if the
Ha-to-UV SFR ratio is higher inside the slit than outside, then restricting our measurements
to the light within the slit would result in lower Hao SFRs and higher Ha-to-UV SFR ratios,
thus shifting their relationship to the left and up.

The relative vertical change in the positions of the points between the left and right
panels of Figure 3.3 versus the change between total and slit-measured Ha SFRs (which will
always shift to the left) are shown in Figure 3.4. This figure shows that galaxies in general
have higher Ha-to-UV SFR ratios inside the slit compared to globally averaged measure-
ments, such that the points shift to the left and up on average when all measurements are
made exclusively inside the slit area. Therefore, the shift in normalization between global-
and slit-measured SFRs is caused either by the slit-loss corrected total Ha SFRs being
underestimated in large galaxies (i.e., assuming that the Ha-to-UV SFR ratio is intrinsi-
cally constant) or that Ha-to-UV SFR ratios are intrinsically higher in the centers of large
galaxies.

In Figure 3.3, we also find that the deviation from the best-fit relation between
Ha-to-UV SFR ratios and Ha SFRs (green lines) is significantly related to the fraction of
the galaxy that is directly observed within the spectroscopic slit area. In other words, larger

galaxies (i.e., those with a larger fraction of flux falling outside the slit; red points and red
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line) tend to have higher Ha and UV SFRs (and by extension, higher dust content) and
lower Ha-to-UV SFR ratios (relative to the best-fit relation) compared to compact galaxies,
such that the contribution from UV light increases more than Ha. While larger galaxies
having higher SFRs on average compared to compact galaxies is not particularly surprising
(e.g., see Toft et al. 2007; Trujillo et al. 2007; van der Wel et al. 2014; Scott et al. 2017;
van de Sande et al. 2018), the relationship between galaxy size and Ha-to-UV SFRs at a

constant Ha SFR may be indicative of differences between the Ha and UV light profiles.

3.4.3 Discussion

In Figure 3.3, we found that the relationship between Ha-to-UV SFR ratios and
Ha SFRs persists when all reddening and dust-corrected SFRs are made directly inside
the spectroscopic slit area. While correcting Ha for light that has been lost outside of the
spectroscopic slit area may cause a slight change in the normalization, the general trend
between Ha-to-UV SFR ratios and Ha SFRs is not driven by this correction. Reddy et al.
(2015) explained their observation of high Ha-to-UV SFRs in galaxies with high Ha SFRs by
describing a physical picture where stars of all masses are evenly obscured by low amounts
of dust in galaxies with low SFRs, but galaxies that are overall dustier with high SFRs may
have patchier dust distributions. Our dust-corrected SFR measurements (both Ha and UV)
assume a constant reddening across the entire galaxy, such that if any sightlines are less
obscured, particularly towards massive O and B stars that have left their birth clouds, then
the average assumed reddening would be overestimated and, in turn, the dust-corrected

SFRs would be also be overestimated.
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Figure 3.6: Differences between nebular and stellar continuum E(B — V') versus Ha SFRs
(left) and UV SFRs (right), all exclusively measured within the spectroscopic slit area. The
yellow stars are the averages from individual measurements equally divided into four bins
of Ha SFR. The Spearman rank correlation coefficient and its significance are listed in the
top left corner.

Several studies have also found differences between nebular and stellar continuum
reddening that vary with SFR (Yoshikawa et al. 2010; Kreckel et al. 2013; Reddy et al.
2015), specific SFR (Wild et al. 2011; Price et al. 2014; Boquien et al. 2015; Reddy et al.
2015; Hemmati et al. 2015), SFR surface density (Boquien et al. 2015), and metallicity
(Shivaei et al. 2020), which could similarly be explained by a patchy dust distribution. In
Figure 3.6, we show that the observed differences between E(B — V)gas and E(B — V)gtars
persist in galaxies with higher Ha (left panel; 240 significance) and UV SFRs (right panel;
6o significance), even when all measurements are made exclusively within the spectroscopic
slit area. The increasing difference between nebular and stellar continuum E(B — V') with
Ha SFR may imply that the dust distribution is patchier in galaxies with higher SFRs
(that are also inherently dustier; Calzetti et al. 1994; Boquien et al. 2009; Price et al. 2014;
Reddy et al. 2015), such that the nebular emission becomes dominated by the most obscured

massive stars. However, we should note that E(B — V) and E(B — V)gars are used to
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correct Ha and UV SFRs, respectively, for the effects of dust, and thus the observed trend
between E(B — V) difference and SFR may be exagerated. Furthermore, Shivaei et al.
(2020) recently found that the relationship between the differences in E(B — V') and SFR
(both Ha and UV) for z ~ 2 star-forming galaxies in the MOSDEF sample is significantly
reduced when the UV light is corrected using a metallicity dependent dust attenuation curve.
Therefore, understanding the nature between different reddening and SFR. indicators would
be best addressed using an independent SFR indicator, such as SFRs measured from the
far-IR continuum.

In Figure 3.4, we found that directly measuring all SFRs inside the slit area resulted
in lower Ha SFRs (as expected) and higher Ha-to-UV SFR ratios compared to globally
averaged measurements. If Ha-to-UV SFR ratios are assumed to be intrinsically constant
across the entire galaxy, then this normalization shift in the relationship between Ha-to-UV
SFR ratios and Ha SFRs may be attributed to inadequate slit-loss corrections. However,
the observed shift in normalization could alternatively be caused by large galaxies having
intrinsically high Ha-to-UV SFR ratios in their centers. Centrally peaked Ha and Balmer
decrement radial profiles have been observed in galaxies at 1 < z < 3 using resolved emission
line maps (e.g., Nelson et al. 2013; Hemmati et al. 2015; Tacchella et al. 2018) and have even
been observed to be more strongly peaked in massive galaxies (Nelson et al. 2016), which are
well-known to be larger, dustier, and have higher SFRs than low-mass galaxies on average
(e.g., see Shapley 2011). In the case of slit-loss corrected SFRs (left panel of Figure 3.3), a
centrally peaked Ha SFR radial profile can cause over or underestimated SFRs if the Ho

emission does not follow the Higg light profile—as is assumed when correcting for light lost
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outside of the slit (see Section 3.2.2). In the MOSDEF survey, we can only observe a small
fraction of the surface area of large galaxies spectroscopically (see Figure 3.2), and it is
possible that these large galaxies have higher Ha SFRs in their centers compared to their
unobserved outskirts. Similarly, if Balmer decrements are typically higher in the centers of
large galaxies compared to their outskirts, then the assumed average reddening based on
the slit measurement will overestimate the true globally-averaged reddening.

Overall, a patchy dust distribution and centrally peaked Ha SFRs and/or Balmer
decrements in large galaxies could explain all of our observations. A patchy dust distribution
in galaxies with high SFRs could cause some sightlines towards recently formed massive stars
to be less obscured than those still enshrouded by their birth clouds, which may lead to
overestimated reddening estimates and, inevitably, could explain the observed discrepancies
between inferred F(B — V') and dust-corrected SFRs. The Ha and UV light profiles may not
match at all radii in large galaxies, which could be caused by either patchy dust distributions
or centrally peaked Ha SFRs and/or Balmer decrements. Inappropriate assumptions about
the shape of the Ha and UV light profiles relative to each other could explain the higher
Ha-to-UV SFR ratios that are observed inside the slit compared to global measurements
and the correlation between the size of a galaxy and its observed offset from the relationship
between Ha-to-UV SFR ratios and Ha SFRs. We will further explore the distribution of
dust and its relationship to globally measured properties of the z ~ 2 MOSDEF galaxies
in a future work (Fetherolf et al. 2020c, in prep.; Chapter 4) by performing an in-depth
analysis of the reddening maps created through the procedures described in Fetherolf et al.

(2020, Chapter 2).
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3.5 Summary

In this study, we used a sample of 312 star-forming galaxies drawn from the
MOSDEF survey at spectroscopic redshifts 1.36 < z < 2.66 to directly compare dust-
corrected SFRs measured from Ha emission and the UV continuum light. We used the
CANDELS/3D-HST high-resolution, multi-band imaging to measure the stellar population
and dust properties both globally and within the MOSFIRE slit region. By combining the
slit-measured stellar population and dust properties from the resolved imaging with the
MOSDEF Ha and HfB emission line measurements, we were able to directly obtain mea-
surements of nebular E(B — V)gas, stellar continuum E(B — V)stars, Ha SFRs, and UV
SFRs exclusively inside the MOSFIRE spectroscopic slit area.

In order to directly compare photometric and spectroscopic measurements over the
same area, we PSF-smoothed the HST imaging to match the spatial resolution (i.e., seeing)
of the MOSFIRE spectroscopic observations (Section 3.3.1). By directly comparing SFR
measurements within the spectroscopic slit area, we found that aperture corrections alone
cannot explain the observed differences between Hoo and UV SFRs that are most discrepant
in galaxies with high Ha SFRs and E(B — V)gas (Figure 3.3). Furthermore, we found that
the shift in the normalization of the relationship between Ha-to-UV SFR ratios and He
SFRs may indicate that Ha-to-UV SFR ratios are higher in the centers of large galaxies
(Figure 3.4), and that the offset from the best-fit linear relationship is dependent on the
fraction of the galaxy that is observed within the spectroscopic slit area (i.e., physical size;

Figure 3.3 and panels a and b in Figure 3.5).
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To explain the observations presented in Section 3.4, we reiterate the physical
scenario depicted by Reddy et al. (2015) where the dust distribution gets patchier as a
function of increasing SFR. In this scenario the optical depth is on average higher in high-
SFR galaxies, but the emitted light is dominated by young, massive stellar populations
that may be less obscured than what is implied by the average measured reddening—thus
leading to the discrepancy between Ha and UV SFRs. Furthermore, large galaxies with
higher SFRs may exhibit centrally peaked Ha or Balmer decrement profiles, such that the
relative Ha and UV light are not necessarily equivalent at all radii.

Due to the nature of the MOSFIRE spectrograph, we can only draw direct con-
clusions based on the observations that fall within the slit area. Even with our limited
spectroscopic capabilities, we see evidence that the observed discrepancies in E(B — V)
and SFRs measured from the nebular emission and the stellar continuum are caused by
some physical driver—such as centrally peaked or patchy dust distributions—rather than
systematic errors in the aperture corrections. These results can be improved upon with
independent confirmation of the slit-loss corrections through IFU observations, high spatial
resolution spectroscopy that could be used to compare Ha and UV emission on smaller
scales and out to larger radii, and pairing this analysis with a third independent SFR in-
dicator (e.g., measured from the far-IR continuum). In direct follow-up to this work, we
will investigate how the distribution of dust influences observed SFRs and other globally

measured physical properties of high-redshift galaxies.
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Chapter 4

Paper 111: Probing Resolved
Stellar Populations at z ~ 2 Using a

New Bayesian-defined Morphology

Metric Called Patchiness!

Abstract We investigate the inferred distribution of dust in the interstellar medium of 310
star-forming galaxies at spectroscopic redshifts 1.36 < z < 2.66. Stellar population and ro-
bust reddening maps are constructed using high-resolution multi-waveband CANDELS/3D-

HST imaging and spectroscopic redshifts from the MOSFIRE Deep Evolution Field (MOS-

!This chapter contains a draft of an article that will be submitted for publication by Oxford University
Press in the Monthly Notices of the Royal Astronomical Society written by Tara Fetherolf, Naveen A. Reddy,
Alice E. Shapley, Mariska Kriek, Brian Siana, Alison L. Coil, Bahram Mobasher, William R. Freeman, Ryan
L. Sanders, Sedona H. Price, Irene Shivaei, Mojegan Azadi, Francesca M. Fornasini, Laura de Groot, Gene
C.K. Leung, and Tom O. Zick.
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DEF) survey. The stellar continuum reddening distribution is quantified using the Gini
and My coefficients alongside a newly defined morphology metric called “patchiness” (P).
The patchiness metric is sensitive to deviations from the average of a resolved distribution,
does not require the galaxy center to be defined, and can be used on any resolved distri-
bution. We find that the stellar continuum reddening distribution of high-mass and high-
metallicity galaxies is patchier and exhibits lower Gini coefficients than low-mass galaxies.
While several previous studies have suggested that patchy dust distributions could explain
observed differences between nebular and stellar continuum reddening, SFR indicators, and
dust attenuation curves, this study presents early evidence for patchy dust distributions in
high-redshift galaxies. Our results support a picture where dust is smoothly distributed in
low-mass galaxies, suggesting efficient mixing of dust throughout their interstellar medium.
On the other hand, the dust distribution is patchier in high-mass galaxies, such that dust is
concentrated near regions of active star-formation and dust mixing timescales are expected

to be longer.

4.1 Introduction

Galaxy morphology—or the observed structure of galaxies based on the distri-
bution of their stars, gas, and dust—is an important tool for understanding how galaxies
assemble across cosmic time. The morphology of a galaxy can most fundamentally be classi-
fied based on its visual structure, such as identifying where a galaxy falls on the well-known
“Hubble sequence” (Hubble 1926; de Vaucouleurs 1959). While the classification of galaxies

has significantly advanced by crowd sourcing volunteers for visual classification (i.e., Galaxy
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Zoo; Lintott et al. 2008, 2011) and developing machine learning algorithms to train com-
puters (e.g., Banerji et al. 2010; Dieleman et al. 2015; Dominguez Sénchez et al. 2018), the
disk-, bulge-, and bar-like structures used in visual classifications are not typically observed
in high-redshift galaxies, which instead appear clumpy and irregular in shape (e.g., Griffiths
et al. 1994; Dickinson 2000; van den Bergh 2002; Papovich et al. 2005; Shapley 2011; Con-
selice 2014). However, studying the morphology of irregularly shaped high-redshift galaxies,
especially at z ~ 2 when galaxies were rapidly assembling their stellar mass (see Madau &
Dickinson 2014), is a critical step in understanding their evolution.

There are also quantitative morphology metrics that are dependent on the distribu-
tion of light from the one- or two-color images rather than visually defined structures, such
as the Sérsic index (Sérsic 1963), bulge-to-disk light ratio (i.e., GALFIT; Peng et al. 2002,
2010), CAS parameters (i.e., concentration, asymmetry, and clumpiness; Conselice 2003),
Gini coefficient (Abraham et al. 2003; Lotz et al. 2004), second-order moment of light (i.e.,
Myg; Lotz et al. 2004, 2008), internal color dispersion (ICD; Papovich et al. 2005), and MID
statistics (multimode, intensity, and deviation; Freeman et al. 2013). Quantitative metrics
may be more appropriate for defining the morphology of high-redshift galaxies, but several
of these metrics still require a well-defined center for the galaxy, which is not easy to define
for clumpy, irregularly shaped galaxies. Furthermore, since these metrics are designed to
be used on one- or two-color resolved images, they are not necessarily suitable for prob-
ing the distribution of resolved physical properties in galaxies that are inferred from their

multi-wavelength photometry.
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The distribution of stellar mass and sites of recent star formation can be used
to investigate the assembly history of galaxies (e.g., Wuyts et al. 2012; Hemmati et al.
2014; Boada et al. 2015), the rate and efficiency with which gas is converted into stars (e.g.,
Lang et al. 2014; Jung et al. 2017; Tacchella et al. 2018), and a galaxy’s merger history (e.g.,
Conselice 2003; Lotz et al. 2004, 2008; Cibinel et al. 2015). Revealing the intrinsic properties
of stellar populations within galaxies requires a correction for the obscuring effects of dust,
which depends on the physical properties of the dust grains, the total amount of dust,
and its distribution relative to the stars (e.g., Draine & Lee 1984; Fitzpatrick & Massa
1986; Calzetti et al. 1994; Charlot & Fall 2000). Patchy or clumpy dust distributions have
been theorized as the cause behind observed variations in different probes reddening (e.g.,
Calzetti et al. 1994; Wild et al. 2011; Price et al. 2014; Reddy et al. 2015, 2018b, 2020,
in prep.) and SFRs (e.g., Boquien et al. 2009, 2015; Hao et al. 2011; Reddy et al. 2015;
Katsianis et al. 2017, Fetherolf et al. 2020b, in prep.; Chapter 3), and recently Shivaei et al.
(2020) suggested that patchy dust distributions could also explain variations in the slope
and shape of the attenuation curve with metallicity.

In this study, we investigate the inferred the distribution of dust in the interstellar
medium (ISM) of high-redshift galaxies based on their resolved stellar continuum reddening
maps (E(B — V)gars). To achieve this goal, we derive a new morphology metric, called
“patchiness,” that is sensitive to the deviations that are both above and below the average
of a resolved distribution and can be used to probe any resolved distribution, including
one-color imaging, stellar population and reddening maps, or spatially resolved emission

line measurements. Resolved stellar population and robust reddening maps are constructed
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using the high-resolution multi-waveband imaging from the Cosmic Assembly Near-infrared
Deep Extragalctic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al. 2011).
We also use spectroscopic redshifts and emission line measurements from the MOSFIRE
Deep Evolution Field (MOSDEF; Kriek et al. 2015) survey to mitigate degeneracies in
the resolved SED-fitting and derive global nebular reddening (E(B — V')gas) and gas-phase
metallicities. The MOSDEF survey obtained rest-frame optical spectra for ~1500 star-
forming and AGN galaxies that also have been observed through CANDELS and the 3D-
HST grism survey (Brammer et al. 2012; Skelton et al. 2014). The legacy of these data
is such that we can probe how the distribution of dust in the ISM evolves with globally
measured properties for a statistically large sample of 310 galaxies at 1.36 < z < 2.66.

The data and sample selection are introduced and the methodology for construct-
ing resolved stellar population and robust reddening maps is outlined in Section 4.2. The
new morphology metric, deemed “patchiness,” is defined in Section 4.3 alongside the Gini
and Mo coefficients that are additionally used to probe the distribution of resolved stellar
continuum reddening. Our results are presented in Section 4.4 with a discussion of how the
ISM of high-redshift galaxies evolves with stellar mass. Finally, we summarize our findings
in Section 4.5.

A cosmology that assumes Hy = 70kms~! Mpc™!, Qy = 0.7, and €,, = 0.3 is used
throughout this work. The vacuum wavelengths of emission lines are used and magnitudes

are presented in the AB system (Oke & Gunn 1983).
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4.2 Data, Sample Selection, and Stellar Population and Red-
dening Maps

In this section, we present the data, sample selection, and methodology for creating
resolved stellar population and reddening maps. We introduce the CANDELS resolved
imaging and 3D-HST photometric catalogs in Section 4.2.1. An overview of the MOSDEF
survey is presented in Section 4.2.2 and the sample selection is defined in Section 4.2.3. In
Section 4.2.4, we outline our methods for processing the resolved photometry and finally

our SED fitting assumptions are listed in Section 4.2.5.

4.2.1 CANDELS/3D-HST Photometry

We use HST /ACS resolved imaging in the F435W, F606W, F775W, F813W, and
F850LP filters (Bass, Veos, i775, Is14, and zg50) and HST /WFC3 resolved imaging in the
F125W, F140W, and F160W filters (J125, J H140, and Higo) that has been obtained by CAN-
DELS (Grogin et al. 2011; Koekemoer et al. 2011). CANDELS imaging covers ~900 arcmin?
of five well-studied extragalactic fields (AEGIS, COSMOS, GOODS-N, GOODS-S, and
UDS) to a 90% completeness at ~25mag in the Higo filter. We use the reprocessed CAN-
DELS imaging that has been made publicly available? by the 3D-HST grism survey team
(Brammer et al. 2012; Skelton et al. 2014; Momcheva et al. 2016). The reprocessed HST
images have been drizzled to a 0”06 pixel ™! scale and spatially smoothed to the 0”18 res-

olution of the Higy images. We also utilize the 3D-HST broadband catalog that includes

*https://3dhst.research.yale.edu/
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ancillary ground- and space-based photometry at 0.3 to 0.8 um covering the CANDELS

extragalactic fields. The 3D-HST v4.0 catalog galaxy IDs are used throughout this paper.

4.2.2 MOSDEF Spectroscopy

We use spectroscopic redshifts and emission line measurements from the MOSDEF
survey (Kriek et al. 2015). The MOSDEF survey obtained rest-frame optical spectra for
~1500 star-forming galaxies and AGN using observations with the MOSFIRE multi-object
spectrograph (McLean et al. 2010, 2012) on the 10m Keck I telescope in the Y, J, H, and
K bands (R = 3400, 3000, 3650, and 3600 using 0”7 slit widths). Targets for the MOSDEF
survey were selected from the five CANDELS extragalactic fields to an Higg-band limit
of 24.0, 24.5, and 25.0 mag to correspond with a with a stellar mass limit of ~10° M, in
the following three redshift bins: 1.37 < z < 1.70, 2.09 < z < 2.61, and 2.95 < z < 3.80
(hereafter, the z ~ 1.5, z ~ 2.3, and z ~ 3 samples). These redshift ranges were selected
such that several strong rest-frame optical emission lines could be observed in the near-IR
windows of atmospheric transmission, including: [OII]A3727, 3730, HS, [OIII]AA4960, 5008,
Ha, [NII]AN6550, 6585, and [SII|A6718,6733. At least one slit star is also included on each
slit mask to be used for the absolute flux calibration of the spectra and to correct for slit
loss. For more information about the observing strategy and data reduction procedures for
the MOSDEF survey, see Kriek et al. (2015).

In order to measure line fluxes, a Gaussian function is fit to each emission line
with an underlying linear fit to the continuum. Double and triple Gaussians are fit to
the [OIIJAA3727,2730 doublet and Ha+[NIIJAA6550, 6585 lines, respectively. Hoa and Hf

emission line fluxes are corrected for Balmer absorption using the stellar population model
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that best fits the observed 3D-HST broadband photometry (see Section 4.2.5). To obtain
flux errors, the 1D spectra are perturbed 1000 times by their error spectra, line fluxes are
remeasured, and the errors are assumed to be the 68th-percentile width of the distribution.
The spectroscopic redshift is determined from the observed wavelength of the highest signal-
to-noise (S/N) line (typically Ha or [OIIIJA5008). Refer to Reddy et al. (2015) for more

details on the emission line flux measurements for the MOSDEF survey.

4.2.3 Sample Selection

Galaxies with robust spectroscopic redshifts and observations from the MOSDEF
survey that covered the Ha and HS emission lines are included in the sample. Robust
spectroscopic measurements are defined as being measured from at least two strong emission
features with a S/N > 2. AGNs are identified and removed from the sample using their
X-ray luminosities, optical emission line measurements (log ([NII/Ha]) > —0.3), and and/or
mid-IR luminosities (Coil et al. 2015; Azadi et al. 2017, 2018; Leung et al. 2019). These
requirements produce an initial sample of 735 galaxies at 1.24 < z < 2.66. Additional
S/N and resolution constraints are applied to the photometry using the multi-filter Voronoi
binning technique outlined by Fetherolf et al. (2020, Section 4.2.4), resulting in a final
sample of 310 star-forming galaxies at 1.36 < z < 2.66.

Figure 4.1 shows the spectroscopic redshift distribution, SFR-M,, and size—M,
relations for the galaxies in the initial (white histogram and empty points) and final samples
(gray histogram and filled gray points). The solid green line shows the Shivaei et al. (2015b)

main sequence relationship derived from the first two years of data from the MOSDEF
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Figure 4.1: Left: The spectroscopic redshift distribution of the star-forming galaxies in the
sample at 1.24 < z < 1.36. The white and gray histograms show the initial (735 galaxies)
and final (310 galaxies) samples, respectively. Middle: The Ha SFR versus stellar mass
“main-sequence” relationship. The white empty and gray filled points show the initial and
final samples, respectively. Ha emission is corrected for dust using Balmer decrements and
assuming the Cardelli et al. (1989) extinction curve, then Ha SFRs are calculated assuming
20% Solar metallicities and a Chabrier (2003) IMF. The Shivaei et al. (2015b) SFR-M,
“main sequence” linear relation that best fit the first two years of MOSDEF data is shown
by the green line. Stacks of the spectra in four equal sized bins of stellar mass are shown
by the red diamonds, where the stacks from the initial and final samples are shown by the
large faded and small solid diamonds, respectively. The yellow stars show the median Ha
SFR and M, of the four bins in stellar mass for the final sample. Right: The size versus
mass relation for galaxies in the sample, where the area of each galaxy is measured from the
detected regions in the 3D-HST segmentation maps. The colors and symbols are the same
as in the middle panel, except the yellow stars show the median segmentation map areas
in four bins of stellar mass. Compared to the initial sample that represents the broader
population of galaxies observed as part of the MOSDEF survey, galaxies in the final sample
tend to be marginally biased against low-mass and compact galaxies due to the S/N and
resolution requirements enforced in the multi-filter Voronoi binning technique (Fetherolf
et al. 2020, Section 2.3.2; also see Section 4.2.4).

survey. The samples are equally divided into four bins of stellar mass and the spectra are
stacked using specline® (Shivaei et al. 2018). The red diamonds show the stacked Ha SFR
measurements for the binned initial (large faded diamonds) and final (small solid diamonds)
samples and the yellow stars show the median bins of the individual measurements for

galaxies in the final sample. The distribution of the outlying empty white points and

3https://github.com/IreneShivaei/specline/
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the 0.33 dex difference between the stacked points of the lowest mass bin between the two
samples suggests that the final sample is marginally biased against low-mass and low-SFR
galaxies compared to the galaxies in the initial sample. These galaxies tend to be compact
and /or faint such that they do not have sufficient S/N that is necessary for measuring reliable
spatially resolved fluxes across several filters, as is required by the multi-filter Voronoi

binning technique in Section 4.2.4 (Fetherolf et al. 2020, Section 2.3.2).

4.2.4 Resolved Photometry

The methodology for constructing stellar population and robust reddening maps
is briefly outlined here, but we refer the reader to Fetherolf et al. (2020, Chapter 2) for more
detail. Individual galaxies in the sample are separated into sub-images that are 80 x 80 pixels
in size, which corresponds to approximately 40 x 40kpc at z ~ 2. Pixels that are not
associated with the central galaxy in each sub-image are masked using the noise equalized
J125 + JHy40 + Hio Source Extractor (Bertin & Arnouts 1996) segmentation map provided
by the 3D-HST survey team (Skelton et al. 2014).

In order to group low S/N pixels and avoid correlated signal between individual
pixels, the pixels associated with the galaxy are binned using an adaptive Voronoi binning
technique (Cappellari & Copin 2003) that has been modified to incorporate the S/N dis-
tribution of multiple resolved filters (Fetherolf et al. 2020, Section 2.3.2). Fetherolf et al.
(2020, Section 2.4.3) found that additionally considering the S/N distribution of filters at
shorter wavelengths, which are typically lower in S/N compared to the Hig filter, resulted
in better constrained resolved SEDs compared to using the Hjgo S/N distribution alone.

Furthermore, in order to avoid stellar population properties from being biased towards nois-
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ier bins with generally low S/N, Voronoi bins are required to satisfy a S/N > 5 in at least
5 resolved filters. Bins that do not satisfy this requirement are deemed as “outskirt” bins
and are not included in the analysis.

The counts from the pixels that make up an individual Voronoi bin are summed
and converted to an AB magnitude. Magnitude errors are measured similarly, by summing
the noise in quadrature from the corresponding RMS maps. A minimum magnitude error
of 0.05 mag is adopted to prevent any single photometric point from over-constraining the
best-fit resolved SED. The resolved CANDELS photometry is additionally supplemented
with unresolved Spitzer /IRAC photometry (3.6 um, 4.5 ym, 5.8 um, and 8.0 um; Skelton
et al. 2014) that is normalized to the Hygp flux within each Voronoi bin. Refer to Fetherolf
et al. (2020, Appendix C) for an in-depth discussion on how incorporating the Spitzer /IRAC

photometry in this way affects the derived stellar population properties.

4.2.5 SED Fitting

SED-derived E(B — V)gstars, stellar population ages, SFRs, and stellar masses are
obtained from both the unresolved 3D-HST broadband photometry and the resolved Voronoi
bins for galaxies in the sample. The best-fit Bruzual & Charlot (2003) stellar population
synthesis model is determined using a x? minimization technique. A Chabrier (2003) initial
mass function (IMF) and constant SFHs are assumed. Stellar ages are permitted to range
between 50 Myr and the age of the Universe using the spectroscopic redshift of the galaxy

being considered.* Sub-solar metallicities (0.2 Zs ) and an SMC extinction curve (Fitzpatrick

4Reddy et al. (2012) found that if stellar ages are restricted to being older than the typical dynamical
timescale, then either constant SFHs or exponentially rising SFHs best reproduce the SFRs of z ~ 2 galaxies.
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Figure 4.2: Examples of the stellar population and reddening maps for a galaxy in our
sample from each redshift bin. The left panels show UDS 25642 (z = 1.42) and the right
panels show GOODS-N 12345 (z = 2.27). The individual panels for a single galaxy show
the distribution of E(B — V)stars (top left), stellar population age (top right), SFR (bottom
left), and stellar mass (bottom right). The average E(B — V)gars and stellar ages weighted
by the Voronoi bin areas are shown by the numbers inside the top row of panels. The
summed SFR and stellar masses from all of the Voronoi bins are shown by the numbers
inside the bottom row of panels. The gray regions indicate low S/N “outskirt” regions that
are not used in the analysis.

& Massa 1990; Gordon et al. 2003) are assumed® and reddening is allowed to range between
0.0 < E(B —V)sars < 0.4. Examples of the resultant stellar population and reddening
maps are shown for UDS 25642 (z = 1.42) and GOODS-N 12345 (z = 2.27) in Figure 4.2.
The number in the top left corner of each panel shows the average E(B — V)stars, average

stellar population age, summed SFR, and summed stellar mass obtained from the Voronoi

Alternatively assuming exponentially rising SFHs results in stellar population ages that are on average ~30%
older than those determined when assuming constant SFHs (Reddy et al. 2012).

SWhile assuming a Calzetti et al. (2000) attenuation curve and solar metallicities may be more appropriate
for massive galaxies, only the absolute mass measurements are affected compared to using an SMC extinction
curve Fitzpatrick & Massa (1990); Gordon et al. (2003) and sub-solar metallicities (Reddy et al. 2018b).
Since the relative order of mass measurements is unaffected, the results presented here would not significantly
change if a Calzetti et al. (2000) attenuation curve and solar metallicities were alternatively assumed.
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bins. The low S/N “outskirt” components that are not used throughout this analysis are
indicated by the gray regions in each panel.

Measuring resolved SED parameter errors is computationally expensive. There-
fore, a subset of 50 galaxies that have a range of stellar population parameters that are
representative of the larger sample are selected to obtain typical SED parameter errors.
The measured unresolved and resolved photometric fluxes are perturbed by their errors and
refit 100 times. The 68 models with the lowest x? are used to obtain the 1o uncertainties in
the SED properties derived from the unresolved photometry and individual Voronoi bins.
The average SED parameter errors of the Voronoi bins for an individual galaxy are obtained
by taking the average of the individual Voronoi bin parameter errors within the galaxy. Fi-
nally, the typical resolved SED parameter errors are obtained by taking the average of the
parameter errors determined from the 50 galaxies in the subsample. The typical unresolved
SED parameter errors are 0.01 in E(B — V)gtars, 0.20dex in log stellar population age,
0.05dex in log SFR, and 0.16 dex in log stellar mass. The typical resolved SED parameter
errors based on the individual Voronoi bins are 0.03 in E(B — V)gtars, 0.21 dex in log stellar

population age, 0.16 dex in log SFR, and 0.10 dex in log stellar mass.

4.3 Morphology Metrics

Studying the structure of galaxies at high-redshifts is key towards understand-
ing how galaxies build their stellar mass. Commonly used metrics for quantifying galactic
structure include Sérsic surface brightness profiles (Sérsic 1963), light concentration, asym-

metry, clumpiness (CAS; Conselice 2003), Gini coefficient, second-order moment of light
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(Gini-Mayp; Abraham et al. 2003; Lotz et al. 2004), and internal color dispersion (ICD; Pa-
povich et al. 2003). All of these measures either require a well-defined centroid, are based
on one- to two-color photometry, or focus exclusively on the brightest parts of the light
distribution. Alternatively, we aim to quantify structure in a way that is not dependent
on a centroid—especially considering that galaxies at progressively higher redshifts have in-
creasingly irregular structure, such that a “center” is not clearly defined (e.g., Griffiths et al.
1994; Dickinson 2000; van den Bergh 2002; Papovich et al. 2005; Shapley 2011; Conselice
2014).

In Section 4.3.1 we introduce “patchiness” (P) as a new morphology metric, which
quantifies the dispersion of light (or any resolved property) by being sensitive to both voids
and concentrations of light without requiring a defined center. The choice of the Gini (G)
and Moq coefficients to be used alongside patchiness is explained in Section 4.3.2, alongside
their definitions. Finally, the applying the P, G, and M,y morphology metrics to the

E(B — V)gtars distribution is described in Section 4.3.3.

4.3.1 The Patchiness Metric

Patchiness, P, is defined using a Bayesian maximum likelihood technique (for a
recent review of Bayes’ Theorem, see Sharma 2017) that measures the Gaussian probability
that every individual resolved element, X;, equals the weighted average of the distribution,

X,. We choose to weight the Voronoi bin distribution by the area of individual Voronoi
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bins,% such that the weighted average for a Voronoi bin distribution is defined by

N ins
_ Li=i™ i Xi (41)

NVbins L.
Dot Npixg

X
where Nypins is the number of Voroni bins within a single galaxy and npix is the number

of pixels contained within each Voronoi bin. Patchiness is used to quantify the resolved

distribution of a single galaxy and is defined by

Nvbins ~\2
1 (X; — Xw)
P=-1 | | _ 4.2

n{ o1 V2o o [ 207 } } ’ -

where X; is the value of a single resolved element (Voronoi bins, in this case), Xy, is the
weighted average of the distribution, and o; is the uncertainty of each resolved element. The
patchiness metric is defined such that the measured P value will be low when the resolved
elements equal the weighted average (high likelihood) and P will be high when there are
deviations from the average (low likelihood). For the resolved distributions probed in this
study, the range of P spans several orders of magnitude. In order to show log P in the
figures, all calculated P values are shifted such that Py, = 1.

The patchiness metric is unique from other traditional morphology metrics in that
it does not require a defined centroid or radius, it is sensitive to below average outliers in
addition to deviations above the mean, and it is insensitive to properties with large dynamic
ranges (e.g., stellar mass) or values that approach zero (e.g., E(B —V')). Patchiness is
most comparable to the ICD (Papovich et al. 2003), which measures the dispersion of light

between the resolved imaging obtained in two different filters for a given galaxy. However,

SNoisy outskirt bins are not included in this analysis (see Section 4.2.4) and thus do not bias the area-
weighted average. Alternatively weighting by either the Higo flux or log stellar mass of individual Voronoi
bins does not significantly affect our results.
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patchiness can be directly applied to any resolved property—including those derived from
resolved SED fitting, which incorporates the flux distribution of several photometric bands.

It is important to note that the patchiness metric (and other quantitative met-
rics) should only be used to compare the relative patchiness of resolved distributions for
galaxies that make up a uniformly defined sample. The calculated values of patchiness
will vary depending on how the resolved distribution is defined, such as the resolution of
the observations and the method for defining which resolved elements are included in the
morphology analysis for a single galaxy. An in-depth analysis of the patchiness metric is
presented in Appendix C using the resolved SED-derived E(B — V)gtars, stellar population
ages, SFRs, and stellar masses. Our conclusions from Appendix C are summarized briefly
as follows. 1) Galaxies that are patchier in one resolved SED-derived property are more
likely to be patchier in other resolved SED-derived properties. 2) Patchiness is not biased
towards galaxies with more resolved elements by its definition in Equation 4.2, but galax-
ies with more resolved elements may be intrinsically patchier for some resolved properties
(such as stellar mass). 3) The ICD is most significantly correlated with the patchiness of
the E(B — V)gtars distribution. 4) Measuring the patchiness of a pixel-to-pixel resolved
distribution is not recommended due to correlated signal between neighboring pixels and
stochastic measurements from pixels with low S/N. 5) The patchiness values of galaxies
at different redshifts should be analyzed separately, since patchiness measurements are not
conserved after galaxies have been artificially redshifted.

Finally, it is important to emphasize that the morphology of galaxies can be best

understood when several morphology metrics are used together. In the present study, we
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choose to pair patchiness with the Gini and My coefficients, which are sensitive to the
resolved elements with the highest measurements (e.g., brightest or highest mass regions).
Morphology metrics that are sensitive to outliers with specific characteristics in a resolved
distribution (i.e., high flux or high mass), such as Gini and Mag, nicely complement the

patchiness metric, which is sensitive to any type of outlier in a resolved distribution.

4.3.2 The Gini Coefficient and the Moment of Light

The Gini coefficient is most well-known from economics, where it is used to mea-
sure the distribution of wealth in a population. Abraham et al. (2003) adapted the Gini
coefficient to measure the concentration of light within galaxies based on their resolved
imaging. After sorting the resolved measurements from lowest to highest flux, the Gini

coefficient is calculated by

n

> (2 —n—1)|Xi, (4.3)

=1

B 1
 Xaln(n —1)

G
where X; is the flux within an individual resolved element (i.e., Voronoi bin), n is the total
number of resolved elements, and X, is the weighted average of the resolved distribution.
If all n resolved elements have an equal amount of flux, then G = 0. Conversely, if a single
resolved element has all of the flux, then G = 1. While a high Gini value implies a high
concentration of flux, the flux is not necessarily concentrated in a single region since there
is no spatial information in the metric.

Lotz et al. (2004) introduced the My parameter, which is the normalized second-

order moment of the 20% brightest regions in a galaxy. The center of the brightest region

is defined at (x., y.), which is determined by minimizing the total second-order moment.
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The total second-order moment, Mty is defined by

Mgt = Y Mi =Y Xi[(zi — xe)” + (i — ye)], (4.4)
% =1

where (z;, y;) is the location of each resolved element and M; is the flux of each resolved

element. The M; fluxes are then ordered from highest to lowest flux and Masg is defined as

M; .
2 ),whﬂe DX < 02Xt (4.5)

M20 = IOg <

tot

where only the brightest 20% of resolved elements are included. Like the Gini coefficient,
Mo is also a measure of the concentration of light, but includes spatial information of the
brightest regions. Low My values (typically negative) indicate that the brightest regions
are more significantly grouped within a single region of the galaxy. As Msg increases (toward
zero), the brightest regions tend to be more spatially spread across several clusters of light.

The G and My coefficients complement each other in that G identifies galax-
ies where there exists regions of high brightness compared to the average, whereas My
identifies the spatial distribution of the brightest regions. Together, the G and My coeffi-
cients have been used to characterize galaxies within different regions of the G—Masg space
(Forster Schreiber et al. 2011; Wuyts et al. 2012; Lee et al. 2018), classify galaxies into
traditional Hubble types (Lotz et al. 2004, 2008; Boada et al. 2015), and identify merging
galaxies (Lotz et al. 2008; Boada et al. 2015). However, a critical assessment of the Gini
coefficient by Lisker (2008) found that the Gini coefficient significantly depends on the S/N
of resolved elements and the radius used to determine the inclusion of pixels when calculat-
ing G, such that G measurements and Gini-defined classification schemes (e.g., Lotz et al.

2008) cannot be directly compared between studies with differing methodologies or sample
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characteristics. The same can be said for P, which is why we emphasize in Section 4.3.1
that P should only be used to relatively compare the patchiness of resolved distributions

for galaxies in uniformly defined samples at similar redshifts (also see Appendix C).

4.3.3 Quantifying the Spatial Distribution of E(B — V)stars

Typically G and Masg are used to quantify the concentration of light at a single
wavelength (e.g., Lotz et al. 2004, 2008; Forster Schreiber et al. 2011). However, Wuyts et al.
(2012) emphasized the importance of studying multi-color morphologies using G and My
by calculating these metrics on the resolved stellar mass distribution for the first time. We
further extend the usage of G and My by quantifying the concentration of reddest Voronoi
bins in the resolved reddening maps. In the analysis that follows, we pair the concentration
of the reddest regions probed by G and My with the patchiness, P, of the E(B — V )stars
distribution. The G, My, and P values are calculated using the equations defined in
Section 4.3.1 and Section 4.3.2, where X; is the F(B — V)gtars of an individual Voronoi
bin, Xy is the average E (B — V)stars of the Voronoi bins weighted by their sizes, and o; is
the uncertainty in the resolved E(B — V )gars (0.03 mag; see Section 4.2.5). The previously
defined “bright” regions are redefined as the reddest regions, or Voronoi bins with the
highest F(B — V)gtars. Therefore, a high G indicates a concentration of red (high) inferred
E(B — V)stars and a low G suggests a uniform distribution with a constant E(B — V)stars o1
average. The spatial continuity of the reddest (highest E(B — V)stars) regions is quantified
by Msg, where a low Mg indicates that the reddest regions tend to be concentrated within

a single clump.
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Figure 4.3: Gini of the E(B — V)gtars distributions versus average E(B — V)gtars for the 126
galaxies in the z ~ 1.5 sample (left) and 184 galaxies in the z ~ 2.3 sample (right). The
yellow stars show the average G and E(B — V )stars,ave i four bins of E(B — V)stars ave for
the galaxies in each redshift sample. The green shaded regions highlight where the average
E(B — V)gtars is less than 0.05 and 0.10mag. The Spearman rank correlation coefficient
and its significance is listed in the top right corner of each panel. We observe a wide range
of Gini values at low average E(B — V)stars, sSuggesting that the observed correlation is not
purely driven by an artificially boosted Gini when the average E(B — V )stars is nearly zero.

A complication when calculating G on the E(B — V)gtars distribution is that G
may be artificially high or unphysical (G > 1) as the average F(B — V)stars approaches zero
(consistent with no dust reddening inferred from the best-fit SEDs). Therefore, we raise
caution when using G on any resolved distribution where the average could be near zero,
such as the E(B — V)gtars distribution. The relationship between the average E(B — V )stars
(E(B = V)stars,avg) and G calculated on the E(B — V)gtars distribution for galaxies in the
sample is shown in Figure 4.3 and is separated by the two redshift bins. The regions where
E(B = V)stars,ave < 0.10 and <0.05mag are shaded in green. While galaxies with low
E(B — V)stars,ave tend to have high G, there are also galaxies in the z ~ 2.3 sample that

have an E(B — V)stars avg = 0.02mag with G = 0.35, such that G is still considered to be
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representative of the concentration of reddening for galaxies in the sample. On the high
E(B — V)stars,avg €nd, it is important to note that the low G values are caused by the max-
imum E(B — V)gtars of 0.40 mag allowed in the SED models (see Section 4.2.5). Therefore,
if the galaxy is very red on average, then the “reddest” regions will not appear as outliers
in the resolved distribution. This limitation of G on the resolved E(B — V)gtars distribution
highlights the importance of pairing G with a morphology metric that is not biased towards
extremely high or low values in a resolved distribution—such as the patchiness metric, P.
In the present analysis, we focus on probing the resolved E(B — V')gtars distribution
using P, G, and Msyy. However, these morphology metrics can also be applied to the
other resolved stellar population properties (i.e., stellar population ages, SFRs, and stellar
masses). In Appendix C we briefly highlight using P on the other resolved stellar population

maps, but generally defer a broader analysis to future work.

4.4 Dust Reddening Distribution

Our results showing the morphology metrics calculated on E(B — V)gtars distri-
bution compared to stellar mass and gas-phase metallicity are shown in Section 4.4.1 and
Section 4.4.2; respectively. A physical interpretation for how the dust distribution evolves
throughout the ISM of high-redshift galaxies is depicted in in Section 4.4.3. Finally, in

Section 4.4.4 our findings are placed into context with other studies.
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Figure 4.4: Relationships between stellar mass and several probes of dust reddening for the
126 galaxies in the z ~ 1.5 sample. Top row: Globally averaged E(B — V') derived from
the unresolved data. Balmer decrements (Ha/HS) measured from the MOSDEF survey
are used to calculate E(B — V')gas using Equation 4.6 and assuming a Cardelli et al. (1989)
galactic extinction curve. Stacks of the spectra in four equally sized bins of stellar mass are
shown by the red diamonds, where the stacks from the initial and final samples are shown by
the large faded and small solid diamonds, respectively. The globally averaged E(B — V )stars
is inferred from the 3D-HST photometry. The yellow stars show the median y-axis values
and median M, in four equally sized bins of stellar mass. The Spearman rank correlation
coefficient and its significance is listed in the top left corner of each panel. The solid light
blue lines show the best-fit linear relationships for each panel. Bottom row: The P, G,
and Moy morphology metrics calculated on the E(B — V )stars distribution derived from the
resolved SED fitting. Note that the plotted Myy values are reversed to be consistent with
previous studies (e.g., Lotz et al. 2004, 2008; Boada et al. 2015).
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Figure 4.5: Same as Figure 4.4, except showing the relationships between stellar mass and
several probes of dust reddening for the 184 galaxies in the z ~ 2.3 sample.

4.4.1 E(B-YV) vs. Stellar Mass

In addition to using the morphology metrics on the E(B — V)gtars distribution, the
inferred globally averaged E(B — V)stars and E(B — V)gas are also incorporated into this
analysis. The globally averaged E(B — V )stars is derived from the SED that is best-fit to the
3D-HST photometry (see Section 4.2.5). Balmer decrements (Ha/HfB) measured for each

galaxy by the MOSDEF survey are used to calculate the globally averaged E(B — V)gas by

2.5 Ha/HP
E(B - V)gas = k(Hﬂ) _ k(Ha) 10%10 (2/86) ’ (46)

where a Cardelli et al. (1989) galactic extinction curve is assumed such that the extinction
coefficients are k(Ha) = 2.53 and k(HS3) = 3.61. Typical ISM conditions with Case B

recombination are assumed in Equation 4.6 with 7 = 10000K and n. = 102cm™3. Zero
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dust extinction is assumed for galaxies with Ha/HS < 2.86 (Osterbrock 1989). If Ha or Hf
is not detected with a S/N > 3, then E(B — V), is calculated using their 30 upper limit.

The P, G, and Myy morphology metrics calculated on the E(B — V')gars distri-
bution are found to be most significantly correlated with the total stellar masses derived
from the 3D-HST photometry. Therefore, Figure 4.4 and Figure 4.5 show all measures of
E(B — V) versus stellar mass for the z ~ 1.5 and z ~ 2.3 samples, respectively. The top
panels show the unresolved globally averaged E(B — V)gas, E(B — V)stars, and difference
between E(B — V)gas and E(B — V)gtars versus stellar mass. The bottom panels show the
P, G, and Myy morphology metrics calculated on the E(B — V)gars distribution versus
stellar mass. Stacked measurements of E(B — V)gas in four equally sized bins of stellar
mass from the initial (large faded diamonds) and final (small solid diamonds) samples are
also shown (see Section 4.2.3). Each panel also shows a linear regression fit that is obtained
using the scipy.odr package, the Spearman rank correlation coefficient (ps), and its sig-
nificance. For reference, examples of the reddening maps for the lowest and highest mass
galaxies in the z ~ 1.5 and z ~ 2.3 samples are shown in Figure 4.6 with the log stellar
mass of each galaxy listed in the bottom right corner of each panel.

In agreement with previous studies, Figure 4.4 and Figure 4.5 show that E(B — V')gas,
E(B — V)stars, and the difference between E(B — V)45 and E(B — V)gars are significantly
correlated with stellar mass (e.g., Yoshikawa et al. 2010; Price et al. 2014; Hemmati et al.
2015; Reddy et al. 2015; Nelson et al. 2016; Tacchella et al. 2018). The relationship between
P and stellar mass shows that low-mass galaxies tend to have smoother E(B — V)gtars distri-

butions, with increasing dispersion in P and generally patchier dust reddening distributions
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as galaxies increase in stellar mass. The G of the E(B — V)gtars distribution is inversely
proportional with stellar mass, such that low-mass galaxies have higher concentrations of
the reddest regions (see Figure 4.3) compared to high-mass galaxies. Finally, the high-mass
galaxies in the z ~ 1.5 sample tend to have lower My values than low-mass z ~ 1.5 galax-
ies, indicating that the reddest regions are generally concentrated within a single region in
high-mass galaxies. There is no correlation observed between Myy and stellar mass for the

z ~ 2.3 sample.

4.4.2 EFE(B-V) vs. Metallicity

In Section 4.4.1, we found that the P, G, and Msg morphology metrics calculated
from the reddening maps varied most significantly with stellar mass. Since there exists a
well-known relationship between stellar mass and metallicity (MZR; e.g., Tremonti et al.
2004; Erb et al. 2006b; Kewley & Ellison 2008; Mannucci et al. 2010; Andrews & Martini
2013; Sanders et al. 2015), it is reasonable to expect that these morphology metrics probing
the E(B — V)stars distribution may similarly correlate with metallicity. Furthermore, the
gas-phase metallicity is considered a proxy for small dust grains in the ISM (Dwek 1998;
Jenkins 2009) and Shivaei et al. (2017) recently showed that dust emission from polycyclic
aromatic hydrocarbon (PAH) molecules is significantly correlated with metallicity. There-
fore, in this section we show how P, G, and Ms calculated on the E(B — V )gtars distribution

varies as a function of gas-phase metallicity.
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Figure 4.6: Examples of the E(B — V )stars maps for galaxies in the z ~ 1.5 (top) and z ~ 2.3
(bottom) samples. The top and bottom rows show the galaxies with the lowest and highest
masses in each redshift sample, respectively. The log(M,/Mg) of each galaxy is shown in
the bottom right corner of each panel. The dash-dotted gray lines show the placement of
the spectroscopic slit from the MOSDEF observations.
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Figure 4.7: Same as Figure 4.4, except showing the relationship between metallicity and
various probes of dust reddening for a subset of 104 galaxies from the z ~ 1.5 sample (top)
and 158 galaxies from the z ~ 2.3 sample (bottom). Gas-phase oxygen abundances are
obtained by assuming the Pettini & Pagel (2004) calibrations for the N2 indicator. The
left- and right-facing light blue triangles show lower and upper limits on the metallicities,
respectively.
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Figure 4.8: Same as Figure 4.7, except using the O3N2 metallicity indicator from Pettini
& Pagel (2004).
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Gas-phase metallicities are based on the [NIIJA6585, Hey, [OIII]A5008, and Hf
emission line measurements from the MOSDEF survey (see Section 4.2.2). The empirical
calibrations from Pettini & Pagel (2004) are assumed to obtain gas-phase oxygen abun-
dances (12+log(O/H)) based on the [NII]A6585/Ha (N2) and [OIII]A5008/H3 (O3N2) in-
dicators (Sanders et al. 2015). Since these emission line ratios are close in wavelength, the
lines are not corrected for the obscuring effects of dust. If [NII]A6585 and/or Ha is not
detected with a S/N > 3, then an upper limit on the metallicity is assumed. If [OIII]A5008
and/or Hf is not detected with a S/N > 3, then a lower limit on the metallicity is assumed.
Any other combination of lines that are not detected with a S/N > 3 is not useful for
obtaining gas-phase metallicities. Based on these restrictions, gas-phase metallicities are
obtained for 262 galaxies with 128 of those galaxies having either upper or lower limits on
their metallicities.

Figure 4.7 and Figure 4.8 shows all measures of E(B — V') versus metallicity for
the N2 and O3N2 indicators, respectively, split by the z ~ 1.5 and z ~ 2.3 samples. All
point symbols and lines are the same as Figure 4.4, except upper and lower limits on
the metallicities are additionally shown as left- and right-facing light blue triangles, respec-
tively. Several properties are correlated with both metallicity indicators, but not necessarily
in both redshift bins. High-metallicity galaxies in the z ~ 1.5 sample exhibit higher glob-
ally averaged E(B — V)gas, globally averaged E(B — V)gtars, and P calculated from the
E(B — V)gtars distribution and lower My calculated from the F(B — V)gtars distribution.
The z ~ 2.3 sample similarly shows that high-metallicity galaxies have high globally aver-

aged E(B — V)stars, but the low-metallicity galaxies tend to have larger differences between
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E(B — V)stars and E(B — V)gas and higher G calculated on the E(B — V)gars distribution.
Using the O3N2 indicator alone, high-metallicity galaxies in both redshift bins are patchier
with lower Gini. Meanwhile, the N2 indicator shows potential evidence for higher Msg
in high-metallicity galaxies at z ~ 2.3, which is opposite of the relationship found in the
z ~ 1.5 galaxies. Disagreement between the redshift bins may imply that these relationships
are fundamentally different for galaxies from these two epochs in cosmic time.

As briefly mentioned in Section 4.4.1, low-mass galaxies tend to exhibit smoother
E(B — V)gtars distributions, while higher mass galaxies have more variation in their E(B — V )stars
distributions and are on average patchier. This trend in the patchiness distribution is sim-
ilarly observed with metallicity for the z ~ 1.5 sample. The increase in variation of the
E(B — V)gtars distribution is shown in Figure 4.9 by the relationship between the dispersion
of P in four equally sized bins of stellar mass and metallicity. The dispersion of P is higher
for the z ~ 1.5 sample than the z ~ 2.3 sample in all cases. The higher dispersion in the
z ~ 1.5 galaxies is either due to intrinsically higher variation in the F(B — V)gtars distribu-
tion of the z ~ 1.5 galaxies overall, or their generally higher resolution (more Voronoi bins)

than galaxies in the z ~ 2.3 sample.

4.4.3 ISM Evolution

Here we present a potential physical interpretation that incorporates all of the
relationships observed between different probes of E(B — V), stellar mass, and metallicity.
Overall, we suggest that the dust distribution in high-redshift galaxies transitions from a

smooth to patchier dust distribution as galaxies increase in stellar mass. While we focus on
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Figure 4.9: Dispersion in the P calculated on the E(B — V)gars distribution versus stellar
mass (left) and metallicity (right). The points indicate four equally sized bins in stellar
mass or metallicity. These binned points are grouped the same as the yellow stars from
Figure 4.4 and Figure 4.5 (black points in left panel), Figure 4.7 (red points in right panel),
and Figure 4.8 (light blue points in right panel). The red points are based on the N2
metallicity indicator and the light blue points are based on the O3N2 metallicity indicator.
The offset in P dispersion between the z ~ 1.5 and z ~ 2.3 samples is due to either
increased variation in the E(B — V)gars distribution of z ~ 1.5 galaxies or their higher
resolution (more Voronoi bins) compared to galaxies in the z ~ 2.3 sample.

the dust distribution with stellar mass, the observed trends are also similar with gas-phase
metallicity. In the discussion that follows, we describe this interpretation in-depth using
Figure 4.10 by first discussing the characteristics of the low- and high-mass galaxies (see
Figure 4.6), then concluding with a transition mechanism as galaxies increase in stellar
mass. For galaxies in the sample presented in this study, this low- and high-mass split
occurs at ~1019 M.

An illustration of low-mass galaxies is shown on the left side of Figure 4.10. Low-
mass galaxies (that are also low in metallicity) are observed to exhibit average E(B — V') gas
and E(B — V)gars that are low and approximately equal, which indicates that low-mass
galaxies have generally low dust content. Low-mass galaxies also consistently have low

measures of P in their E(B — V')gars distribution, which implies that the distribution of dust
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is very smooth (large yellow circle).” The higher G in low-mass galaxies suggests that regions
with higher F(B — V)gtars exist (also see Figure 4.3), but the higher My values indicate
that the high F(B — V)gtars regions are not concentrated in a single area (small orange
circles). The expectation is that the regions with higher F(B — V)gtars likely correspond to
sites of star formation and sources of dust production through stellar evolutionary processes
(supernovae, AGB stars, etc.; see Gall et al. 2011 for a recent review), although confirmation
would require resolved nebular emission line maps, which is beyond the scope of this study.

The right side of Figure 4.10 shows an illustration of high-mass galaxies, which
are also high in metallicity. While E(B — V')gas is observed to be higher than E(B — V)stars
in high-mass galaxies, both E(B — V)gas and E(B — V)gars are high when compared to
the E(B — V) of low-mass galaxies (e.g., Reddy et al. 2015). These trends suggest that
while high-mass galaxies are overall dustier than low-mass galaxies (medium-sized orange
circles), the amount of dust towards star-forming regions is more enhanced than the dust
throughout the entire ISM (small dark orange circles). High-mass and high-metallicity
galaxies are observed to be more likely to exhibit patchy E(B — V)gtars distributions, which
indicates that there are several regions with either higher or lower E(B — V)gtars compared
to the average E(B — V)gtars Of the galaxy. High-mass galaxies also exhibit low G calculated
on their E(B — V)gtars distributions, but the average F(B — V)gtars is higher in high-mass
galaxies such that there are no high E(B — V)stars outliers to drive G up (see Figure 4.3).
Therefore, a high P and low G indicates that there are several low E(B — V)gars outliers

that are driving P to higher values (yellow regions near edges). Our interpretation is that

"Low P is not caused by having fewer Voronoi bins (see Appendix C) or a bias towards low S/N compo-
nents, since they are not included (see Section 4.2.4).
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Figure 4.10: Illustration demonstrating dust production within star-forming regions that
spreads radially outwards from each star-forming region and enriches the ISM as galaxies
increase in stellar mass. Yellow regions represent the unenriched ISM, small orange circles
designate star-forming regions that become redder as dust is produced through stellar evolu-
tionary processes (AGB stars, supernovae, etc.), and large orange circles show the enriched
ISM caused by dust radially spreading from star-forming regions to the nearby ISM. The
radially expanding dust (large orange circles) may overlap such that the dust would appear
concentrated within a single continuous clump. Dust mixing timescales may be faster in
low-mass galaxies due to their physically smaller sizes compared to high-mass galaxies, but
the size—M, relation is not explicitly shown in this illustration.

while the total amount of dust is increasing throughout the ISM in high-mass galaxies,
some regions that are not yet enriched exist. Lastly, the E(B — V)gtars distributions are
observed to have lower My values in the z ~ 1.5 sample, suggesting that the dustiest
regions are generally concentrated in a single clump (overlapping orange regions). The lack
of clustered dust reddening in the z ~ 2.3 sample could be explained by galaxies at higher
redshifts being at an earlier stage in their evolution where the dust from their star-forming
regions has not yet merged or due to z ~ 2.3 galaxies being less resolved than the z ~ 1.5
galaxies.

We interpret these results as potentially tracing a physical transition between a

smooth to clumpy dust distribution in the ISM with increasing stellar mass. The distri-
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bution of dust has traditionally been approximated by either a uniform dust screen or a
two-component dust model (e.g., Calzetti et al. 1994; Charlot & Fall 2000) with higher
optical depths towards star-forming regions causing E(B — V)gas to be ~2.27 times higher
than F(B — V)gtars (Calzetti et al. 2000). These results may suggest that low-mass galaxies
begin with a diffuse, mostly uniform dust distribution spread throughout their ISM. Several
studies using simulations have suggested that dust mixes nearly instantaneously between
the cold and warm ISM (e.g., McKee 1989; Tielens 1998; Peters et al. 2017). These ob-
servations are in agreement with instantaneous mixing of dust throughout the entire ISM
in specifically low-mass galaxies, which is likely due to their physically smaller sizes. As
galaxies increase in stellar mass through in-situ star formation, they will produce signifi-
cantly more dust through stellar evolutionary processes (supernovae, AGB stars, etc.; see
Gall et al. 2011 for a recent review) and have physically larger sizes than their low-mass
counter parts. We suggest that regions closest to sites of dust production (star-forming
regions) within high-mass galaxies will become enriched first, while the remainder of the
ISM becomes enriched on longer timescales. If star-forming regions are closely spaced or
sufficient time has passed, then the dust that is enriching the ISM radially outwards from
star-forming regions will aggregate to form a single concentration of dust that may also
be centrally concentrated in the galaxy (z ~ 1.5 sample). Alternatively, new star-forming
regions may arise or the star-forming regions may be sufficiently spaced, thus maintain-
ing several concentrations of dust throughout the ISM of high-mass and high-metallicity

galaxies (z ~ 2.3 sample).
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In short, we suggest that the evolution of the dust distribution in the ISM is
correlated with stellar mass. Low-mass galaxies are observed to exhibit consistently smooth
dust distributions, possibly caused by instantaneous mixing of dust throughout their ISM.
Meanwhile, high-mass galaxies show more complex dust distributions on average compared
to low-mass galaxies, perhaps attributed to the dust needing to travel larger distances
through their more expansive ISM. We do not speculate specific dust mixing timescales,
as the mixing rates depend on several factors (e.g., IMF, supernovae rate, gas density

distribution, etc.) that are beyond the scope of this work.

4.4.4 Discussion

While applying the Gini and Myp morphology metrics to the E(B — V')gars distri-
bution is novel to this work, the shape of the radial profiles in the E(B — V')gtars distribution
can be inferred from our results. It is expected that centrally peaked radial profiles would
exhibit lower M. High Gini could indicate steeper radial gradients, but the high concentra-
tion detected by the Gini coefficient does not necessarily need to be grouped in the a single
region (e.g., the center). Several studies have observed E(B — V)stars and E(B — V)gas to
be centrally peaked in the centers of z ~ 2 galaxies, with some evidence for steeper radial
gradients as galaxies increase in stellar mass (e.g. Nelson et al. 2013, 2016; Hemmati et al.
2015; Tacchella et al. 2018). These observations are in agreement with our findings of lower
Msg in the z ~ 1.5 high-mass galaxies. We suspect that Gini is low in high-mass galaxies
primarily due to higher mass galaxies being overall dustier, such that the reddest regions
do not stand out compared to the average (see Figure 4.3). Tacchella et al. (2018) also

found that several galaxies in their sample of 10 star-forming galaxies at z ~ 2 (M, ~ 1010
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1014 M) exhibited secondary local maxima in their radial attenuation profiles, while the
combined profile showed a mostly smooth gradient. Secondary non-central peaks in the
E(B — V)gtars distribution of high-mass galaxies could also explain why Gini is low in high-
mass galaxies. If these secondary peaks are within the 20% reddest regions, then Msy would
also be higher, which could explain why Myg is higher for galaxies in the z ~ 2.3 sample
that are high in mass and metallicity. Resolved metallicity radial profiles, on the other
hand, have been observed to be generally flat in most galaxies at z ~ 2 (e.g., Jones et al.
2015; Leethochawalit et al. 2016; Wuyts et al. 2016; Wang et al. 2019). These observa-
tions may suggest that the gas-phase metallicity mixes throughout the ISM of galaxies at
all masses nearly instantaneously and does not necessarily follow the dust that is probed
by the E(B — V)gstars distribution, which we suggest has longer dust-mixing timescales in
high-mass galaxies.

While patchiness is a newly derived morphology metric, we found in Appendix C
that P calculated on the E(B — V)gtars distribution is significantly correlated with ICD
(Papovich et al. 2003). Boada et al. (2015) found that higher mass galaxies (up to M, =
10" M) at z ~ 2 tend to have higher ICD, which is comparable with our findings that
the F(B — V)stars distribution tends to be patchier in higher mass galaxies. Several studies
have suggested that patchy dust distributions could explain observed differences between
inferred reddening (e.g., Calzetti et al. 1994; Wild et al. 2011; Price et al. 2014; Reddy et al.
2015, 2018b, 2020, in press) and SFR indicators (e.g., Boquien et al. 2009, 2015; Hao et al.
2011; Reddy et al. 2015; Katsianis et al. 2017, Fetherolf et al. 2020b, in prep.; Chapter 3).

Recently, Shivaei et al. (2020) also found that the dust attenuation curve of high-metallicity
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galaxies at z ~ 2 exhibit steeper UV slopes compared to low-metallicity galaxies, possibly
due to patchier dust distributions in high-metallicity galaxies. In Section 4.4.2, we showed
that metal-rich galaxies tend to exhibit patchier F(B — V)gtars distributions, which is in-
ferred to represent the distribution of dust. Furthermore, Shivaei et al. (2017) found that
dust emission by PAH molecules is stronger in high-metallicity galaxies and is stronger
for the O3N2 indicator compared to the N2 metallicity indicator, which corresponds with
our findings that the trend between P and gas-phase metallicity is stronger with the O3N2
metallicity indicator than the N2 indicator. In contention with our conclusions, Shivaei et al.
(2020) also suggests that the higher difference between E(B — V)stars and E(B — V)gas 0b-
served in low-metallicity galaxies may be attributed to patchier dust distributions in these
galaxies. We similarly observe this trend in the z ~ 2.3 sample, but alternatively sug-
gest that this could be explained similarly to the high Gini observed in low-mass and
low-metallicity galaxies (see Figure 4.3), in that both E(B — V)stars and E(B — V)gas are
nearly zero in these galaxies and minor differences could be artificially amplified. Overall,
pairing the inferred patchier dust distributions from this study with the observed differences
in attenuation curve shape with metallicity by Shivaei et al. (2020) suggests that assuming
a single attenuation curve shape may not necessarily be appropriate for all high-redshift
galaxies. Since the highest mass and metallicity galaxies seem to exhibit patchier dust
distributions, their starlight may more appropriately be corrected for dust obscuration by
assuming a Calzetti et al. (2000) dust attenuation curve with a shallower UV slope, opposed
to an SMC dust extinction curve (Fitzpatrick & Massa 1990; Gordon et al. 2003) that is

more appropriate for low-mass galaxies with smoother dust distributions.
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4.5 Summary

We investigated the inferred distribution of dust for a sample of 310 star-forming
galaxies from the MOSDEF survey at spectroscopic redshifts 1.36 < z < 2.66 using a
new morphology metric called patchiness (P), the Gini coefficient (G), and second-order
moment of light (Myp). The morphology metrics were used to quantify the robust dust
reddening maps that were constructed from CANDELS/3D-HST high-resolution imaging.
We found that the morphology metrics calculated on the E(B — V')gars distribution vary
most significantly with stellar mass. The morphology metrics were also shown to vary with
gas-phase metallicity, as is expected from the well-known relationship between mass and
metallicity. Globally averaged E(B — V)gas and E(B — V)gars are also included in this
analysis to help build a physical interpretation for the evolution of the distribution of dust
throughout the ISM of high-redshift galaxies. An illustration of this physical interpretation

is shown in Figure 4.10 and our main conclusions are summarized as follows.

e In low-mass galaxies, E(B — V)gas and E(B — V)gars are low and approximately
equal. As galaxies increase in stellar mass, both E(B — V)gas and E(B — V)stars
individually increase along with the difference between them. We suspect that low-
mass galaxies efficiently mix the dust formed through stellar evolutionary processes
(e.g., supernovae, AGB stars, etc.) throughout their ISM compared to high-mass
galaxies that have longer dust mixing timescales due to their physically larger sizes.
High-mass galaxies also produce significantly more dust than low-mass galaxies, such

that only the regions closest to the sites of dust production (star-forming regions)
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become enriched on short timescales. This effect is shown in Figure 4.10 by the small

orange circles becoming darker as the star-forming regions get dustier.

The patchiness metric, P, that we define in Equation 4.2 is sensitive to both the
high and low outliers of a distribution. Low-mass and low-metallicity galaxies exhibit
consistently low patchiness in their E(B — V)gars distributions, indicating that the
dust is uniformly distributed throughout their ISM. Meanwhile, high-mass and high-
metallicity galaxies are more likely to exhibit patchy E(B — V)stars distributions due
to the presence of both extremely dusty star-forming regions and regions that are
sufficiently far from any sites star formation that are not yet enriched. The effect of
patchiness is shown in Figure 4.10 by low-mass galaxies being mostly a single yellow
color while high-mass galaxies appear much more complex with both dark orange and

light yellow regions.

The resolved E(B — V)gtars distribution exhibits high G in low-mass galaxies possibly
due to sites of star formation that enhance the dust opacity enough in isolated regions
relative to the generally unenriched ISM to drive G up (Section 4.3.3 and Figure 4.3)
but not P. Since the Gini coefficient is only sensitive to above average values, G on
the E(B — V)gtars distribution becomes less sensitive as galaxies become dustier at

higher stellar masses and metallicities.

Higher My on the E(B — V)gtars distribution of low-mass galaxies indicates that the
dustiest regions exist in several isolated clumps. We propose that stellar feedback
pushes dust radially outwards from star-forming regions over time. Therefore, high-

mass and high-metallicity galaxies may either exhibit lower Msy from the expanding
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dust bubbles overlapping and blending into a single group (z ~ 1.5 sample), or Moy
may remain high if new star-forming regions arise (z ~ 2.3 sample). The expanding

dust in the ISM is shown by medium-sized orange circles that overlap in Figure 4.10.

Our derived patchiness parameter demonstrates that void-like regions within galax-
ies should not be ignored, as they can reveal valuable information about galactic structure.
Furthermore, using patchiness, Gini, Msg, and other morphology metrics together is critical
towards painting a complete picture of the resolved structures within galaxies. In general,
measurements of galaxy morphologies must improve upon radial and visual dependencies as
sample sizes increase with the advent of statistically large resolved imaging surveys. Deeper
resolved observations that probe even higher redshifts will reveal structures of galaxies that
are increasingly irregular, which brings into question how the center of these galaxies should
be defined. Future observations with the James Webb Space Telescope will build upon the
results presented in this paper by obtaining high-resolution imaging with NIRCam and re-
solved spectroscopy with NIRSpec of galaxies out to z ~ 6. These observations will enable
construction of high-resolution stellar population, reddening, and emission line maps that

will further reveal how galaxies assemble and evolve across cosmic time.
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Chapter 5

Conclusions

In order to study the distribution of stars and dust in z ~ 2 galaxies, this work
has taken advantage of the legacy of the data coverage of the CANDELS extragalactic
fields. High-resolution CANDELS/3D-HST imaging (Grogin et al. 2011; Koekemoer et al.
2011; Skelton et al. 2014) was combined with spectroscopic redshifts and emission line
measurements from the MOSDEF survey (Kriek et al. 2015) to construct stellar population
and robust reddening maps for ~300 star-forming galaxies at 1.25 < z < 2.66. An improved
method for constructing stellar population and reddening maps was described in Chapter 2,
Ha and UV measurements were directly compared within the spectroscopic slit area in
Chapter 3 to avoid aperture biases, and a new morphology metric called “patchiness” was

introduced in Chapter 4 to quantify the resolved stellar continuum reddening distribution.
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5.1 Big Picture

The questions that were presented in Section 1.2 are addressed as follows in order
to place the conclusions of this dissertation into context with the bigger picture of galaxy

evolution across cosmic time.

1. How does the geometry of stars and dust affect globally measured physical properties

of galaxies?

The analyses presented in Chapter 2 showed that understanding how resolved stel-
lar properties affect globally measured properties requires careful treatment of the photome-
try. It is important to ensure that the best-fit resolved SEDs are well-constrained, especially
covering key features of the SED such as the UV slope (1250-2500 A) and Balmer /4000 A
breaks. Poorly constrained UV slopes, in particular, can cause the reddening derived from
the resolved SEDs to be systematically higher than those that result from resolved SEDs
that are well-constrained by the photometry (see Figure 2.9). To best constrain the resolved
photometry, it is recommended that at least 2 filters cover critical SED features, information
from multiple filters are incorporated into the binning technique such that several resolved
filters are measured with high confidence, and poorly constrained resolved components are
not included in resolved analyses when possible (see Section 2.3.2). When applying the im-
proved binning technique that incorporates information from multiple filters (see Figure 2.2)
to the z ~ 2.3 sample, it was found that the integrated stellar population properties seem
to be well-approximated by the unresolved photometry (see Figure 2.7).

In Chapter 3, different probes of dust reddening and SFR were measured directly

within the MOSFIRE spectroscopic slit area to avoid potential aperture biases from the
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slit-loss corrections (see Figure 3.2). The stellar continuum dust reddening on the scale of
the slit width (~23kpc) was found to be approximately the same as the globally averaged
stellar continuum reddening for star-forming galaxies at z ~ 2. While Ha-to-UV SFR ratios
were found to be higher inside the slit region than when globally averaged, this observation
is considered physical in nature and not attributed to the effects of slit-loss (see left panel of
Figure 3.3). The recent results from Shivaei et al. (2020) found that the attenuation curve
of high-metallicity galaxies exhibits a shallower UV slope than low metallicity galaxies and
it was shown in Chapter 4 that high-mass galaxies that are metal-rich tend to have patchier
dust distributions (see Section 4.4.4). These combined results suggest that assuming a
dust attenuation curve with a flatter UV slope (e.g., Calzetti et al. 2000) may be a more
appropriate choice in order to account for the patchier dust distributions that are observed
in massive (see Figure 4.4 and Figure 4.5) and metal-rich galaxies (see Figure 4.7 and

Figure 4.8) at z ~ 2.

2. What causes nebular dust attenuation to be higher than that of the stellar continuum

and how does this relate to potential differences between Ha and UV SFR indicators?

Since there is still an observed difference between nebular and stellar continuum
reddening when obtained directly within the slit in Chapter 3, these differences are not
caused by aperture effects (see Figure 3.6). Furthermore, Ha SFRs were found to be higher
than UV SFRs in galaxies with very high SFRs (see Figure 3.3). When comparing globally
averaged and slit-measured Ha-to-UV SFR ratios, it was found that Ha-to-UV SFRs were
even higher in the centers of large galaxies (see Figure 3.4). Dust reddening does not change

significantly when derived over the slit or across the entire galaxy, such that the differences
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between the SFR indicators are not caused by differences in the attenuated light. However,
these observations could be explained by Ha and UV light profiles that do not match at
all radii or if Balmer decrement profiles are peaked in the centers of galaxies (e.g., Nelson
et al. 2013, 2016; Hemmati et al. 2015; Tacchella et al. 2018). Patchy dust distributions
could cause the UV light to be scattered to larger radii than the Ha light and, thus, could
explain the differences in their radial profiles.

Chapter 4 includes a possible explanation for the observed trend between differ-
ences in reddening indicators and stellar mass (see Figure 4.10). Dust attenuation from
the stellar continuum is approximately equal to the dust from sites of recent star formation
in low mass galaxies (see Figure 4.4 and Figure 4.5). As galaxies increase in mass, dust
is produced through stellar evolutionary processes (e.g., supernovae, AGB stars, etc.; see
Gall et al. 2011 for a recent review) such that there are higher dust opacities towards the
most massive stars that have recently formed, thus causing the difference between stellar
continuum and nebular reddening. These regions are preferentially dustier in high-mass
galaxies as the recently produced dust has not had sufficient time to mix throughout the

ISM.

3. How does the geometry of stars and dust change as galaxies evolve?

It is proposed in Chapter 4 that the distribution of dust transitions from smooth
to patchy as galaxies increase in stellar mass (see Figure 4.10). Low-mass galaxies have low
amounts of dust overall, such that the dust distribution is relatively smooth (see Figure 4.3).
As galaxies increase in stellar mass, they are overall dustier, but even more so towards the

most massive stars that have recently formed. Since massive galaxies are physically larger
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in size than low-mass galaxies (e.g., Toft et al. 2007; Trujillo et al. 2007; van der Wel et al.
2014; Scott et al. 2017; van de Sande et al. 2018), dust mixing timescales may be sufficiently
long such that there also remains relatively unenriched regions that are not near any sites
of dust production from recent star formation. Since there is both extremely dusty regions
near sites of star formation and regions with very little dust overall, the dust distribution

is overall patchier in high-mass galaxies.

4. How efficiently does dust mix throughout the ISM?

The dust reddening distribution was found to be relatively smooth for low-mass
galaxies and more complex in high-redshift galaxes in Chapter 4 (see Figure 4.6). Since
low-mass galaxies are physically small in size, dust may mix throughout their ISM nearly
instantaneously (McKee 1989; Tielens 1998; Peters et al. 2017). On the other hand, high-
mass galaxies exhibit patchy dust distributions and are physically larger in size such that
they may experience longer dust-mixing timescales than low-mass galaxies. Longer dust-
mixing timescales results in high-mass galaxies having both extremely dust reddened regions
and areas that are sufficiently far from any recently star formation that remain relatively

unenriched.

5.2 Future Work

The work presented in this dissertation can be built upon by additionally incorpo-
rating other legacy data for these same galaxies or applying the tools that were developed to
different types of galaxies across a broad range of redshifts. For example, the 3D-HST survey

includes resolved emission line maps of the same galaxies in the CANDELS extragalactic
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fields that were used in this study (Brammer et al. 2012; Momcheva et al. 2016). The Ha
and HfB emission line maps could be directly compared on the same resolved Voronoi bin
scale as the resolved imaging using the methodology from Chapter 2. While the emission
line maps are spatially resolved, they are not spectrally resolved such that Ha emission
is blended with [NIIJAA6550,6585. However, these lines have been spectrally resolved by
MOSDEF observations for the same galaxies observed by the 3D-HST survey, such that the
Ha emission line maps can be globally corrected with minimal assumptions. These spatially
paired measurements could expand upon the results of Chapter 3 by comparing Ha and
UV probes of reddening and SFR on scales that are smaller than the spectroscopic slit.
The patchiness metric that was developed in Chapter 4 could be used to further
investigate how galaxies assemble on resolved scales by quantifying the resolved distribu-
tions of other galaxy properties (e.g., see Appendix C). Patchiness and other morphology
metrics could also be used to quantify the resolved properties of cluster and field galaxies to
investigate how the structure of galaxies may differ by their environments. Galaxy clusters
are particularly valuable resources for studying galaxy evolution in that there are often
background galaxies that are lensed by the mass of the cluster. Due to the increased sur-
face brightness and spatial resolution of lensed galaxies, they can be used to probe resolved
galaxy properties out to higher redshifts. Furthermore, since the patchiness morphology
metric is not sensitive to the spatial orientation of the resolved elements, the patchiness
of a lensed galaxy can be directly calculated without needing to reconstruct the galaxy
image based on the lens model of the cluster. Finally, while pushing morphology to higher

redshifts is difficult without increasingly higher resolution telescopes (e.g., NIRcam on the
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James Webb Space Telescope), the patchiness metric can easily be applied to galaxies at
lower redshifts. Studying the structure of galaxies across redshift space using the same
morphology metrics will build upon our understanding of how galaxies evolve on resolved

scales across cosmic time.
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Appendix A

The Wuyts et al. (2012) Method

In order to best constrain stellar mass estimates determined from the resolved
SED fitting and constrain the shape of the resolved SEDs in the near-IR, we elect to
include the unresolved Spitzer /IRAC photometry with the resolved photometry. Wuyts
et al. (2012) presented a method for incorporating unresolved photometry into the results
of resolved SED fitting by modifying the best-fit resolved SEDs such that their sum produces
an SED that is optimally fit to the integrated photometry. We alternatively use a simple
normalization based on the Higp flux to directly use the IRAC photometry in the resolved
SED fitting (see Section 2.3.3 and Equation 2.3). In this appendix we compare the best-fit
SEDs and SED-derived properties that result from the simple normalization we assumed
versus the Wuyts et al. methodology. For this investigation we select GOODS-N 21507
(z = 1.57), AEGIS8907 (z = 1.59), COSMOS6750 (z = 2.13), and GOODS-N 17714

(z = 2.23), thus including two galaxies from our z ~ 1.5 and z ~ 2.3 redshift bins.
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Figure A.1: Best-fit integrated SEDs from three different SED fitting methods for four
example galaxies. The colors of the points and curves are the same as Figure 2.6. The black
points and curves shows the fluxes from the 3D-HST photometry and the respective best-fit
SED. The red points and curves indicate the total flux from all Voronoi bins (including
outskirts) and the sum of their best-fit resolved SEDs for the IRAC data that has been
normalized to the Higp flux (see Section 2.3.3 and Equation 2.3). The dark blue curves show
the sum of the resolved SEDs that have alternatively been modified to include the IRAC
photometry using the method described by Wuyts et al. (2012). The errors are typically
smaller than the size of the points. Note that not all galaxies have outskirt components,
such as GOODS-N 21507.
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Here we briefly describe the method, but refer the reader to Wuyts et al. (2012)
for a detailed description. First an initial fit is obtained for all resolved components using
data from the resolved HST imaging by finding the model where the resolved chi-squared,
Xres, i1 minimized (see Section 2.3.4). The sum of the resolved SEDs is then compared
to the integrated photometry—including the desired unresolved filters—by considering the
integrated chi-squared defined by

Nty Nvybin 2
9 9 (F; — ;2P M, )
Xres+int — Xres + E 2 10_2‘1 = 3 (Al)
=1 j

where F; and o; are the integrated flux and flux errors in each j unresolved filter, respec-
tively, and M; ; is the flux of the corresponding stellar population model in each ¢ Voronoi
bin and j unresolved filter for the Ngy unresolved filters to be included (in this case the
Spitzer /IRAC photometry; see Equation 2 from Wuyts et al. 2012). The integrated chi-
squared is iteratively improved by considering the next-best stellar population model in all
resolved bins (worse resolved chi-squared) and selecting the bin that results in the largest
change in the integrated chi-squared. This process is repeated up to 500 times or until there
is no further improvement to be made in the integrated chi-squared.

In Figure A.1, we show the sum of the resolved SEDs from both our method (red
curves) and the Wuyts et al. method (dark blue curves) compared to the SED that is fit
to the unresolved 3D-HST photometry (black curves and points). The contribution from
outskirt bins are included to best compare the summed SEDs with the SED that is fit to
the unresolved 3D-HST photometry, but we note that a small normalization offset remains

in some cases due to minor differences in the apertures (see the beginning of Section 2.4).!

'To correct for this offset, Wuyts et al. (2012) additionally normalized the integrated SED to the 3D-HST
Hi6o flux. We do not include this additional normalization here since the purpose of this appendix is to
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With the exception of AEGIS 8907, the integrated SEDs are consistent with each other. As
discussed in Section 2.4.2, the UV slope of AEGIS 8907 is not well constrained due to there
only being one resolved filter available at 12502500 A. Therefore, our SED fitting procedure
prioritizes fitting the data in the near-IR that is covered by the IRAC photometry, whereas
the Wuyts et al. method emphasizes the shape of the optical photometry initially and later
adjusts to best-match the integrated 3D-HST SED.

The resolved SEDs that are fit to the flux contained within each Voronoi bin are
compared between our method and the Wuyts et al. method for AEGIS 8907 and GOODS-
N 17714 in Figure A.2 and Figure A.3, respectively. We remind the reader that the SEDs
from the Wuyts et al. method (dark blue curves) show the SEDs that have been adjusted to
produce a better match to the integrated photometry, such that the stellar population model
has changed and the individual resolved SEDs may not necessarily match the resolved UV
and optical photometry. Figure A.2 and Figure A.3 shows that the resolved SEDs are most
discrepant in outskirt bins (panels with red points and curves), whereas the resolved SEDs
generally agree between the two methods for the well-constrained Voronoi bins (S/N > 5
in at least 5 filters; panels with light blue points and curves). It is important to note that
because the resolved stellar population models have changed in the Wuyts et al. method,
the distribution of resolved properties may not be well-preserved—particularly in outskirt
bins where the resolved SEDs are less constrained. However, in cases such as AEGIS 8907,

the Wuyts et al. method better reproduces the overall shape of the integrated 3D-HST

compare our methodology with Wuyts et al. rather than reproduce the 3D-HST photometry. The change
in normalization causes an insignificant change in the total SFR and stellar mass and does not affect the
results presented here.
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Figure A.2: The resolved SEDs for every Voronoi and outskirt bin comparing the two
methods that incorporate the unresolved IRAC photometry for AEGIS 8907. The colors of
the points and curves are the same as Figure 2.6 and Figure A.1. The first panel is the
same as Figure 2.6, but also includes the light blue points and curves that show the sum
of the flux and SEDs from the well-constrained Voronoi bins (S/N > 5 in at least 5 filters).
The panels with light blue points and curves show resolved SEDs fit to Voronoi bins and
the panels with red points and curves show resolved SEDs fit to outskirt bins. The light
blue and red SED curves directly include the IRAC photometry in the resolved SED fitting
by normalizing the IRAC flux by the Hjg resolved flux (see Equation 2.3). The dark blue
curves show the resolved SEDs that have been modified to include the contribution of the
IRAC photometry using the method described by Wuyts et al. (2012). Note that in some
cases, particularly in the outskirt bins, there is no change between the original SED and
the SED modified by the Wuyts et al. method, such that the SED curves overlap in the
figure. The labels in each panel indicate the central pixel coordinate of each bin.

143



102

T TTTTI T TTTT

T TTHHW T TTTT T TTHHW T TTTT T TTHHW T TTTT T TTHHW T TTTT

LE:|
= 10! Integrated x40_y34 x44_y34 x33y38 x47_y38 3
= 10° .
w1071 E |
1072 E——H :
E x40_y37 =
100 “m 4
= E x36_y40 3
10t} -
= g m E
10—2 E_m R L1 NI

E x41_y42

103 104 10°
Arest (A)

Figure A.3: The same as Figure A.2, except showing the resolved SEDs for every Voronoi
and outskirt bin for GOODS-N 17714.

photometry since the UV slope is unconstrained by the resolved photometry for low-redshift
objects using our methodology (see Section 2.4.2). In most cases though, the sum of all
the resolved SEDs from both methods represent good fits to the unresolved photometry.
Finally, the resolved stellar population and dust maps (including outskirts) are shown in
Figure A.4 for AEGIS8907 (top panels) and GOODS-N 17714 (bottom panels) from our
method (left panels) and the Wuyts et al. method (right panels). We find that most cases
are similar to GOODS-N 17714, where the resolved SED properties are comparable between
the two methods. For cases like AEGIS 8907, the SFR and stellar mass distributions are also
consistent between the two methods, with the greatest deviation being in the E(B — V')gtars

distribution. As stated previously, the UV slope of AEGIS 8907 is not well-constrained by
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the resolved photometry alone, such that the discrepancy in the resolved E(B — V')stars
distribution is unsurprising.

In this work, we are interested in best preserving the distribution of the resolved
stellar populations. Therefore, we elect to directly include the IRAC photometry in the
resolved SED fitting by normalizing the IRAC photometry by the Higp flux contained in
each resolved element (see Equation 2.3). In this appendix, we have shown that the results
obtained through the Wuyts et al. method are comparable to those obtained through our
methodology. However, the Wuyts et al. method may be more appropriate in situations
where key SED features (e.g., UV slope, Balmer/4000 A breaks) cannot be constrained by
the resolved photometry, but at the cost of the specific distribution of stellar population
properties being more uncertain. Throughout our analysis, we retain separation between
our z ~ 1.5 and z ~ 2.3 samples due to the discrepancies in the inferred E(B — V')stars

caused by the UV slope being unconstrained by the resolved photometry.
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Figure A.4: Stellar population and reddening maps from the resolved SED fitting (including
outskirt components) that incorporates IRAC photometry using a normalization based on
the Hygp flux (left panels) and the method described by Wuyts et al. (2012) (right panels).
The distribution of E(B — V)sars (top left), stellar population age (top right), SFR (bottom
left), and stellar mass (bottom right) are shown for AEGIS 8907 (z = 1.59, top panels) and
GOODS-N 17714 (z = 2.23, bottom panels). The listed number in each panel shows the
average E(B — V)stars Or stellar population age weighted by the Voronoi bin areas or the
summed SFR or stellar mass from all of the Voronoi bins.
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Appendix B

H{50—IRAC Color Perturbations

In Section 2.3.3, we normalized the unresolved Spitzer/IRAC photometry by the
Higp flux in each resolved element to accommodate for different area coverage. However,
this unrealistically assumes that the IRAC flux directly traces the Higg-band flux. Most
critically, this impacts galaxies at redshifts z > 2.5, where the Balmer/4000 A breaks shift
into the Higo filter and the break strength becomes constrained exclusively by the IRAC
photometry. As a probe of stellar population age, the strength of the Balmer /4000 A breaks
is crucial towards breaking the age-extinction degeneracy (e.g., Worthey 1994; Shapley et al.
2001), where the shape of the SED in the rest-frame UV to near-IR of a young, dusty stellar
population looks similar to an old, dust-free population. In this appendix the Hi—IRAC
colors are perturbed to simulate spatially resolved variations in the IRAC photometry to
assess how constraining the H160—IRAC colors influences the integrated and resolved stellar
population properties, with special care towards the stellar population ages and reddening.

For this investigation we select GOODS-S 36093, GOODS-N 20924, COSMOS 6750, and
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UDS 22341, thus including two galaxies with redshifts above (2.62 and 2.55) and below
(2.20 and 1.38) z = 2.5.

The Hi0-IRAC colors are perturbed in all Voronoi bins simultaneously while
maintaining a constant total flux. The H1g0—IRAC color shift is calculated for each resolved
element based on a normal distribution centered on the average of the four Hi6p—IRAC
colors (where the IRAC flux is calculated by Equation 2.3) and a width of 1.0mag. The
proposed perturbations are restricted to be physically plausible values by requiring the
H140-IRAC perturbations to fall within the range of the H140—IRAC colors in the Bruzual
& Charlot (2003) stellar population synthesis model templates (constant SFH at the known
redshift). The Hig0-IRAC colors are perturbed for all but one Voronoi bin in the galaxy.
If the sum of the perturbed IRAC fluxes is less than the original total IRAC flux, then the
remaining Voronoi bin is attributed the leftover IRAC flux. Otherwise, if the sum of the
perturbed TRAC fluxes add up to be greater than the original total IRAC flux, then all of
the perturbations are repeated. The “leftover” bin often appears as an outlier in our results,
but it does not alter the conclusions made here. An individual galaxy is perturbed n times,
where n is the number of Voronoi bins in the galaxy, such that for each iteration a different
Voronoi bin receives the leftover IRAC flux. In summary, for a given galaxy with n Voronoi
bins, the entire resolved distribution is perturbed n times with every iteration having the
same total flux. Finally, we use the perturbed IRAC fluxes to repeat the integrated and
resolved SED modeling.

In Figure B.1, the SED-derived properties are compared between the original re-

sults with constant H160—IRAC colors and the perturbed solutions. Regardless of redshift,
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Figure B.1: The SED-derived E(B — V)gtars, stellar population ages, SFRs, and stellar
masses for each Voronoi bin as the H160—IRAC colors are perturbed. Each row represents
a single galaxy from our sample for a spread of redshifts. Each vertically connected green
line represents a single Voronoi bin that has been perturbed n times, where n is the number
of Voronoi bins in the galaxy. The black points along a single vertical line show how the
SED-derived properties change as that single Voronoi bin is perturbed, compared to the
original values. Each green circle is the average of the perturbed results within a single
Voronoi bin, compared to the original value. The light blue stars compare the average of
the Voronoi bins over n perturbations with the average of the original distribution (see
Figure B.2). The errors of the blue stars show the spread in the averaged Voronoi bins over
all n perturbations. The dashed black lines indicate where the perturbed properties equal
the original properties.
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Figure B.2: E(B — V)gtars (top) and stellar population age (bottom) maps for GOODS-
S36093 (z = 2.62). The top left panels show the original E(B — V)gars and stellar popu-
lation age distribution from SED fitting, where the H10-IRAC colors are constant across
all Voronoi bins (see Equation 2.3). All other panels are show the E(B — V)gtars and stel-
lar population age distributions when SED fitting was performed on the H16p—IRAC color
perturbations. The value in the bottom right of each panel is the average E(B — V)gtars OF
log stellar population age (in dex) derived from the entire galaxy area.
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we find that a perturbed Voronoi bin (black points) on average (green circles) has the
same properties as the case of constant Hy0—IRAC colors (x-axis values), and by extension
maintains its intrinsic color. Figure B.2 shows an example (GOODS-S 36093, z = 2.62) of
how the resolved reddening and stellar population ages changes with each perturbation of
the Hy0—IRAC colors, further demonstrating that the colors do not vary significantly from
bin-to-bin. While the Voronoi bin that received the leftover IRAC flux is occasionally seen
as an outlier, the average F(B — V)gtars or stellar population age (values in the bottom
right corner of each panel in Figure B.2) remains consistent. In general, the average of the
resolved distribution for all SED-derived properties is comparable with the average of the
original distribution (light blue stars in Figure B.1). Therefore, we conclude that we are
not unduly constraining the resolved stellar ages or reddening by simplifying the IRAC flux

distribution through our use of Equation 2.3.
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Appendix C

Analysis of the Patchiness Metric

In Section 4.3.1, we derived a morphology measure that is sensitive to both faint
and bright regions within galaxies using Equation 4.2. In this appendix, an in-depth analysis
of the patchiness metric is presented using the patchiness, P, calculated from the resolved
E(B — V)gtars, stellar population age, SFR, and stellar mass maps. This analysis of the
patchiness metric includes: observed correlations between the calculated P of all resolved
SED-derived properties, the potential dependence of P on the number of resolved elements,
a comparison between P and the ICD (Papovich et al. 2003), P calculated from the pixel-
to-pixel distribution, and the behavior of P when galaxies are artificially redshifted.

First, the calculated P on the resolved SED-derived E(B — V)stars, stellar pop-
ulation ages, SFRs, and stellar masses are directly compared in Figure C.1. If a given
galaxy exhibits a patchy distribution in any SED-derived property, it is likely to exhibit a
patchy distribution in the other resolved stellar population properties. Most significantly,

galaxies with patchier SFRs tend to have patchier stellar masses and galaxies with patchier
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Figure C.1: Relationships between P calculated from the resolved SED-derived
E(B — V)gtars, stellar population ages, SFRs, and stellar masses. The yellow stars show
the median P values in three equally sized bins that are based on the P measurement of
the x-axis. The Spearman rank correlation coefficient and its significance is listed in the
bottom right corner of each panel.
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E(B — V)gtars distributions tend to have patchier stellar ages. While the relationship be-
tween the P of the resolved SFRs are stellar masses could provide clues as to how galaxies
build their stellar mass in the context of the resolved SFR-M, relationship, the significance
of this relationship could alternatively be degenerate in that the resolved SFRs and stellar
masses are both being derived from the normalization of the resolved SEDs. Similarly,
the relationship between patchy reddening and stellar ages could be related to the age—
extinction degeneracy (e.g., Worthey 1994; Shapley et al. 2001), where the SED of an old,
dust-free stellar population has a similar shape compared to the SED of a young, dusty
stellar population.

The relationship between P and the number of Voronoi bins in the galaxy is shown
in the left panels of Figure C.2 to investigate a possible bias between how P is calculated
in Equation 4.2 and the resolution of individual galaxies. The number of Voronoi bins
ranges from 5-81 for all 310 galaxies in the sample, but a majority of galaxies have 7-30
Voronoi bins (206 galaxies, highlighted by the green shaded regions). While galaxies with
more Voronoi bins tend to have higher P measured from the resolved stellar ages, SFRs,
and stellar masses, galaxies with many or few Voronoi bins can exhibit either high or low
P measurements for all resolved stellar population properties. Therefore, we suggest that
the relationship between the number of resolved elements and calculated P is physically
driven, especially considering that Voronoi bins are defined by grouping regions of similar
brightness (Cappellari & Copin 2003). Furthermore, low S/N components that could bias

the P calculation are not included in the analysis (see Section 4.2.4).

154



102 j—mrmrrrr—rer—r—rrrrm———ry

1 g
il =
([,
A 10
9]

101 b

Patchiness Patchiness

Figure C.2: Left: The number of Voronoi bins versus the P measured from the resolved
E(B — V)gtars, stellar population ages, SFRs, and stellar masses. The shaded regions high-
light galaxies with 7-30 Voronoi bins, which includes a majority of the sample (206 galaxies).
The yellow stars show the median number of Voronoi bins and P values in three equally
sized bins that are based on the P measurement of the x-axis. The Spearman rank cor-
relation coefficient and its significance is listed in the top left corner of each panel. Right:
The ICD (Papovich et al. 2003) measured from the Hygp and Vg resolved imaging versus
the P measured from the resolved stellar population and reddening maps. The yellow stars
show the median ICD and P values in three equally sized bins that are based on the P
measurement of the x-axis.

Of the pre-existing morphology metrics, patchiness is most closely related to the
ICD (Papovich et al. 2003). The ICD measures the dispersion of light between two filters
of the resolved imaging and, thus, is sensitive to general deviations in the flux rather than
the brightest regions alone. The primary advantage of patchiness compared to the ICD is
that is can be generally applied to any resolved property, whereas the ICD is limited to
the flux distribution of two resolved images. Therefore, P calculated on the resolved stellar
population and reddening maps incorporates the information from at least 5 resolved filters
(see Section 4.2.4). The ICD measured from the Higy and Vg imaging is compared to the P
calculated from the resolved stellar population properties in the right panels of Figure C.2.

The ICD is most significantly correlated with the P of the E(B — V')gtars distribution, which

155



is not entirely surprising given that the dispersion between the rest-frame optical (Hig0) and
UV (Vios) light is an equivalent interpretation of the P measured from the E(B — V)gtars
distribution.

To examine the behavior of the patchiness metric on other resolved scales, patch-
iness is calculated on the pixel-to-pixel scale for a subset of 50 galaxies that have stellar
population parameters that are representative of the larger sample. In the pixel-to-pixel
patchiness calculation, all pixels identified by the 3D-HST segmentation map are included.
The left panels of Figure C.3 show how P measured on the pixel-to-pixel distribution com-
pares to P measured on the Voronoi bin distribution. The relative P calculated on the
E(B — V)gtars distribution is generally preserved between a pixel and Voronoi bin scale and
marginally preserved for P calculated on the stellar mass distribution. However, measuring
P on a pixel-to-pixel scale is not recommended due to correlated signal between neighboring
pixels and low S/N pixels that cause unphysical outliers in the resolved distribution that
would artificially drive P to higher values. Therefore, we strongly discourage the use of
the patchiness parameter on pixel-to-pixel scales, recommend a minimum bin size that is
at least the width of the instrument PSF, and that low S/N components that can cause
unreliable resolved measurements are removed from the analysis (also see Fetherolf et al.
2020a, in press; Chapter 2).

Finally, the effect of redshift on the patchiness metric is explored by artificially
redshifting all galaxies in the z ~ 1.5 sample (126 galaxies) to a redshift that is randomly
selected from a Gaussian distribution with the mean and standard deviation of the z ~ 2.3

sample (z = 2.30 +0.14). For simplicity, the change in pixel scale between these redshifts
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Figure C.3: Left: The P calculated from the pixel-to-pixel E(B — V')gtars, stellar population
age, SFR, and stellar mass distributions compared to the P calculated from the Voronoi bin
stellar population properties for a subset of 50 galaxies in the sample. The yellow stars show
the median P values in three equally sized bins that are based on the P measurement of the
x-axis. The Spearman rank correlation coefficient and its significance is listed in the top left
corner of each panel. Right: The P calculated from stellar population and reddening maps
for a subset of 43 galaxies that have been artificially redshifted from z ~ 1.5 to z ~ 2.3
compared to their original P values.

is considered negligible and no correction is applied for the shift in the bandpass due to the
large widths of the HST resolved filters. Cosmological dimming is applied by multiplying
the observed flux in each filter by the square of the ratio of luminosity distances at the
two redshifts (Barden et al. 2008), then the Voronoi binning and resolved SED fitting
procedures are repeated using the new flux distributions. The artificially redshifted sample
is restricted to galaxies with at least 5 Voronoi bins that have a S/N > 5 in at least 5
filters (see Section 4.2.4), resulting in a subsample of 43 galaxies that have been artificially
redshifted to z ~ 2.3. The P measured from the artificially redshifted stellar population
and reddening maps is compared to the original P measurements in the right panels of
Figure C.3. Except in the case of the resolved SFRs, P is generally not consistent when

the effects of cosmological redshift are considered. Furthermore, this does not include the
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intrinsic differences in the physical properties of galaxies between redshifts z ~ 1.5 and
z ~ 2.3 (e.g., see recent reviews by Shapley 2011; Madau & Dickinson 2014). Therefore, we
recommend separately analyzing the morphologies of galaxies at different redshifts. This
assessment is also in agreement with our recommendation in Section 4.3.1 to use uniformly
defined samples to relatively compare the P of resolved distributions.

The most important conclusions from this in-depth analysis on the patchiness
metric are summarized as follows: P is not biased towards the number of resolved elements
for a given galaxy, calculating P on the pixel-to-pixel distribution is not recommended
due to potential bias by low S/N outliers, and the P (and other morphology metrics)
of galaxies at different redshifts should be analyzed separately. These conclusions align
with our recommendation to relatively compare the P of resolved distributions for galaxies
within uniformly defined samples. The resolved distributions for the sample of galaxies
used throughout this paper are uniformly defined by separating the z ~ 1.5 and z ~ 2.3
samples and applying a strict criteria for including resolved elements in the analysis (see
Section 4.2.4). The findings in this appendix also briefly highlight how the patchiness metric
can be used on other resolved stellar population properties (besides E(B — V')gtars, Which is
highlighted in this work) to further investigate how galaxies build their stellar mass, such

as through the resolved SFR—-M, relationship, which we defer to future work.
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