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Abstract

Galaxies in the Young Universe:
Structures, Masses, and Composition of Star-Forming Galaxies at z ∼ 1.5− 3

by

Sedona H. Price

Doctor of Philosophy in Astrophysics

University of California, Berkeley

Professor Mariska Kriek, Chair

Understanding the physical processes governing galaxy growth and evolution remains an
outstanding challenge in astronomy. Constraining these processes requires observations
at multiple epochs, but despite exquisite observations of galaxies in the local universe,
relatively little is known about galaxies at early times. In the last decade, large photometric
surveys have revealed many details about galaxies across the past 10 billion years. However,
fully understanding galaxies in the early universe and how they connect to today’s galaxy
population requires observations of their physical properties through spectroscopy as well
as photometry. Recent instrumentation advances have now paved the way for spectroscopic
surveys of large samples of distant galaxies, which provide key insights into the earlier phases
of galaxy evolution.

In this dissertation, I use detailed photometric and spectroscopic observations and sim-
ulations to investigate the dust content, masses, and kinematic structures of star-forming
galaxies at z ∼ 1.5− 3, near the peak of cosmic star formation. I present results using Hubble
Space Telescope (HST ) grism observations of an unbiased sample of galaxies at z ∼ 1.5 from
the 3D-HST survey to measure the relation between nebular and stellar dust attenuation.
These constraints on the dust content of distant galaxies enable accurate measurements of
star formation rates, and help to characterize the dust distribution in early galaxies.

I also investigate the internal kinematics of galaxies at z ∼ 1.5 − 3 using moderate-
resolution near-infrared spectra from the MOSDEF survey with Keck/MOSFIRE together
with high spatial-resolution HST imaging. I develop a set of models to measure and interpret
kinematics from spectra taken with galaxy-slit misalignments, including galaxies without
spatially-resolved spectra. I then use these models to derive independent, dynamical estimates
of the galaxy masses, and to constrain the amount of support from ordered versus random
motions for hundreds of galaxies with M∗ ∼ 109 − 1011.5M�. Additionally, I explore the
correlation of kinematic structure with other properties and constrain how the dark matter
fraction in star-forming galaxies changes over time.
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Finally, I use mock observations of galaxies from the high-resolution MassiveFIRE cos-
mological simulation suite to determine how well intrinsic galaxy sizes and stellar masses
are recovered from observations. I also explore the impact of random viewing angles on
observed galaxy properties, which has implications for the interpretation of the scatter in
galaxy scaling relations.
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Chapter 1

Introduction

1.1 Galaxy evolution: the multi-billion year problem
Understanding how galaxies grow and evolve is a key problem in astronomy. This

question spans billions of years: how did very small baryon density perturbations existing at
recombination, 380,000 years after the Big Bang, grow and evolve into the galaxies we see
today, some 13.4 billion years later?

Cosmic microwave background (CMB) temperature anisotropies show that baryons had
density perturbations of order ∼10−4 at recombination (e.g., Sachs & Wolfe 1967, White &
Hu 1997, Planck Collaboration et al. 2014), which would be unable to grow to the matter
over-densities of modern-day galaxies within the age of the universe. However, under the
Λ cold dark matter (ΛCDM) cosmological model, baryons are able to cool and collapse within
dark matter halos, aiding the formation of stars and galaxies. Within this framework, the
first collapsed structures then grow into larger galaxies, galaxy groups, and galaxy clusters
by merging with other structures. This hierarchical structure formation model successfully
describes much of the large-scale structure of matter in the universe (e.g., Springel et al. 2005,
Boylan-Kolchin et al. 2009, Angulo et al. 2012).

However, ΛCDM cosmology cannot fully predict properties on small scales as it does not
account for baryonic physics. These physical processes — including star formation, stellar
winds, supernovæ and active galactic nuclei (AGN) feedback, and chemical evolution — all
impact galaxy structure and growth. Indeed, there are many galaxy properties that do not
appear to be predicted by halo mass alone, and thus reflect the complex, intertwined effects
of both gravitational and baryonic processes.

For instance, present-day galaxies exhibit a color bimodality between red, passive galaxies
and blue, star-forming galaxies (e.g., Blanton et al. 2003, Hogg et al. 2003, Kauffmann et al.
2003a, Baldry et al. 2004). This split between blue and red galaxies correlates with mass
and environment (e.g., Hogg et al. 2004, Kauffmann et al. 2004, Blanton et al. 2005, Baldry
et al. 2006), but is not uniquely predicted by either. Morphology also correlates with this
bimodality, with many blue galaxies exhibiting disk-like structures and red galaxies having
elliptical shapes (e.g., Roberts & Haynes 1994, Blanton et al. 2003, Kauffmann et al. 2004,
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Schawinski et al. 2014), but again galaxy shape does not appear to be fully determined by
either mass or environment, reflecting the impact of other (possibly correlated) physical
processes.

In recent years, numerous studies have characterized the detailed properties of local
galaxies (e.g., Bacon et al. 2001, Kennicutt, Jr. et al. 2003, Abazajian et al. 2009, Cappellari
et al. 2011, Bryant et al. 2015, Bundy et al. 2015). These observations reveal there are a
number of general global scaling relations between galaxy properties, but also a staggering
diversity within the nearby galaxy population. Models of galaxy evolution must be able to
match both these general trends and the range of observed features.

Galaxy formation models — including both semi-analytical models (e.g., Dalcanton et al.
1997, Mo et al. 1998, van den Bosch 2001, Dutton 2009) and hydrodynamical simulations (e.g.,
Governato et al. 2007, Hopkins et al. 2014, Schaye et al. 2014, Vogelsberger et al. 2014, Davé
et al. 2017) — are now able to reproduce a number of these local galaxy properties. However,
in order to fully test these formation models and to further constrain how baryonic processes
impact galaxy evolution, direct observations of galaxy populations across the history of the
universe are necessary.

1.2 Observations of distant galaxies
While nearby galaxies are fairly well-studied, distant galaxies are much more poorly

understood. Recent large surveys, including the NMBS (Whitaker et al. 2011), CANDELS
(Grogin et al. 2011, Koekemoer et al. 2011), 3D-HST (van Dokkum et al. 2011, Brammer
et al. 2012), UltraVISTA (McCracken et al. 2012, Muzzin et al. 2013a), and ZFOURGE
(Straatman et al. 2016) surveys have provided crucial insights into the nature of galaxies
across most of the history of the universe.

These observations have revealed a number of trends in how galaxy properties evolve.
Stellar mass functions (SMFs) trace how stellar mass builds up in galaxy populations over
billions of years (e.g., Muzzin et al. 2013b, Tomczak et al. 2014). Measurements of galaxy
star-formation rates (SFRs) show that the bimodality between star-forming and quiescent
galaxies and the tight relation between mass and SFR of star-forming galaxies (Brinchmann
et al. 2004) were already in place by z ∼ 2.5 (e.g., Whitaker et al. 2012b; Whitaker et al.
2011). These observations also reveal that on average, nearby galaxies are forming stars much
less rapidly than in the past. The average cosmic SFR density increases looking back over
the past ∼10 billion years, but then decreases as we look to even earlier times (e.g., Madau
& Dickinson 2014).

Additionally, detailed imaging has shown distant galaxies had very different sizes and
structures than their local counterparts. At fixed mass, galaxies were smaller at earlier times
(e.g., van der Wel et al. 2014a). In particular, many of the most massive quiescent galaxies
at z & 2 are very compact relative to today’s massive quiescent galaxies (e.g., Barro et al.
2013), and are even smaller than the massive star-forming galaxies found at similar times
(e.g., Förster Schreiber et al. 2009, Kriek et al. 2009a).
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While these studies have greatly expanded our understanding of distant galaxies, many
questions remain. These include: How are the inter-stellar medium (ISM) and dust properties
of these galaxies different from nearby galaxies? What are the internal dynamical structures
of early galaxies, and how do they evolve? Does the initial mass function (IMF) vary with
time or other galaxy properties? How is star-formation regulated and eventually shut-off
in some galaxies? Are the methods used to measure galaxy characteristics — including
stellar masses, sizes, SFRs, star-formation histories, and internal kinematics — valid for
characterizing distant galaxies? Addressing these questions requires detailed observations of
the physical properties for large, complete samples of galaxies in the early universe.

1.3 Star-forming galaxies at cosmic noon
The epoch of peak cosmic star formation — “cosmic noon”, from z ∼ 1−3 (e.g., Figure 9c

of Madau & Dickinson 2014) — is a particularly interesting time to investigate galaxy
evolution. During this period, galaxies are assembling rapidly: on average their stellar masses
quintuple, growing from 5% to 25% of their present-day stellar mass in a span of just ∼3.5
billion years (Muzzin et al. 2013b). Moreover, compared to the local universe, star-forming
galaxies dominated the stellar mass density of the universe at z & 1 (Muzzin et al. 2013b,
Tomczak et al. 2014). Understanding star-forming galaxies at cosmic noon and beyond is
thus a crucial component of understanding the early stages of galaxy evolution.

Early work has revealed that star-forming galaxies at this time have very different (and
potentially rapidly changing) properties compared to those of today’s galaxies. Massive
star-forming galaxies at this epoch have been shown to lack the relatively smooth thin disk
morphology of similar-mass galaxies found today (e.g., Blanton & Moustakas 2009). Instead,
these distant massive star-forming galaxies tend to have very clumpy morphologies (e.g.,
Elmegreen et al. 2007, Law et al. 2012b, Förster Schreiber et al. 2014), exhibit thicker disks
(e.g., Elmegreen & Elmegreen 2006), and have higher gas fractions (e.g, Daddi et al. 2008,
Tacconi et al. 2013). These studies have also demonstrated that z ∼ 1 − 3 star-forming
galaxies have different ISM conditions, metallicities, and dust properties compared to nearby
galaxies (e.g., Reddy & Steidel 2004, Shapley et al. 2004, 2005, Erb et al. 2006a, Reddy et al.
2010; Reddy et al. 2006), and can have powerful outflows (e.g., Newman et al. 2012). Yet
these studies are far from providing a complete picture of distant galaxies.

To probe the range of internal galaxy properties at cosmic noon, both high-resolution,
multi-wavelength photometry and spectra are need for large samples. However, obtaining
spectra of complete samples galaxies at this epoch is challenging. These objects are not only
very faint, but to avoid biases against dusty and reddened galaxies, rest-frame optical (or even
longer wavelength) spectra are needed. At this epoch, The rest-frame optical is unfortunately
redshifted into the near-infrared (NIR) at this epoch, which is difficult to observe from the
ground due to significant sky background contamination. Despite these challenges, previous
work has amassed rest-frame optical spectra of ∼ 1000s of galaxies at z ∼ 1− 3 (e.g., Erb
et al. 2006b, Kriek et al. 2008, Förster Schreiber et al. 2009, Mancini et al. 2011, Law et al.
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2012b; see also Shapley 2011).
The most recent generation of NIR spectrographs have transformed studies of galaxies

at cosmic noon, enabling surveys of uniformly-selected, statistical samples of galaxies. In
particular, the MOSFIRE (McLean et al. 2010, 2012; on the Keck I telescope) and the KMOS
(Sharples et al. 2013, 2004; at the VLT) spectrographs feature the sensitivity and spectral
resolution necessary to study the physical processes within distant galaxies. Furthermore,
these spectrographs feature multiplexing capabilities, which is crucial for studying large
galaxy samples. The Hubble Space Telescope (HST ) WFC3 grism also plays an important
role in spectroscopic studies of distant galaxies, as this instrument is capable of efficiently
conducting blind surveys down to relatively faint magnitudes. While the HST/WFC3 grism
spectra are low-resolution, they provide sufficient detail to accurately measure redshifts and
a number of galaxy properties (e.g., Brammer et al. 2012).

Surveys taking advantage of these new spectrographs now have observations for thousands
of galaxies spanning the range of galaxy properties at z ∼ 1− 3. In particular, the 3D-HST
survey (van Dokkum et al. 2011, Brammer et al. 2012) has low-resolution rest-frame optical
spectra for ∼ 7000 galaxies, while the KBSS (Steidel et al. 2014), MOSDEF (Kriek et al.
2015), KMOS3D (Wisnioski et al. 2015), and KROSS (Stott et al. 2016) surveys together
have moderate resolution spectra for ∼3000 galaxies. These spectroscopic surveys now make
it possible to address the above-mentioned outstanding questions.

1.4 Dissertation outline
In this dissertation, I use both observations and simulations to extend our understanding

of galaxies at cosmic noon. Specifically, I combine photometric and spectroscopic observations
for large samples of star-forming galaxies at z ∼ 1.5 − 3 to characterize their structures,
masses, and composition. I then use simulations to determine how accurately the masses and
sizes of these galaxies are recovered.

First, in Chapter 2, I study dust attenuation and geometry in star-forming galaxies
at z ∼ 1.3 − 1.5 using grism spectra from the 3D-HST survey (van Dokkum et al. 2011,
Brammer et al. 2012). Constraints of dust attenuation in distant galaxies are key to deriving
comparable, accurate star formation rates at multiple epochs, and to understanding how dust
distribution and attenuation has changed in galaxies over time.

Next, in Chapters 3 and 4, I combine spectra from the MOSDEF survey (Kriek et al.
2015) with spatially-resolved imaging and multi-band photometry of the CANDELS (Grogin
et al. 2011, Koekemoer et al. 2011) and 3D-HST surveys to constrain the internal kinematics
of star-forming galaxies at z ∼ 1.5− 3. Using these kinematic measurements, I measure the
dynamical structures and masses of galaxies with stellar masses ranging from ∼ 109−1011.5M�,
and investigate how the kinematic properties and structures of star-forming galaxies change
over time.

In Chapter 5, I use mock photometric observations of high spatial resolution cosmological
simulations from the MassiveFIRE suite (Feldmann et al. 2016, Feldmann et al. 2017) to
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ascertain how well we recover intrinsic galaxy masses and sizes from observations. Testing
the validity of the measured properties of distant galaxies is crucial for consistently studying
how galaxies evolve over time.

Finally, in Chapter 6, I summarize the findings of this dissertation and discuss future di-
rections. Furthermore, this dissertation includes three supplemental chapters. In Appendix A,
I present the average photometry of the galaxies studied in Chapter 2. Appendices B and C
contain detailed descriptions of the models and methods used to measure the kinematics of
galaxies with and without resolved rotation, respectively, which are used in Chapters 3 and 4.
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Chapter 2

Direct measurements of dust
attenuation in z ∼ 1.5 star-forming
galaxies from 3D-HST: Implications
for dust geometry and star formation
rates

The nature of dust in distant galaxies is not well understood, and until recently few
direct dust measurements have been possible. We investigate dust in distant star-forming
galaxies using near-infrared grism spectra of the 3D-HST survey combined with archival
multi-wavelength photometry. These data allow us to make a direct comparison between dust
around star-forming regions (AV,Hii) and the integrated dust content (AV, star). We select a
sample of 163 galaxies between 1.36 ≤ z ≤ 1.5 with Hα signal-to-noise ratio ≥ 5 and measure
Balmer decrements from stacked spectra to calculate AV,Hii. First, we stack spectra in bins
of AV, star, and find that AV,Hii = 1.86AV, star, with a significance of σ = 1.7. Our result
is consistent with the two-component dust model, in which galaxies contain both diffuse
and stellar birth cloud dust. Next, we stack spectra in bins of specific star formation rate
(log SSFR), star formation rate (log SFR), and stellar mass (logM∗). We find that on average
AV,Hii increases with SFR and mass, but decreases with increasing SSFR. Interestingly, the
data hint that the amount of extra attenuation decreases with increasing SSFR. This trend
is expected from the two-component model, as the extra attenuation will increase once older
stars outside the star-forming regions become more dominant in the galaxy spectrum. Finally,
using Balmer decrements we derive dust-corrected Hα SFRs, and find that stellar population
modeling produces incorrect SFRs if rapidly declining star formation histories are included in
the explored parameter space.1

1This chapter has been previously published as Price et al., 2014, ApJ, 788, 86, and is reproduced with the
permission of all coauthors and the copyright holder. Copyright 2014, The American Astronomical Society.
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2.1 Introduction
While dust makes up only a very small fraction of the baryonic mass in galaxies (Draine

et al. 2007), it leaves a large signature on their spectral energy distributions (SEDs). Dust
extinguishes light in a wavelength-dependent way, and therefore distorts the intrinsic SED of
galaxies. This distortion, or net dust attenuation, may depend on the properties of the dust,
the dust-to-star geometry, or both quantities. Therefore, recovering the intrinsic stellar SEDs
from observations requires a thorough understanding of both factors.

Dust properties and geometry are studied using observations of both dust emission and
attenuation. Studies of dust emission at mid- and far-infrared wavelengths have placed
constraints on the composition, distribution, and mass of dust in nearby galaxies (e.g., Dale
et al. 2012; Draine et al. 2007; Galliano et al. 2008). Measurements of dust attenuation are
also needed to completely characterize the nature of dust, including the dust-to-star geometry.

One method of constraining the dust-to-star geometry is by comparing the integrated
dust attenuation with the attenuation towards star-forming (SF) regions. Dust attenuation
affecting the stellar continuum, A star, has been measured using a number of methods. These
include (i) line of sight measurements (e.g., the MW, SMC, LMC), (ii) matching attenuated
galaxies with unattenuated galaxies with similar intrinsic stellar populations (i.e. Calzetti
et al. 2000; Wild et al. 2011), (iii) fitting the SED with stellar population synthesis models,
including a prescription for dust, and (iv) the LIR/LUV ratio (also known as IRX), which
probes dust attenuation using energy conservation. The latter ratio is directly related to the
UV continuum slope β (Meurer et al. 1999), which may be used to infer the dust content
for galaxies for which no IR data is available. (See Conroy 2013 for more discussion on this
topic).

Dust attenuation towards SF regions, AHii, has also been extensively studied in low-
redshift galaxies. AHii is most directly probed with recombination line flux ratios, often using
the Balmer decrement Hα/Hβ. The intrinsic line ratio can be calculated given reasonable
environmental parameters. As dust attenuation is wavelength dependent, the measured line
ratio compared with the intrinsic ratio combined with an assumed dust law yields a measure
of the amount of dust attenuation towards SF regions. This method was used by a number
of studies to measure attenuation towards SF regions in nearby galaxies (e.g., Brinchmann
et al. 2004; Calzetti et al. 2000; Garn & Best 2010).

By comparing AV,Hii and AV, star, Calzetti et al. (2000) find that there is extra dust
attenuation towards star-forming regions relative to the integrated dust content for local
starburst galaxies. Wild et al. (2011) expand on this work by finding that the amount of extra
attenuation increases with the axial ratio and decreases with SSFR. This implies that the
dust content of galaxies might have two components (e.g., Calzetti et al. 1994; Charlot & Fall
2000; Granato et al. 2000): a component associated with the short-lived birth clouds in SF
regions and a diffuse component distributed throughout the ISM. In this model, the diffuse
dust attenuates light from all stars, while the birth cloud dust component only attenuates
light originating from the SF region.

At higher redshifts, the nature of dust attenuation is much more poorly understood.
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Much of the work on dust attenuation in high-z galaxies has focused on the UV slope (e.g.,
Bouwens et al. 2012; Finkelstein et al. 2012; Hathi et al. 2013; Reddy et al. 2010; Reddy et al.
2012, 2006; Wilkins et al. 2011, also see Shapley 2011 for a comprehensive review), as it is
relatively easy to observe. However, deviations from the Meurer et al. (1999) IRX-β relation
have been found for various galaxy samples (e.g., Conroy et al. 2010; Gonzalez-Perez et al.
2013; Johnson et al. 2007; Kong et al. 2004). Additional methods of measuring attenuation in
high-z galaxies include SED modeling of photometric or spectroscopic observations (e.g., Buat
et al. 2012; Kriek & Conroy 2013) and comparison of star formation rate (SFR) indicators
(e.g., Wuyts et al. 2013).

Direct measurements of dust attenuation toward Hii regions using Balmer decrements are
very challenging for z > 0.5 as both Hα and Hβ are shifted to the less-accessible near-infrared
window. Careful survey design and instrument improvements have made measurements of the
Balmer decrement possible for larger samples of intermediate redshift galaxies, e.g., between
0.4 . z . 1 (Savaglio et al. 2005), z ∼ 0.5 (Ly et al. 2012), and z ∼ 0.8 (Momcheva et al.
2013; Villar et al. 2008). However, until recently Balmer decrements have been measured for
only a small number of more distant galaxies (e.g., Hainline et al. 2009; Teplitz et al. 2000;
van Dokkum et al. 2005; Yoshikawa et al. 2010).

Interestingly, current studies of dust properties in distant star-forming galaxies yield
contrasting results. Erb et al. (2006b) and Reddy et al. (2010) find that extra attenuation
towards Hii regions leads to an overestimate of the Hα SFR relative to the UV slope SFR.
However, Förster Schreiber et al. (2009) compare measured and predicted LHα and Hα
equivalent widths and find the best agreement when AV,Hii includes extra attenuation relative
to AV, star. A comparison of overlapping objects with Erb et al. (2006b) shows that the
previous aperture corrections might be overestimated, which could have masked some extra
attenuation. Yoshikawa et al. (2010) compare AV, star from SED fitting and AV,Hii from
Balmer decrements for a small sample and find that the high-z objects are consistent with
the local universe Calzetti et al. (2000) prescription for extra dust attenuation. Additionally,
Wuyts et al. (2011b; 2013), Mancini et al. (2011) and Kashino et al. (2013) find the best
agreement between Hα SFRs and UV+IR/SED SFRs when extra attenuation is adopted,
either the same as the Calzetti et al. (2000) relation (Mancini et al. 2011; Wuyts et al. 2011b)
or a slightly lower ratio (Kashino et al. 2013; Wuyts et al. 2013). Kashino et al. (2013) also
measure the Balmer decrement and find the amount of extra attenuation is lower than the
Calzetti et al. (2000) relation.

These contrasting results may not be surprising, given the different and indirect methods
and/or small and biased samples of most studies. Direct measurements of a statistical sample
of distant galaxies are required to clarify these dust properties. This is now possible, as
new NIR instruments with multiple object spectroscopy capabilities are able to measure
the Balmer decrement for larger and more complete samples of high-redshift objects. In
particular, the Hubble Space Telescope’s WFC3/G141 grism filter provides slit-less spectra,
allowing for a non-targeted survey of a large number of high-redshift galaxies. The HST
grisms also avoid atmospheric near-IR absorption.

A number of surveys, including the 3D-HST survey (Brammer et al. 2012; van Dokkum
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et al. 2011), CANDELS (Koekemoer et al. 2011), and the WISP survey (Atek et al. 2010), have
taken advantage of the HST grism capabilities to survey high redshift galaxies. Domı́nguez
et al. (2013) were the first to use WFC3 grism data to make measurements of the Balmer
decrement on a large, non-targeted sample. However, as their sample was not drawn from
regions of the sky with existing deep photometric coverage, they were unable to examine
trends of dust versus integrated galaxy properties.

We present a statistical study of dust attenuation measured using the Balmer decrement
for a large, non-targeted sample of galaxies at z ∼ 1.5. Both rest-frame optical spectra and
deep photometry are available, allowing us to compare attenuation towards Hii regions with
the total integrated dust attenuation and other galaxy properties, including stellar mass and
SFR.

Throughout this paper we adopt a ΛCDM universe with Ωm = 0.3, ΩΛ = 0.7, and
H0 = 70 km s−1 Mpc−1.

2.2 Data

2.2.1 Observations and catalog
Our sample is drawn from the 3D-HST survey (Brammer et al. 2012), a Hubble Space

Telescope (HST) Treasury program adding ACS and WFC3 slit-less grism observations to
the well-covered CANDELS (Koekemoer et al. 2011) fields: AEGIS, COSMOS, GOODS-S,
and UDS. The 3D-HST data also include observations of the GOODS-N field from program
GO-11600 (PI: B. Weiner).

In this work we use the 3D-HST WFC3/G141 grism spectra, which cover 1.1µm < λ <
1.65µm. The raw grism dispersion is 46.5 Å pixel−1, but interlacing during data reduction
improves the dispersion to ∼23 Å pixel−1 (corresponding to about 10 restframe Å pixel−1 for
z ∼ 1.5). The G141 grism has a maximum resolution of R ∼ 130, corresponding to ∼ 110 Å
in the middle of our wavelength range.

The 3D-HST survey makes use of existing deep photometric coverage in each of the survey
fields, combining the grism spectra with multi-wavelength photometric data. The 3D-HST
photometric catalogs are discussed in detail in Skelton et al. (2014). This work uses version
2.1 of the photometric and grism catalogs.

A modified version of the Eazy code (Brammer et al. 2008) is used on the combined
grism spectra + photometry to measure the redshifts, emission line fluxes, and rest-frame U,
V, J fluxes of the individual 3D-HST galaxies. Stellar masses, integrated dust attenuation,
SFRs, and specific star formation rates (SSFRs) are determined by fitting stellar population
synthesis models to the photometric data using the FAST code (Kriek et al. 2009b). We use
a separate set of parameters than those used by Brammer et al. (2012), for reasons discussed
in Section 2.4.4. We use the Bruzual & Charlot (2003) stellar population synthesis models,
assuming a Chabrier (2003) stellar initial mass function, solar metallicity, an exponentially
declining star formation history with a minimum e-folding time of log10(τmin/ yr) = 8.5, a
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minimum age of 40 Myr, and an integrated dust attenuation AV between 0 and 4 assuming
the dust attenuation law by Calzetti et al. (2000).

Brammer et al. (2012) provide complete details on the 3D-HST survey data reduction
and parameter measurement procedure.

2.2.2 Sample selection
We select galaxies in the redshift range 1.36 ≤ z ≤ 1.5, for which Hα and Hβ are

generously covered by the G141 grism. In addition we impose a signal-to-noise ratio (SNR)
cut for Hα of SNR ≥ 5, to measure a decent line signal. We make no Hβ SNR cut, to avoid
biasing our sample against the dustiest galaxies.

We have a number of additional selection criteria, to ensure high quality of the spectra.
First, to avoid cases of line misidentification, the photometric-only and grism+photometry
redshifts (hereafter referred to as the grism redshifts) must have good agreement, i.e. |zphot−
zgrism| ≤ 0.2. Second, the contamination from other sources (which is an issue because of
the slit-less nature of the grism spectra) may not exceed 15%. Third, there must be grism
coverage of at least 95% and must include the Hα and Hβ lines. Fourth, no more than 50%
of the spectrum may be flagged as problematic (due to bad pixels or cosmic rays) during
reduction.

To study dust attenuation towards star forming regions, we do not want AGN to con-
taminate our emission lines. To reject AGN, we exclude any objects that have a detected
X-ray luminosity LX > 1042 erg s−1 (Bauer et al. 2002; Mendez et al. 2013; Rosario et al.
2013) by matching against the Chandra Deep Field North and South surveys (Alexander
et al. 2003; Xue et al. 2011) and the XMM-Newton serendipitous survey (Watson et al. 2009).
Furthermore we reject all objects that fall within the Donley et al. (2012) IRAC AGN region,
or that fall within the quiescent box in the UVJ diagram defined in Whitaker et al. (2012a)
(as the line emission likely originates from an AGN).

Finally, we visually inspect the grism spectra and photometry of the preliminary sample
to reject problematic objects (i.e. objects with incorrect line identification or poor quality
broadband photometry). Our final sample includes 163 galaxies. Figure 2.1 shows how our
sample compares to the full galaxy distribution at a similar redshift. The selected galaxies all
have relatively high SFRs, and lie along the “star-forming main sequence” (e.g., Daddi et al.
2007; Nelson et al. 2013; Noeske et al. 2007b; Whitaker et al. 2012b; Wuyts et al. 2011a).

2.2.3 Stacking
The spectra of individual galaxies in this sample are too noisy to yield a clear measurement

of the Balmer decrement, the ratio of the flux of Hα to Hβ (FHα/FHβ). Thus, we bin galaxies
by parameter (SED AV, SSFR, SFR, stellar mass) and stack the spectra before measuring
line fluxes.

Prior to stacking, we scale the spectra to match the photometry, as the spectra and
photometry have a slightly different slope for most galaxies. A linear correction for this effect
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Figure 2.1 : Sample characteristics relative to all 3D-HST galaxies in the same redshift range. The
left panel shows logM∗ vs. log SFR (from SED fitting) for all 3D-HST galaxies at 1.36 ≤ z ≤ 1.5.
The black circles indicate the sample selected for direct Balmer decrement measurements, consisting
of galaxies with a strong Hα detection (i.e. S/N ≥ 5). Colors indicate the stellar AV of the best-fit
SED models found using the grism spectra and the photometry, as described in Section 2.2.1. The
grey dashed lines show constant values of log SSFR. The right panel presents the rest-frame U-V and
V-J colors for all 3D-HST galaxies between 1.36 ≤ z ≤ 1.5 (in grey) and our sample (color-coded
by stellar AV bin). We discard any galaxies lying within the quiescent box (using the definition
from Whitaker et al. 2012a) from our sample, as the emission lines for these galaxies likely originate
from AGNs. In both panels, objects within the quiescent box of the UVJ diagram are shown as
grey squares, while star-forming objects are shown as circles.
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is calculated during the reduction stage, and we apply this linear correction to the individual
grism spectra. Individual spectra are also corrected for contamination from other sources
during the reduction process.

We adopt a uniform methodology for stacking spectra within a bin. First, we only use the
portion of the grism spectra that falls between 1.13µm and 1.65µm (observed wavelength)
to avoid noise at the edge of the grism coverage. Then the individual spectra are continuum
normalized by scaling the biweighted mean value of the flux between 5500−6000 Å (rest-frame)
to unity. The individual spectra are then interpolated onto a common rest-frame wavelength
grid.

The normalized, interpolated spectra are stacked at each wavelength. For each bin,
simulated spectra (N = 500) are generated by perturbing the individual spectra, assuming
that the flux errors are normally distributed, and then stacking the perturbed spectra using
the same procedure as above. The simulated spectra are used in determining the errors of
the emission lines (see Section 2.2.4).

The best-fit stellar population models are sampled over the same wavelength regime as
the original spectra and used as the continua. The best fits are stacked in the same way:
they are continuum normalized and interpolated onto a common rest-frame wavelength grid,
then averaged together. We then convolve the stacked continua models with the stacked line
profiles (discussed in Section 2.2.4) to match the resolution of the grism spectra.

To estimate the error in the continua, we perturb the photometry of an object and
determine the FAST best-fit model for each perturbation. This procedure is repeated a
number of times for each object. Within each bin, we randomly select a best-fit model to the
perturbed photometry for each object and stack to construct a simulated continuum. This
procedure is repeated 500 times, in order to create a continuum model for each simulated
spectrum, as discussed above. The average photometry and stacked best-fit models with
errors are shown in Appendix A.

Finally, we apply a second-order polynomial correction between the stacked grism spectra
and the stacked best-fit stellar population continua, to further correct for possible mismatches.
This small change corrects for otherwise uncharacterized differences across the grism spectra.
The corrected, stacked spectra and continua for the different bins are shown in Figure 2.2.

The adopted continuum normalization scheme leads objects with higher scaled Hα+[NII]
(see Section 2.2.4) fluxes to have more weight in our line stack. To correctly compare the
parameters from SED fitting (AV, star, stellar mass, SFR, SSFR) with values calculated from
the stacked lines, we compute the weighted average of each parameter. We use the scaled
Hα+[NII] fluxes as the individual objects’ weights. Errors on the average parameters are
estimated with bootstrapping.

2.2.4 Line measurement
To measure line fluxes for the stacked spectra, we subtract the convolved, stacked continua

from the tilt-corrected, stacked spectra. We then fit the emission lines in the resulting
spectra using least-squares minimization. For our sample’s redshift range, the grism spec-



2.2. DATA 13

Figure 2.2 : Stacked spectra for bins in stellar AV (top), logM∗ (second row), log SFR (third
row) and log SSFR (bottom). In each panel, the stacked spectrum is plotted in black, with the
continuum fit shown in red. The best-fit line measurements (from shortest to longest wavelength:
Hβ, [OIII]λλ4959, 5007 Å, blended Hα+[NII]λλ6548, 6584 Å, and [SII]λλ6717, 6731 Å) are shown in
orange. The additional continuum correction is done by fitting the portions of the spectra within
the shaded grey regions.



2.2. DATA 14

tra have rest-frame coverage of the following spectral lines: Hβ, [OIII]λλ4959, 5007 Å, Hα,
[NII]λλ6548, 6584 Å, and [SII]λλ6717, 6731 Å. However, the resolution of the grism data is in-
sufficient to separate the Hα and [NII] lines, so we measure the blended Hα+[NII]λλ6548, 6584 Å
line.

The grism line shapes are not well described by gaussian profiles. Because the spatial
resolution of the WFC3 detector (∼0′′.13 pixel−1) is much greater than the spectral resolution,
the spectral line profiles are dominated by the object shapes. Thus, for each object the line
profile is measured by summing the direct image from F140W or F160W over the spatial
direction, which is perpendicular to the dispersion direction. The composite line profiles are
created by flux-normalizing the individual profiles, multiplying each profile by the object’s
scaled Hα+[NII] flux (described in Section 2.2.3), and finally averaging. This method yields a
composite profile with the same effective weighting of the objects as results from the spectrum
stacking method. Finally, we scale the profile width to match the width of Hα+[NII], yielding
the line profile template for each stack. The grism spectra have roughly constant spectral
resolution. Thus for each line, we scale the line profile width by λline/λHα.

Lines in a spectrum may not have the same profile, possibly due to dust, age gradients,
or AGN contribution (e.g., Wuyts et al. 2012). However, the line fits obtained while using
the same line profile (with appropriate width and amplitude scaling) match the data very
well, suggesting that assuming a single profile for a stack is a reasonable approximation.

Because of the low spectral resolution of the grism spectra, we simultaneously fit the
[OIII] doublet and Hβ, and similarly the blended Hα+[NII] line and the [SII] doublet. We
fix the line ratio between [OIII]λ5007 Å and [OIII]λ4959 Å to 3:1 to reduce the number of
degrees of freedom in our fit, and we fix the redshift of all lines to the value measured for Hα.

We compute the emission line fluxes and ratios from the best-fit line profile parameters.
The errors on the line fluxes and ratios are estimated using the simulated stacked spectra
and continua. For each simulation we measure the best-fit line fluxes and ratios in a similar
fashion as for the real stacked spectrum. The errors on the line fluxes and ratios are calculated
from the resulting distributions. The best-fit line measurements for our stacks are shown in
Figure 2.2.

[NII] correction

To measure the Balmer decrement, we need to correct the blended Hα+[NII] line for the
[NII] contribution. We use the stellar mass versus [NII]λ6584/Hα relation measured in Erb
et al. (2006a) for galaxies at z ∼ 2, as our sample covers a similar range of masses and SFRs,
and is close in redshift.

In Erb et al. (2006a) the stellar masses are calculated using the integrated SFH, while we
use the current stellar mass. For the galaxies in our sample, which are all reasonably young,
the mass from the integrated SFH is about 10% higher than the current stellar mass. We
use this estimate to scale down the masses given by Erb et al. to match our stellar mass
definition.

We interpolate the values Erb et al. report in Table 2 to estimate the ratio of [NII]λ6584/Hα
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given the weighted average stellar mass in each bin. We assume an intrinsic line ratio of 3:1
between [NII]λ6584 and [NII]λ6548 to scale this ratio to include the second [NII] line. We use
the resulting ratio to calculate the Hα flux in each stack. We do not include the systematic
errors in the [NII]/Hα ratio in our flux errors.

2.3 Dust attenuation compared with galaxy
properties

2.3.1 Measuring dust attenuation towards star-forming regions
The Balmer decrement, Hα/Hβ, lets us determine the amount of dust attenuation towards

star-forming regions by comparing the measured ratio with the expected line ratio given the
physical conditions of the region. We assume that the Hii region has a temperature T = 104 K,
an electron density of ne = 102 cm−3, and that the ions undergo case B recombination. These
assumptions result in an intrinsic ratio of (Hα/Hβ)int = 2.86 (Osterbrock & Ferland 2006).
We assume the reddening curve k(λ) of Calzetti et al. (2000), which gives us

E(B− V) = 1.97 log10

[
(Hα/Hβ)obs

2.86

]
. (2.1)

We combine this expression with RV ≡ AV/E(B− V), assuming the value RV = (4.05±0.80)
from Calzetti et al. (2000) to calculate the attenuation AV,Hii from the Hα and Hβ flux
measured for each stack.

2.3.2 Integrated stellar AV

We first investigate AV,Hii in bins of AV, star, to better constrain the currently contested
relationship between the integrated dust content and the dust associated with SF regions
for high-redshift galaxies. We choose bins of AV, star to probe the full range of integrated
stellar dust attenuation in our sample, from low to medium to high attenuation. We stack
the spectra in these bins and measure AV,Hii on the stack using the relations given in Section
2.3.1. The results are shown in Figure 2.3.

We perform a least-squares ratio fit to the data. The best-fit relation, assuming RV is the
same for the stellar continuum and the Hii regions, is

AV,Hii = 1.86+0.40
−0.37 AV, star, (2.2)

indicating that on average AV,Hii is 1.86 times higher than AV, star in star-forming galaxies
at z ∼ 1.5. This is a slightly lower amount of extra attenuation than the ratio of 2.27
which Calzetti et al. (2000) find for low redshift star-forming galaxies, but our data are not
statistically different from the Calzetti et al. (2000) relation. The data are inconsistent with
the assumption of no extra dust attenuation towards star-forming regions and are inconsistent
with a constant value at the σ = 1.2, 1.7 levels, respectively.
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Figure 2.3 : Weighted average of individual AV, star vs. AV,Hii measured from the spectra stacked in
bins of AV, star, shown in the top panel of Fig 2.2, both corrected (black circles) and uncorrected
(open grey circles) for [NII] contamination. The size of the data points corresponds to the fraction of
the scaled Hα+[NII] flux in each bin. Bins without a significant detection (≥ 2σ) of Hβ are shown
as 2σ lower limits. The AV, star errors shown are the 1σ scatter within the bins. The black line
shows the best-fit line to our [NII] corrected values, which has a slope of 1.86. The fit error is shown
with the shaded grey region. The best-fit indicates there is extra attenuation towards emission line
regions. The data are consistent with the ratio of AV,Hii to AV, star from Calzetti et al. (2000) (blue
dashed line), Wuyts et al. (2013) (purple dotted line), and both relations found by Kashino et al.
(2013) (green long dash, dash-dot lines). The data are inconsistent with the assumption of no extra
dust attenuation towards emission line regions (orange dash-dot-dot line).
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Figure 2.4 : AV measurements for bins in logM∗, log SFR and log SSFR. The top row shows AV, star
and AV,Hii vs. the binned parameters. The middle row shows the difference between emission and
stellar AV (AV, extra) vs. the binned parameters. The orange dash-dot-dot line shows the case of
no extra attenuation towards star-forming regions. The bottom row shows the ratio of AV,Hii to
AV, star vs. the binned parameters. The blue dashed and orange dash-dot-dot lines in the third row
are the ratio between emission AV and stellar AV used in Calzetti et al. (2000) and the case of no
extra attenuation towards star-forming regions, respectively. The size of the data points is described
in Fig. 2.3. The errors in logM∗, log SFR and log SSFR are the 1σ scatter within the bins. In the
right panel the black dotted line shows the best-fit relation of AV, extra = AV,Hii −AV, star vs. log
SSFR, with the fit errors shown with the shaded grey region.



2.3. DUST ATTENUATION COMPARED WITH GALAXY PROPERTIES 18

The data are consistent with the results by Wuyts et al. (2013), who find an average
relation between AV, star and AV, extra = AV,Hii − AV, star for galaxies at 0.7 ≤ z ≤ 1.5. Their
relation (shown in Figure 2.3 by the dotted purple line) is the dust attenuation required
for agreement between Hα SFRs and UV+IR SFRs, or if there was no IR detection, SED
SFRs. Our data are also consistent with the relations Kashino et al. (2013) find by comparing
UV and Hα SFR indicators (green dash-dot line) and measured from the Balmer decrement
(green long dash line).

We also show the results without correcting the Hα flux for [NII] (open grey circles). These
points overestimate the amount of AV,Hii relative to AV, star, demonstrating the necessity of
correcting for [NII] when measuring the attenuation of the star-forming regions using grism
data.

However, it is important to note that there may be considerable scatter in the AV, star and
AV,Hii values for individual galaxies, so this result only holds on average for a collection of
galaxies.

2.3.3 Stellar mass, SSFR, and SFR
In this section we probe the change in dust properties over bins of stellar mass, SSFR,

and SFR. We select bin boundaries for each of these properties to distribute the number of
galaxies as equally as possible between the bins.2

The left panels of Figure 2.4 show the results for the stacks in stellar mass, including the
measured AV,Hii and weighted average AV, star (top) and the difference between AV,Hii and
AV, star (AV, extra, middle) as a function of stellar mass. We also plot the ratio AV,Hii/AV, star
(bottom) to facilitate comparison with previous studies.

We see an increase in both AV, star and AV,Hii with increasing stellar mass, inconsistent
with a constant value at the σ = 12, 1.2 levels, respectively. The plot of AV, extra shows a
roughly constant amount of extra attenuation with mass. The data are consistent with a
constant value of AV, extra. The ratio AV,Hii/AV, star is consistent with the value found by
Calzetti et al. (2000) for all mass bins.

The results for stacks in SFR are shown in the center panel of Figure 2.4. Both AV, star
and AV,Hii show an increase with SFR, at the σ = 4.3, 1.0 levels, respectively. AV, extra is
consistent with no trend with SFR. As before, we show the ratio AV,Hii/AV, star for direct
comparison with past work. On average, the ratio is below the value found in Calzetti et al.
(2000).

The results for stacks in SSFR are shown in the right panel of Figure 2.4. Both AV, star
and AV,Hii decrease with increasing SSFR, and are inconsistent with a constant value at the
σ = 3.2, 1.2 levels, respectively.

We also find a slight decreasing trend in AV, extra with SSFR, however this trend is not
significant as the difference between the data and a constant value is only σ = 0.7. Again, we

2The SED parameters are sampled from a discrete array, which sometimes results in a large number of
objects with the same parameter value.
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show the ratio AV,Hii/AV, star for comparison. Our ratio is consistent with the Calzetti et al.
(2000) value for the lowest two SSFR bins, while our ratio for the highest SSFR bin is lower.

Interestingly, AV, extra is most strongly correlated with SSFR, rather than stellar mass or
SFR. We perform a least-squares linear fit to AV, extra vs. log SSFR, using an offset in log
SSFR to avoid correlated intercept and slope errors. We find a best-fit relation of

AV, extra = 0.48+0.41
−0.32 − 1.25+0.87

−0.91

[
log10(SSFR/yr−1) + 9.13

]
. (2.3)

This possible trend could be explained by the two-component dust model, as we discuss in
Section 2.4.1.

2.4 Discussion

2.4.1 Physical interpretation
The observed extra attenuation towards emission-line regions, and the decrease in the

amount of extra attenuation with increasing SSFR, are consistent with a two-component dust
model (e.g., Calzetti et al. 1994; Charlot & Fall 2000; Granato et al. 2000; Wild et al. 2011).
This model assumes there is a diffuse (but possibly clumpy) dust component in the ISM that
affects both the older stellar populations and star-forming regions, as well as a component
associated with the short-lived stellar birth clouds that only affects the stars within those
regions.

For galaxies with the highest SSFRs, the continuum light is dominated by young, massive
stars. These massive stars would predominately still reside in the birth clouds. So for the two-
component model, both the emission lines and the continuum features would be attenuated by
both the birth cloud and the diffuse dust components, resulting in AV,Hii ≈ AV, star. Galaxies
with lower SSFRs would have a smaller continuum contribution from massive stars, so more
of the continuum light would come from stars only attenuated by the diffuse dust, resulting
in AV,Hii greater than AV, star. These different cases are illustrated in Figure 2.5.

We compare our results with those of Wild et al. (2011) for local galaxies. They also
find increasing amounts of extra attenuation with decreasing SSFRs, in agreement with the
trend we observe. Wild et al. find higher amounts of extra attenuation than we do, but the
average SSFRs of their sample are lower than for our sample. The two-component dust model
naturally explains this difference, based on the dependence of extra attenuation on SSFR as
discussed above. This model may also explain the higher amount of extra attenuation found
by Calzetti et al. (2000) if their sample has higher average SSFRs than our sample.

The two-component dust model could also explain the discrepancies found between
different high-redshift studies, if the samples consist of galaxies with different ranges in
specific SFR. For example, the Kashino et al. (2013) SFR-M∗ relation implies a higher average
SSFR than our sample, and they find a lower amount of extra attenuation. Erb et al. (2006a)
find evidence for no extra attenuation, but the average SSFR is higher than for the Kashino
et al. sample.
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High Specific SFR Galaxy Low Specific SFR Galaxy

Av,stars ≈ Av, HII Av,stars < Av, HII

Figure 2.5 : Illustration of the two-component dust model in galaxies with high (left panel) and
low (right panel) specific SFRs. The yellow regions indicate the diffuse dust component in the ISM.
The red regions indicate the dust component associated with the short-lived stellar birth clouds.
The large blue stars show the young, massive stars which mostly are found in the birth clouds. The
small red stars show the less massive stars (both young and old), which are found both within
the birth clouds and elsewhere. For galaxies with higher specific SFRs, we expect the continuum
light to be dominated by the young, massive stars in the birth clouds, so both the continuum and
emission lines are attenuated by both dust components. Galaxies with lower specific SFRs would
have a higher contribution to the continuum emission from less massive stars, which generally reside
outside the birth clouds and are only attenuated by the diffuse dust component, while the emission
lines are still attenuated by both dust components. Thus this leads to larger differences between
AV, star and AV,Hii.
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Our explanation for the trend between extra AV and SSFR was previously mentioned by
Wild et al. (2011). They suggest that the trend may alternatively be caused by a decline in
diffuse dust with decreasing SSFR. However, we observe that AV, star increases slightly with
decreasing SSFR, so we do not expect a decline in diffuse dust with decreasing SSFR.

In absolute terms, we find that AV,Hii increases with mass and SFR, and decreases with
SSFR. As stellar mass and SFR are correlated, the trend of increasing dustiness with SFR and
mass could share the same cause. The trend of increasing AV, star and AV,Hii with decreasing
SSFR could also share the same cause, as the SSFR decreases slightly with increasing mass
both in the local universe (Brinchmann et al. 2004) and at higher redshifts (Damen et al.
2009; Elbaz et al. 2007; Noeske et al. 2007b; Whitaker et al. 2012a; Zheng et al. 2007). As the
trends of AV, star and AV,Hii with increasing mass are the strongest, it is likely that mass is
the key property. This finding may be explained by the fact that more massive star-forming
galaxies have higher gas-phase metallicities (Erb et al. 2006a; Tremonti et al. 2004).

We do note that we assume a fixed attenuation law in our work. Recent work (e.g., Buat
et al. 2012; Kriek & Conroy 2013; Wild et al. 2011) shows that the dust attenuation curve
varies with SSFR. As the origin of these observed trends are not well understood, and this
variation may be the consequence of age-dependent extinction in a two-component dust model,
we have decided to use the same dust law for the derivation of the two dust measurements.
However, we cannot rule out the possibility that variations in the dust attenuation law may
have impacted the trends found in this work.

2.4.2 Dust attenuation vs. axial ratio
The two-component dust model also predicts a dependence of dust attenuation properties

on the axial ratio. Under this model, the amount of dust attenuation from the stellar birth
clouds is similar in face-on or edge-on systems, while the longer path length in edge-on
systems results in a larger overall AV, star and a smaller amount of extra attenuation towards
the star-forming regions. Wild et al. (2011) find evidence for the two-component model from
the trends of attenuation with axial ratio for objects in the local universe.

The spatially resolved WFC3 images yield excellent axial ratio measurements. However,
the axial ratio distribution for our sample is heavily biased towards face-on systems. The
more edge-on systems may be dustier, so our selection criteria likely introduce this bias
against edge-on systems. It might also be that our sample objects are not disk-like galaxies.
Because of sample incompleteness and the small range in axial ratios, we are unable to test
the two-component model using the inclinations of the galaxies.

2.4.3 Comparison of results for AV,HII vs. stellar mass
A number of past studies have measured Balmer decrements (and often AV,Hii) versus

stellar mass (Domı́nguez et al. 2013; Kashino et al. 2013; Momcheva et al. 2013; van Dokkum
et al. 2005). Other studies have employed different methods of measuring AV,Hii versus stellar
mass. These methods include comparing LIR to LHα as by Ibar et al. 2013, or calibrating
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Figure 2.6 : AV,Hii vs. stellar mass comparison between this work and past studies. The filled data
(this work; Domı́nguez et al. 2013; Kashino et al. 2013; Momcheva et al. 2013; van Dokkum et al.
2005) indicate direct measurements of AV,Hii using Balmer decrements, while the open data indicate
AV,Hii measured with a different method that is calibrated using Balmer decrements. The dashed
line gives the median relation derived by Garn & Best (2010) using SDSS star-forming galaxies.
With the exception of the single object from van Dokkum et al. (2005) (combined with information
from Kriek et al. 2006), all other data are the result of stacks (using various stacking schemes, both
mean and median) or are mean (Momcheva et al. 2013, combined with stacking) or median values
(Garn & Best 2010; Sobral et al. 2012) from samples.
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[OII]/Hα ratio as an alternate to Balmer decrements as by Sobral et al. 2012. We compare
our results with their findings in Figure 2.6. As necessary, we convert stellar masses derived
using a Salpeter or Kroupa IMF to match our assumption of a Chabrier IMF using the
relations given in Equations 12 and 13 of Longhetti & Saracco (2009).

The collection of results over a range of redshifts makes it tempting to speculate that
there is no redshift evolution in the mass-AV,Hii relation. However, the current data are not
conclusive. First, there is incompleteness at all masses. Second, the measurements of AV,Hii
are not necessarily equivalent.

The samples of Domı́nguez et al. (2013) and Kashino et al. (2013) are similar to ours in
redshift and method (stacking) for measuring AV,Hii. Concerning the work by Domı́nguez
et al. (2013), we first note that their sample contains fewer objects than our sample. Second,
we have a broad range of deep photometric coverage for our objects, which reduces the errors
in our masses taken from SED modeling. We also do not combine measurements between
different grisms, to avoid possible normalization mismatches affecting line fluxes. Compared
with Kashino et al. (2013), our sample is larger and on average has slightly lower SSFRs.
The trend we observe between AV,Hii and SSFR shows that the average AV,Hii decreases
with increasing SSFR, which explains why their values of AV,Hii are lower (though consistent
within the errors) than what we measure for similar masses.

2.4.4 Implications for Hα SFR compared with SED SFR
With our measurements of dust attenuation towards Hii regions, we can for the first time

directly measure Hα SFRs for a large sample of z ∼ 1.5 galaxies. We calculate the Hα SFRs
using the relation from Kennicutt (1998) converted to a Chabrier (2003) IMF. Hα fluxes are
taken from the stacks in SED SFR, and are converted to physical units by comparing the
flux of the stack with the weighted average (see Section 2.2.4) of the individual objects’ Hα
fluxes, each corrected for [NII]. The luminosity distance is taken as the weighted average of
the individual objects’ luminosity distances. We then use the Hα SFRs to test the much
more debated SED SFRs.

The comparison of SFR indicators is shown in Figure 2.7. The Hα SFRs are compared to
the weighted average of SED SFRs derived assuming an exponentially decaying SFH and
a minimum e-folding time of log10(τmin/ yr) = 8.5 (shown as filled black circles). For these
parameters, the SED SFR values underestimate the Hα SFRs, and are inconsistent at the
∼ 1.5σ level. However, if a shorter decay time of log10(τmin/ yr) = 7 (open red squares) is
adopted, the SED SFRs are low and inconsistent with the Hα SFRs at the ∼ 4σ level. Thus
for our sample, SED SFRs derived with log10(τmin/ yr) = 8.5 are more in line with the Hα
SFRs.

This is in general agreement with the work of Wuyts et al. (2011b). They compare UV+IR
and SED SFRs and find good agreement between the SFR indicators for log10(τmin/ yr) = 8.5,
but when a shorter time of log10(τmin/ yr) = 7 is adopted, they find that the SED SFRs
underestimate the true SFRs. Reddy et al. (2012) also compare UV+IR SFRs with SED
SFRs. However, instead of using a longer τmin for a decreasing SFH, they find the SED SFRs
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Figure 2.7 : Comparison between measured Hα SFRs (Kennicutt 1998) and the SED SFRs. The
two sets of SED SFRs differ only in the choice of the minimum star formation e-folding timescale,
τ : log10(τ/ yr) ≥ 7.0 (open red squares) and log10(τ/ yr) ≥ 8.5 (closed black circles). (The dashed
black line shows equal Hα SFRs and SED SFRs.) The Hα SFRs agree better with the SED SFRs
calculated with the higher τmin, which is similar to previous findings that setting τmin ∼ 300 Myr
yields the most reasonable SED fits for star-forming galaxies. (See Section 2.4.4 for a full discussion.)
The errors in log SED SFR are the 1σ scatter within the bins.
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agree with UV+IR SFRs when increasing SFHs are adopted.
The SFR indicators may also differ because they probe different stellar mass ranges, and

thus different star formation timescales. The Hα SFRs depend on OB stars, so are averaged
over ∼ 10 Myr, while SED SFRs are limited by the discrete nature of SED fitting and
depend on the UV flux from O, B and A stars, which live longer. These timescale differences
could cause discrepancies for galaxies with episodic or rapidly increasing or decreasing SFHs.
However, as we stack multiple objects and thus average over many SFHs, we expect that the
timescale differences should not significantly influence the measured SFRs.

2.4.5 AGN contamination
As discussed in Section 3.2.2, we use a number of methods to reject AGNs from our

sample. However, as almost all individual objects do not have sufficient line SNRs, and more
importantly we do not have separate [NII] and Hα measurements, we cannot use a BPT
(Baldwin et al. 1981) diagram to distinguish whether the line emission originates from star
formation or AGN.

After stacking, there is sufficient line SNR to place the binned values in the BPT and
alternative diagrams, which we show in Figure 2.8. These diagrams allow us to assess if there
is AGN contamination in the stacks. We use the data from the stacks in stellar mass in these
diagrams.

In the left panel, we show the traditional BPT diagram: [NII]/Hα vs. [OIII]/Hβ. Included
are the theoretical limit for star-forming (SF) galaxies from Kewley et al. (2001) (dashed line)
and the more conservative empirical division between SF galaxies and AGN by Kauffmann
et al. (2003b) (dashed-dot line), both of which are derived for galaxies at z ∼ 0. The SDSS
DR7 galaxies (Abazajian et al. 2009) are divided into three categories based on these dividing
lines: SF galaxies (blue contours), composite (green contours), and AGN (red contours).
These same group definitions are used in the alternate BPT diagrams (middle and right of
Figure 2.8). Because we do not measure [NII] directly (instead inferring a value as described in
Section 2.2.4), we cannot use the traditional BPT diagram as a post-analysis check. Instead,
we show that our inferred [NII]/Hα ratios and the observed [OIII]/Hβ ratios, shown as open
grey circles, are consistent with values for SF galaxies. However, in agreement with other
observational (e.g., Liu et al. 2008; Shapley et al. 2005) and theoretical studies (Kewley et al.
2013) of distant galaxies, the data points are moved slightly up (and possibly to the right) in
the BPT diagram compared to the average values found in the local star-forming sequence.

An alternate BPT diagram is [SII]/Hα vs. [OIII]/Hβ. However, Hα is not a directly
measured quantity, so using the deblended Hα values makes it impossible to detangle the
assumptions of the [NII] correction with the possible presence of AGN. Instead, we make an
alternate diagram with only directly measured quantities: [SII]/(Hα+[NII]) vs. [OIII]/Hβ,
which we show in the middle panel of Figure 2.8. There is significant overlap between the
different categories of SDSS galaxies, so we are unable to discriminate between SF galaxies
and AGN using combinations of blended emission lines.

A final alternate to the BPT diagram, the Mass-Excitation (MEx) diagram (Juneau et al.
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Figure 2.8 : Left: Traditional BPT (Baldwin et al. 1981) diagram used to identify the ionizing
mechanism for optical emission lines. The dashed line is the theoretical limit between star-forming
(SF) galaxies and AGN, as derived in Kewley et al. (2001), and the dashed-dot line is the empirical
division derived in Kauffmann et al. (2003b) for galaxies in the SDSS. The color contours represent
SDSS galaxies, divided into three regions according to these dividing lines. The darker, thicker
lines enclose 68% of the population, while the lighter, thinner lines enclose 95%. The grey open
points represent our stacked spectra (in bins of M∗), with the [NII]/Hα measurement inferred from
the average stellar masses (i.e. not directly measured from the data.) Middle: alternative BPT
diagram, using the blended lines observed with the grism. Color contours correspond to the SDSS
galaxies in the left panel. The black circles show the measurements from our stacked spectra. This
panel illustrates that the combination of blended emission lines does not enable us to discriminate
between SF galaxies and AGN. Right: the Mass-Excitation (MEx) diagnostic from Juneau et al.
(2011), where the solid lines are the empirical divisions between SF galaxies and AGN, valid for
z < 1 galaxies. Our stacked spectra (black circles) lie on the dividing line between the SF and AGN
regions of the diagram. Recently Newman et al. (2014) have shown that high redshift SF galaxies
tend to be offset to the right from lower redshift SF galaxies in this diagram. We also apply the
empirical correction they derive for z ∼ 2 galaxies (open grey circles) to better compare our sample
to the z ∼ 0 MEx divisions. (See Section 2.4.5 for more discussion.)
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2011), is useful as we directly measure the necessary lines ([OIII] and Hβ) and derive stellar
mass with SED fitting, which we show in the right panel of Figure 2.8. The solid black
lines are their empirical divisions between SF, composite, and AGN, which are valid up to
z ∼ 1. We include the SDSS categories, using stellar masses from the MPA/JHU value-added
catalogs (Kauffmann et al. 2003b), to demonstrate that while the separation is not as clean
as the traditional BPT diagram, it does separate SF galaxies from AGN in the local universe.
Our data are consistent with the SF region as defined by Juneau et al. (2011), though the
data do lie on the division boundary. However, work by Newman et al. (2014) at z ∼ 2 has
shown that the low redshift empirical divisions in the MEx diagram incorrectly classify z ∼ 2
SF galaxies as AGN. They use the shift in the mass-metallicity relation between z ∼ 0 and
2 to derive a shift to lower mass to bring the high-z values into agreement with the z ∼ 0
MEx diagram (see Fig. 14 of Newman et al. 2014). This empirical correction (shown as open
grey circles in the right panel of Figure 2.8) shifts our data securely into the SF region of the
diagram. These diagnostics demonstrate that there is likely not much AGN contamination to
the line emission in our sample.

2.4.6 [NII] contamination
One of the largest sources of uncertainty in this analysis is our correction for [NII] in our

measurement of Hα from the blended Hα+[NII] line. Figure 2.3 demonstrates how much our
results change when we do not correct for [NII]. We use the relation between [NII]/Hα and
stellar mass by Erb et al. (2006a) as a way of detangling the blended lines. We infer the [NII]
contribution from the weighted average mass of each stack. Because the two samples have
similar masses and SFRs, and are close in redshift, the average sample properties should be
fairly similar. Still, the use of this relation may introduce bias into our results.

However, our gas phase metallicities may be different from those of Erb et al. (2006a), due
to slight differences in redshift, mass or (S)SFR, which could affect both the slope and scaling
of the [NII]/Hα relation. Such trends have been proposed by Mannucci et al. (2010), in the
form of the fundamental metallicity relation (FMR). The FMR suggests that metallicity
depends on both stellar mass and SFR.

We repeat our analysis using the FMR in conjunction with the Maiolino et al. (2008)
[NII]/Hα metallicity calibration as an alternative way of calculating the [NII] correction.
This allows us to test whether the trend of AV, extra versus SSFR may be due to a variation
in [NII]/Hα with SFR. If the FMR is adopted, the AV,Hii values are slightly lower than the
AV,Hii values derived using the Erb et al. (2006a) values, which reduces the strength of the
trend of AV, extra with SSFR. In this case, the relation we observe between AV, extra and SSFR
is weaker than the trend presented in Section 2.3.3, and is consistent with no trend, as the
difference is only σ = 0.4. However, the data are still suggestive of a possible decreasing
trend of AV, extra with SSFR, which would imply the signal is not entirely caused by trends
with metallicity.

It is also possible that there is some AGN contamination at the highest masses (Kriek
et al. 2007), which would also result in an underestimate of the [NII] fraction. In most cases,
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our corrected Hα flux would be higher than the true value, leading to an overestimate of
AV,Hii.

We use the mass-[NII]/Hα relation presented in Erb et al. (2006a) for our analysis over
the FMR due to uncertainty about metallicity relations at high redshifts. First, the FMR
is still not well tested at these redshifts (Cullen et al. 2014). Second, recent work has also
questioned whether [NII]/Hα correlates with metallicity at these redshifts (Kulas et al. 2013;
Newman et al. 2014). Erb et al. (2006a) present direct measurements of [NII]/Hα, which
allows us to avoid systematic problems with metallicity calibrations.

2.4.7 Incompleteness and other systematic uncertainties
One of the strengths of our analysis is that we draw a sample from a non-targeted grism

survey, with sample cuts designed to avoid bias as much as possible. However, bias and
incompleteness most likely still affect our sample.

The dustiest star-forming galaxies have very attenuated Hα fluxes. Our Hα SNR selection
cut, designed to avoid adding noise to our analysis, introduces bias against galaxies with
large AV,Hii. This bias affects the high mass, high SFR end of the sample, as these objects
have the largest AV. As lower mass, lower SFR galaxies tend to have lower Hα luminosities,
the Hα SNR cut will also exclude objects with the largest AV values in that mass range.

Our continuum normalization scheme also introduces bias into our analysis. We adopt a
normalization scheme to improve the signal of our stack, but the cost is that some objects
have much higher scaled Hα fluxes, and thus they dominate our stacks. This biases our
results towards those objects with higher Hα equivalent widths in a given bin. Because the
line measurements are biased based on the Hα flux, we take the weighted average of the
continuum values within a bin to ensure a fair comparison. However, if we instead used a
non-weighted average for AV, star, the AV, star vs. AV,Hii relationship does not change much.

2.5 Summary
In this paper, we investigate dust attenuation in z ∼ 1.5 star-forming galaxies using data

from the 3D-HST survey. We measure both the dust towards Hii regions, using Balmer
decrements, and the integrated dust properties, using SED modeling. We find that there is
extra attenuation towards star-forming regions. On average the total attenuation of these
regions, AV,Hii, is 1.86 times the integrated dust attenuation, AV, star.

However, the amount of extra attenuation is not the same for all galaxies. We find that
the amount of extra attenuation decreases with increasing SSFR, in agreement with the
results by Wild et al. (2011) for low-redshift galaxies. Our findings are consistent with the
two-component dust model, which assumes there is a diffuse dust component in the ISM and
a dust component associated with the short-lived stellar birth clouds. For galaxies with high
SSFR, the stellar light will be dominated by continuum emission from the younger stellar
population in the birth clouds, resulting in similar attenuation toward the line and continuum
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emission. For more evolved galaxies, much of the stellar light will only be attenuated by the
diffuse ISM, leading to larger discrepancies between the two dust measures. The observed
trend of AV, extra with SSFR may be affected by uncertainties in the [NII] correction and
possible dust attenuation law variations. Future work is necessary to determine what role
these effects have on the relation between AV, extra and SSFR.

Similar to previous studies (Förster Schreiber et al. 2009; Kashino et al. 2013; Wuyts
et al. 2011b, 2013; Yoshikawa et al. 2010), we find less extra attenuation in distant galaxies
than is found in the local universe (Calzetti et al. 2000). This effect can also be explained by
the two-component model, as lower redshift objects tend to have lower SSFRs than higher
redshift galaxies (e.g., Fumagalli et al. 2012; Noeske et al. 2007a; Whitaker et al. 2012b).

We find that both AV,Hii and AV, star increase with increasing SFR and stellar mass, and
decreasing specific SFRs. However, our data are biased against the dustiest objects, which
may affect these trends. We also observe there to be little redshift evolution in the AV,Hii-M∗
relation, although uncertainties and incompleteness makes it impossible to make a definite
claim.

Using the Balmer decrements, we calculate dust-corrected Hα SFRs to test the accuracy
of SFRs derived from SED fitting. We find better agreement between the SFR indicators if
short SFH decay times are not allowed and the constraint log10(τ/yr) ≥ 8.5 is used. This
generally agrees with the results of past studies comparing UV+IR and SED SFRs (Wuyts
et al. 2011b) or Hα and SED SFRs (Wuyts et al. 2013). However, even with this constraint
the SED SFRs slightly underestimate the Hα SFRs.

We note that our results are slightly impacted by incompleteness and systematic uncer-
tainties. First, we employ SNR cuts on Hα to ensure quality data, which likely results in
incompleteness of the dustiest galaxies. Second, to obtain significant Hβ detections, we stack
spectra, and thus our normalization scheme or incorrectly measured integrated properties
could impact our measurements.

Most of these issues can be overcome with future observations by a number of new multi-
object near infrared spectrographs on 8-10 m class telescopes, among which is MOSFIRE on
Keck (McLean et al. 2010). These instruments have higher spectral resolutions, which will
avoid blended lines. They will also allow for deeper measurements, which will yield more
accurate Balmer decrements of individual objects as well as allowing for investigation of dust
to higher AV limits. Additionally, including rest-frame mid- and far-IR data in future work
will ensure more accurate values of AV, star. Better measurements of AV,Hii and AV, star are
necessary to better constrain the geometric distribution of dust in high redshift galaxies and
the effects of the dust-to-star geometry on dust attenuation.
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Chapter 3

The MOSDEF Survey: Dynamical
and Baryonic Masses and Kinematic
Structures of Star-Forming Galaxies
at 1.4 ≤ z ≤ 2.6

We present Hα gas kinematics for 178 star-forming galaxies at z ∼ 2 from the MOSFIRE
Deep Evolution Field survey. We have developed models to interpret the kinematic mea-
surements from fixed-angle multi-object spectroscopy, using structural parameters derived
from CANDELS HST/F160W imaging. For 35 galaxies we measure resolved rotation with a
median (V/σV,0)RE

= 2.1. We derive dynamical masses from the kinematics and sizes and
compare them to baryonic masses, with gas masses estimated from dust-corrected Hα star
formation rates (SFRs) and the Kennicutt-Schmidt relation. When assuming that galaxies
with and without observed rotation have the same median (V/σV,0)RE

, we find good agreement
between the dynamical and baryonic masses, with a scatter of σRMS = 0.34 dex and a median
offset of ∆ log10M = 0.04 dex. This comparison implies a low dark matter fraction (8% within
an effective radius) for a Chabrier initial mass function (IMF), and disfavors a Salpeter IMF.
Moreover, the requirement that Mdyn/Mbaryon should be independent of inclination yields a
median value of (V/σV,0)RE

= 2.1 for galaxies without observed rotation. If instead we treat
the galaxies without detected rotation as early-type galaxies, the masses are also in reasonable
agreement (∆ log10M = −0.07 dex, σRMS = 0.37 dex). The inclusion of gas masses is critical
in this comparison; if gas masses are excluded there is an increasing trend of Mdyn/M∗
with higher specific SFR (SSFR). Furthermore, we find indications that V/σ decreases with
increasing Hα SSFR for our full sample, which may reflect disk settling. We also study
the Tully-Fisher relation and find that at fixed stellar mass S0.5 =

(
0.5V 2

2.2 + σ2
V,0

)1/2
was

higher at earlier times. At fixed baryonic mass, we observe the opposite trend. Finally, the
baryonic and dynamical masses of the active galactic nuclei in our sample are also in excellent



3.1. INTRODUCTION 32

agreement, suggesting that the kinematics trace the host galaxies.1

3.1 Introduction
In the local universe, most massive star-forming galaxies have traditional Hubble-type

morphologies and relatively smooth and thin stellar disks (e.g., Blanton & Moustakas 2009).
These disks are thought to form from the cooling of baryons within dark matter halos (White
& Rees 1978, Fall & Efstathiou 1980, Blumenthal et al. 1984, White & Frenk 1991). Galaxy
formation models (both semi-analytic models, e.g. Dalcanton et al. 1997; Mo et al. 1998, and
hydrodynamic simulations, e.g. van den Bosch 2001; Governato et al. 2007; Dutton 2009) are
able to reproduce realistic local disk galaxies. However, testing these specific models requires
direct observations of galaxies throughout cosmic time.

Over the past two decades, technological advances have enabled observations that provide
new insights into the nature of star-forming galaxies at intermediate and high redshifts,
in particular due to the combination of high-resolution multi-wavelength imaging with the
Hubble Space Telescope (HST) and near-infrared integral-field spectroscopy with ground-based
telescopes. The kinematics and structures of star-forming galaxies have been measured out
to z ∼ 2 (e.g., Weiner et al. 2006, Kassin et al. 2007, 2012, Noeske et al. 2007b, Miller et al.
2011, 2012, 2013, Szomoru et al. 2011, Contini et al. 2012, Nelson et al. 2012, 2013, 2016, van
Dokkum et al. 2013, Buitrago et al. 2014), the epoch during which the star formation rate
(SFR) density in the universe is at its peak value. At this time, massive star-forming galaxies
generally look very different from similar-mass star-forming galaxies today (e.g., Fan et al.
2001, Chapman et al. 2005, Hopkins & Beacom 2006, Reddy & Steidel 2009). They tend to
be smaller (e.g., Williams et al. 2010, van der Wel et al. 2014a), morphologically clumpier
(e.g., Elmegreen & Elmegreen 2006, Elmegreen et al. 2009, 2007, Law et al. 2009, 2007b,
2012b, Genzel et al. 2008, Förster Schreiber et al. 2009, 2014), have thicker disks (Elmegreen
& Elmegreen 2006), and higher gas fractions (Daddi et al. 2008, 2010, Tacconi et al. 2008,
2010, 2013, Swinbank et al. 2011).

Many massive star-forming galaxies at z ∼ 2 do have rotating disks – similar to their
local counterparts – but tend to have higher velocity dispersions (and therefore lower V/σ,
i.e. the ratio of rotation to velocity dispersion) than local star-forming galaxies (e.g., Epinat
et al. 2010, 2008, Green et al. 2014). The higher velocity dispersions at higher redshifts are
thought to reflect increased turbulence and thickened disks (e.g., Förster Schreiber et al.
2006, 2009, Wright et al. 2009, 2007, Genzel et al. 2008, 2011, Law et al. 2007a, 2009, 2012a,
Wisnioski et al. 2012, 2015, Newman et al. 2013). Theoretical models suggest that the higher
turbulence and clumpier morphology of massive star-forming galaxies at z ∼ 2 relative to
their local counterparts are the result of the higher gas fractions (e.g., Dekel et al. 2009,
Bournaud et al. 2011, Genel et al. 2012), and that the gas-rich, thicker disks are built-up by
smooth, cold-mode gas accretion or minor mergers (e.g., Kereš et al. 2009, 2005, Dekel &

1This chapter has been previously published as Price et al., 2016, ApJ, 819, 80, and is reproduced with the
permission of all coauthors and the copyright holder. Copyright 2016, The American Astronomical Society.
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Birnboim 2006, Davé 2008, Dekel et al. 2009, Oser et al. 2010, Cacciato et al. 2012, Ceverino
et al. 2012).

However, the theoretical interpretation of the structures of distant star-forming galaxies
is complicated by observational limitations, including low spatial resolution and small sample
sizes. For example, initial studies with SINFONI found that one third (14 of 47) of star-
forming galaxies at z ∼ 2 appeared to be small and dispersion dominated (i.e., V/σ < 1;
Förster Schreiber et al. 2009). Nonetheless, Newman et al. (2013) revealed that objects that
do not show evidence for rotation in the lower resolution observations, especially objects
with sizes close to the previous resolution limit, do show evidence for rotation in follow-up
adaptive-optics assisted IFU observations. Thus, small rotationally-supported galaxies may
appear to be dispersion dominated because of smearing caused by resolution limitations.

New near-infrared (NIR) spectrographs, including KMOS (Sharples et al. 2013, 2004)
and MOSFIRE (McLean et al. 2010, 2012) have multiplexing capabilities, and thus allow for
extensive kinematic studies of large, complete samples of galaxies at z ∼ 2. However, as both
KMOS and MOSFIRE are seeing limited, kinematic measurements of the majority of the
star-forming galaxies at z ∼ 2 with log10(M∗/M�) . 10 will suffer from the same resolution
problem as the seeing-limited SINFONI studies. Additionally, multi-slit spectrographs like
MOSFIRE have no IFU and a constant position angle for all slits in one mask. The mask
orientation is generally set by the algorithm to maximize the number of targets in a mask,
and thus the slit position angle is randomly oriented compared to the galaxy major axes.
The random slit orientations introduce additional challenges to interpreting the observed
kinematic information.

Despite these complications, we can take advantage of the large galaxy surveys afforded
by multi-object NIR spectrographs by combining these observations with high-resolution
rest-frame optical imaging from HST. Ancillary HST/WFC3 data accurately show what
portion of a galaxy falls within the slit, and can be used to interpret the observed spectrum.
Furthermore, by using large galaxy samples with detailed ancillary measurements, we can
apply statistical approaches to constrain the kinematic structures of galaxies. For example,
van der Wel et al. (2014b) use the distribution of observed axis ratios to constrain the
structures of star-forming galaxies.

In this paper we study the dynamical and baryonic masses and kinematic structures of a
sample of 178 star-forming galaxies using data from the MOSFIRE Deep Evolution Field
(MOSDEF) survey (Kriek et al. 2015). The galaxies are observed with random orientations
between the slit and kinematic major axes, and rotation is detected in only 35 galaxies.
However, for the galaxies without detected rotation we take advantage of our large sample
size, accurate Hα SFRs, stellar masses and detailed morphological information from imaging
of the CANDELS survey (Koekemoer et al. 2011, Grogin et al. 2011) to constrain their
kinematics. We derive dynamical masses for all galaxies, compare them with baryonic masses,
and discuss the implications for the structures of the galaxies, the stellar initial mass function
(IMF) and dark matter fraction, and the gas kinematics of active galactic nuclei (AGN) host
galaxies.

The paper is organized as follows. In Section 4.2, we present our sample and the ancillary
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measurements. The methods of extracting kinematic information from both 2D spectra and
integrated 1D spectra are detailed in Section 3.3. In Section 5.4, we present the baryonic and
dynamical masses, as well as V/σ, for both the galaxies with and without detected rotation.
The implications and caveats of our results are presented in Section 5.5. We summarize our
results in Section 3.6.

Throughout this paper we adopt a ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, and
H0 = 70 km s−1 Mpc−1.

3.2 Data

3.2.1 The MOSDEF Survey
We make use of data from the MOSDEF survey (Kriek et al. 2015), conducted using the

MOSFIRE spectrograph (McLean et al. 2012) on the 10 m Keck I telescope. In this work,
we use the spectra obtained during semesters 2012B, 2013A, and 2014A. When complete,
the MOSDEF survey will contain moderate resolution (R = 3000− 3650) rest-frame optical
spectra for ∼ 1500 H-band selected galaxies at 1.4 ≤ z ≤ 3.8 in several Cosmic Assembly
Near-Infrared Deep Extragalactic Legacy Survey (CANDELS; Koekemoer et al. 2011, Grogin
et al. 2011) fields. A detailed overview of the survey, observations, data reduction, line
measurements and sensitivities, success rate, redshift measurements, stellar population
properties, and sample characteristics are given in Kriek et al. (2015).

For all galaxies observed with MOSFIRE, we measure structural parameters, including
the Sérsic index, n (Sérsic 1968), the effective radius, RE (assumed to be the semi-major
axis, unless explicitly stated otherwise), the axis ratio, b/a, and the major axis position angle
from the HST/F160W images (released by the CANDELS team) using Galfit (Peng et al.
2010). See L. de Groot et al. (in preparation) for more details on the structural parameter
measurements.

Stellar masses for all MOSDEF galaxies are derived by fitting the 0.3−8.0µm photometry
from the 3D-HST survey (Brammer et al. 2012, Skelton et al. 2014, Momcheva et al. 2016)
with the flexible stellar population models (Conroy et al. 2009, Conroy & Gunn 2010) using
FAST (Kriek et al. 2009b), while adopting the MOSFIRE redshifts (zMOS). We assume a
Chabrier (2003) stellar IMF, along with a Calzetti et al. (2000) dust attenuation curve, a
delayed exponentially-declining star formation history, and solar metallicity. To account for
template mismatch, we assume the default FAST template error function. Confidence intervals
are calibrated using 500 Monte Carlo simulations. Hence, the stellar mass uncertainties do
not include systematic uncertainties due to the choice of IMF, dust attenuation curve, or
other assumptions. See Kriek et al. (2015) for more details on the stellar population modeling.

Following Taylor et al. (2010), we correct the stellar masses by the difference between the
Galfit (mGalfit) and total photometric F160W magnitudes (mphot), using

log10M∗ = log10M∗,FAST + 0.4(mphot −mGalfit). (3.1)

This correction makes the size and stellar mass measurements self-consistent.
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Emission line fluxes are measured from the optimally extracted MOSFIRE 1D spectra
by fitting adjacent lines simultaneously with Gaussians plus a linear fit to account for
the underlying continuum. The Hα and Hβ lines are corrected for the underlying Balmer
absorption, as estimated from the best-fit stellar population models. See Kriek et al. (2015)
and Reddy et al. (2015) for more details on the emission line measurements.

We use the Hα emission lines to estimate SFRs and gas masses (Mgas) using the following
method. For galaxies with detected Hβ, the Balmer absorption-corrected Hα fluxes are
corrected for dust using the Balmer decrement, assuming a Cardelli et al. (1989) extinction
curve (Reddy et al. 2015). When Hβ is undetected, we assume the reddening of the nebular
regions is related to that of the continuum by AV,neb,Calzetti = 1.86AV,cont,Calzetti (Price et al.
2014). As this relation was derived by assuming the Calzetti et al. (2000) attenuation curve
for both the continuum and line emission, we convert the inferred nebular attenuation to the
Cardelli et al. (1989) curve, and correct the Hα fluxes accordingly. In order for Hβ to be
used in the dust correction, it must be detected with a signal-to-noise ratio (S/N) ≥ 3, and
the spectrum transmission at Hβ must be at least 50% of the maximum transmission.

The dust-corrected Hα fluxes are converted into Hα luminosities, that are then used to
calculate the Hα SFRs following the relation of Kennicutt (1998) for a Chabrier (2003) IMF
(Shivaei et al. 2015). Finally, the relation between Σgas and ΣSFR by Kennicutt (1998) is used
to estimate the gas masses, using Σgas = Mgas/(πR2

E) and ΣSFR = SFR/(πR2
E), where RE is

the best-fit Galfit major axis. In Section 4.5.2 we discuss the validity of this relation at
high redshift. The gas mass uncertainties include uncertainties on the Hα and Hβ fluxes and
on the slit-loss corrections. An uncertainty of 0.2 dex on AV,cont,Calzetti is assumed when Hβ
is undetected.

3.2.2 Sample selection
For this work, we select objects in the redshift ranges 1.34 ≤ z ≤ 1.75 and 2.075 ≤ z ≤ 2.6,

to ensure coverage of the Hα emission line. We also require that Hα is detected (i.e., S/N ≥ 3),
and that there is HST/F160W coverage, to make use of the Galfit structural parameter
measurements.

We use additional selection criteria to ensure we include only high-quality spectra. First, we
consider only primary MOSDEF targets, excluding any serendipitously detected galaxies that
happened to fall within the slit. Second, we exclude objects with non-negligible contamination
to the Hα flux from neighboring skylines, to provide clean kinematic measurements. Third,
we impose quality cuts for both the stellar population and structural parameters to ensure
that the best fits adequately model the data. For the stellar population fits, we exclude
objects for which the best-fit reduced chi-square χ2

red > 10. For the structural parameters, we
flag and exclude objects for which (a) the Galfit runs did not converge, or (b) the Galfit
and HST/F160W total magnitudes differ by more than 0.5 mag. Fourth, we exclude any
objects that fall within the quiescent region in the UVJ diagram (Wuyts et al. 2007, Williams
et al. 2009). Fifth, we exclude AGN with outflow signatures or with very broad emission
lines (Freeman et al. in preparation). Sixth, we exclude objects that appear to have an
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interacting counterpart at a similar redshift, as the velocity signatures of these systems may
not reflect the internal kinematics. We consider AGN, as identified by their X-ray luminosity,
IRAC color, or rest-frame optical emission lines ratios (Coil et al. 2015, M. Azadi et al. in
preparation) separately from our sample of star-forming galaxies.

Our final sample includes 178 unique galaxies, with Hβ detected in 138. One object has
been observed twice. We also consider 21 unique AGN (14 with Hβ detected) that meet all
selection criteria, with 2 AGN having been observed twice.

We show the effective radii versus stellar masses for the galaxies and AGN in our sample
in Figure 3.1. For comparison, we also show the best-fit size-stellar mass relations found
by van der Wel et al. (2014a) for a complete sample of star-forming (late-type) galaxies at
z = 2.25 and 1.75. The samples are complete down to M∗∼109.5M� at z = 2.25 and down to
M∗∼109.1M� at z = 1.75, and are therefore a good representation of the star-forming galaxies
at these redshifts. Our galaxies generally follow these best-fit size-stellar mass relations in
both redshift ranges, though our galaxies at z ∼ 1.5 may be somewhat smaller in size than
the average as determined by van der Wel et al. (2014a).

3.3 Kinematic Measurements
We measure the kinematic properties of our galaxy sample from the Hα emission lines in

combination with the HST/F160W structural parameters. For objects with spatially-resolved
rotation curves, we constrain the rotation and dispersion velocity components by fitting
models to the 2D Hα emission lines, as discussed in Section 3.3.1. The kinematics for objects
without detected rotation are constrained from the 1D Hα profile, by simultaneously fitting
Hα and [Nii] lines following the method listed in Section 3.3.2. In Section 3.3.3, we determine
for which objects we may reasonably expect to see rotation and for which we do not expect
to see rotation at all. We compare these expectations with our observations and discuss what
this may tell us about the kinematic structures of galaxies. The method for calculating the
dynamical masses is discussed in Section 3.3.4. Finally, in Section 3.3.5, the 2D and 1D
kinematic measurement methods are compared using the galaxies with rotation.

3.3.1 Rotation velocity measurements
In this section we constrain the rotational velocity and velocity dispersion simultaneously

by modeling the 2D spectra in combination with the F160W structural parameters for each
MOSDEF galaxy in our sample. Previous studies have presented methods for fitting 2D
spectra, including Vogt et al. (1996), Simard & Pritchet (1999), and Weiner et al. (2006).
However, the models of Simard & Pritchet (1999) and Weiner et al. (2006) do not account
for misalignment between the slit and major axis, while Vogt et al. (1996) and Simard &
Pritchet (1999) exclude velocity dispersion.

Instead, we define kinematic models that explicitly include the position angle misalignment
and inclination, and simultaneously fit the rotation velocity and velocity dispersion. The
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Figure 3.1 : Effective radius, RE , versus stellar mass, log10(M∗/M�), for the galaxies and AGN
in our sample, split by redshift range. The galaxies at in the lower (z ∼ 1.5) and higher (z ∼ 2.3)
redshift ranges are shown as light blue and teal squares, respectively. The AGN in the same redshift
ranges are shown as pink and purple stars, respectively. Histograms of RE and log10(M∗/M�) show
the objects (galaxies and AGN) in the lower (light blue) and higher (teal) redshift ranges. Galaxies
(and AGN) without Hβ detections are marked with grey outlines. The black solid and grey dashed
lines represent the best-fit size-stellar mass relations for star-forming galaxies from van der Wel
et al. (2014a) at z = 2.25 and z = 1.75, respectively. Our sample of star-forming galaxies generally
follow the best-fit size-stellar mass relations.
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kinematic models are discussed in detail in Appendix B.1. In summary, the kinematic models
include both rotation and a constant velocity dispersion over the galaxy, and have a total
of 3 free parameters: the asymptotic velocity (Va) and turnover radius (rt) of the arctan
rotation curve model, and the constant intrinsic velocity dispersion (σV,0). We assume the
best-fit Galfit parameters and the position angles from the F160W observations. The model
is collapsed along the line-of-sight, and convolved to match the seeing conditions of each
spectrum. Using the position angle, inclination, brightness profile, and seeing information,
we determine what portions of the model fall within the slit for each object. Finally, the
model is collapsed in the spatial direction perpendicular to the slit and convolved by the
instrumental resolution.

To fit the emission lines, we start by subtracting the continuum from each Hα 2D spectrum.
We also trim the spectrum to exclude the [Nii] emission lines and to include only the positive
emission line image. We then construct a mask for the emission line spectrum to exclude
missing data and low signal-to-noise rows from our fitting procedure. A detailed description
of this procedure can be found in Appendix B.2.

We then find the best-fit models to the trimmed 2D Hα spectra and the corresponding
confidence intervals by performing parameter space exploration using the python Markov-
Chain Monte Carlo (MCMC) package emcee (Foreman-Mackey et al. 2013), following the
method detailed in Appendix B.2. As the rotation curve turnover is not well constrained
in our data, there is a degeneracy in the values of Va and rt. Nonetheless, the values of
V (RE) and V2.2 = V (2.2rs) (assuming the arctan rotation curve model, see Equation B.6)
are well constrained. We note that we explicitly include the structural parameters and
projection effects in our model, so we directly constrain the intrinsic galaxy parameters,
without projection or blending effects. Examples of the 2D Hα emission line fits are shown
in Figure 3.2.

We use the values of V (RE) to determine which objects have spatially resolved rotation.
We take objects with V (RE) 6= 0 within the 95% one-sided distribution to be our sample with
resolved rotation, and the objects that fail this cut to be our dispersion-only sample. The
position-velocity diagrams of the 35 galaxies with detected rotation are shown in Appendix B.3.

3.3.2 Integrated velocity dispersion measurements
For all objects without resolved rotation (see Section 3.3.1), we measure the kinematics

from the 1D spectra. As our sample consists of star-forming galaxies, we may expect that
their intrinsic velocity support is at least partially rotational. This assumption is reinforced
by the work of Newman et al. (2013), who find that galaxies that were initially classified
as dispersion-dominated in fact do show evidence for rotation in observations with higher
spatial resolution. Thus, we model the composite unresolved kinematics by assuming a value
for (V/σV,0)RE

= V (RE)/σV,0, while taking into account the Galfit parameters and seeing
conditions. We then use this model to convert the measured velocity dispersion to intrinsic
quantities.

We measure the velocity dispersion from the optimally extracted 1D spectra by fitting
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Figure 3.2 : Example overviews of the spatially resolved kinematic modeling, as described in
Section 3.3.1. The first column shows the HST/F160W image, the slit position (green lines) and the
Galfit half-light ellipse (major axis in cyan, minor axis in red, ellipse in blue). The second column
shows the HST/F160W image convolved to match the seeing resolution of the MOSFIRE spectra,
with the Galfit parameters similarly convolved. The third column shows the continuum-subtracted
2D spectrum centered at Hα. The fourth column shows the best-fit kinematic model to the line
emission. The fifth column shows the residual between the 2D spectrum and the best-fit model, on
the same grey scale as the 2D spectrum. In the third-to-fifth columns, the vertical and horizontal
axes are the spatial position and wavelength, respectively. The orange horizontal line shows the
best-fit model center, y0, with the dotted lines showing the convolved and projected RE , and the
yellow shading and yellow dashed lines indicate low signal-to-noise rows that are masked in the
fitting procedure. For each object, the field and 3D-HST v4 ID number are shown at the left, and
the best-fit V (RE) and σV,0 are given on the right.
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Hα, the [Nii] doublet, and the continuum simultaneously with a triple Gaussian and a linear
component. We fit the spectrum between 6480 Å ≤ λ/(1 + zMOS) ≤ 6650 Å, and mask pixels
with no coverage. We vary the coupled line centers, while constraining λHα,obs to within
±20Å of λHα(1 + zMOS). The widths of the emission lines (in Å) are coupled in velocity
space, with σλ,[Nii]λλ6584,48 = σλ,Hα

(
λ[Nii]λλ6584,48/λHα

)
. We also assume F ([Nii]λ6548) =

1/3F ([Nii]λ6584) (Osterbrock & Ferland 2006). Finally, we enforce σλ,Hα ≥ σλ,sky, with the
instrumental resolution measured from the median skyline width.

The Hα line widths are corrected for the line broadening due to the instrumental resolution
by subtracting σλ,sky in quadrature from σλ,Hα. Each corrected Hα line width σλ,Hα, corr is
converted to an observed velocity dispersion, σV, obs, using the best-fit redshift.

The errors on the observed velocity dispersions are estimated by creating 500 realizations
where the spectra are perturbed according to the corresponding error spectra. We then
perform the same fitting and correction procedure on the perturbed spectra, and convert the
corrected line widths to velocity dispersions using the best-fit redshift of each realization.

For each object, we convert the observed velocity dispersion into an intrinsic root mean
square (RMS) velocity, VRMS =

√
V 2 + σ2

V , which explicitly includes both intrinsic rotation
and dispersion velocities. This method is discussed in detail in Appendix C. In summary,
we model each object as an inclined disk (using the Galfit structural parameters RE, n,
b/a), with the major axis offset from the slit by ∆PA. The rotation and velocity dispersion
kinematics are included by assuming a fixed ratio of (V/σV,0)RE

, and then the model is
convolved to match the MOSFIRE seeing resolution. We determine which portions of the
model fall within the slit width and the extracted width in the spatial direction, and then apply
the optimal-extraction weighting. For this model, we calculate the ratio of the luminosity-
weighted second velocity moment (σV,model) to the RMS velocity at RE (VRMS(RE)model), and
use this ratio to convert the observed, integrated velocity dispersion to the composite RMS
velocity at RE following

VRMS(RE)1D, corr = σV, obs

(
σV,model

VRMS(RE)model

)−1

. (3.2)

van Dokkum et al. (2015) use an α parameterization to infer a rotational velocity from
an observed velocity dispersion. This α value is empirically derived and combined with an
inclination correction, with α = σV, obs/ (V sin i). Hence, this correction does not take into
account the exact portion of the galaxy observed through the slit or partial support from
random motions. However, the galaxies by van Dokkum et al. are in general smaller than
those in our sample, and will suffer less from slit losses.

In Figure 3.3 we show σV, obs and VRMS(RE)corr vs. RE for galaxies and AGN without
detected rotation. For now, we assume (V/σV,0)RE

= 2.1, the median of the values measured for
galaxies with detected rotation. For reference, we also show the velocity dispersions measured
from the integrated 1D spectra of the galaxies with detected rotation, with the corrections
for these objects calculated using the exact (V/σV,0)RE

measured for each object. The
median observed 1D velocity dispersion for our sample with M ≥ 109.5M� (the approximate
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Figure 3.3 : Observed velocity dispersion σ1D,obs (left) and the corrected velocities VRMS(RE)1D,corr
(right) vs. RE . The corrections for the galaxies without resolved rotation (red squares) are derived
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]2D,median = 2.1. For comparison, the corrections for the galaxies with resolved
rotation, derived using the measured (V/σV,0)RE

of each object, are shown as well (blue circles).
We also show the AGN in our sample, and denote those with and without resolved rotation by
purple and yellow stars, respectively. Galaxies (and AGN) without Hβ detections are marked
with grey outlines. Lines of constant dynamical mass, calculated using Equation 3.3 and assuming
(V/σV,0)RE

= 2.1, are shown in the right panel (dashed grey lines). The RMS velocities are on
average a factor of ∼ 2 larger than the observed values.
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completeness limit for star-forming galaxies in the MOSDEF survey, see Shivaei et al. 2015) is
(σV, obs)median = 78 km/s. The median observed velocity dispersion (σV, obs)median = 70 km/s
of the galaxies at z ∼ 1.5 is slightly lower than the value of (σV, obs)median = 80 km/s for the
galaxies at z ∼ 2.3.

3.3.3 Resolved vs. unresolved kinematics
As our primary sample consists of star-forming galaxies, in Section 3.3.2 we have treated

the objects for which we only observe velocity dispersion as being intrinsically disks, with
some amount of thickening. Here we consider whether this is a reasonable assumption by
considering the necessary conditions to observe rotation in a galaxy.

One reason why intrinsic rotation may not be observable is that the galaxy is small with
respect to the seeing size. If there is only one resolution element across the galaxy disk, then
any rotation signature will be washed out and we would only observe velocity dispersion.
Additionally, the galaxy major axes may be misaligned with the slit axis. A position angle
(PA) offset reduces the ability to detect rotation, as for more misaligned objects, the rotational
information is projected into fewer resolution elements along the slit. At the most extreme, if
a galaxy is completely misaligned with the slit (i.e. ∆PA = 90◦), the rotational signature
is collapsed into the same resolution element, and again we would only observe a velocity
dispersion.

We consider the dual effects of object size and ∆PA, by calculating how much of the
stellar light major axis falls within the slit, projected along the slit direction. The projected
size of the object falling within the slit (2RE,proj) should be larger than the seeing for the
object to be spatially resolved, or RE,proj ≥ FWHMseeing/2.

We divide our sample into four categories, based on combination of the projected spatial
resolution criterion given above (resolved vs. unresolved) and whether we detect rotation or
not (rotation vs. dispersion, see Section 3.3.1). This classification scheme gives 15 spatially
resolved galaxies with observed rotation, 20 spatially unresolved galaxies with observed
rotation, 20 spatially resolved galaxies with only dispersion observed, and 123 spatially
unresolved galaxies with only dispersion observed. In Figures 3.4 & 3.5 we show example
HST images and spectra, respectively, for objects in each category.

We show PA offset versus object size (RE) as a function of seeing in Figure 3.6. At fixed
RE, we tend to have more “dispersion-only” objects and fewer objects with detected rotation
as the position angle offset increases from aligned (0◦) to completely misaligned (90◦). We
also note that on average, galaxies for which we observe rotation tend to be larger than those
without observed rotation. This finding supports the possibility that we may not observe
rotation for some objects simply because they are physically too small to resolve, even if
there is no position angle offset between the semi-major axis and the slit. We can also see
these trends in Figure 3.4, as the objects with observed rotation (left panels) tend to have
better alignment between their major axes and the slit, and tend to have larger angular sizes
relative to the objects for which we only observe dispersion (right panels).

However, not all objects follow the expected classifications. For instance, we observe
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Figure 3.4 : HST/F160W galaxy images (4′′ × 4′′) for each of the 4 spatial/kinematic resolution
categories: spatially resolved with observed rotation (upper left panel, blue), spatially unresolved
with observed rotation (lower left, yellow), spatially resolved with only dispersion observed (upper
right, green), and spatially unresolved with only dispersion observed (lower right, red). Each image
is centered on the object center. The slit positions and orientations are shown with the green lines.
We represent the Galfit effective radius (RE , measured from the major axis), axis ratio (b/a), and
position angle relative to the slit (∆PA) for each object with the cyan ellipses. The values of RE and
the Sérsic index n are annotated in the upper-right corners of the images. The atmospheric seeing
FWHMs are shown with the red circles. The total number of objects in each of the 4 categories
is displayed in the lower right corner of each quadrant. Spatially close companions of the target
objects are located at different redshifts.
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Figure 3.5 : MOSFIRE spectra centered on Hα for galaxies in the 4 spatial/kinematic resolution
categories. The displayed galaxies are the same as those shown in Figure 3.4, with each object
vertically centered on the same position and same spatial scale as the HST/F160W images. The
horizontal axis shows wavelength, where each stamp spans ∼ 36 Å (H band) or ∼ 48 Å (K band) in
the observed frame.
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Figure 3.6 : The position angle (PA) offset between the slit and photometric major axis versus the
effective radius (RE) for galaxies in our sample. The color coding is based on whether we observe
rotation or not (rotation vs. dispersion), and whether the projected major-axis is larger than the
seeing size or not (spatially resolved vs. unresolved). The colored lines denote the median RE and
|∆PA| for each subsample, with the dotted lines showing the 68% value ranges. Galaxies without
Hβ detections are marked with grey outlines. The vertical grey line denotes 1/2 the median seeing
FWHM (0.′′65) for our sample. The dashed grey line shows the division between spatially resolved
and unresolved objects described in Section 3.3.3, assuming the median seeing. Objects to the right
and below this line would be classified as spatially “resolved” (assuming they were observed under
the median seeing conditions), while objects to the left and above would be classified as spatially
“unresolved”. The upper and lower dotted grey lines show the dividing lines if the seeing were equal
to the minimum (0.′′48) and maximum (0.′′99) effective seeing conditions, respectively (see Table 1,
Kriek et al. 2015).
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rotation for some spatially unresolved objects. These galaxies are shown as yellow diamonds
in Figure 3.6, with example images and spectra shown in the lower left panels of Figures 3.4
and 3.5. Also, if all galaxies in our sample are intrinsically disk galaxies and have at least
partial rotational support, we would expect to see rotation in all objects that are spatially
resolved. Yet we do not observe rotation in some of the galaxies that meet the projected
spatial resolution criterion, which are shown as green triangles in Figure 3.6, with examples
in the upper right panels of Figures 3.4 and 3.5.

Other effects may influence the classification of our sample into these four sub-samples,
which could explain why we see objects in the unexpected classification categories. First, the
position angle offset between the kinematic major axis and the slit could be incorrect. This
error may be due to uncertainties in the photometric major axis position angle estimation
or to a misalignment between the kinematic and photometric major axes. The latter effect
has been observed by Wisnioski et al. (2015) in galaxies at z ∼ 2, and possibly indicates
disturbed kinematics due to mergers (Epinat et al. 2012). If the position angle offset is
incorrect, our projected size along the major axis may not match the true intrinsic projected
size of the region that we probe with the kinematics. Thus objects may scatter from the
“spatially resolved” category into the “spatially unresolved” category or vice versa.

Second, we use the rest-frame optical RE in this classification, but we measure the
kinematics from Hα emission. We show in Section 3.5.6 that the rest-frame optical and Hα
sizes of the galaxies with detected rotation are very similar, so using RE to determine spatial
resolution is a reasonable approximation. Still, if an object is close to the detection limit,
small differences between RE and Hα size could change the spatial resolution classification.

Third, we do not incorporate inclination angle in our classification procedure. For face-on
galaxies, we do not expect to detect rotation. If we consider galaxies with b/a ≥ 0.9 (i.e.,
i . 26◦, assuming (b/a)0 = 0.19) to be face-on, only 5 of our galaxies satisfy this criterion,
three of which have detected rotation, and two of which had been classified as “spatially
resolved”.

Fourth, we rely on single-component Galfit fits to determine the photometric position
angle, axis ratio b/a, and stellar effective radius RE. Our galaxies often exhibit clumps,
so they are not perfectly fit by a smooth Sérsic profile. Furthermore, Galfit is unable
to recover extreme inclination angles (i.e., close to edge-on or face-on; Epinat et al. 2012).
These limitations could further influence the accuracy of the position angle, effective radius,
and axis ratio, and could influence whether an individual galaxy is categorized as “spatially
resolved” or not.

Fifth, the S/N of the observed spectra will influence the object kinematic categorization.
Our 95% one-sided V (RE) detection requirement may result in classifying objects with
intrinsic rotation but low S/N spectra as “dispersion-only.” The example spectra in Figure 3.5
in the spatially-resolved, dispersion-only quadrant (green upper-right panel) do appear to
have either similar or lower signal-to-noise ratios relative to the spectra of the objects with
detected rotation (shown in the left panels).

Sixth, neighboring skylines may overlap portions of a rotation curve, which may also
cause an object to fail the V (RE) detection criterion. In Figure 3.5, we see some objects
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in the green quadrant with signifiant overlap with skyline contaminated columns (i.e., the
fourth object, top row, and second object, third row, of the green, upper-right quadrant of
Figure 3.5).

Between the four categories, 89% of the objects are consistent with having rotation. This
includes the 69% of the galaxies that are unresolved and have no detected rotation, for which
the kinematic structures of the individual galaxies are unknown. In Section 3.4.2, we find
that galaxies without detected rotation are consistent with having kinematic support from
both rotation and random motions. The only galaxies inconsistent with the assumption of
intrinsic rotational support are those that are spatially resolved without observed rotation
(green objects, Figure 3.6). However, as mentioned previously, there are sources of uncertainty
in our categorizations that may imply these objects may still have intrinsic rotation.

3.3.4 Dynamical mass measurements
We combine the kinematic and structural information to calculate the dynamical masses

of our galaxies. The rotation and dispersion velocities are combined by taking the RMS
velocity, VRMS(RE) =

√
σ2
V,0 + V (RE)2, and we calculate the total dynamical mass as

Mdyn = keff
VRMS(RE)2RE

G
, (3.3)

where G is the gravitational constant. Here we define an “effective” virial coefficient to
account for the relative contribution to the RMS velocity from the rotation and dispersion
velocities (i.e., including an “asymmetric drift” correction from the velocity dispersion, as in
Meurer et al. 1996, Epinat et al. 2009, Daddi et al. 2010, Newman et al. 2013):

keff = kdisp + krot((V/σV,0)RE
)2

1 + ((V/σV,0)RE
)2 , (3.4)

where (V/σV,0)RE
= V (RE)/σV,0.2 We assume kdisp = 5 as the virial coefficient corresponding

to the dispersion kinematic component, from the simple case of a sphere of uniform density
(Pettini et al. 2001). We estimate the virial coefficient for the rotational kinematic component
following Miller et al. (2011), who find k = 1.33 for the dynamical mass within r = 2.2rs =
1.3RE. To convert to the total dynamical mass, we approximate krot ≈ 2k = 2.66.

To calculate keff and the dynamical masses, we use the best-fit values of V (RE) and σV,0
measured in Section 3.3.1 for the galaxies with detected rotation. For the galaxies without
observed rotation, we have to assume a value of (V/σV,0)RE

to calculate keff , VRMS(RE) =
VRMS(RE)1D, corr, and Mdyn. We will discuss the assumption of (V/σV,0)RE

in Section 5.4.
2Note that when (V/σV,0)RE

→ ∞ (i.e. only rotational support), we have VRMS(RE) = V (RE) and
keff → krot, and Equation 3.3 is equivalent to the dynamical mass assuming only rotational support,
Mdyn = krotV (RE)2RE/G . In the opposite limit, when (V/σV,0)RE

= 0 (i.e. only pressure support), we have
VRMS(RE) = σV,0 and keff = kdisp, and we recover the case for pressure-only support: Mdyn = kdispσ

2
V,0RE/G.
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Figure 3.7 : Comparison of the dynamical mass measurement methods. The masses of the galaxies
with observed rotation are measured with both the resolved kinematic information (Mdyn, 2D) and
from the aperture-corrected optimally-extracted 1D-spectra (Mdyn, 1D) assuming the exact value of
(V/σV,0)RE

for each objects (blue circles). There is little scatter (σRMS = 0.11 dex) between the two
measurements, and a small median offset ∆Mdyn = 0.03 dex (blue line), with Mdyn, 2D being slightly
higher than Mdyn, 1D. If instead a constant (V/σV,0)RE

= 2.1 were assumed in calculating the 1D
velocity dispersion corrections (grey circles) the median offset (dotted grey line) and scatter are
slightly larger (∆Mdyn = 0.04 dex, σRMS = 0.18 dex). Nonetheless, there is still excellent agreement
between the measurements.
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3.3.5 Dynamical mass method comparison: spatially resolved
galaxies

We test the method for correcting the kinematics of disk galaxies without detected rotation
using the spatially-resolved rotation sample of galaxies, for which we have more detailed
kinematic information.

First, we measure the dynamical masses Mdyn, 2D using the exact values of V (RE) and
σV,0 from the 2D spectral fitting method in Section 3.3.1. We then measure the velocity
dispersions from the optimally-extracted 1D spectra for the same sample of galaxies. We
assume the exact (V/σV,0)RE

= V (RE)/σV,0 measured from the 2D spectral fitting for each
object to calculate the corrected 1D velocity dispersions (Equation 3.2), keff (Equation 3.4),
and the resulting dynamical masses Mdyn, 1D.

We compare Mdyn, 1D with Mdyn, 2D in Figure 3.7. The corrected Mdyn, 1D values are in ex-
cellent agreement with the Mdyn, 2D values, with little scatter between them (σRMS = 0.11 dex).
We find a median offset of ∆ log10Mdyn,offset = 0.03 dex between the two measurements, such
that the 2D-kinematic derived values of Mdyn are slightly larger than the values derived from
the aperture-corrected 1D spectra.

However, if these galaxies would not have been resolved, we would not have known their
intrinsic (V/σV,0)RE

, to be used in the dynamical mass estimate. Thus, we also calculate
Mdyn, 1D using the median [(V/σV,0)RE

]2D,median = 2.1 for each object (shown as the grey points
in Figure 3.7). We find a slightly larger offset (∆ log10Mdyn,offset = 0.04 dex) and scatter
(σRMS = 0.18 dex). Hence, for the galaxies with detected rotation, assuming the average
value of (V/σV,0)RE

for each object yields dynamical masses that are nearly as accurate as
the dynamical masses derived from the rotation curves. Based on this test, we conclude that
the 1D velocity dispersion correction method works well, and should produce reasonable
dynamical masses for the remainder of the galaxies without observed rotation if the average
(V/σV,0)RE

is known.

3.4 Results
We now consider the total sample, combining the samples with and without observed

rotation, and compare the dynamical and the baryonic masses, and assess the kinematic
structures of star-forming galaxies at z ∼ 2.

3.4.1 Comparison of dynamical and baryonic masses
In order to measure the dynamical masses for all galaxies in our sample, we need a

(V/σV,0)RE
ratio for the galaxies without resolved kinematics. We assume that the kinemati-

cally resolved objects have a similar structure as the unresolved objects, and adopt the median
(V/σV,0)RE

= 2.1 as measured from the rotation objects (see Section 3.3.1 and Appendix B).
In Figure 3.8 we compare the dynamical masses to the baryonic masses, Mbaryon =

M∗ +Mgas (as given in Section 3.2.1). They show a remarkable agreement, with a median
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Figure 3.8 : Comparison of dynamical and baryonic (stellar + gas) masses for all galaxies in our
sample. Symbols are similar as in Figure 3.3. To calculate the velocity corrections for the sample
without observed rotation, we assume the median (V/σV,0)RE

= 2.1 from the sample with observed
rotation. The grey dashed line indicates equal Mbaryon and Mdyn, and the solid grey line indicates
the median offset of ∆ log10M = log10Mdyn − log10Mbaryon. The scatter of the data around the
median offset is σRMS = 0.34 dex. The error bars do not include the systematic uncertainties
discussed in Section 4.5.2.
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Figure 3.9 : The difference between the dynamical and baryonic masses ∆ log10M vs. axis ratio
b/a under different assumptions of (V/σV,0)RE

. The galaxies with and without detected rotation
are shown as blue circles and red squares, respectively. Galaxies without Hβ detections are marked
with grey outlines. In the left and right panel, we assume no intrinsic velocity dispersion (i.e.,
(V/σV,0)RE

→ ∞) and (V/σV,0)RE
= 2.1, respectively, for the objects without observed rotation.

We show the median values of ∆ log10M and b/a for the objects without observed rotation within
bins of b/a ([0, 0.45), [0.45, 0.7), [0.7, 1]) as red diamonds, and show the linear best-fit to the median
points as the red line. The bin boundaries are shown as the black dotted lines.

offset of ∆ log10M = 0.04 dex, where Mdyn is slightly larger than Mbaryon at a given Mbaryon.
The scatter about the median ∆ log10M is low, with σRMS = 0.34 dex. Additionally, objects
with and without detected rotation follow the same Mbaryon −Mdyn relation, which may
support the assumption that the galaxies are all intrinsically rotating disks. We will investigate
this in more detail in the next section.

The offset between the masses implies a dark matter fraction within RE of 8%. This
fraction is lower than the ∼ 30− 50% dark matter fractions within 2.2 rs for disk galaxies
at z ∼ 0 (which increase with decreasing stellar mass; Pizagno et al. 2005, Dutton et al.
2011a), and the ∼ 20− 30% within r < 10 kpc at z ∼ 2 (Förster Schreiber et al. 2009). This
is expected, as these studies consider larger radii, and the dark matter fraction increases
with increasing radius. Additionally, our measurement is dependent on several systematic
uncertainties that we discuss in Section 4.5.2.
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3.4.2 Rotational versus pressure support for unresolved galaxies
In the previous section we simply assumed that all kinematically resolved and unresolved

objects have a similar median (V/σV,0)RE
. However, from Figure 3.6 we know that on average

the unresolved objects are smaller, and thus they may be structurally different. In this section
we use the average properties of the sample without resolved rotation to independently
estimate the average (V/σV,0)RE

for these objects.
The effects of varying the (V/σV,0)RE

for all objects without observed rotation are demon-
strated in Figure 3.9. In the left panel, we show the assumption of (V/σV,0)RE

→∞, or no
intrinsic velocity dispersion, for the objects without detected rotation. For comparison, we
show the galaxies with detected rotation, using the the dynamical masses calculated from
the rotation velocities and velocity dispersions measured from the 2D fitting procedure (see
Section 3.3.1). There is a positive correlation between the mass offset ∆ log10M and b/a with
Spearman correlation coefficient ρ = 0.18 at 2.2σ. We quantify this trend by fitting a line to
median binned ∆ log10M and b/a in bins of b/a. This trend of increasing Mdyn relative to
Mbaryon as b/a increases indicates that we have over corrected for inclination, and that our
assumption of (V/σV,0)RE

→∞ is too extreme.
If we instead assume lower values of (V/σV,0)RE

, the inclination correction will be reduced
at higher b/a, resulting in a reduced mass offset. Hence, we can constrain (V/σV,0)RE

for the
galaxies without detected rotation by examining the offset ∆ log10M = log10(Mdyn/M�)−
log10(Mbaryon/M�) versus the axis ratio, b/a over a range of assumed (V/σV,0)RE

values. For
each assumed (V/σV,0)RE

, we calculate the dynamical masses for the galaxies without detected
rotation. We then measure the χ2 between the data and the value if there were no trend with
b/a, or a constant ∆ log10M equal to the median of the ∆ log10M values. We determine the
best-fit (V/σV,0)RE

by minimizing the χ2 statistic.
We find a best-fit (V/σV,0)RE

= 2.1+0.2
−0.3 for the objects without detected rotation. We

show the effects of assuming this (V/σV,0)RE
value in the right panel of Figure 3.9. When

we adopt (V/σV,0)RE
= 2.1, we notice very little offset in ∆ log10M as a function of b/a,

and the total scatter in Mdyn-Mbaryon is also slightly lower. We note that this measurement
reflects an estimate of the typical (V/σV,0)RE

of this sample; the scatter in the Mdyn-Mbaryon
relation also includes variations introduced by a range of intrinsic (V/σV,0)RE

values for the
sample without observed rotation. The typical (V/σV,0)RE

of the galaxies with and without
observed rotation are identical, suggesting that on average all galaxies have similar support
from random motions.

3.4.3 Trends between V/σ and other galaxy properties
The ratio V/σ is a measure of the amount rotational support versus support from

random motions, and thus provides information about the structure of a galaxy. Higher V/σ
are indicative of thin disks, while lower V/σ values may indicate thicker disks or high gas
turbulence. To understand the physical processes setting the internal structure of star-forming
galaxies at z ∼ 2, we investigate the relation between V/σ and other galaxy properties.
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Figure 3.10 : The ratio of support from rotation and random motions (V/σV,0)2.2 vs. Hα SSFR (left
panel) and stellar mass (right panel) for our sample of galaxies with detected rotation. Galaxies
at z ∼ 1.5 and z ∼ 2.3 are shown with blue squares and circles, respectively. We also show the
AGN with detected rotation as blue stars. For the galaxies without observed rotation, we show the
median (V/σV,0)2.2 in bins of Hα SSFR and stellar mass (orange diamonds). The bin boundaries
are shown by the vertical grey dotted lines. For comparison, we also show the KMOS3D values
(Wisnioski et al. 2015) at z = 1 and z = 2 as the grey open triangles and diamonds, respectively.
When considering both our data and the KMOS3D data, there is a trend of decreasing V/σ with
increasing SSFR, consistent with the trend found by Wisnioski et al. (2015). This trend may reflect
disk settling, with the velocity dispersions decreasing as the gas fractions decrease.
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We show the measured (V/σV,0)2.2 = V (2.2rs)/σV,0 values for our sample of galaxies as
a function of Hα specific star formation rate (SSFR) and stellar mass in Figure 3.10. For
the galaxies without observed rotation, we show the median (V/σV,0)2.2 values in bins of
Hα SSFR and stellar mass, calculated using the method described in Section 3.4.2 and
assuming rt = 0.4rs. For comparison, we also show the KMOS3D results of Wisnioski et al.
(2015) at z = 1 and z = 2 as the grey open triangles and diamonds, respectively. We
note that Wisnioski et al. measure the rotation velocity from the difference between the
observed minimum and maximum velocities along the major kinematic axis. However, we
do not directly constrain the flat portions of the rotation curves, so instead we consider
V2.2 = V (r = 2.2rs) – the radius at which an exponential rotation curve peaks – to attempt to
provide a reasonable comparison with existing measurements. We also note that we assume
a constant σV,0, while Wisnioski et al. measure σ0 in the outer portions of the galaxies.

We see a trend of decreasing (V/σV,0)2.2 with increasing Hα SSFR, especially when
considering the binned measurement for galaxies without observed rotation and when adding
the results by Wisnioski et al. (2015). As suggested by Wisnioski et al. (2015), this trend may
reflect disk settling, where galaxies with lower gas fractions (and lower SSFRs) have lower
velocity dispersions. For the galaxies without observed rotation, this trend may also reflect a
higher fraction of dispersion dominated galaxies at high SSFRs. Our measured (V/σV,0)2.2
values do not show a trend with stellar mass, but when considering our data together with the
results of Wisnioski et al. (2015), we may see a weak trend of increasing V/σ with increasing
stellar mass.

When measuring the kinematics, we assume that the velocity dispersion is constant.
If the true velocity dispersion profile rises towards the center of a galaxy (as discussed in
Section 4.5.2), our measured σV,0 may be systematically higher than what would be measured
in the outer portions of our galaxies. This would systematically shift our measured (V/σV,0)2.2
to lower values than those found by Wisnioski et al. (2015). Thus the trends of V/σ with Hα
SSFR and stellar mass found from the combined samples may be partially due to a systematic
difference between the adopted V/σ values.

3.5 Discussion
In this section we analyze how different assumptions and caveats may influence our results.

In Section 3.5.1, we consider the results if instead of baryonic masses we had compared just
stellar and dynamical masses. Section 3.5.2 presents the implications of treating our galaxies
as dispersion-dominated galaxies. In Section 3.5.3, we discuss constraints on the IMF based
on our measured Mbaryon and Mdyn values. In Section 3.5.4, we use our data to investigate the
modified S0.5 Tully Fisher relation (e.g., Kassin et al. 2007). We compare the Mbaryon −Mdyn
relation of the selected AGN to the relation measured for our star-forming galaxy sample
in Section 3.5.5. Section 3.5.6 examines differences between the stellar continuum and Hα
intensity profiles. Finally, we discuss caveats to assumptions we have made in Section 4.5.2.
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3.5.1 Importance of including gas in comparisons to dynamical
masses

Previous studies have compared stellar masses to dynamical masses, especially using the
stellar kinematics of quiescent galaxies (e.g., Newman et al. 2010, Taylor et al. 2010, Bezanson
et al. 2013, van de Sande et al. 2013, Belli et al. 2014). For quiescent galaxies this may be
a fair comparison, but for high redshift star-forming galaxies the gas mass is found to be a
non-negligible fraction of the total baryonic mass (e.g., Tacconi et al. 2013).

To assess this finding, we consider the difference between the dynamical masses and the
stellar masses alone versus Hα SSFR in the left panel of Figure 3.11. There is an offset between
the masses, with the dynamical masses generally exceeding the stellar masses. When we split
the sample into bins of Hα SSFR (log10(SSFRHα) < −9.25, −9.25 ≤ log10(SSFRHα) < −8.75,
log10(SSFRHα) ≥ −8.75), we find that the higher SSFR bins have larger offsets between
the dynamical and stellar masses than the lower SSFR bins. This result is not surprising,
as the median inferred ratios of fgas = Mgas/(M∗ + Mgas) are fgas = 0.22, fgas = 0.44, and
fgas = 0.58 for the lowest to highest SSFR bins, respectively.

In contrast, the baryonic masses (right panel of Figure 3.11) show a much weaker SSFR-
dependent offset with respect to the dynamical masses. The Mdyn/Mbaryon – SSFR relation
also show a smaller observed scatter (σRMS = 0.34 dex) than the Mdyn/M∗ – SSFR relation
(σRMS = 0.37 dex). The agreement between the baryonic and dynamical masses, as well as
the larger Mdyn/M∗ offset for higher SSFR galaxies, suggests that our Hα SFR-based gas
masses are reasonable estimates of the true values.

Thus, at least for star-forming galaxies, it is important to include the gas masses in the
total baryonic mass when comparing it against the dynamical masses.

3.5.2 What if we assume that all galaxies without detected
rotation are early-type galaxies?

As our sample consists of star-forming galaxies, we have assumed that there is some
amount of rotational support for all galaxies, even for those that are not kinematically resolved.
However, it might be the case that some, if not all, of these objects without observed rotation
are early-type galaxies. To assess this possibility, we derive dynamical masses assuming
instead that all the kinematically unresolved galaxies are dispersion-dominated ellipticals or
lenticulars (S0s).

We calculate the dynamical masses as

Mdyn = β(n)
σ2
e,corrRE,circ

G
. (3.5)

Here we use the Sérsic index dependent virial coefficient, β(n), given in Cappellari et al.
(2006), where β(n) is a quadratic function of n (e.g., β(n = 1) ∼ 8 and β(n = 4) ∼ 6).
The observed integrated velocity dispersions (σV ) are corrected (to σe,corr) using an aperture
correction similar to that presented in van de Sande et al. (2013), modified to include the axis
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Figure 3.11 : Difference between the dynamical and the stellar (left) and baryonic masses (right),
versus the Hα SSFR. The objects with observed rotation are shown as circles, and the objects
without observed rotation as squares. The median ∆(log10M) for the entire sample is shown with
the black line. The data are binned in SSFRHα, with the median values shown as the purple
diamonds, and a linear fit to the median points is shown with the purple line. In the left panel, we
see a larger offset between the dynamical and stellar masses for galaxies with higher SSFR than
those with lower SSFR. This offset is reduced when instead we compare the dynamical and baryonic
masses. Additionally, the scatter between the mass values is larger when comparing the dynamical
and the stellar (σRMS = 0.37 dex) rather than the baryonic (σRMS = 0.34 dex) masses. This figure
illustrates the importance of including gas masses in the mass comparison.
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Figure 3.12 : The difference between dynamical and baryonic masses vs. axis ratio b/a assuming
that the galaxies without observed rotation are ellipticals or lenticulars (S0s). The observed velocity
dispersions for the galaxies without apparent rotation are corrected using a modified aperture
correction based on the method by van de Sande et al. (2013). The dynamical masses are then
calculated using virial coefficient β(n) and the circularized effective radii RE,circ. The plot point
and line definitions are the same as in Figure 3.9. The Sérsic dependent virial coefficient combined
with the circularized radius results in no trend with axis ratio, similar to the effect of applying
inclination corrections when assuming the galaxies have partial rotational support.
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ratio and position angle offset relative to the slit. When calculating the dynamical masses, we
use the circularized effective radii, RE,circ = RE

√
b/a, with RE the Galfit effective radius

(which is equal to the semi-major axis) and b/a the axis ratio. It is necessary to use RE,circ in
this case, as β(n) is derived using circularized radii. The resulting mass difference ∆ log10M
as a function of axis ratio, b/a, is shown in Figure 3.12.

Under these assumptions, the dynamical masses are also in reasonable agreement with
the baryonic masses (∆ log10M = −0.07 dex, σRMS = 0.37 dex), though the mass offset is
somewhat lower than measured for the galaxies with detected rotation. Remarkably, there
is no trend of ∆ log10M with b/a, which is due to the circularization of the effective radii.
For objects with smaller axis ratios b/a, the circularized radii will be smaller, and thus the
dynamical masses will be lower than if they were calculated using non-circularized radii. Thus,
the Sérsic dependent virial coefficient, combined with the circularized radius has a similar
effect as the inclination correction applied when assuming that the galaxies are primarily
supported by rotation.

The agreement between the dynamical masses for the two separate methods may explain
why both star-forming and quiescent galaxies, when treated as early-type galaxies, share
“one mass fundamental plane,” as found by Bezanson et al. (2015). In this work both star-
forming and quiescent galaxies fall on the same surface in the 3D parameter space defined by
effective radius RE, velocity dispersion σV , and stellar mass surface density Σ∗. We note that
when assuming all unresolved galaxies are early-type galaxies, the median offset ∆ log10M
is negative, with the typical galaxy lying in the unphysical regime where Mdyn < Mbaryon.
This result could suggest that more accurate dynamical masses are obtained when assuming
the galaxies are rotationally supported. However, both the baryonic and dynamical masses
are subject to systematic uncertainties, and thus we cannot definitively state whether the
unresolved galaxies are rotationally supported or not.

3.5.3 Stellar initial mass function constraints
In this section we consider the implications of the measured Mbaryon and Mdyn values of

our galaxy sample for the stellar IMF. In estimating the baryonic masses, we have assumed a
Chabrier (2003) IMF. An alternative choice is a Salpeter (1955) IMF, which would result in
higher stellar masses, by a factor of 1.8 (e.g., Erb et al. 2006c). The relations between L(Hα)
and SFR, and ΣSFR and Σgas given by Kennicutt (1998) both contain an IMF dependence,
but the relation between the intrinsic L(Hα) and Σgas does not depend on the IMF, so the
gas masses do not change whether using a Salpeter or a Chabrier IMF.

We show the implications of assuming a Salpeter rather than a Chabrier IMF in Figure 3.13.
The median log10(Mdyn/Mbaryon) for the whole sample is shown as the solid black line. If we
had instead adopted a Salpeter IMF (right panel), the zero-point of log10(Mdyn/Mbaryon) is
lower.

Physically, we expect that the dynamical mass, which traces all mass in a galaxy, must
at least be as large as the observed baryonic mass, depending on the dark matter fraction
within an effective radius. The median log10(Mdyn/Mbaryon) we measure assuming a Chabrier
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Figure 3.13 : log10(Mdyn/Mbaryon) vs. log10Mdyn for a Chabrier (left panel) and a Salpeter IMF
(right panel). The galaxies with and without detected rotation are shown with the blue and red
points, respectively. In each panel, the zero-point log10(Mdyn/Mbaryon) = 0 is presented by the
dotted grey line, and the median ∆ log10M = log10(Mdyn/Mbaryon) of the whole galaxy sample
by the solid black line. The unphysical region where Mdyn < Mbaryon is shaded grey. The mass
incomplete region (Mbaryon . 109.6M�) is shown with the grey hatched region. A Chabrier IMF is
consistent with our measurements, while a Salpeter IMF is not; this IMF shifts the median to the
region where Mdyn < Mbaryon, which is unphysical.
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IMF is consistent with this expectation, with 46% of the galaxies fall within the unphysical
regime. However, for a Salpeter IMF 63% of the galaxies fall within the unphysical regime
where Mdyn < Mbaryon. Thus a Salpeter IMF is inconsistent with our measured values of
Mbaryon and Mdyn. This inconsistency with a Salpeter IMF is in agreement with the findings
of other studies of star-forming, disk galaxies (Bell & de Jong 2001, Tacconi et al. 2008,
Dutton et al. 2011a, Brewer et al. 2012). Nonetheless, our result is subject to potential
systematic uncertainties that might decrease the measured dynamical masses, such that our
measurements would be inconsistent with both a Salpeter (1955) and a Chabrier (2003) IMF.
We discuss these systematic uncertainties in detail in Sections 3.5.6 and 4.5.2.

Finally, there is a suggestive trend between Mdyn/Mbaryon and Mdyn, such that more
massive galaxies may have a steeper IMF (or a larger dark matter fraction). However, this
trend primarily reflects the cutoff in observed baryonic masses (upper envelope). Thus, at
fixed dynamical mass, we miss galaxies with the lower baryonic masses. These missed galaxies
could increase the median baryonic-dynamical mass offset, leaving room for more dark matter,
or bringing the Salpeter IMF into agreement with our data.

3.5.4 Modified stellar mass Tully-Fisher relation
The Tully-Fisher relation (TFR, Tully & Fisher 1977) - which relates the luminosity of

disk galaxies to their rotation velocity - captures information about the interplay between
the build-up of disk galaxies and their dark matter halos. As the luminosity-based TFR is
subject to luminosity evolution (due to aging populations) and a possible evolution in the
gas mass fraction, more recent works have focused on measuring the stellar mass or baryonic
mass TFRs, as mass allows for more straight-forward comparisons between redshifts (e.g.,
Dutton et al. 2011b, Gnerucci et al. 2011, Miller et al. 2012, Vergani et al. 2012).

Furthermore, Kassin et al. (2007) argue that the stellar and baryonic TFRs may evolve
due to the increase of non-rotational support in higher redshift galaxies. To account for the
increased non-rotational support, they argue for the adoption of the S0.5 kinematic indicator,
with S0.5 =

√
0.5V 2

rot + σ2
V . This study shows a reduction of scatter in the S0.5-M∗ TFR

relative to the standard M∗-TFR at z ∼ 0.2− 1. Furthermore, they find that there is barely
any evolution in the S0.5-M∗ TFR out to z ∼ 1.

We use our kinematic measurements to examine the S0.5-M∗ and S0.5-Mbaryon TFRs for
our sample of star-forming galaxies at z ∼ 1.5 − 2.6, shown in Figure 3.14. We perform
a weighted linear fit of S0.5 vs M∗ (left panel, Figure 3.14) to our sample of star-forming
galaxies by fixing the slope to the average value Kassin et al. (2007) find at z ∼ 0.1 − 1.2
(i.e., slope = 0.34). We find a moderate correlation between S0.5 and M∗, with scatter in S0.5
of σRMS = 0.17 dex for our star-forming galaxies. The scatter is similar to the average scatter
Kassin et al. (2007) find (0.16 dex). Our best-fit relation is offset to higher S0.5 compared to
the average relation found by Kassin et al. (2007) (black dashed line, left panel of Figure 3.14),
which may be explained by lower average gas fractions of star-forming galaxies at lower
redshifts. We find a similar intercept if we fit the S0.5 −M∗ relation using only the galaxies
with detected rotation.
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Figure 3.14 : The modified S0.5-M Tully-Fisher (TF) relation (Kassin et al. 2007) for our sample
galaxies with and without detected rotation. The left and right panels show the stellar and baryonic
S0.5-M TF relations, respectively, with S0.5 =

√
0.5V 2

2.2 + σ2
V,0 for our measurements. In each panel,

the star-forming galaxies at z ∼ 1.5 and ∼ 2.3 are shown as light blue and teal squares, respectively,
and the AGN at z ∼ 1.5 and ∼ 2.3 are shown as pink and purple stars, respectively. For the same
slope of the S0.5 −M∗ relation, our sample has higher S0.5 at fixed M∗ than the sample of Kassin
et al., which may reflect the trend of a decreasing average gas fraction. For the S0.5 −Mbaryon
relation we find that, for the same slope, our sample has lower S0.5 at fixed Mbaryon than the sample
of Kassin et al. An increase in the average dark matter fraction over time could explain the higher
S0.5 values observed by Kassin et al.
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We follow the same general method to fit S0.5 vs Mbaryon (right panel, Figure 3.14),
adopting the slope of the S0.5-Mbaryon TFR at z ∼ 0.2 measured by Kassin et al. (2007)
(i.e., slope = 0.39), and find a correlation between S0.5 and Mbaryon with a scatter in S0.5
of 0.16 dex. Our S0.5 intercept is somewhat lower than found by Kassin et al. (2007) at
z ∼ 0.2 (dashed black line, right panel), suggesting an increase in S0.5 at fixed Mbaryon over
time. We find the same result if we exclude the galaxies without detected rotation. The
offset between S0.5 intercepts may be explained by a higher dark matter fraction at later
times. This trend may reflect the increasing radii of similar-mass star-forming galaxies with
decreasing redshift (e.g., Williams et al. 2010, van der Wel et al. 2014a); as dark matter halo
profiles are less concentrated than stellar mass profiles, a larger radius results in a higher
dark matter fraction.

Nonetheless, systematic differences may affect the comparison of the S0.5 −M TFRs.
In particular, the rotation velocities are not measured uniformly, which could introduce
systematic offsets. Kassin et al. (2007) use the maximum rotation velocity Vmax (i.e., the
velocity at the flat portion of an arctan rotation curve or at 2.2rs for an exponential disk).
Our data do not sample the flat portion of the arctan rotation curve, so we instead adopt
V2.2 as our velocity measurement, as we have reasonable velocity constraints at this radius.
Future work is necessary to quantify the differences between the literature measurements, in
order to study the M -TFR evolution over time in a consistent manner.

3.5.5 Comparison of baryonic and dynamical masses for AGN
In this section we consider the kinematics of the AGN that fall within our galaxy

sample. Interpreting the kinematics of AGN can be challenging, as the line profiles may have
contributions from nuclear emission tracing non-virial motions. Therefore, we did not include
the AGN in our analysis so far. Here we assess whether the kinematics may still provide a
probe of the host-galaxy structure.

We calculate the stellar, gas, and baryonic masses following the procedure of Section 3.2.1.
We measure the Hα kinematics from the resolved 2D or integrated 1D spectra, and derive
dynamical masses following the procedures of Sections 3.3.1, 3.3.2, and 3.3.4. The resulting
baryonic and dynamical masses for the AGN, along with those of the galaxy sample, are
shown in Figure 3.15.

The AGN that meet our sample selection criteria generally follow the same relation
of Mdyn −Mbaryon as the primary galaxy sample. For the AGN we find a median offset
∆ log10M = 0.01 dex, which is slightly lower than the median offset for the star-forming
galaxies (∆ log10M = 0.04 dex), and a scatter of σRMS = 0.35 dex. We note that the effective
radii may be underestimated for some objects, due to the influence of a nuclear source.

The good agreement between the AGN and galaxies in the Mdyn −Mbaryon plane suggests
that the rest-frame optical lines of most AGN in our sample are not dominated by line emission
from the nuclear regions, and that we are probing the kinematics of the host galaxies. Our
findings support the results of Gabor & Bournaud (2014), who show that in high-resolution
hydrodynamic simulations of disk galaxies at z ∼ 2, AGN have relatively little impact on the
gas in galaxy disks.
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Figure 3.15 : Mdyn vs. Mbaryon for the AGN in comparison with the galaxy sample. Galaxies with
and without detected rotation galaxies are represented by the grey circles and squares, respectively.
The AGN with and without detected rotation are shown with the purple and yellow stars, respectively.
The grey line shows the median offset of ∆(log10M) = 0.01 dex for the AGN, and the dashed grey
line shows Mdyn = Mbaryon. For reference, the grey dotted line shows the median offset for the
star-forming galaxies. The relation between baryonic and dynamical masses for the AGN is similar
to the relation for primary galaxy sample, and thus the gas kinematics likely trace the dynamics of
the host galaxies.
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Figure 3.16 : Intensity profiles for the stellar continuum and Hα for the four objects shown in
Figure 3.2, with the field and 3D-HST v4 ID noted in the upper left corner of each panel. The
normalized stellar light and Hα profiles are shown as the blue and red lines, respectively. The solid
grey line shows the emission line center measured during the 1D spectra extraction. The dashed
grey lines show the convolved, projected effective radius for each object. The profiles are generally
in good agreement, with only the first object having a noticeably larger Hα profile width.

3.5.6 Mass-to-(Hα)-luminosity variations
When constructing kinematic models, we rely on structural parameters and radii measured

from the stellar light distribution, but measure the kinematics from Hα emission. Ideally, we
would measure the kinematics from stellar absorption features, but our galaxies are too faint
for these measurements. Instead, we assume that the ionized gas and stellar mass have the
same distribution and that the gas follows the gravitational potential of the galaxy.

When using kinematic models to measure rotation and interpret the velocity dispersion
of unresolved objects, we weight the model velocity field by a luminosity distribution. For
the galaxies with detected rotation, this weighting determines the composite velocity profile
within a spatial slice, as there is a mix of line-of-sight velocity components, as well as
components that fall within the slit, parallel to the spatial direction. The weighting also
predicts a light profile along the spatial direction, but our method of fitting the 2D spectra
with the models removes this variation in the spatial direction through the scaling factor S(y).
For the kinematically unresolved galaxies, the luminosity weighting affects all directions.

To be fully consistent, we should weight the model velocities by the Hα light profile, so
there are no mis-matches between the model and observed luminosity profiles. However,
the Hα profiles are not well constrained by the MOSDEF data, and most galaxies in our
sample lie at redshifts where Hα falls outside of the wavelength coverage of the WFC3 grism
(Brammer et al. 2012). We therefore assume that the stellar light profiles are a reasonable
approximation for the luminosity weighting. We assess this assumption by comparing the
stellar light profiles with the Hα profiles for the galaxies with detected rotation.

To measure the stellar light profile, we convolve the HST/F160W image to match the
seeing resolution of the corresponding MOSFIRE spectrum. We then collapse all light falling
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within the slit along the slit direction. We approximate the Hα profile by collapsing the
scaled emission line model, S(y)fmodel(y, λ), over the wavelength direction. We show example
F160W and Hα profiles in Figure 3.16 for the same galaxies shown in Figure 3.2. For three
of the four examples, the stellar and Hα profiles are very similar. Only the first object,
AEGIS-17437, has noticeable deviation between the Hα and stellar profiles, where the Hα
profile is wider than the stellar light profile.

We quantify the profile differences for all galaxies with detected rotation by fitting the
Hα and F160W profiles with Gaussians. We note that the profiles of a number of objects are
not well-described by a Gaussian profile, but the FWHM measurements should provide a
reasonable, albeit rough, comparison. We compare the widths of the seeing-matched stellar
light and Hα profiles in Figure 3.17. Generally, the FWHMs are in reasonable agreement,
and only a few objects have FWHMs that differ by more than 10% (objects lying outside
the grey shaded region). Additionally, we show the relation RE,Hα = 1.3RE found by Nelson
et al. (2012) as the dotted grey line, converted to FWHMs and convolved with a median
seeing FWHM of ∼ 0.′′7. All but a few of the galaxies lie below this line, suggesting that the
Hα sizes for our sample are closer to the stellar light sizes than for the Nelson et al. sample.
Thus, for most of our objects the stellar light profile is a reasonable substitute for the Hα
profile, and hence the measured kinematics will not be biased.

However, for galaxies with more extended Hα, such as AEGIS-17437, we may overestimate
the velocity dispersion and possibly the rotation velocity, when assuming the stellar light
profile in the model construction. This velocity difference can be explained by the fact that
the high velocities at large radii have been down-weighted when using the less extended stellar
light instead of the Hα profile. The exact changes in the measured velocity and dispersion
velocity from the 2D models depend on the misalignment between the major axis and the slit.
If ∆PA = 0, there is symmetric mixing of velocities at different radii within a spatial slice,
and the narrower stellar light profile therefore results in less broadening in the wavelength
direction. Additionally, by weighting with the narrower stellar light profile, the composite of
the velocity components along the line-of-sight direction also results in less broadening in the
wavelength direction. Thus, when ∆PA = 0 and we weight the velocity fields with the stellar
light profile, the measured V (RE) is the same, and σV,0 is larger than we would measure
when using the Hα light profile. If a galaxy is misaligned with the slit, the measured V (RE)
using the stellar light profile may also be larger than if we weighted with the Hα profile.

The 1D model for AEGIS-17437 would suffer a greater discrepancy if we would have
weighted the velocities of the model with the Hα instead of the stellar light profile. The
increased weight at large radii would increase the weighted integrated velocity dispersion
of the model within the aperture. Thus the ratio σV,model/VRMS(RE)model is higher for the
Hα profile than for the stellar light profile, when using the same underlying rotation curve
and assumed (V/σV,0)RE

. Therefore, the corrected RMS velocity values measured using the
stellar light profile overestimate the true values.

An additional question is whether the stellar light sizes correctly probe the characteristic
size of the underlying matter density profile. In particular, our current calculations have
assumed that half of the total mass is enclosed within the half-light radius. However, the
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Figure 3.17 : FWHMHα vs. FWHMF160W for the galaxies with observed rotation. The Hα FWHM
is measured from the scaled 2D emission line model, and the F160W FWHM is measured from the
F160W image within the slit, convolved to match the MOSFIRE seeing conditions. The dashed grey
line shows the line of equality. The grey shaded region shows the range of values when FWHMHα is
10% smaller or larger than FWHMF160W. The FWHMs are similar for most of the galaxies with
detected rotation. Also, all but a few of the galaxies lie below the relation RE,Hα = 1.3RE found by
Nelson et al. (2012), with the converted FWHMs convolved with a median seeing FWHM of ∼ 0.′′7.
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half-mass sizes are on average ∼ 25% smaller than the half-light sizes (Szomoru et al. 2013).
If we assume the same intrinsic rotation velocity curve, V (RE) > V (r1/2,mass), and thus the
measured V (RE) (for the resolved models) and VRMS(RE) (for the unresolved models) are
larger than the velocities at r1/2,mass. If we assume a constant σV,0, this difference implies a
lower V/σ. In combination with a smaller Re, this results in a considerably lower dynamical
mass. For example, if r1/2,mass is 25% lower than RE (as in Szomoru et al. 2013), then a galaxy
with (V/σV,0)RE

= 2.1 at RE and rt = 0.4rs = 0.4RE/1.676 (following Miller et al. 2011,
see Appendix C) has Mdyn(r1/2,mass) which is 31% lower than Mdyn(RE). When applying
the correction found by Szomoru et al. (2013) the dynamical masses decline by 0.16 dex (to
∆ log10M = −0.12 dex) and are inconsistent with both a Chabrier (2003) and a Salpeter
(1955) IMF.

We illustrate a lower limit of this systematic variation in the left panel of Figure 3.18, by
approximating the changes of ∆ log10M caused by varying r1/2,mass/RE and using Mdyn =
Mdyn(r1/2,mass) (i.e., including variations to the RMS velocity and virial coefficient with the
assumption of an arctan curve with (V/σV,0)RE

= 2.1 and rt = 0.4rs = 0.4RE/1.676). Even
∼ 10% changes in r1/2,mass/RE result in a ∼ 10% change to the inferred dark matter fraction.
However, if we instead assume a decreasing velocity dispersion with increasing radius, as we
discuss in the next section, the VRMS(r1/2,mass) values would be larger. This moves in the
opposite direction as the above trend, and may change the masses so they remain consistent
with a Chabrier (2003) IMF.

3.5.7 Other caveats
In this section we consider caveats to assumptions made in the preceding analysis.

Specifically, we focus on possible variations due to assumptions about the accuracy of the
structural parameters, misalignment of the photometric and kinematic major axes, the
intrinsic thickness of galaxy disks, the accuracy of our derived gas masses, the shape of the
rotation curve, and the velocity dispersion profile being constant.

First, we have not fully accounted for the accuracy of the Galfit-derived structural
parameters. We depend on the structural parameters to model the kinematics of the detected
rotation curves, to correct the kinematics from integrated 1D spectra, and to calculate the
dynamical masses. We include estimated errors on the effective radii when calculating the
dynamical masses, but do not include any errors when fitting the kinematic models. Thus,
uncertainties in the structural parameters introduce scatter in our derived dynamical masses.

Second, for objects where the photometric and kinematic major axes are misaligned, the
inferred velocities and dispersion velocities will be incorrect. If the true ∆PA is closer to
aligned, the corrected RMS velocities will be over-estimated, while if it is more misaligned, the
velocities will be under-estimated (as seen in the first panel in Figure C.1). We expect similar
over- and under-estimates in the measured velocities and dispersions for the galaxies with
detected rotation. Additional misalignment uncertainties are introduced by slit alignment
issues, which introduce the same trends as stated above.

Third, we assume an intrinsic disk thickness of (b/a)0 = 0.19 to estimate inclination
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Figure 3.18 : Systematic changes in the median log10(Mdyn/Mbaryon) = ∆ log10M with varying half-
mass to half-light radius ratio (r1/2 mass/RE,∗, left panel) and effective virial coefficient (keff,median,
right panel). In both panels the black horizontal line shows the median ∆ log10M for the whole
sample when adopting the default assumptions. Lines of constant dark matter fraction (assuming
fDM = MDM/Mdyn = (Mdyn − Mbaryon)/Mdyn) are shown with grey dashed lines. In the left
panel, the systematic changes with half-mass to half-light radius ratio include variations of the
RMS velocity and virial coefficient assuming an arctan rotation curve with (V/σV,0)RE

= 2.1 and
rt = 0.4RE/1.676. Szomoru et al. (2013) find that r1/2 mass is on average 25% lower than RE
(orange circle), which corresponds to the median offset ∆ log10M shifted to the unphysical region, or
∆ log10M ∼ −0.12 dex. In the right panel, the systematic changes with the effective virial coefficient
are approximated by applying the same keff,median to all galaxies and calculating the resulting
median offset ∆ log10M . Assuming keff,median ∼ krot = 2.66 for all galaxies (without changing the
assumed (V/σV,0)RE

) results in an unphysical ∆ log10M < 0, while assuming keff,median ∼ kdisp = 5
results in a much higher inferred dark matter fraction of fDM ∼ 45%.
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angles. If a galaxy is intrinsically thicker than the assumed value, the inferred inclination
angle underestimates the true value. In this case, the inferred intrinsic rotation velocity
and (V/σV,0)RE

would be overestimated. If a galaxy is thinner, the inclination angle will
be overestimated, producing an underestimate of both the rotation and (V/σV,0)RE

. Thus,
variations in disk thickness within our sample will add scatter and a possible systematic offset
in our dynamical masses.

Fourth, we assume that the galaxies in our sample follow the SFR-gas mass relation of
Kennicutt (1998) for star-forming galaxies in the local universe. Based on a local sample of
normal and starburst galaxies, Kennicutt (1998) measure N = 1.4 for ΣSFR ∝ ΣN

gas, where
Σgas includes both atomic and molecular gas. Analysis of galaxies at z ∼ 1− 3 find slopes
that vary between N = 1.28 (Genzel et al. 2010) and N = 1.7 (Bouché et al. 2007). These
values bracket the local slope, so our gas masses may be reasonable. However, if the true
slope is lower than the local relation, our gas masses underestimate the true value, while a
higher slope implies our gas masses overestimate the true value. An alternate method would
be to adopt the gas mass scaling relations presented in Genzel et al. (2015), which relate
the gas mass to the stellar mass, the offset from the star-forming main sequence, and the
redshift. If we adopt this scaling relation, we see an offset ∆ log10M = −0.12 dex and a
scatter of σRMS = 0.368 dex between the dynamical and baryonic masses, with the median
mass difference lying in the unphysical region where Mbaryon > Mdyn. However, the gas
mass scaling relations of Genzel et al. (2015) were calibrated for UV+IR SFRs, while we
use Hα SFRs in this work. Mismatches between these SFR indicators could be causing the
large (∼ 0.2 dex) difference between the inferred baryonic masses when using the scaling
relation method and the inverted Kennicutt-Schmidt relation. As Kennicutt (1998) calibrated
the ΣSFR − Σgas relation using Hα SFRs, we opt to estimate the gas masses following this
prescription.

Fifth, we have assumed that the rotation velocity profiles of our disk galaxies are well
described by arctan models, as shown by Courteau (1997), Weiner et al. (2006), and Miller
et al. (2011). Some distant star-forming galaxies exhibit rotation following a Freeman
exponential disk model (Freeman 1970), as found by Wisnioski et al. (2015), while van
Dokkum et al. (2015) find indications of Keplerian rotation in compact star-forming galaxies.
However, preliminary analysis suggests that using an exponential disk rotation curve with
our modeling produces poor fits to some of our galaxies. More detailed modeling is required
to determine in detail whether an alternative rotation profile provides better agreement with
our data and to assess the uncertainties introduced by this assumption.

Sixth, we have assumed that the intrinsic velocity dispersion is constant over all radii.
However, the true velocity distribution may decrease with increasing radius, as seen in
Genzel et al. (2014) and Wisnioski et al. (2015). For the unresolved objects, a decreasing
velocity dispersion distribution would produce higher model RMS velocities for a given
(V/σV,0)RE

measured at RE,3 as matching the same σV (RE) ≈ σV,0 implies a higher central
3Other studies (e.g., Newman et al. 2013, Wisnioski et al. 2015) measure σV,0 in the outer portions of

a galaxy, so taking σV (RE) ≈ σV,0 in the case of a non-constant velocity profile should be a reasonable
comparison, though may be higher than the true value depending on the exact form of the additional velocity
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velocity dispersion, σV (r = 0). A velocity dispersion profile which rises towards the center
would increase the integrated model velocity dispersions but not the model RMS velocity at
RE, leading to lower corrected RMS velocities and lower dynamical masses. The trend of
decreasing integrated RMS velocity with increasing inclination will also be less strong for a
fixed (V/σV,0)RE

than with a constant σV,0. The median (V/σV,0)RE
required to remove the

∆ log10M trend for the kinematically unresolved galaxies will therefore be higher, increasing
the implied amount of rotational support relative to the random motions, which would
indicate more settled or thinner disks. Preliminary calculations assuming an additional
dispersion term that rises towards the center of a galaxy confirms these general trends, but
more careful analysis is necessary to determine the correct form of a rising velocity dispersion
profile.

Seventh, in our derivation of the dynamical masses we have not included the system-
atic uncertainties arising from the choice of virial coefficients, kdisp and krot. The matter
distributions assumed when deriving the virial coefficients may not match the underlying
profiles of the star-forming galaxies in our sample, but more detailed analysis is required to
quantify the uncertainties introduced by the adopted virial coefficients. We note that the
systematic shifts from a different choice of virial coefficient can be non-negligible, and have
implications especially for the IMF constraints. For instance, the combination of kdisp = β(n)
(from Cappellari et al. (2006)), n = 1, and (V/σV,0)RE

= 2.1 would have resulted in dynamical
masses that are larger by ∼ 0.07 dex and an inferred dark matter fraction of fDM ∼ 22%.
We approximate the systematic changes due to changing only the combined keff,median in the
right panel of Figure 3.18. In this plot, we see that if we assume keff,median ∼ krot = 2.66
for all galaxies (without changing the conversion from the integrated velocity dispersions to
the RMS velocities for the unresolved galaxies), then the median ∆ log10M < 0, which lies
in the unphysical region where Mdyn < Mbaryon. If we instead assume keff,median ∼ kdisp = 5
(again with no other changes), we would instead infer a much higher dark matter fraction of
fDM ∼ 45% rather than the 8% measured from the default assumptions.

3.6 Summary
In this paper, we use spectra from the MOSDEF survey to study the masses and kinematic

structures of a sample of 178 star-forming galaxies at 1.4 ≤ z ≤ 2.6. For all galaxies, structural
parameters from CANDELS HST/F160W imaging, stellar masses from multi-wavelength
photometry, and gas masses from dust-corrected Hα SFRs and the relation by Kennicutt
(1998) are available. The gas kinematics have been measured from the Hα emission lines: for
35 of the galaxies we detect resolved rotation, while in the remaining 143 galaxies we only
measure the velocity dispersion.

As our galaxies are observed with random orientations compared to the slit angle, we may
not see rotation for some objects that are intrinsically rotating. Additionally, we may not

dispersion term. This notation is in contrast to velocity dispersions of elliptical galaxies, where the central
velocity dispersions are often denoted as σ0 or σV,0.
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resolve rotation due to seeing limitations, as found by Newman et al. (2013). To estimate
how many of our galaxies are consistent with rotation, we compare the projected Hα major
axis size within the slit to the seeing and use this to estimate whether a galaxy is spatially
resolved or not. The majority of our sample (80%) is too small relative to our seeing, and
thus these galaxies may indeed be unresolved rotating disks.

We have developed models to convert the observed kinematic measurements into intrinsic
rotation and dispersion velocities. These models use the sizes, Sérsic indices, axis ratios,
and position angles measured from the F160W imaging to simultaneously account for the
inclination of the galaxy, the misalignment of photometric major axis and the slit, and
determine which portions of the galaxy fall within the slit. In the case of galaxies with detected
rotation, we directly constrain V (RE) and σV,0, and find a median [(V/σV,0)RE

]2D,median = 2.1.
For the galaxies without observed rotation, the models allow us to convert the observed
velocity dispersion into an RMS velocity for an assumed ratio of (V/σV,0)RE

.
When assuming that the galaxies with and without detected rotation have a similar

V/σ, we find that the baryonic (Mbaryon = M∗ + Mgas) and dynamical masses of the total
sample are in good agreement, with a median offset of ∆(log10M) = 0.04 dex and a scatter
of σRMS = 0.34 dex. Moreover, we directly constrain the mean (V/σV,0)RE

for the galaxies
without detected rotation by removing any trend of log10(Mdyn/Mbaryon) with axis ratio b/a
and find [(V/σV,0)RE

]1D,median = 2.1+0.2
−0.3. The offset between the dynamical and baryonic

masses implies a dark matter fraction within RE of 8% for a Chabrier (2003) IMF, which
is lower than the value measured within 2.2rs for local star-forming galaxies (Dutton et al.
2011a; Pizagno et al. 2005) or within r < 10 kpc for galaxies at z ∼ 2 (Förster Schreiber et al.
2009).

The consistency between the dynamical and baryonic masses relies on the inclusion of gas
masses. When comparing the dynamical masses with only stellar masses, we find a larger
scatter (σRMS = 0.37 dex). Furthermore, the median offset between the stellar and dynamical
mass increases with increasing Hα SSFR, which is suggestive of a larger gas fraction at higher
SSFRs.

We examine trends in the ratio of support from rotation and random motions, V/σ, as a
function of Hα SSFR and stellar mass. For galaxies without detected rotation, we bin by Hα
SSFR and stellar mass and estimate V/σ by removing any variation of log10(Mdyn/Mbaryon)
with axis ratio. We see a trend of decreasing V/σ with increasing Hα SSFR and a possible
weak trend of increasing V/σ with increasing stellar mass when combining our measurements
with the sample by Wisnioski et al. (2015). The trend of decreasing V/σ with increasing Hα
SSFR may reflect disk settling, such that galaxies with lower SSFRs have lower gas fractions
and therefore lower velocity dispersions.

While our assumption that all galaxies without detected rotation are disks results in highly
consistent dynamical and baryonic masses, we also find a strong correspondence between the
two masses if we had instead assumed that all unresolved galaxies are dispersion dominated.
Differences in the methods of calculating the dynamical masses (i.e., using circularized radii
for early-type galaxies vs. inclination corrections for disks, different virial coefficients) may
explain why the dynamical masses are so similar, and why there is no observed trend of
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log10(Mdyn/Mbaryon) with axis ratio.
The measured masses also provide insight into the stellar IMF in z ∼ 2 star-forming

galaxies. The baryonic and dynamical masses of our sample are consistent with a Chabrier
(2003) IMF. A Salpeter (1955) IMF is disfavored by our data, as it would lead to baryonic
masses that exceed the dynamical masses by ∼ 0.1 dex on average. However, when assuming
that the half-mass sizes are 25% smaller than the half-light sizes (Szomoru et al. 2013),
the inferred masses are also inconsistent with a Chabrier (2003) IMF. Nonetheless, other
systematic uncertainties, as discussed in detail in the discussion section, may reduce this
mass difference.

We examine the modified S0.5-M∗ and S0.5-Mbaryon Tully Fisher relations (TFRs) for
our sample of galaxies, with S0.5 =

√
0.5V 2

2.2 + σ2
V,0. We find a higher intercept of S0.5 than

Kassin et al. (2007) measure for the average S0.5 −M∗ TFR at z ∼ 0.1− 1.2, which may be
caused by a decrease in the average gas fraction of star-forming galaxies with time. For the
S0.5 −Mbaryon TFR, we measure a lower intercept than Kassin et al. (2007) find at z ∼ 0.2.
The change in the Mbaryon-TFR may reflect an increase in the average dark matter fraction
with time, possibly caused by the increase in average galaxy size at fixed mass with decreasing
redshift.

Our sample also contains 21 AGN, selected by either X-ray luminosity, IRAC colors, or
optical line ratios. As the line emission may be associated with nuclear accretion activity, the
broadening may not only probe the kinematics of the host galaxy. We measure the baryonic
and dynamical masses for the AGN in our sample, and find that they follow the same trend
as the star-forming galaxies. This finding suggests that on average the line profiles do indeed
reflect the host galaxy kinematics.

This paper demonstrates the power of using large samples of galaxies observed with
multi-object near-infrared spectrographs under seeing-limited conditions to study the average
kinematic properties of high redshift galaxies. In particular, combining such observations with
high-resolution imaging makes it possible to model the effects of axis misalignment, seeing, and
velocity rotation and dispersion on the observed spectra. This technique will prove useful in
future studies of galaxy kinematics with JWST/NIRSPEC, as this multi-object spectrograph
will also suffer from random orientation of galaxies within the slits. Measurements from
seeing-limited multi-object spectrographs are not sufficient to constrain kinematic properties
of individual high-redshift galaxies, and need to be complimented by adaptive-optics assisted
IFU observations. Together, these approaches will provide a powerful probe of the nature of
galaxies at this key period of structure formation.
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Chapter 4

The MOSDEF Survey: Kinematic and
Structural Evolution of Star-Forming
Galaxies at 1.4 ≤ z ≤ 3.8

Kinematics provide important independent constraints on galaxy structures and their
evolution over time. We present ionized gas kinematics for 714 galaxies at z ∼ 1.4− 3.8 from
the MOSFIRE Deep Evolution Field survey, measured using models which account for random
galaxy-slit misalignments together with structural parameters derived from CANDELS Hubble
Space Telescope imaging. We use the kinematics and sizes to measure dynamical masses,
and determine baryonic masses by inferring gas masses from dust-corrected star formation
rates (SFRs) and the Kennicutt-Schmidt relation. We measure resolved rotation for 116
galaxies, and use the dynamical and baryonic masses to statistically constrain the median
V/σ for galaxies without observed rotation. By comparing the dynamical and baryonic
masses, we find the the inferred dark matter fraction within the effective radius decreases
with increasing redshift, even at fixed stellar mass. However, for the lowest masses at z ∼ 2
and for all galaxies at z ∼ 3, the median dynamical and baryonic mass offset is unphysical,
with baryon fractions of fbar > 100%. We find correlations of V/σ with increasing stellar
mass and decreasing specific SFR (SSFR), which may be caused by disk settling in systems
with lower gas fractions. Furthermore, we find that V/σ decreases on average with increasing
redshift. Finally, we discuss possible explanations for the tension between baryonic and
dynamical masses of the low mass galaxies at z ∼ 2 and the the galaxies at z ∼ 3.

4.1 Introduction
A key open question in galaxy formation and evolution is how galaxy structures arise

and evolve over time. Today’s massive star-forming galaxies are assumed to form by the
collapse of baryons within dark matter halos (e.g., White & Rees 1978, Fall & Efstathiou
1980, Blumenthal et al. 1984), resulting in thin, smooth stellar disks. However, the exact
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details of how galaxy disks form and what impact baryons have on this process are not well
understood. Constraining these physical processes and testing different formation models
requires direct studies of galaxies at earlier times.

Recent work shows that massive star-forming galaxies in the early universe look very
different from their local counterparts. In particular, at z ∼ 2, the peak of cosmic star
formation rate (SFR) density in the universe (e.g., Madau & Dickinson 2014), massive
star-forming galaxies are generally smaller (e.g., van der Wel et al. 2014a), have large clumps
(e.g., Elmegreen et al. 2007, Law et al. 2007b, Förster Schreiber et al. 2009), and have high
gas fractions (e.g., Daddi et al. 2008, Tacconi et al. 2008, 2013). Despite these differences,
high-redshift massive galaxies do appear to have rotating disks, though they are thicker (e.g.,
Elmegreen & Elmegreen 2006) and have higher velocity dispersions and increased turbulence
compared to local massive star-forming galaxies (e.g., Epinat et al. 2008, Newman et al. 2013,
Green et al. 2014, Wisnioski et al. 2015).

Current theoretical models suggest that the thick, gas-rich disks of z ∼ 2 massive star-
forming galaxies are assembled though smooth, cold-mode accretion or minor mergers (e.g.,
Kereš et al. 2009, 2005, Dekel & Birnboim 2006, Davé 2008, Dekel et al. 2009, Oser et al.
2010, Cacciato et al. 2012, Ceverino et al. 2012). In this framework, the high turbulence and
clumpy morphologies of these galaxies at z ∼ 2 could reflect higher average gas fractions
compared to local galaxies (e.g., Dekel et al. 2009, Bournaud et al. 2011, Genel et al. 2012).

Recent instrumentation advances, including multiplexing near-infrared (NIR) spectro-
graphs such as KMOS (Sharples et al. 2013, 2004) and MOSFIRE (McLean et al. 2010,
2012), have enabled large kinematic studies at high redshifts to test these theoretical models.
Surveys with KMOS and MOSFIRE (e.g., KMOS3D, Wisnioski et al. 2015; KROSS, Stott
et al. 2016; MOSDEF, Kriek et al. 2015; and SIGMA, Simons et al. 2016) now provide the
kinematics for thousands of galaxies at z ∼ 1 − 3, augmenting previous studies of smaller
samples. While these surveys have greatly expanded our understanding of high-redshift
galaxies, many challenges to interpreting these results remain.

The majority of previous high-redshift kinematic studies are conducted using ground-
based, seeing-limited instruments (e.g., MOSFIRE and KMOS). The low spatial resolution of
these observations can mask rotation signatures in small and lower-mass galaxies (Newman
et al. 2013). Additionally, multi-object slit spectrographs (e.g., MOSFIRE) often have a
constant position angle for all slits in a mask, resulting in random galaxy orientations within
the slits, which can further mask rotation signals.

Furthermore, fully constraining star-forming galaxy formation models requires observations
of lower-mass galaxies at high redshifts. The progenitors of today’s massive star-forming
disk galaxies are lower-mass (M∗ ∼ 109 − 1010M�) galaxies at z ∼ 2 (e.g., Leja et al. 2013,
van Dokkum et al. 2013), but currently kinematic observations of these early, low-mass
galaxies are limited to very small sample sizes. Additionally, the observational challenges
are particularly pronounced for these low-mass galaxies, as the the majority of z ∼ 1 − 3
star-forming galaxies with M∗ . 1010M� are unresolved under ground-based seeing-limited
conditions (van der Wel et al. 2014a).

However, despite the limitations of ground-based slit spectrographs, it is possible to
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statistically constrain the structures of high-redshift galaxies by combining the information
from seeing-limited spectra with high-resolution, space-based imaging (e.g., Price et al. 2016).
This approach can be applied to galaxies both with and without spatially kinematics, and
can thus be used to study the internal dynamics for galaxies over a wide range of masses and
sizes at high redshifts.

In this chapter, we use observations from the MOSFIRE Deep Evolution Field (MOSDEF)
survey (Kriek et al. 2015) to study the dynamical and baryonic masses and internal kinematic
structures of a sample of 714 star-forming galaxies at z ∼ 1.4 − 3.8. Rotation is detected
in only 116 of the galaxies, but we use detailed structural information from Hubble Space
Telescope (HST ) imaging from the the CANDELS survey (Grogin et al. 2011, Koekemoer et al.
2011) and other ancillary information to statistically constrain the kinematics of the remaining
598 galaxies. We compare the derived dynamical masses with the galaxies’ baryonic masses
to infer the evolution of the baryon and dark matter fraction in galaxies with redshift and
stellar mass. We also investigate how the derived rotation velocities (V ), velocity dispersions
(σ), and ratio of ordered to unordered motion (V/σ) correlate with other galaxy properties,
and how these kinematic properties change over time.

We adopt a ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1

throughout this work.

4.2 Data

4.2.1 The MOSDEF survey
This work is based on the complete data set from the MOSDEF survey (Kriek et al. 2015),

which was carried out from semesters 2012B to 2016A using the MOSFIRE spectrograph
(McLean et al. 2012) on the 10 m Keck I telescope. In total, the survey obtained rest-frame
optical, moderate resolution (R = 3000− 3600) spectra for ∼ 1500 H-band selected galaxies
in some of the CANDELS (Grogin et al. 2011, Koekemoer et al. 2011) fields. The full survey
details, including targeting, observational strategy, data reduction, success rate, sensitivities,
redshift measurements, and other sample properties, are given in (Kriek et al. 2015).

Structural parameters for the MOSDEF galaxies are measured from HST/F160W images
from the CANDELS survey using Galfit (Peng et al. 2010). These parameters include the
effective radius, RE (using the semi-major axis length as the effective radius), the Sérsic index,
n (Sérsic 1968), axis ratio, b/a, and the major axis position angle. Most galaxies’ parameters
are fit as described in L. de Groot et al. (2017, in preparation), while the remainder are
adopted from the catalogs presented in van der Wel et al. (2014a).

The stellar masses and other stellar population parameters are determined by fitting
the 0.3 − 8.0µm multi-wavelength photometry from the 3D-HST survey (Brammer et al.
2012, Skelton et al. 2014, Momcheva et al. 2016) with stellar population models, in the
same way as described in Price et al. (2016) (see also Kriek et al. 2015). Briefly, FAST
(Kriek et al. 2009b) is used to fit the flexible stellar population models (Conroy et al. 2009,
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Figure 4.1 : Stellar mass, log10(M∗/M�), versus (a) SFR and (b) effective radius, RE , for the
galaxies in our sample. Galaxies at z ∼ 1.5, z ∼ 2, and z ∼ 3 are colored light green, teal, and navy,
respectively. Histograms of log10(M∗/M�), SFR, and RE show the distribution of galaxies in these
redshift ranges. Galaxies without Balmer decrement dust-corrected SFRs are marked with gray
outlines. The black solid line in the left panel shows the best-fit star-forming main sequence at
z ∼ 1.4 − 2.6 from Shivaei et al. (2015). The lines in the right panel show the best-fit mass-size
relations for star-forming galaxies from van der Wel et al. (2014a) at z = 1.75 (navy dashed line),
z = 2.25 (teal solid line), and z = 2.75 (light green dashed-dotted line). Our sample spans a wide
range of properties, and generally follow the best-fit relations at these redshifts.
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Conroy & Gunn 2010) to the multi-wavelength photometry, using the MOSFIRE redshifts
and assuming a Chabrier (2003) stellar initial mass function (IMF), a Calzetti et al. (2000)
dust attenuation curve, delayed exponentially declining star formation histories, and solar
metallicity. We additionally correct the stellar masses for differences between the Galfit
and total photometric magnitudes following Taylor et al. (2010) (as in Equation 1 of Price
et al. 2016), ensuring consistency between the radii and stellar masses.

Emission line fluxes (e.g., Hα, [Oiii], Hβ) are calculated from the optimally extracted
MOSFIRE 1D spectra by fitting the lines and underlying continuum simultaneously with
Gaussian profiles and a linear component. The Hα and Hβ fluxes are additionally corrected
for the underlying Balmer absorption, using the best-fit stellar population models. More
details on emission line measurements are given in Kriek et al. (2015) and Reddy et al. (2015).

We use the following ranked approach to measure star formation rates (SFRs) and estimate
gas masses (Mgas) for our sample. This staggered method allows us to expand the sample
selection from Price et al. (2016) to include galaxies over a wider range of redshifts. First,
if both Hα and Hβ are detected (S/N ≥ 3 and the spectrum transmission at the line is at
least 50% of the maximum transmission), then the Balmer absorption-corrected Hα fluxes
are corrected for dust attenuation using the Balmer decrement, assuming a Cardelli et al.
(1989) extinction curve (see Reddy et al. 2015). Hα luminosities are then calculated from the
dust-corrected Hα fluxes, and then Hα SFRs are calculated from the luminosities using the
relation of Kennicutt (1998) for a Chabrier (2003) IMF (Shivaei et al. 2015). Next, if only
one Balmer line (Hα or Hβ) is detected, then we assume the dust attenuation of the nebular
regions is related to the continuum attenuation by AV,neb,Calzetti = 1.86AV,cont,Calzetti (Price
et al. 2014). We convert this inferred nebular attenuation to the Cardelli et al. (1989) curve,
and use the resulting attenuation to correct the Balmer line flux. If only Hβ is detected, we
convert the dust-corrected Hβ flux to an Hα flux assuming fHα/fHβ = 2.86 (Osterbrock &
Ferland 2006). As with above, Hα (or Hβ) SFRs are then determined from the dust-corrected
Balmer fluxes using the Kennicutt (1998) relation. Finally, if neither Balmer line is detected,
SFRs from the spectral energy distribution (SED) fitting with FAST are adopted. We then
estimate gas masses for every galaxy using the relation ΣSFR ∝ ΣN

gas, with N = 1.4 following
Kennicutt (1998). Here we use ΣSFR = SFR/(πR2

E) and Σgas = Mgas/(πR2
E), where we adopt

the best-available SFR and RE is the best-fit Galfit semi-major axis.

4.2.2 Sample selection
We select a kinematics sample from the full MOSDEF survey using the following criteria.

Galaxies are selected in the redshift ranges 1.34 ≤ z ≤ 1.75, 2.075 ≤ z ≤ 2.6, and 2.9 ≤ z ≤
3.8, to include galaxies in all three redshift ranges covered by the survey. We next require
that each galaxy has at least one emission line of Hα, [Oiii]5007Å, or Hβ detected with
S/N ≥ 3. The sample is further restricted to only galaxies with HST/F160W coverage, as
we require structural parameter measurements.

Additional selection criteria are applied to restrict the sample to galaxies with high-quality
spectra, and structural and stellar population parameters. We use the same criteria as in
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Price et al. (2016), with the following changes. The quality cuts on the emission lines are
applied to the highest S/N line of Hα, [Oiii]5007Å, or Hβ. We also exclude AGN from our
sample, using X-ray luminosity, IRAC color, and rest-frame optical emission line ratios to
identify AGN (Coil et al. 2015, Azadi et al. 2017). Finally, we have not excluded objects
which fall within the quiescent region in the UVJ diagram (Wuyts et al. 2007, Williams et al.
2009).

The final kinematic sample includes 714 galaxies. Of these galaxies, kinematics are
measured using Hα, [Oiii]5007Å, and Hβ for 499, 208, and 7 galaxies, respectively. Within
our sample, both Hα and Hβ are detected in 333 galaxies (e.g., Balmer-decrement corrected
Hα SFRs are adopted), only one Balmer line is detected for 307 galaxies (e.g., Hα or Hβ
SFRs are estimated using AV from SED fitting), and neither line is detected for 74 galaxies
(e.g., SED SFRs are adopted).

The stellar masses, SFRs, and effective radii of our final kinematics sample are shown in
Figure 4.1, colored by redshift range. For comparison, we show the best-fit stellar mass-SFR
relation at z ∼ 1.4− 2.6 by Shivaei et al. (2015) (left panel) and the best-fit size-stellar mass
relations for star-forming galaxies at z = 1.75, z = 2.25, and z = 2.75 by van der Wel et al.
(2014a) (right panel). The low and medium redshift galaxies in our sample are in excellent
agreement with the best-fit relation of Shivaei et al. (2015), and overall the sample shows
the expected trend of higher SFRs at higher redshifts. The galaxies also generally follow
the size-mass relations measured in similar redshift ranges, though the galaxies at z ∼ 3
are generally smaller than the relation measured at z = 2.75, as our sample redshift range
(2.9 ≤ z ≤ 3.8) is higher than the highest redshift range of van der Wel et al. (2014a).

4.3 Kinematic Measurements
The kinematic properties of our sample are measured from an emission line (Hα, [Oiii],

or Hβ) together with the structural parameters derived from the HST/F160W imaging, using
the 3D models and methods developed in Price et al. (2016). For galaxies with spatially
resolved rotation, we fit both rotation and velocity dispersion from the 2D emission lines
(Section 4.3.1). Kinematics for galaxies without detected rotation are derived from the 1D
emission line profiles (Section 4.3.2). We finish by discussing the method for determining
dynamical masses and fitting V/σ for galaxies without detected rotation (Section 4.3.3).

4.3.1 Resolved kinematics
For galaxies with spatially resolved rotation, the rotation velocity and velocity dispersion

can be measured from 2D spectra. However, the MOSDEF galaxies were observed with
random misalignments between the galaxy major axis and the slit. We thus use the 3D models
and methods developed by Price et al. (2016) to fit the rotation and velocity dispersion from
the 2D MOSFIRE spectra, using the spatial information from the HST/F160W imaging to
account for the degree of slit-axis misalignment.
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Figure 4.2 : Comparison of redshift versus (a) stellar mass and (b) specific star formation rate
(SSFR) for galaxies with (blue circles) and without resolved rotation (red squares). Histograms of z,
log10(M∗/M�), and SSFR show the distribution of the galaxies with (dashed blue) and without
(solid red) detected rotation (with the number of detected rotation galaxies multiplied by 4 for
clarity). As in Figure 4.1, galaxies without Balmer decrement dust-corrected SFRs are marked with
gray outlines. Bin boundaries in z, log10(M∗/M�), and SSFR used for later analysis (see Section 5.4)
are marked with gray dashed lines. The galaxies with detected rotation tend to be slightly higher
masses than the galaxies without resolved rotation at a given redshift, but have similar SSFRs.
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Full details of the kinematic models and the fitting code (MISFIT) are given in Appendix A
of Price et al. (2016). In brief, the models have three free kinematic parameters: the asymptotic
velocity (Va) and turnover radius (rt) of an arctan rotation curve model, and a constant
intrinsic velocity dispersion (σV,0). The models also account for inclination and the galaxy
sizes, brightness profiles, slit misalignments, seeing conditions, and instrumental resolution.
We subtract the continuum and mask the 2D emission lines similar to the procedure of
Price et al. (2016), but adopt appropriate wavelength ranges that exclude neighboring
features for the different emission lines (e.g., Hα, [Oiii], Hβ). The models are then fit to
the masked, continuum-subtracted 2D emission lines using the python Markov-Chain Monte
Carlo (MCMC) package emcee (Foreman-Mackey et al. 2013), yielding the best-fit values
and confidence intervals for V (RE), V2.2 = V (r = 2.2rs) (where rs = RE/1.676 is the scale
length of an exponential disk), and σV,0.

We apply this fitting procedure to the entire sample in order to determine which galaxies
have spatially resolved rotation and which are unresolved. Galaxies with V (RE) 6= 0 with
95% confidence (e.g., 95% of the posterior distribution is either greater than or less than
zero) are classified as having resolved rotation, while objects which fail this criterion are
classified as unresolved. Using this classification, we find that 116 galaxies in our sample
have detected rotation, while the remaining 598 galaxies have unresolved kinematics. The
distribution of galaxies with and without detected rotation are shown in Figure 4.2. Overall,
the galaxies with detected rotation tend to have slightly higher masses than those without
detected rotation, but have similar specific SFRs (SSFRs). Additionally, we detect rotation
in relatively few galaxies at z ∼ 3 compared to the galaxies at z ∼ 1.5 and z ∼ 2.

4.3.2 Unresolved kinematics
Kinematics for galaxies without rotation detected in the 2D spectra (Section 4.3.1) are

instead measured from the integrated 1D spectra. However, while these galaxies have no
detected rotation, we might expect that they have at least partial rotational support, as they
are star-forming galaxies and the seeing-limited conditions together with misaligned slits may
mask rotational signatures (Newman et al. 2013). Therefore, as in Price et al. (2016), we
model the integrated, unresolved kinematics using the same set of 3D models while assuming
a fixed value of (V/σV,0)RE

= V (RE)/σV,0.
Briefly, we first measure the integrated velocity dispersions σV,1D,obs by fitting the emission

line (Hα, [Oiii], or Hβ), any neighboring lines, and the continuum simultaneously using
Gaussian profiles and a linear component, assuming the emission lines have the same width in
velocity space. The measured velocity dispersion is then corrected for instrumental resolution
by subtracting σV,sky in quadrature from σV,1D,obs. Errors on the resulting σV,obs are estimated
by repeating the fitting and correction procedure on 500 random, error-perturbed copies of
each spectrum.

We then use the same 3D kinematic models to convert the observed velocity dispersions
σV,obs to an intrinsic root mean square velocity Vrms =

√
V 2 + σ2

V , as described in Appendix B
of Price et al. (2016). In summary, each galaxy is modeled as an inclined disk using the
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Figure 4.3 : Comparison of dynamical and stellar (top row) and baryonic (stellar and gas; middle
row) masses for galaxies at z ∼ 1.5 (left), z ∼ 2 (center), and z ∼ 3 (right), colored by redshift.
Galaxies with and without detected rotation are shown as circles and squares, respectively. The
average V/σ used to calculate Mdyn for the unresolved galaxies is fit in bins of z and M∗ (see
Figure 4.2a). Objects without Balmer decrement dust-corrected SFRs are denoted with gray outlines.
The gray dashed lines show Mdyn = M∗ (top row) and Mdyn = Mbaryon (middle row). (Bottom row)
Comparison of ratio between dynamical and baryonic masses versus galaxy axis ratio, b/a for the
three redshift ranges. The gray dashed horizontal line denotes no offset. Galaxies with and without
detected rotation show good agreement between their dynamical and baryonic masses, and we see
no differences between Mdyn/Mbaryon versus axis ratio (e.g., inclination) for these two sub-samples.
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Galfit structural parameters, and is offset from the slit by the measured ∆PA. Rotation
and velocity dispersion are included by assuming a fixed ratio of (V/σV,0)RE

and assuming an
arctan velocity curve where rt = 0.4rs = 0.4(RE/1.676) (Miller et al. 2011). We then compute
the luminosity-weighted, seeing-convolved integrated model velocity dispersion (σV,model) and
model rms velocity at RE (Vrms(RE)model), and calculate the composite Vrms(RE)1D,corr as in
Equation 2 of Price et al. (2016).

4.3.3 Dynamical masses and measuring V/σ

We determine the dynamical masses for our sample by combining their measured kinematics
and structural information. We first combine the rotation and velocity dispersions into an rms
velocity, Vrms(RE) =

√
σ2
V,0 + V (RE)2, and then calculate the effective virial coefficients keff

and dynamical masses Mdyn using Equations 3 and 4 of Price et al. (2016). This composite
allows us to account for dynamical support from both ordered and random motions (e.g.,
Meurer et al. 1996, Epinat et al. 2009, Newman et al. 2013, Übler et al. 2017).

For galaxies with detected rotation, we use the best-fit values of V (RE) and σV,0 to
determine keff and Mdyn. Unfortunately, for the galaxies without detected rotation, we
cannot simultaneously constrain V (RE) and σV,0. We must instead assume a fixed value of
(V/σV,0)RE

to determine Vrms(RE)1D,corr, keff , and Mdyn.
However, we can statistically constrain the average (V/σV,0)RE

for the unresolved galax-
ies by examining the correlation between the difference between dynamical and baryonic
(Mbaryon = M∗ +Mgas) masses as a function of galaxy axis ratio. If the average population
value of (V/σV,0)RE

is overestimated, the inclination-corrected rotation velocities will be too
high. Thus Mdyn will be overestimated for more face-on galaxies (e.g., close to b/a ∼ 1), and
there will be a positive trend between ∆ log10M = log10(Mdyn/M�)− log10(Mbaryon/M�) and
b/a.

We constrain the ensemble average (V/σV,0)RE
using the trend of ∆ log10M versus b/a,

but use a slightly different procedure than in Price et al. (2016). First, we calculate the
dynamical masses for the galaxies without detected rotation over a range of (V/σV,0)RE

values.
We then measure the slope between b/a and ∆ log10M for these galaxies at every value of
(V/σV,0)RE

, and determine the slope error through 500 realizations where ∆ log10M of every
galaxy is perturbed by the error. The best-fit (V/σV,0)RE

is then estimated by finding the
value which removes the trend of ∆ log10M with b/a (e.g., a slope of zero). The confidence
interval is taken to be the range of (V/σV,0)RE

where the slopes are consistent with zero
within the errors. Average (V/σV,0)RE

for the unresolved galaxies are measured in bins of
redshift, stellar mass, and SSFR. The bin boundaries are shown with gray dashed lines in
Figure 4.2.

The dynamical, baryonic, and stellar masses of the galaxies in our sample are shown in
Figure 4.3. For the galaxies with unresolved kinematics, the average (V/σV,0)RE

is determined
in bins of z and M∗ (see Figure 4.2a). Overall, there is good agreement between the dynamical
and stellar masses in all three redshift ranges. The dynamical and baryonic masses are also
in fairly good agreement, though we will discuss the evolution of the Mdyn −Mbaryon offset
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Figure 4.4 : Evolution of Mdyn/Mbaryon and inferred dark matter fraction with redshift. Lines of
constant dark matter fraction are shown as gray dashed lines, and the unphysical region where
Mdyn < Mbaryon is shaded gray. The median mass offset ∆ log10M = log10(Mdyn/Mbaryon) for all
galaxies (both those with and without resolved rotation) in bins of z and M∗ (Figure 4.2a) are shown
as diamonds, colored by the median value of log10(M∗/M�) of the galaxies in each bin. The black
bars denote the bootstrapped error on median for ∆ log10M . The dotted gray bars demonstrate
how the median ∆ log10M changes when using the ±1σ range of median V/σ measured for the
unresolved galaxies in each bin. We observe a decrease in ∆ log10M and the inferred dark matter
fraction towards higher redshifts. This is seen even at fixed mass, suggesting that the average growth
of galaxy masses with time is not responsible for this trend. At fixed redshift, we also find that the
median dark matter fraction within the effective radius is generally higher for galaxies with higher
masses. For the higher redshift ranges, the median ∆ log10M for the lower (z ∼ 2) and all (z ∼ 3)
mass bins lie within the non-physical region where Mdyn < Mbaryon. The negative values ∆ log10M

suggest that one, if not more, of the assumptions and methods used to measure the dynamical and
baryonic masses may not be valid for these galaxies.
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Figure 4.5 : (V/σV,0)2.2 vs (a) stellar mass, (b) SSFR, and (c) redshift for the galaxies in our
sample, colored by redshift range as in Figure 4.1. Galaxies with detected rotation are shown as
circles. Gray outlines denote galaxies without Balmer decrement-corrected SFRs. Additionally,
the median measured V/σ for bins of galaxies without detected rotation are shown with diamonds.
The unresolved galaxy bin boundaries for panels (a) and (b) are as defined in Figure 4.2(a) and
(b), respectively, and panel (c) is binned by redshift (also as in Figure 4.2). We find a positive
correlation between M∗ and V/σ (Spearman correlation coefficient ρ = 0.35 with p < 0.001) and
a negative correlation between SSFR and V/σ (ρ = −0.28 with p = 0.002) for the galaxies with
detected rotation. These trends reflect disk settling, where galaxies with lower SSFR (and gas
fraction) and higher stellar mass have more support from ordered motions. We also observe an
average increase in V/σ towards lower redshifts (panel c) for both the galaxies with detected rotation
(median shown with large circles) and for the unresolved galaxies (diamonds) in bins of redshift,
though the evolution is stronger for the median of the unresolved galaxies.

in Section 4.4.1. Furthermore, both the galaxies with and without detected rotation follow
the same M∗-Mdyn and Mbaryon-Mdyn relations. The two sub-samples also have similar
distributions of Mdyn/Mbaryon versus axis ratio (e.g., inclination).

4.4 Results
We use these kinematic and structural observations for galaxies in the MOSDEF survey

to constrain the evolution of the dark matter fraction and to explore connections between
kinematics and other properties in galaxies between z ∼ 1.4− 3.8.

4.4.1 Evolution of inferred galaxy dark matter fractions
By comparing the dynamical and baryonic masses for the galaxies in our sample, we

investigate how the inferred dark matter fraction evolves. We consider the sample into bins
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of redshift and stellar mass (as in Figure 4.2a). The ensemble average (V/σV,0)RE
for the

galaxies without resolved rotation are measured within these bins following the procedure
described in Section 4.3.3. We then combine all galaxies within each bin (e.g., both galaxies
with and without resolved rotation) and calculate the median offset between dynamical and
baryonic masses, ∆ log10(M) = log10(Mdyn/Mbaryon), and determine errors through bootstrap
resampling. These mass offsets are shown versus redshift in Figure 4.4, where each bin is
colored by the median stellar mass.

We find that the mass difference ∆ log10(M) decreases towards higher redshifts, where
galaxies have higher baryon fractions (fbar = Mbaryon/Mdyn) at higher redshifts. At z ∼ 1.5,
the median mass offset in the medium and high mass bins (9.75 < log10(M∗/M�) ≤ 10.25,
10.25 < log10(M∗/M�) ≤ 12) imply a median dark matter fraction within the effective radius
of ∼45%, while the lowest mass bin (8 < log10(M∗/M�) ≤ 9.75) has an implied fraction of
only ∼15%. The inferred dark matter fraction for the highest mass bin decreases to ∼15%
at z ∼ 2.3, while both the low and medium mass bins have negative offsets and lie within
the unphysical region where Mdyn < Mbaryon (e.g., baryon fractions fbar > 100%). For the
highest redshift galaxies (z ∼ 3.25), the median offsets of all three mass bins are negative,
though the highest mass bin is consistent with a non-zero dark matter fraction. Our results
at z ∼ 1.5 and z ∼ 2.3 for the highest mass bin are in excellent agreement with the offsets
reported by Wuyts et al. (2016) for similar mass and redshift galaxies, who find offsets of
∆ log10M ∼ 0.25 and ∼ 0.05, respectively, also assuming a Chabrier (2003) IMF.

The general trend of decreasing ∆ log10(M) (alternatively, increasing fbar) with redshift
is seen even at fixed mass, suggesting that this result is not caused by differences in the
masses of our sample for the different redshift ranges. We furthermore find that the offset is
generally higher for higher masses at fixed redshift, suggesting that the dark matter fraction
within the effective radius is higher for more massive galaxies. This trend with mass may be
caused by average trends of galaxy sizes. More massive galaxies have higher effective radii
(e.g., Williams et al. 2010, van der Wel et al. 2014a) and thus extend further into the dark
matter halo, which results in a higher dark matter fraction within RE. However, the negative
offsets ∆ log10(M) (e.g., fbar > 100%) observed for the low and medium mass bins at z ∼ 2
and all three mass bins at z ∼ 3 imply that at least some of the assumptions used to measure
the dynamical and baryonic masses may be invalid for these galaxies, as we would expect the
dynamical mass to include, at minimum, all of the observed baryonic mass.

4.4.2 Comparison between internal kinematic structure (V/σ)
and other galaxy properties

The amount of kinematic support from ordered versus random motions (V/σ) provides
information about the internal structures of galaxies. In particular, low values of V/σ may
indicate that a galaxy has a thick disk and high gas turbulence, while galaxies with high V/σ
tend to have ordered, thin disks. We thus investigate the relationship between V/σ and other
properties to constrain what processes drive the internal structures of star-forming galaxies
at high redshifts.
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Figure 4.6 : Comparison of V2.2 (top) and σV,0 (bottom) versus stellar mass (left), SSFR (center),
and redshift (right) for galaxies with detected rotation, colored by redshift range as in Figure 4.1.
The point definitions are the same as in Figure 4.5. Spearman correlation coefficients and p-values
between the parameters are marked in the panels. There are positive correlations between both V2.2
and σV,0 and M∗, a negative correlation between V2.2 and SSFR, and no discernible correlation of
σV,0 and SSFR. We also find evolution in the median V2.2 and σV,0 with redshift, where V2.2 increases
and σV,0 decreases at lower redshifts. The trends with V2.2 appear to drive most of the observed
trends of V/σ, but the decrease of σV,0 augments the increase in V/σ towards lower redshifts.



4.4. RESULTS 88

In Figure 4.5, we present (V/σV,0)2.2 = V (2.2rs)/σV,01 versus stellar mass (Figure 4.5a),
SSFR (Figure 4.5b), and redshift (Figure 4.5c) for galaxies with detected rotation. For the
galaxies without detected rotation, we also show the ensemble average (V/σV,0)2.2 measured
in bins of redshift and stellar mass, redshift and SSFR, and redshift, respectively, using the
procedure given in Section 4.3.3 for the bin boundaries displayed in Figure 4.2. We find
a moderate positive correlation (Spearman rank correlation coefficient ρ = 0.35 with >3σ
significance) between stellar mass and V/σ for our entire sample of galaxies with detected
rotation. We observe a similar trend in the V/σ values measured in bins of z and M∗ for the
unresolved galaxies. Additionally, there is a moderate negative correlation (ρ = −0.28 with
∼ 2.9σ significance) between V/σ and SSFR for the detected rotation galaxies, with a similar
trend for the bins of unresolved galaxies.

These trends of V/σ with M∗ and SSFR are in generally good agreement with the findings
of Wisnioski et al. (2015) and Simons et al. (2016) using galaxies at z ∼ 1 and z ∼ 2. The
findings of Wisnioski et al. (2015) suggests that the trend of V/σ with SSFR is indicative of
disk settling, where galaxies tend to have lower velocity dispersions when they have lower
gas fractions (which correlates with lower SSFRs). As SSFR and stellar mass are correlated,
we would expect to observe both a decreasing trend of SSFR and an increasing trend of
stellar mass towards higher V/σ. However, the stronger correlation of V/σ with M∗, as also
observed by Simons et al. (2016), suggests that other properties beyond just gas fraction help
to set a galaxy’s dynamical structure.

The general trends of V/σ with M∗ and SSFR are also seen for galaxies at z ∼ 1.5 and
z ∼ 2 separately.2 Thus, the processes regulating the internal structures of relatively massive
star-forming galaxies appear to be in place by z ∼ 2.

We also find that the median V/σ decreases with increasing redshift (Figure 4.5c), in
excellent agreement with results of Wisnioski et al. (2015) (Figure 11). This likely reflects a
combination of the decreasing average gas fraction (and decreasing SSFR) in galaxies from
z ∼ 3 to z ∼ 1.5 and the difference in the mass distribution of the samples in the three
redshift ranges (see Figure 4.1). We note that the evolution of the ensemble average V/σ of
the unresolved galaxies is stronger than the trend of the median V/σ of the galaxies with
detected rotation. This may be partly caused by differences in the mass distribution for the
galaxies with and without rotation at z ∼ 2 and z ∼ 3 (see Figure 4.2), as the unresolved
galaxies at these redshifts have lower stellar masses than the galaxies with detected rotation
at the same epochs.

1 We consider V (r = 2.2rs), the radius where an exponential rotation curve peaks, for the V/σ analysis to
provide reasonable comparisons with existing measurements, as we do not directly constrain the turn-over or
flattening for the rotation curves of our galaxies.

2The trends with V/σ at z ∼ 3 are inconclusive due to the large errors caused by the limited number of
galaxies some bins.
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4.4.3 Trends between rotation, velocity dispersion and other
properties for rotating galaxies

Additionally, we explicitly investigate correlations between rotation velocity, velocity
dispersion, and other galaxy properties to directly examine how disk rotation velocity and
turbulence evolves. Figure 4.6 shows measurements of V2.2 = V (r = 2.2rs) and σV,0 versus
stellar mass, SSFR, and redshift for the galaxies in our sample with detected rotation. We
find the strongest correlation for the full sample is between V2.2 and M∗ (ρ = 0.57 at >3σ),
but also find moderate correlations between σV,0 and M∗ (ρ = 0.33) and V2.2 and SSFR
(ρ = −0.30). We do not find any correlation between σV,0 and SSFR for the full detected
rotation sample. These trends (or lack thereof) of V2.2 and σV,0 are in rough agreement with
results by Wisnioski et al. (2015) (e.g., σV,0 versus M∗ and SSFR) and Simons et al. (2016)
(e.g., rotation and dispersion versus M∗).

We also find that the median V2.2 increases over time. Our observed trend of V2.2 with z is
generally consistent with the evolution from z ∼ 0.2 to z ∼ 1.2 found by Kassin et al. (2012).
However, the evolution of V2.2 with redshift may be impacted by different stellar masses of
the sample in each range, as found in Simons et al. (2017). Mass selection effects would also
influence the observed trends of V/σ (as discussed in Section 4.4.2).

In contrast, we find that the median σV,0 decreases with time. Our observed values of σV,0
at z ∼ 1.4− 3.3 are in excellent agreement with the findings of Wisnioski et al. (2015) and
Simons et al. (2017). Furthermore, our results are in excellent agreement with the literature
compilation and the expected evolution for marginally stable disks (e.g., Toomre 1964, Förster
Schreiber et al. 2006, Genzel et al. 2011) presented in Figure 8 of Wisnioski et al. (2015).
Overall, the strength of the correlations with V2.2 suggest that the rotation velocity trends
primarily drive the observed trends of V/σ, with relatively little impact from the galaxies’
velocity dispersion, in agreement with the findings of Simons et al. (2016).

4.5 Discussion
We now discuss how various assumptions and caveats may impact our findings. In

Section 4.5.1, we discuss implications and possible reasons for the tension between dynamical
and baryonic masses for the lower mass galaxies at z ∼ 2 and all galaxies at z ∼ 3. Section 4.5.2
discusses caveats to the presented findings.

4.5.1 Reconciling baryonic and dynamical masses at high
redshifts

While our results support a decreasing dark matter fraction within galaxies’ effective
radii towards higher redshifts, there is tension between the dynamical and baryonic masses
in the higher redshift bins. The results at z ∼ 1.5 and for the highest mass bin at z ∼ 2 are
consistent with non-zero dark matter fractions. Alternatively, these mass offsets would allow
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Figure 4.7 : Distribution of (a) gas fraction, fgas, and (b) (V/σV,0)2.2 versus mass offset,
log10(Mdyn/Mbaryon) for the detected rotation galaxies (circles) across all redshifts. Galaxies
without detected rotation are also shown in panel (a) as squares (ensemble V/σ measured in
bins of redshift and stellar mass; Figure 4.2a). The points are colored by redshift, and galaxies
without Balmer decrement dust-corrected SFRs are marked with gray outlines. The gray dashed
line shows no offset (e.g., Mdyn = Mbaryon). The galaxies with higher gas fractions tend to have
Mdyn < Mbaryon, while the lower gas fraction galaxies lie in the physical region (Mdyn > Mbaryon).
We also find that the highest V/σ values are seen in galaxies with high dynamical masses, that
preferentially have Mdyn > Mbaryon. In contrast, the lowest V/σ values (e.g., V/σ . 1) tend to have
the lowest dynamical masses and lie in the unphysical region where Mdyn < Mbaryon. The general
trend of fgas Mdyn/Mbaryon suggests that the galaxies with Mdyn < Mbaryon may have gas masses
which are systematically overestimated. However, these trends could also be caused by systematic
underestimates of the dynamical masses for galaxies with low V/σ.
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for a more bottom-heavy IMF, (e.g., Salpeter 1955), but other studies suggest a Chabrier
(2003) IMF is more appropriate for star-forming galaxies (e.g., Bell & de Jong 2001, Tacconi
et al. 2008, Dutton et al. 2011a, Brewer et al. 2012). However, even for a Chabrier (2003)
IMF, the dynamical masses are lower than the inferred baryonic masses for the galaxies in
our sample with log10(M∗/M�) ≤ 10.25 at z ∼ 2 and for the entire sample at z ∼ 3.

The unphysical offsets where Mdyn < Mbaryon suggest that some of the assumptions used
to derive masses are invalid for these galaxies. One possibility is that the gas masses, and
therefore the baryonic masses, are overestimated. Here we have used the relation of Kennicutt
(1998) to convert observed, dust-corrected SFRs into gas masses. However, this relation may
not hold for our lower mass galaxies at z ∼ 2 or our sample at z ∼ 3. Work on galaxies at
z ∼ 1− 3 find slopes which vary from N = 1.28 (Genzel et al. 2010) to N = 1.7 (Bouché et al.
2007), which bracket the local value of N = 1.4 by Kennicutt (1998). If the true slope for
our galaxies is higher than the local relation (e.g., closer to N = 1.7), our inferred gas masses
would overestimate the true values, which would ease the tension between our dynamical and
baryonic masses.

We explore the possibility that the some of the gas masses may be overestimated in
Figure 4.7(a) by examining the correlation between gas fraction, fgas, and mass offset,
log10(Mdyn/Mbaryon) for our entire sample. We find that galaxies with high fgas tend to
be found in the unphysical region (Mdyn < Mbaryon). If the gas masses of our sample are
overestimated, then at fixed dynamical mass, we would expect to find larger baryonic masses
for galaxies with higher gas fractions. The observed trend of fgas versus Mdyn/Mbaryon is in
agreement with the expected offset resulting from overestimated gas masses.

Another possible explanation for the tension between dynamical and baryonic masses
is that the dynamical masses are underestimated for some of our sample. For instance,
the ionized gas kinematics may not trace the full potential of these galaxies. The inferred
dynamical masses would thus not describe the true masses of the systems. Furthermore, if the
lower mass and higher redshift galaxies are not oblate disks, the derived dynamical masses
will be inaccurate. van der Wel et al. (2014b) examine the axis ratio distribution of galaxies
out to z ∼ 2.5 and argue that a large fraction of massive galaxies at z & 2 have spheroidal
geometries, while the majority of low-mass galaxies at z & 2 are elongated. We do note that
very few galaxies in our kinematics sample at z ∼ 3 have axis ratios b/a > 0.8, as expected
for elongated geometries, but this may only reflect the relatively small sample size at z ∼ 3.

In Figure 4.7(b), we also show (V/σV,0)2.2 versus log10(Mdyn/Mbaryon) for the sample
of galaxies with detected rotation to examine how kinematic structure impacts the offset
between baryonic and dynamical masses. We find that galaxies with low V/σ tend to have
Mdyn < Mbaryon, while the galaxies with more rotational support tend to have Mdyn > Mbaryon.
If the galaxies with low measured V/σ tend to have with non-oblate geometry, then these
objects could have systematically underestimated dynamical masses. It is also possible that
the galaxies with higher fractions of disordered motions may be objects where the ionized
gas kinematics does not trace the full galaxy potential.

Further work is needed to fully understand the cause of the disagreement between the
dynamical and baryonic masses for galaxies at higher redshifts and lower stellar masses. Direct
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observations of molecular gas are necessary to properly determine accurate gas and baryonic
masses, instead of relying on indirect estimates (e.g., following Kennicutt 1998). Deeper
observations of ionized gas kinematics with higher spatial resolution will also better constrain
the kinematics of these lower mass and higher redshift galaxies, to directly determine whether
these objects exhibit rotation These observations will also help to determine whether or not
the ionized gas distributions and kinematics fully trace the galaxies’ gravitational potentials.

4.5.2 Other analysis caveats
Here we consider additional caveats to the assumptions made in this work. In particular,

we discuss the possible impacts of the accuracy of structural parameters, measurements of
galaxy-slit misalignments, inferred galaxy thicknesses, rotation curve and velocity dispersion
profiles, the accuracy of the inferred gas masses, and the impact of the assumed virial
coefficients on the calculated dynamical masses.

First, many of the caveats discussed in Price et al. (2016) also apply to this analysis.
Specifically, the accuracy of the Galfit structural parameters is not fully accounted for in
our kinematic measurements. These structural parameters are integral to both the 1D and
2D kinematic modeling, but no structural parameter errors are included in the kinematic
fitting. Our analysis also will have over- and under-estimates in the measured kinematics if
the photometric and kinematic major axes are misaligned, resulting in different position angle
misalignments ∆PA for the slit and the photometric and kinematic major axes. Additionally,
we assume a fixed intrinsic disk thickness of (b/a)0 = 0.19 to derive galaxy inclinations.
Variations in the true intrinsic thicknesses (e.g., thicker or thinner) will lead to over- and
under-estimates (respectively) of the inclination correction for our galaxies, which could
increase the scatter and may also introduce systematic offsets in the derived dynamical
properties. Furthermore, we have assumed fixed forms for the kinematic profiles of our
galaxies. We adopt an arctan rotation curve model (e.g., following Weiner et al. 2006, Miller
et al. 2011). Some work suggests that Freeman exponential disk models (Freeman 1970) are
more appropriate for high-redshift star-forming galaxies (e.g., Wisnioski et al. 2015, while
other work suggests these galaxies may have falling rotation curves (e.g., van Dokkum et al.
2015, Genzel et al. 2017, Lang et al. 2017). However, for our objects, we only reliably probe
the kinematics out to ∼ 2.2rs. Arctan model profiles are similar to the other rotation curve
models over this range, so our choice of rotation profile should not impact our results very
strongly. We also assume a constant intrinsic velocity dispersion profile. If the true velocity
dispersion may decrease with increasing redshift (e.g., as seen in Genzel et al. 2014, Wisnioski
et al. 2015), this would result in higher median (V/σV,0)RE

measured for the galaxies without
resolved rotation (see discussion in Section 5.7 of Price et al. 2016). More careful analysis
and higher spatial resolution observations are needed to properly constrain the form of the
velocity dispersion profiles.

Second, as discussed in Section 4.5.1, our estimated gas masses may not be accurate.
We assume that our sample follows the SFR-gas mass relation by Kennicutt (1998) for
star-forming galaxies in the universe, but this assumption may not hold for galaxies at higher
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redshifts. Beyond the assumption of a SFR-gas mass relation, we also use a mix of SFR
indicators as Balmer decrement-corrected Hα SFRs are not available for the entire sample.
It is possible that the mix of SFR indicators could lead to systematic differences in the
inferred gas masses for our galaxies. Further work directly comparing and calibrating the
SFR indicators for star-forming galaxies at z ∼ 1.5− 3 is needed to determine how the mix
of SFR indicators impacts our results. Moreover, measurements of molecular gas are needed
to directly measure gas masses and to determine what biases (if any) the assumed SFR-gas
mass relation introduces.

Third, our choice of virial coefficients, kdisp and krot, could introduce systematic uncertain-
ties into the calculated dynamical masses. These virial coefficients are derived assuming an
idealized matter profile, but this profile may not match the intrinsic matter distribution of our
galaxies. For instance, as noted in Price et al. (2016), if we assumed kdisp = β(n) (following
Cappellari et al. 2006) instead of kdisp = 5 (Pettini et al. 2001), the inferred dynamical masses
would be higher, especially for galaxies with very low V/σ (e.g., (V/σV,0)RE

. 1). This
increase of dynamical masses would reduce the tension between the baryonic and dynamical
masses, especially for lower mass and higher redshift galaxies (which tend to have lower V/σ;
see Section 4.5.1).

4.6 Conclusions
In this chapter, we use spectra from the MOSDEF survey together with CANDELS

HST/F160W imaging to study the kinematics and dynamical masses of 714 galaxies at
1.34 ≤ z ≤ 3.8, with stellar masses ranging from M∗ ∼ 109M� to M∗ ∼ 1011.5M�. In addition
to kinematics and structural parameters, we derive stellar masses from multi-wavelength
photometry, and infer gas masses from either dust-corrected Hα or Hβ SFRs or SED SFRs if
Balmer lines are unavailable.

We use the 3D kinematic models developed in Price et al. (2016) to measure the galaxy
kinematics from the misaligned galaxy-slit MOSFIRE observations. We use these models to
measure both rotation and velocity dispersions for the 116 galaxies where we detect rotation
in the 2D spectra. For the remaining 598 galaxies, we measure only velocity dispersion
and use the kinematic models to convert the observed velocity dispersions into combined
kinematic rms velocities and dynamical masses, assuming a fixed ratio (V/σV,0)RE

. We then
constrain the ensemble average (V/σV,0)RE

for the galaxies without detected rotation within
bins of redshift, stellar mass, and SSFR by removing any trend between log10(Mdyn/Mbaryon)
and axis ratio b/a (e.g., inclination).

Using these mass measurements, we find that the median offset between dynamical and
baryonic masses decreases with increasing redshift, and that galaxies with higher stellar
masses tend to have higher offsets. The observed offset evolution implies an evolving dark
matter fraction, where galaxies at z ∼ 2 are very strongly baryon dominated, in excellent
agreement with the results of Wuyts et al. (2016). However, we find tension between the
dynamical and baryonic masses at z ∼ 3 and for the lower-mass galaxies at z ∼ 2. For
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these galaxies, the measured baryonic masses exceed the estimated dynamical masses (e.g.,
Mdyn < Mbaryon), which is unphysical as the dynamical masses should account for all of
the enclosed baryonic mass. We discuss possible explanations for the tension between the
measured dynamical and baryonic masses, and how future measurements can better constrain
the masses of these galaxies.

We also explore the relation between the ratio of rotation to velocity dispersion, V/σ, as
a function of stellar mass, SSFR, and redshift. We find that V/σ increases with increasing
stellar mass, decreases with increasing SSFR, and decreases towards higher redshifts. These
trends may indicate disk settling, where galaxies with lower gas fractions (e.g., lower SSFR or
higher stellar mass) will have less turbulent motions. Furthermore, we examine the relation
between V2.2 and σV,0 and stellar mass, SSFR, and redshift for the galaxies with detected
rotation in our sample. Our observed values of σV,0 versus redshift are in excellent agreement
with the findings of Wisnioski et al. (2015) at similar redshifts. The trend of V2.2 over time
is in general agreement with the results of Kassin et al. (2012) from z ∼ 0.2 to z ∼ 1.2.
Moreover, the strength of the observed correlation between V2.2 and these properties suggests
that rotation velocity primarily drives the observed trends of V/σ.

The approach of using multiplexing, seeing-limited NIR spectrographs to constrain the
average properties of high-redshift galaxies allows us to study kinematics for one of the largest
samples of star-forming galaxies at z ∼ 1.5− 3, extending down to much lower stellar masses
than other surveys. However, further observations are necessary to reconcile the tension
between the dynamical and baryonic masses at high redshifts and lower stellar masses. In
particular, direct observations of molecular gas masses are necessary to accurately measure
baryonic masses. Furthermore, detailed follow-up observations with adaptive optics-assisted
integral-field unit (IFU) spectrographs are crucial to better constrain the dynamical structures
of these galaxies.
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Chapter 5

Testing the Recovery of Intrinsic
Galaxy Sizes and Masses of z ∼ 2
Massive Galaxies Using Cosmological
Simulations

Accurate measurements of galaxy masses and sizes are key to tracing galaxy evolution over
time. Cosmological zoom-in simulations provide an ideal test bed for assessing the recovery
of galaxy properties from observations. Here, we utilize galaxies with M∗ ∼ 1010 − 1011.5M�
at z ∼ 1.7− 2 from the MassiveFIRE cosmological simulation suite, part of the Feedback in
Realistic Environments (FIRE) project. Using mock multi-band images, we compare intrinsic
galaxy masses and sizes to observational estimates. We find that observations accurately
recover stellar masses, with a slight average underestimate of ∼ 0.06 dex and a ∼ 0.15 dex
scatter. Recovered half-light radii agree well with intrinsic half-mass radii when averaged
over all viewing angles, with a systematic offset of ∼0.1 dex (with the half-light radii being
larger) and a scatter of ∼0.2 dex. When using color gradients to account for mass-to-light
variations, recovered half-mass radii also exceed the intrinsic half-mass radii by ∼ 0.1 dex.
However, if not properly accounted for, aperture effects can bias size estimates by ∼0.1 dex.
No differences are found between the mass and size offsets for star-forming and quiescent
galaxies. Variations in viewing angle are responsible for ∼ 25% of the scatter in the recovered
masses and sizes. Our results thus suggest that the intrinsic scatter in the mass-size relation
may have previously been overestimated by ∼ 25%. Moreover, orientation-driven scatter
causes the number density of very massive galaxies to be overestimated by ∼ 0.5 dex at
M∗ ∼ 1011.5M�.1

1This chapter has been previously published as Price et al., 2017, ApJL, 844, L6, and is reproduced
with the permission of all coauthors and the copyright holder. Copyright 2017, The American Astronomical
Society.
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5.1 Introduction
Tracing the evolution of galaxy stellar masses and sizes across multiple cosmological

epochs provides direct constraints on the growth of galaxies. Recent photometric studies
have probed stellar masses for large galaxy samples out to z ∼ 3 (e.g., Tomczak et al. 2014),
and for small samples out to z ∼ 9 − 11 (e.g., Oesch et al. 2013). Deep, high-resolution
Hubble Space Telescope (HST ) imaging has also provided measurements of rest-frame optical
sizes for large samples of galaxies out to z ∼ 2.5 (e.g., van der Wel et al. 2014a, Peth et al.
2016). Together, these measurements make it possible to trace the evolution of the mass-size
relation (Shen et al. 2003) out to z ∼ 2.5 (van der Wel et al. 2014a).

Despite their central role in galaxy evolution studies, it is uncertain how well measured
masses and sizes reflect the intrinsic properties of galaxies. Recovered galaxy properties may
be impacted by complex dust-to-star geometry and projection effects. Furthermore, galaxy
sizes are often measured from the stellar light distribution, even though light does not directly
trace stellar mass in most galaxies. Half-light radii are larger than half-mass radii for many
galaxies (Wuyts et al. 2012). Color gradients can be used to estimate half-mass radii (e.g.,
Szomoru et al. 2013), but it is unclear how accurately they reflect the intrinsic galaxy sizes.

Evaluating parameter recovery requires a galaxy sample with known intrinsic properties.
Mock observations of simulated galaxies are ideally suited to this task, as cosmological
simulations now probe the complex star, gas, and dust geometry in the interstellar medium
with high (sub-kiloparsec scale) resolution (e.g., Hopkins et al. 2014, Schaye et al. 2014,
Vogelsberger et al. 2014, Feldmann et al. 2016). Recent studies have investigated the recovery
of stellar masses (e.g., Wuyts et al. 2009, Hayward & Smith 2015, Torrey et al. 2015) and sizes
(e.g., Wuyts et al. 2010, Snyder et al. 2015a,b, Taghizadeh-Popp et al. 2015, Bottrell et al.
2017) using mock observations. However, these studies have not simultaneously included
dust, multiple viewing angles, high spatial resolution, observational point-spread functions
(PSFs), and noise to test parameter recovery in high-redshift galaxies.

In this Letter, we present a study of the recovery of galaxy masses and sizes using mock
observations over multiple projections of z ∼ 2 galaxies from MassiveFIRE (Feldmann et al.
2016), following the same procedures used for observations. Throughout this work, we adopt
a ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.

5.2 Mock observations
We use simulations from the FIRE project (Hopkins et al. 2014) to constrain how well

intrinsic galaxy properties can be recovered from observations. Specifically, we analyze the
MassiveFIRE suite of cosmological zoom-in simulations (Feldmann et al. 2016, 2017), focusing
on a sample of 50 massive galaxy snapshots. We consider all massive (M∗ ∼ 1010− 1011.5M�)
central and satellite galaxies from the high-resolution runs, using snapshots at both z ∼ 1.7
and z ∼ 2 of 21 galaxies (Series A and B in Feldmann et al. 2017) and at z ∼ 2 of 8 galaxies
(Series C in Feldmann et al. 2017, including 4 unpublished galaxies). The sample includes
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large star-forming disks, irregular star-forming galaxies, and quiescent galaxies.
We construct mock multi-filter images of the galaxies using the method described below.

To understand how viewing angle affects measurements, we generate images of each galaxy
along 25 different projections. First, we generate noise-free multi-filter rest-frame images for
each projection of each simulated galaxy. Every stellar particle is assigned the spectral energy
distribution (SED) of a simple stellar population based on its mass, age, and metallicity
using the Bruzual & Charlot (2003) stellar population synthesis (SPS) models assuming a
Chabrier (2003) initial mass function (IMF). Dust attenuation is incorporated by tracing the
amount of dust along the line of sight, assuming a Calzetti et al. (2000) curve. Dust content
is inferred from the gas particle masses and metallicities, assuming a fixed dust-to-metal
ratio. Scattering is indirectly applied by using an empirical dust attenuation curve. Dust
emission is omitted as we do not sample the SEDs at long wavelengths. We then sample the
dust-attenuated SED in a set of rest-frame filters to obtain mock rest-frame images.

The images are artificially redshifted to the snapshot redshift (z = 2.02 and 1.67) by
applying cosmological dimming, adjusting the angular size, and resampling to match the
typical HST/WFC3 drizzled pixel scale (0.′′06). The images are convolved with a typical
WFC3 PSF (measured from a stack of stars from CANDELS HST/F160W imaging; Skelton
et al. 2014).2 For simplicity, we apply the same PSF to all bands. Mismatches between the
PSFs of different photometric bands can introduce uncertainties in the relative flux calibration.
Investigating this uncertainty is beyond the scope of this Letter. However, we note that other
studies have investigated the accuracy of flux recovery from low-resolution photometry (e.g.,
Labbé et al. 2006, Laidler et al. 2007, Wuyts et al. 2008). Finally, we add noise in each band
using random CANDELS HST/F160W postage stamps, which contain no detected objects in
the 3D-HST catalogs (Skelton et al. 2014) and have typical noise levels. Mock images of each
galaxy are constructed for 16 rest-frame filters: ST-UV14, ST-UV17, ST-UV22, ST-UV27
(from Bruzual & Charlot 2003), SDSS ugriz, U, B, V, R, J, H, and K. Figure 5.1 shows
an example face-on and edge-on view of one galaxy, demonstrating the underlying mass
distribution, the rest-frame UVJ colors, the PSF-convolved rest-frame V-band image, and
the final mock image including noise.

We detect objects and extract photometry from the mock images following the procedure
by Skelton et al. (2014). For every projection of each simulation, we use Source Extractor
(Bertin & Arnouts 1996) in dual-image mode, adopting the parameters used by Skelton et al.
and using the rest-frame V-band for detection (roughly covered by F160W at z ∼ 2). The
multi-band aperture and total photometry and errors of the objects are determined following
Skelton et al. In some projections, dust lanes or bright star-forming clumps lead to multiple
detected objects for a single galaxy. To account for this issue, we classify all objects with
segmentation maps falling within 2.5 kpc of the galaxy center as part of the galaxy.

2Observationally, images are first convolved with the PSF and subsequently sampled within pixels. We
find no difference in the mock images when inverting the calculation order.
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Figure 5.1 : Example simulated star-forming disk galaxy (M∗ ∼ 1010.9M�, r1/2,∗ ∼ 4 kpc) viewed
face-on (top) and edge-on (bottom). The first column shows the stellar mass maps. Rest-frame
UVJ images (second column) highlight the distribution of dust and stars. We also show the PSF-
convolved simulation image (third column) and the resulting mock observation (fourth column) for
the rest-frame V band. Each image is 144 kpc on each side.
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5.3 Recovering sizes and masses
We measure masses and sizes from the mock images following established observational

techniques. Stellar masses M∗ are determined by fitting the Bruzual & Charlot (2003) SPS
models to all bands of the mock photometry of every object using FAST (Kriek et al. 2009b).
We assume a Chabrier (2003) IMF, a Calzetti et al. (2000) dust attenuation curve, a delayed
exponentially declining star formation history, and solar metallicity.

Structural parameters of the simulated galaxies, including the effective radius RE, Sérsic
index n (Sérsic 1968), and axis ratio b/a, are measured using Galfit (Peng et al. 2010) on
the rest-frame V-band images. We use the Galfit parameter limits of van der Wel et al.
(2012) and flag and exclude from analysis projections for which (a) the Galfit and V-band
total magnitudes differ by > 0.5 mag and (b) fit parameter(s) reached the enforced limit(s).
We adopt the semi-major axis RE as the half-light radius. We also estimate half-mass radii
following Szomoru et al. (2013). This method uses rest-frame u- and g-band Galfit profiles
and residuals together with an empirical mass-to-light ratio versus color relation to derive a
stellar mass profile out to 100 kpc.

To determine the fiducial intrinsic masses and sizes of the simulated galaxies, we measure
the stellar masses and half-mass radii directly from the mass maps of each galaxy. We define
the intrinsic stellar mass for each projection of each galaxy as the mass3 enclosed within
the Source Extractor Kron ellipse (Kron 1980), masking neighboring detections. Thus, the
recovered and intrinsic masses are defined for the same aperture (Skelton et al. 2014). The
2D intrinsic major-axis half-mass radii are defined from growth curves on the projected mass
maps, using self-similar ellipses out to the elliptical Kron aperture for each projection as
well. We take the median over all projections to obtain the fiducial intrinsic stellar mass
and half-mass radius for each galaxy. These intrinsic masses are similar to those derived
by Feldmann et al. (2017), which are measured within a sphere of radius 0.1rhalo, but the
adopted definition allows comparable aperture corrections to be measured from the noise-free
light images and recovered mass profiles (see Section 5.4).

The recovered sizes and masses for four simulated galaxies over 25 random projections are
shown in Figure 5.2. The top panel demonstrates that the measured half-light and half-mass
radii are generally larger than the intrinsic radii, while the bottom panel shows that the
recovered stellar masses are similar to the intrinsic masses. We observe scatter in both
the recovered sizes and masses between different viewing angles. There is a slight trend of
increasing radii with decreasing axis ratio b/a for some galaxies, which could be caused by
inclination-dependent color gradients. Investigating this trend is beyond the scope of this
Letter.

3Bruzual & Charlot (2003) model masses are used to avoid discrepancies between the recovered and
intrinsic masses due to variations in mass-loss prescriptions between the SPS models and the FIRE feedback
model (Hopkins et al. 2014), as testing mass-loss variations is beyond the scope of this Letter. These masses
are calculated as the current Bruzual & Charlot (2003) model stellar mass given every star particle’s age,
initial mass, and metallicity.
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Figure 5.2 : Comparison of recovered and intrinsic sizes and masses over 25 random viewing angles
for four simulated MassiveFIRE galaxy snapshots with M∗ ∼ 1010 − 1011M� at z ∼ 2 as a function
of Galfit axis ratio. In the top row, we show the ratio of the Galfit half-light radii from the
rest-frame V band (filled symbols) and half-mass radii following Szomoru et al. (2013) (open symbols)
to the intrinsic half-mass radii. In the bottom row, we show the ratio of the recovered and intrinsic
masses. Star-forming and quiescent projections (see Section 5.4) are colored blue and red, respectively.
Galfit-flagged detections are marked with squares. Projections with multiple detections are colored
gray, and only the largest radius or mass component is shown. Most orientations for Galaxy B2:0
are flagged due to the Sérsic index reaching the upper limit (n = 8).
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5.4 Size and mass comparisons
To understand how well observations recover the sizes and masses of galaxies, we examine

the median offset between the recovered and intrinsic sizes and masses for the sample of 50
MassiveFIRE galaxy snapshots, each with 25 projections. Furthermore, we examine whether
these offsets differ for star-forming and quiescent galaxies. We use the empirical UVJ criterion
by Muzzin et al. (2013b) at z > 1 to classify each projection of all galaxies as star-forming or
quiescent.

In Figure 5.3, we show the median recovered half-light and half-mass radii versus intrinsic
radii, excluding all Galfit-flagged detections. We also show all projections and their 1σ
scatter. We use all unflagged orientations of all galaxies to determine the median offset between
the recovered and intrinsic sizes. The offset uncertainties are estimated by bootstrapping the
error on the median.

We find that Galfit radii overestimate the intrinsic radii (Figure 5.3a), with median offsets
of ∆ log10RE = 0.21 and 0.27 dex for the star-forming and quiescent samples, respectively.
The scatter in log10RE,light,recovered over all projections for star-forming and quiescent galaxies
is σRMS = 0.21 dex and 0.19 dex, respectively. The scatter of the median sizes of star-
forming and quiescent galaxies (〈log10RE,light,recovered〉; weighted by the fraction of unflagged
projections) is σmed = 0.16 and 0.15 dex, respectively. Thus, orientation increases the total
scatter by σorient ∼ 0.14 and 0.11 dex for star-forming and quiescent galaxies, respectively
(accounting for measurement errors).

The recovered half-mass radii are also offset from the intrinsic radii (Figure 5.3b), by
∆ log10RE = 0.20 and 0.24 dex for the star-forming and quiescent galaxies, respectively.
The scatter of log10RE,mass,recovered over all projections is slightly larger (σRMS = 0.26 and
0.23 dex), with a similar fraction caused by orientation (0.18 and 0.15 dex). In comparison to
Szomoru et al. (2013), our sample has relatively flat u-g profiles, resulting in similar half-light
and half-mass radii.

However, these size comparisons do not account for aperture effects. The intrinsic half-
mass radii are defined within finite elliptical apertures (Section 5.3), whereas Galfit Sérsic
profiles are parametric and integrated out to infinity. To quantify the aperture effects on
the measured light-mass size offsets, we compare Galfit effective radii to median aperture
half-light radii and the recovered half-mass radii to median recovered aperture half-mass radii.
Aperture half-light radii are measured directly from the noise-free V-band images, analogous
to the half-mass radii measurements. Similarly, recovered aperture half-mass radii are derived
from the measured mass profiles. In all cases, aperture effects account for ∼ 0.1 dex of the
size offsets.

We find that aperture-corrected half-light radii are in fairly good agreement with the
intrinsic half-mass radii (Figure 5.3c), with larger half-light radii by 0.11 dex and 0.13 dex for
star-forming and quiescent galaxies, respectively, in agreement with previous studies (Wuyts
et al. 2010, Wuyts et al. 2012, Szomoru et al. 2013). The aperture-corrected half-mass and
intrinsic half-mass radii have similar systematic offsets (0.10 dex and 0.06 dex; Figure 5.3d).

The difference between the aperture-corrected half-light and half-mass radii (Figure 5.3c)



5.4. SIZE AND MASS COMPARISONS 102
N

on
-a

pe
rt

ur
e

co
rr

ec
te

d

0

1

2

3

4

5

6

M
ed

ia
n

Se
rs

ic
in

de
x

n

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
log10(RE/kpc)mass, intrinsic

0.0

0.5

1.0

1.5

lo
g 1

0(
R

E
/
kp

c)
lig

ht
,r

ec
ov

er
ed

∆ log10 RE = 0.21+0.01
−0.01

σRMS = 0.21
(med: 0.16, orient: 0.14)

∆ log10 RE = 0.27+0.02
−0.03

σRMS = 0.19
(med: 0.15, orient: 0.11)

(a)

Recovered half-light radius

Star-Forming
Quiescent

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
log10(RE/kpc)mass, intrinsic

0.0

0.5

1.0

1.5

lo
g 1

0(
R

E
/k

pc
) m

as
s,

re
co

ve
re

d

∆ log10 RE = 0.20+0.01
−0.02

σRMS = 0.26
(med: 0.17, orient: 0.18)

∆ log10 RE = 0.24+0.01
−0.03

σRMS = 0.23
(med: 0.15, orient: 0.15)

(b)

Recovered half-mass radius

A
pe

rt
ur

e
co

rr
ec

te
d

0

1

2

3

4

5

6

M
ed

ia
n

Se
rs

ic
in

de
x

n

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
log10(RE/kpc)mass, intrinsic

0.0

0.5

1.0

1.5

lo
g 1

0(
R

E
/k

pc
) l

ig
ht
,r

ec
ov

er
ed
,a

pe
r.

co
rr
.

∆ log10 RE = 0.11+0.01
−0.01

σRMS = 0.21
(med: 0.16, orient: 0.14)

∆ log10 RE = 0.13+0.02
−0.03

σRMS = 0.19
(med: 0.15, orient: 0.11)

(c)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
log10(RE/kpc)mass, intrinsic

0.0

0.5

1.0

1.5

lo
g 1

0(
R

E
/k

pc
) m

as
s,

re
co

ve
re

d,
ap

er
.c

or
r. ∆ log10 RE = 0.10+0.01

−0.02
σRMS = 0.26
(med: 0.17, orient: 0.18)

∆ log10 RE = 0.06+0.02
−0.03

σRMS = 0.23
(med: 0.15, orient: 0.15)

(d)

1σ range
All orientations

Figure 5.3 : Comparison between intrinsic half-mass radii and the median recovered (a) half-light
and (b) half-mass radii, colored by the median (across all orientations) Sérsic index, not accounting
for aperture differences. We also compare the intrinsic half-mass radii with aperture-corrected
recovered (c) half-light and (d) half-mass radii. Star-forming and quiescent galaxies are shown with
circles and squares, respectively. Median U-V and V-J colors are used to categorize each galaxy.
Galfit-flagged detections are excluded from the median and scatter calculations. The black line
shows the one-to-one relationship, and the star-forming and quiescent median size offsets (over all
projections) are shown with dashed blue and dashed-dotted red lines, respectively. The shaded
regions show the 1σ offset uncertainties. The small gray circles (squares) show the radii of all
non-flagged star-forming (quiescent) orientations, and the bars denote the 1σ range of radii for each
galaxy.
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appears to be caused by the presence of dust-obscured high central mass concentrations
(within . 1 kpc) in many of the galaxies. We would expect that observed color gradients
would enable us to recover the central mass component. However, the high central dust
content results in saturated color profiles, so this mass component is not recovered using the
method of Szomoru et al. (2013) (Figure 5.3d). Another potential source of bias between the
intrinsic and recovered radii is the use of smooth, single-Sérsic models, as these galaxies have
complex structures. Nonetheless, we find that single-Sérsic models introduce little to no bias
to the recovered sizes, in agreement with other studies (e.g., Davari et al. 2016, 2014).

Recovered and intrinsic stellar masses are compared in Figure 5.4, using the same the
median calculation method and set of non-flagged detections as for the size comparison. We
find that the recovered masses are generally in good agreement with the intrinsic masses, with
an offset of only −0.06 dex for both star-forming and quiescent galaxies, and have a scatter
of σRMS = 0.14 and 0.11 dex over all projections, with 0.10 and 0.05 dex due to orientation
effects. Uncertainties in stellar masses can arise from both measured photometry and from
mass-to-light ratios derived from SED fitting. We find that photometric uncertainties do not
strongly affect the accuracy of the recovered stellar masses. The Source Extractor-derived
fluxes recover the intrinsic aperture fluxes very well, with a median fractional flux difference of
−0.3% and an rms scatter of 7.5%. The small offset and scatter show that stellar masses are
recovered well on average over a wide mass range (∼ 109.75− 1011.25M�) and dust attenuation
range (AV ∼ 0 − 2), but do vary with galaxy viewing direction. Our result of no large
systematic mass offset is in good agreement with the findings of other tests of stellar mass
recovery using mock observations of simulations (e.g., Wuyts et al. 2009, Torrey et al. 2015).

5.5 Discussion and implications
Using mock multi-band images of MassiveFIRE simulated galaxies, we show that recovered

half-light radii are in good agreement with the intrinsic half-mass radii, with an offset of
log10RE,light,recovered − log10RE,mass,intrinsic ∼ 0.1 dex (correcting for aperture effects). When
we recover half-mass radii by accounting for color gradients due to dust, metallicity, and age,
the radii have a similar offset of ∼0.1 dex. Stellar masses are also recovered well on average,
with an offset of log10M∗,recovered − log10M∗,intrinsic ∼−0.06 dex.

By considering the multiple viewing angles of every galaxy, we show that a sizable fraction
of the mass and radii scatter is caused by orientation effects. These projection effects may
result from the random distribution of bright clumps within a galaxy, a non-uniform or patchy
dust distribution, or gradients in metallicity and stellar population age (Kelvin et al. 2012).

We find no systematic differences between the recovery of masses or radii for massive star-
forming and quiescent galaxies. Thus, observed differences between star-forming and quiescent
galaxy sizes at z ∼ 2 likely indicate true differences in their stellar mass distributions.

These results have important implications for measuring galaxy structural growth through
mass-size relations. First, the mass-size relation zero-point will be systematically overes-
timated by ∼ 0.1 dex if half-light radii are used rather than half-mass radii. Second, the
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Figure 5.4 : Comparison between intrinsic and median recovered stellar masses, colored by the
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intrinsic scatter of the light-based mass-size relation may be overestimated due to random
variations in viewing angle, implying the intrinsic mass-size relation could be tighter than
previously thought. To quantify the effect of orientation on the mass-size relation scatter,
we compare the combined orientation-corrected mass and radius scatters with the combined
total scatter. We use the scatter of the medians, σmed, as the “intrinsic” scatter (as the mass
and radii offsets are uncorrelated), and take the error-corrected RMS scatter as the total
scatter, σtot =

√
σ2

RMS − σ2
err. The orientation-corrected mass-size relation scatter is ∼75% of

the error-corrected total scatter (σmed/σtot) for both star-forming and quiescent galaxies.
We illustrate the differences between the observed mass-size relations at z ∼ 1.75 by

van der Wel et al. (2014a) and the inferred half-mass radii mass-size relations corrected for
orientation effects for both star-forming and quiescent galaxies in Figure 5.5a. This figure
demonstrates both the zero-point offset due to using intrinsic half-mass versus recovered half-
light radii (corrected for aperture effects; Figure 5.3) and stellar mass recovery (Figure 5.4),
and the reduced intrinsic scatter once orientation effects are corrected.

Even though masses are recovered well on average, the scatter in stellar masses has
important implications for studying galaxy populations. For example, scatter impacts
the measurement of stellar-mass functions (SMFs). In Figure 5.5b, we demonstrate how
orientation scatter causes an overestimate of the number density of high-mass galaxies. We
draw a galaxy population directly from an input SMF, perturb the masses by the orientation
scatter, and then measure the SMF. The input parameters are chosen so the recovered
SMF roughly approximates the best-fit 1.5 < z < 2 SMF by Tomczak et al. (2014). The
true SMF falls off faster than the observed SMF at high masses due to the combination
of projection-driven scatter and the steepness of the SMF at the high-mass end, by up to
∼0.5 dex at M∗ ∼ 1011.5M�. Hence, many massive galaxies may have such large observed
masses as a result of orientation effects. Orientation-driven scatter will also impact other
measurements, including the scatter of the star-forming main sequence (e.g., Whitaker et al.
2014, Shivaei et al. 2015) and inferred dynamical masses (e.g., Price et al. 2016, Wuyts et al.
2016).

Furthermore, our results demonstrate the difficulty of comparing the sizes of observed and
simulated galaxies (see Figure 5.3a). When directly comparing 3D-aperture half-mass radii
derived from the simulations and Galfit effective radii, we find an offset of ∼0.2 dex for
both star-forming and quiescent galaxies. To make a fair comparison between observations
and simulations, simulated galaxy half-light radii should be measured from mock images
using the same methodology applied to observations.

We note the following caveats to this analysis. First, the selected galaxies may not be fully
representative of the properties of massive galaxies at z ∼ 1.7− 2. Thus, the measured offsets
may not be applicable to all galaxies at these redshifts. Moreover, the relative corrections
for star-forming and quiescent galaxies may depend on the realism of the specific simulation
models. Finally, we do not account for systematic modeling errors. We have only considered
one set of stellar population models and one dust law, applied with a simple line-of-sight
attenuation. Modeling choices could affect the recovered offsets and the scatter through
systematic color gradient trends and variation in dust attenuation over different viewing
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angles. Future work is needed to fully understand the impact of dust, non-smooth galaxy
morphologies, and specifics of the dust radiative transfer modeling when measuring simulated
galaxy properties.
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Chapter 6

Conclusion

In this dissertation, I have used observations and simulations to investigate the dust
content, kinematics, masses, and structures of galaxies near the peak of cosmic star formation.
Below I summarize the primary results of this dissertation, and discuss the outstanding
questions and future prospects for studying distant galaxies.

First, I used grism spectra from the 3D-HST survey to investigate dust properties in star-
forming galaxies at z ∼ 1.5 (Chapter 2). Stacked spectra reveal that there is a lower average
ratio of nebular to continuum attenuation in these galaxies compared to local starbursts
that have comparable SFRs (Calzetti et al. 2000). This attenuation difference supports a
two-component dust model (i.e., Wild et al. 2011). These nebular attenuation measurements
also allowed us to determine Balmer-decrement corrected Hα SFRs, which provide constraints
to derive more accurate SFRs from spectral energy distribution (SED) fitting.

I then used spectra from the first two semesters of the MOSDEF survey together with
HST imaging from the CANDELS survey to investigate the kinematic structures and masses
of z ∼ 2 star-forming galaxies (Chapter 3). The dynamical and baryonic (stellar and
gas) masses of these galaxies are in good agreement, but there is evidence for lower dark
matter fractions within the effective radius than for local galaxies. I also found that average
kinematic properties can be statistically recovered even for spatially unresolved galaxies.
These measurements support a Chabrier (2003) over a Salpeter (1955) IMF for z ∼ 2 star-
forming galaxies. Additionally, the observed trend of increasing V/σ with decreasing specific
SFR (SSFR) may reflect disk settling.

This kinematic study was then extended using the full MOSDEF sample (Chapter 4).
I found evidence for evolution of the dark matter fraction within galaxies’ effective radii
between z ∼ 1.5− 3, with lower dark matter fractions at earlier times. These observations
provide additional support for increased V/σ at lower redshifts, in agreement with the
evolving average gas fractions inferred from SSFRs. However, there is tension between the
dynamical and baryonic masses at z & 2, as the median offset between these masses lies in
the nonphysical regime where Mdyn < Mbaryon. This suggests that the current methods of
estimating dynamical or gas masses may not work at these redshifts, or that these galaxies
may not be virialized.
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Finally, I used mock observations of high-resolution simulated galaxies from the Massive-
FIRE suite to investigate how well stellar masses and sizes are recovered in star-forming
and quiescent galaxies at z ∼ 2 (Chapter 5). On average, both measured stellar masses and
half-light radii match the intrinsic galaxy masses and half-mass radii fairly well, with only a
slight offset between the half-light and half-mass radii. However, both the recovered masses
and radii exhibit large scatter due to variations along different projection angles. This scatter
suggests that previous measurements of the intrinsic scatter in the galaxy mass-size relation
may be overestimated. Furthermore, this orientation scatter may lead to overestimates of the
number density of very massive galaxies.

This dissertation has helped to address a number of the open questions regarding dust,
structure, and masses of star-forming galaxies at cosmic noon. Nonetheless, many uncertainties
remain regarding the nature of distant galaxies, and the core question of how galaxies evolve
is far from settled.

Future work will help further characterize star-forming (and quiescent) galaxies at z ∼ 1−3,
and will help us to better understand how these galaxies evolve into modern galaxies. For
instance, observations of lower mass galaxies are relatively limited at this epoch, due to
their faintness and small sizes. Deeper observations, or observations with more sensitive
instruments or larger telescopes are needed to comprehensively study these lower-mass galaxies.
Additionally, many of these ground-based spectroscopic observations are seeing-limited, which
makes it impossible to spatially resolve a large fraction of these small, distant galaxies.
This resolution issue can be circumvented with space-based or extensive adaptive optics
(AO)-assisted observations. Many of these current spectroscopic studies also only probe the
ionized gas, and not the properties of the galaxies’ stellar populations. Again, more sensitive
instruments will pave the way for joint studies of the stars and gas in early galaxies. These
present surveys are also relatively limited in area, so surveys of much larger cosmological
volumes will certainly reveal new rare and surprising objects.

The next generation of instruments and telescopes — including the James Webb Space
Telescope (JWST ), future 30m class telescopes, and improved spectrographs and AO systems
— will enable us to move past these limitations. The coming years will certainly provide us
with new insights into galaxies at cosmic noon and to even earlier stages of galaxy evolution.
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Appendix A

Average photometry of binned
3D-HST star-forming galaxies1

In addition to the stacked spectra (presented in Fig. 2.2), we also present the average
photometry for each bin (see Fig. A.1). The photometry covers a much greater wavelength
range, so the average photometry allows us to examine the average SED shape outside the
limited range covered by the grism spectra. The photometry for each object is first normalized
to match the grism normalization (see Section 2.2.3), and the central wavelength of each
filter is de-redshifted using the object’s grism redshift. The data are averaged within each
bin, using the normalized fluxes and rest-frame wavelengths. If not all objects in the bin have
coverage in a given filter, nearby filters are combined so each averaged photometric point
contains at least the same number of measurements as number of objects in the bin, provided
the photometry are not too widely separated in wavelength.

For comparison with the average photometry, we also show the average best-fit continuum
model and the errors on the best-fit model. Plotting the continuum model and error allows
us to examine the error in the amount of Balmer absorption. The average best-fit stellar
population model and simulated best-fit models are calculated as described in Section 2.2.3.
The ±3σ continuum errors are estimated at every wavelength using the simulated continuum
models.

The perturbations of the photometry of the individual objects do not lead to large variation
in the stacked best-fit models, especially near the Balmer lines. The broad wavelength coverage
of the photometry, specifically across the Balmer break, provides reasonably tight constraints
on the average amount of Balmer absorption for the stacks.

1This chapter previously appeared as part of Price et al., 2014, ApJ, 788, 86, and is reproduced with the
permission of all coauthors and the copyright holder. Copyright 2014, The American Astronomical Society.
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Figure A.1 : Binned photometry and stacked best-fit stellar models for bins in stellar AV (top),
logM∗ (second row), log SFR (third row) and log SSFR (bottom). The photometry is averaged in
wavelength bins, and the error is taken to be the error on the mean. The binned photometry is
shown by the black circles. The stacked best-fit FAST models are plotted in red. The 3σ errors
in the stacked models are plotted in blue. The insets show the best-fit models (and 3σ errors)
plotted linearly with wavelength near Hβ and Hα (denoted by left and right vertical grey lines,
respectively).
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Appendix B

Modeling of rotation in resolved disk
galaxies1

B.1 Kinematic model definition
The multiplexing capabilities of MOSFIRE, which allow us to study many galaxies

simultaneously, come at the price of not observing the galaxies along the kinematic major
axis. Misalignment of the kinematic major and slit axes poses problems for the interpretation
of kinematic measurements even for resolved disk galaxies. Issues to address include: How
much kinematic information is lost because portions of the galaxy fall outside the slit? How
much of the line broadening in a spatial row is caused by intrinsic velocity dispersion, and
how much is caused by the inclusion of multiple line-of-sight velocities in that slice of the
galaxy?

In this appendix, we describe how we model the internal kinematics of a disk galaxy,
apply the appropriate inclination and position angle offset to the model, and then collapse the
model along the line-of-sight and slit direction to calculate the observed kinematic signature
of the object as a function of position along the slit.

To model an ideal disk galaxy with an arbitrary position angle offset with respect to the
slit, we define coordinates as shown in Figure B.1. First, we consider a point on the galaxy
at (xint, yint, zint), with distance in the plane of the disk of

rint =
√
x2

int + y2
int (B.1)

from the axis of rotation, and define the angle ψ as

cosψ = yint/rint, (B.2)

which is the counterclockwise angle between the major axis ŷint and (xint, yint, zint) with
respect to the rotation axis (see the left panel of Figure B.1). We incline our galaxy model

1This chapter previously appeared as part Price et al., 2016, ApJ, 819, 80, and is reproduced with the
permission of all coauthors and the copyright holder. Copyright 2016, The American Astronomical Society.



B.1. KINEMATIC MODEL DEFINITION 121

S
li

t 
sp

at
ia

l 
d

ir
ec

ti
o

n

Line of sight

∆

Dispersion direction

xap

P
A

Top view

i

yp = yint

Figure B.1 : Coordinate definition for an inclined disk galaxy misaligned with the slit axis. The left
panel shows a top down view of the disk galaxy, depicting the x̂int − ŷint plane, and the definition of
rint and the angle ψ. The center panel shows a side view of the inclined disk galaxy, with the line of
sight extending to the right. Here we show the coordinate transformation due to inclination from
the intrinsic (xint, zint) coordinates to the projected (xp, zp). The right panel shows the disk galaxy
relative to the slit, including the position angle misalignment (∆PA). The projected coordinates
(xp, yp) are shown relative to the slit coordinates (x, y).

Velocity (LOS),
no seeing

Intensity,
no seeing

Line model,
no seeing

Figure B.2 : Example of the line of sight (LOS) velocity field Vobs(x, y) collapsed along the LOS, z
(left panel), assumed model intensity collapsed along z, I(x, y) =

∑
z I(x, y, z)∆z (center panel),

and final composite Hα emission line model (right panel) for a disk. The model shown has σV,0 = 0,
RE = 0.′′6, b/a = 0.4, n = 1, ∆PA = 30◦, Va = 200 km/s, and rt = 0.4rs = 0.4(RE/1.676). Here
we ignore any seeing effects, assuming FWHMseeing = 0′′, and use a typical instrumental resolution
width in calculating the Hα line model. The wide black lines show the slit width, 0.′′7, and the
horizontal lines show the spatial aperture extent.
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by rotating around the major axis ŷint. The inclination angle i is estimated as

sin i =

√√√√1− (b/a)2

1− (b/a)2
0
, (B.3)

where a and b are semi-major and semi-minor axes lengths, respectively, from the Galfit
parameterization. We assume an intrinsic disk axis ratio of (b/a)0 = 0.19 (Miller et al. 2011).
By inclining the model (see the middle panel of Figure B.1), the intrinsic coordinates are
mapped to projected coordinates by

xp = xint cos i+ zint sin i
yp = yint

zp = −xint sin i+ zint cos i. (B.4)

Finally, we apply the position angle offset, ∆PA, between the galaxy major axis and the
slit. We rotate the projected model by ∆PA in the x̂p − ŷp plane, mapping the projected
coordinates into observed coordinates relative to the slit layout (see the right panel of
Figure B.1) by

x = xp cos ∆PA + yp sin ∆PA
y = −xp sin ∆PA + yp cos ∆PA + y0

z = zp, (B.5)

where we also allow for an offset of the object center relative to the slit center in the ŷ
direction, through the parameter y0. If we invert this set of coordinate transformations, we
may calculate the intrinsic position (xint, yint, zint) and intrinsic radius rint within the galaxy
for any given point (x, y, z) in the slit coordinate system (see Figure B.1, right panel).

To model the kinematics of a disk galaxy, we adopt the arctan model for rotation in
exponential disks (Courteau 1997, Miller et al. 2011),

V (r, rt, Va) = 2
π
Va arctan

(
r

rt

)
, (B.6)

where Va is the asymptotic velocity and rt is the turnover radius, which encodes a transition
between the rising and flat parts of the rotation curve (Courteau 1997).

We must account for LOS velocity reductions due to projection effects. First, the
inclination reduces the LOS velocity by a factor of sin i. The LOS velocity is also reduced by
cosψ, which accounts for the position of every point around the rotational axis of the galaxy.
Together, the LOS velocity at each point (x, y, z) is

Vlos(x, y, z) = V (r, rt, Va) · sin i · cosψ, (B.7)

where r = rint and cosψ are evaluated given the slit coordinates (x, y, z). We assume the
rotation is independent of zint, so the model consists of nested cylindrical shells of varying
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radii, with each shell rotating at the appropriate velocity. We show an example LOS velocity
field of a galaxy, integrated along the line-of-sight, in the left panel of Figure B.2.

However, our galaxies may not be ideal disks. Thus the galaxies may also have an intrinsic
velocity dispersion component, as is the case with thickened disks. We assume the intrinsic
dispersion component σV,0 is constant over the whole disk, or σ(r) = σV,0.

The composite kinematic profile of our model, as would be observed with slit spectroscopy,
consists of the combination of all the kinematic information of the portions of the galaxy
lying within each slit pixel. The relative weights of the individual kinematic components are
determined by the associated intensities. Thus we must consider the light distribution of our
galaxy model. We assume that the light follows a modified Sérsic intensity profile,

I(r, n,RE, zint) = (B.8)

Ie exp
{
−bn

[(
r

RE

)1/n
− 1

]}
exp

[
− zint

q0RE

]
,

where n and RE are set to the Galfit best-fit parameters, bn ≈ 2n− 0.324 (Ciotti & Bertin
1999), and approximating the vertical scale height as z0 = q0RE. We show a simple example
intensity profile, integrated over the line-of-sight, in the center panel of Figure B.2.

The composite 2D line model is constructed by combining the line-of-sight velocity
information and the assumed intensity profile. We begin by calculating the intensity I(x, y, z)
and observed velocity Vlos(x, y, z) at every point in our slit coordinates. To include the
velocity dispersion, σv(x, y, z), we assume that at every point (x, y, z) the intensity has a
gaussian distribution with wavelength, with center λlos(x, y, z) = (1 + Vlos(x, y, z)/c)λ0 and
standard deviation σλ = (σV,0/c)λ0. We thus expand our intensity cube into wavelength
space as

I(x, y, z, λ) = I(x, y, z)
σλ
√

2π
exp

[
−(λ− λlos(x, y, z))2

2σ2
λ

]
, (B.9)

where we normalize the intensity distribution to ensure
∫
λ I(x, y, z, λ)dλ = I(x, y, z).

We collapse the intensity over the z (line-of-sight) direction,

I(x, y, λ) =
∫ +∞

−∞
I(x, y, z, λ)dz, (B.10)

to estimate the observable spectral cube, which contains the combined line-of-sight velocity
and velocity dispersion at every point (x, y).

The observed intensity is convolved with the atmospheric seeing. We model the PSF as a
2D gaussian and take the blurred intensity cube to be I(x, y, λ)⊗PSF(x, y). The MOSFIRE
spectra are taken through a slit, so there is only one dimension of spatial information. Thus
we collapse the intensity model in the slit width axis, x, over the width of the slit, xap by
taking

I(y, λ) =
∫ +xap/2

−xap/2
[I(x, y, λ)⊗ PSF(x, y)] dx. (B.11)
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Finally, we include the effects of instrumental resolution by convolving the model with a
Gaussian with width σλ, inst (measured from the width of sky lines). An example Hα emission
line model is shown in the right panel of Figure B.2.

In practice, we generate a model by performing these calculation over a finite grid of
values in x, y, z, and λ. We set xap = 0.′′7 (MOSFIRE slit width), and yap equal to the spatial
extent of the trimmed 2D spectrum to which we will compare the model. We set zap = yap,
to probe the same spatial extent both along the line-of-sight and along the slit. We allow for
sub-pixel sampling, and set the number of sub-pixels in x, y, z so that the sub-pixel width in
each dimension is nearly equal, while preserving an integer number of whole pixels in the
spectrum spatial direction, y. Additionally, we pad the grid by 0.5 FWHMseeing arcsec on both
sides in the x and y directions, to accurately calculate the seeing-convolved intensity over
the full xap, yap. We sample the model at the wavelengths of the associated 2D spectrum in
the range around Hα. The array I(y, λ) is oversampled in the y direction. Finally, we re-bin
the data to match the observed spatial pixel size by adding the sub-pixels in y. The final
model fmodel(y, λ) now samples the intensity at the exact spatial positions y and wavelengths
λ covered by the data.

The resulting model of the observed kinematic signature of a disk galaxy depends on fixed
parameters ∆PA, n, RE, and b/a, all derived from the Sérsic fits performed using Galfit.
The seeing FWHM and instrument resolution are additional fixed parameters. Because we
do not probe the flat part of the rotation curves for our galaxy sample, we fix y0 and λ0.
We mask missing pixels and skylines for the 2D spectrum, collapse over λ and fix y0 to the
peak of a Gaussian fit. We similarly collapse over y to fit λ0. The free parameters are Va, rt,
and σV,0. Va and rt describe the arctan disk rotation model, while σV,0 introduces additional
broadening in the wavelength direction.

B.2 Procedure for measuring kinematics from 2D
emission lines

In this appendix we describe how we measure rotation and dispersion velocities from
Hα emission lines that exhibit resolved rotation. For each object, we start by subtracting
out the continuum from the Hα 2D spectrum. First, we measure the continuum slope of
the optimally extracted 1D spectrum using a noise-weighted linear fit in the wavelength
range 6454.6Å ≤ λ/(1 + zMOS) ≤ 6674.6Å, where we mask the Hα and [Nii] lines from
6533.6Å ≤ λ/(1 + zMOS) ≤ 6599.6Å. We then assume that the slope of the continuum in
each spatial slice of the 2D spectrum is equal to the 1D continuum slope value, and perform
a weighted linear fit in each spatial slice where only the intercept is allowed to vary. We
subtract the best-fit continuum from each spatial slice to leave only the Hα line emission.
Next, we trim the continuum-subtracted emission line 2D spectrum to the wavelength range
6555.6Å ≤ λ/(1 + zMOS) ≤ 6573.6Å, to exclude the [Nii] emission lines from our resolved line
fitting. As we exclude objects with outflows or AGN with very broad emission lines, [Nii]
contamination within this trimmed range should be minimal. We also trim the spectrum in
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the spatial direction so that only the positive emission line is retained.
To ensure that the model comparisons include only high S/N portions of each spectrum,

we construct a mask m(x, y), where x is the wavelength dispersion direction of the spectrum
and y is the spatial direction. First, we mask pixels with missing data. Second, we mask rows
where S/N(y) < 2, leaving only contiguous rows with high S/N unmasked. The row S/N is
estimated to be the total row flux over the total row error, with the pixel errors added in
quadrature. We mask pixels with missing data or columns affected by skyline contamination
in this S/N measurement. The columns affected by skyline contamination are identified as
those where the total column error, added in quadrature, is 2 and 3 times greater than the
median error of all columns in the spectrum, for the K and H bands, respectively.2 We do
not mask pixels affected by skyline contamination when fitting the models to the data, as
these pixels are down-weighted in the fitting procedure because of their large errors relative
to the non-contaminated pixels.

To find the best-fit model to the data, we first match the model intensity to the data
intensity profile. We perform a weighted least squares fit of the model fmodel(x, y) to the data
f(x, y) (with errors σf(x, y)) at each y and measure the appropriate scaling S(y) between
the model and data spatial rows

S(y) =
∑
xm(x, y) [f(x, y)fmodel(x, y)/σf (x, y)2]∑

xm(x, y) [fmodel(x, y)2/σf (x, y)2] , (B.12)

where we mask missing data and columns contaminated by skyline emission with m(x, y)
(discussed in Section 3.3.1). We do not fix the scaling to the convolved and integrated (in the
slit direction) Galfit profile, as the line emission may be distributed differently (see Nelson
et al. 2012). Nonetheless, in modeling the kinematics, we adopt a Sérsic stellar light profile
to determine the intensity-weighted velocities. In Section 3.5.6, we show that most objects
have similar stellar light and Hα profiles, and also discuss the implications for the modeling
results when the Hα profile differs from the stellar light profile.

The goodness-of-fit of the model is determined using a weighted χ2 value. We choose the
following weighting scheme to up-weight lower S/N rows, so the information in the fainter
parts of the rotation curve is not lost:

wy = [S/N(y)]−1 . (B.13)

The weighted goodness-of-fit criterion is then

χ2
weighted =∑
x,y

wy

[
m(x, y)f(x, y)− S(y)fmodel(x, y)

σf (x, y)

]2

(B.14)

where we mask missing data and low S/N rows with m(x, y), and the spectrum is dispersed
in the x direction.

2The sky background in the K band is higher than in H, so we adopt a less conservative skyline identification
criterion for the K band.
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Figure B.3 : Example posterior distribution for V (RE), V2.2, and σV,0 for COSMOS-13701 (the
second galaxy shown in Figures 3.2 and 3.16). The best-fit value of each parameter is taken to be
the peak of the respective marginalized posterior distributions, and are shown as the blue lines in
the histograms. The lower and upper 68% confidence intervals on each parameter are shown as the
dashed black lines. The best-fit values are also shown as blue lines and blue squares in the various
two-parameter posterior plots. Figure made using corner.py (Foreman-Mackey et al. 2014).
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We use the python MCMC package, emcee (Foreman-Mackey et al. 2013) to find the
best-fit models and confidence intervals. We define flat priors log p(X) for each parameter X
(Va, rt, σV,0), with bounds calculated based on the spatial and wavelength coverage of the
trimmed 2D spectrum, yielding composite prior log p(Va, rt, σV,0) = Σ{X=Va,rt,σV,0} log p(X).
The log posterior probability is taken to be

logP (Va, rt, σV,0|λ, f) = (B.15)
logL(f |λ, Va, rt, σV,0) + log p(Va, rt, σV,0) + const,

with log likelihood probability logL = −0.5χ2
weighted.

The rotation curve turnover is not well constrained in our data, so there is a degeneracy
in the values of Va and rt. However, the values of V (RE) and V2.2 = V (2.2rs) are much
better constrained. Thus we calculate V (RE) and V2.2 for each pair of (Va, rt) values in the
posterior sampling, to determine the posterior distributions on V (RE) and V2.2. We take
the best-fit values of V (RE), V2.2, and σV,0 to be the peaks of the respective marginalized
posterior distributions, and calculate the confidence intervals using the lower and upper
68-percentile bounds of the posterior distributions (e.g., see Figure B.3).

B.3 Position-velocity diagrams for galaxies with
detected rotation

To demonstrate the agreement between the observed and modeled kinematics, we measure
velocity as a function of position from both the observed and modeled 2D spectra for each of
the 35 galaxies with detected rotation. For each unmasked, high S/N row (see Appendix B.2),
we fit the flux f(x, y) with a Gaussian and determine the central wavelength, λ(y), constraining
λ to fall within ±1.25 FWHMλ, 1D, obs of the fixed central wavelength λ0 (see Appendix B.1).
We then calculate Vobs(y) from λ(y) and λ0. We estimate the errors in Vobs(y) by creating 500
realizations in which we perturb the flux f(x, y) by the errors σf (x, y), and repeat the fitting
procedure on each realization. Finally, we correct the observed velocities for inclination,
yielding Vobs(y)/(sin i). The velocity profiles are shown in Figure B.4. The observed and
model velocity profiles are in good agreement, suggesting that our modeling approach works
well.
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Figure B.4 : Position-velocity diagrams for the 35 MOSDEF galaxies with detected rotation. The
velocity profile corrected for inclination (Vobs(y)/(sin i); y axis) is measured versus the spatial
position (x axis) from the 2D Hα emission line spectrum (black circles) and from the best-fit 2D
line model (open red circles) for each object. The error bars do not include uncertainties from the
inclination correction. For reference, we fit a third order polynomial (red line) to the model velocity
profile. The vertical grey dashed lines show the projected effective radius convolved to match the
MOSFIRE seeing. The velocity profiles of the observed and model spectra are in good agreement.
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Appendix C

Inclination and aperture correction
for unresolved disk galaxies1

If a disk galaxy is too small, it will be spatially unresolved and its rotation will not be
detected. Additionally, some of the kinematic information may be missing because of slit
losses. Furthermore, as our 1D spectra are optimally extracted, the observed velocity profile
will depend on the inclination angle and the angle between the slit and the major axis of the
galaxy. In this appendix we estimate the correction between the intrinsic kinematics and the
kinematics within the extracted aperture for galaxies without detected rotation, assuming
that they are rotationally supported disk galaxies. We make models of disk galaxies that
account for variable inclination angles and variable ∆PA and use these models to calculate
the integrated RMS velocity within the slit. We follow the general method presented in
Appendix B of van de Sande et al. (2013) to calculate the aperture correction for a given
kinematic and brightness profile.

The kinematics of the disk galaxy model are defined in the same way as in Appendix B.
The slit coordinate system relative to the intrinsic galaxy coordinates is defined following
Equations B.4, B.5. We assume that the rotation can be described with the arctan model
(Equation B.6). As we have no spatial information, we must assume a radial profile for the
rotation curve, that is determined entirely through turnover radius, rt. Based on the findings
of Miller et al. (2011), we set rt = 0.4 rs = 0.4(RE/1.676). Following Equation B.7, the relative
line-of-sight radial profile of the model rotation curve is then Vlos(x, y, z)/V (RE), in which we
do not assume an absolute velocity scale. Since our galaxies may not be ideal disks, we assume
a simple constant dispersion velocity σV,0 and a fixed value of (V/σV,0)RE

= V (RE)/σV,0.
Following Cappellari (2008), we assume the observed velocity dispersion is the square root

of the second velocity moment, i.e. the RMS velocity, V 2
RMS = σ2 + V 2. To obtain relative

1This chapter previously appeared as part Price et al., 2016, ApJ, 819, 80, and is reproduced with the
permission of all coauthors and the copyright holder. Copyright 2016, The American Astronomical Society.
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Figure C.1 : Aperture corrections, σV,model/VRMS(RE)model, for disk galaxies without resolved
rotation, as a function of (a) ∆PA, (b) RE , (c) n, and (d) rt. We show the aperture correction
assuming no intrinsic velocity dispersion (σV,0 = 0, solid lines) and partial rotational support
((V/σV,0)RE

= 1.5, dashed lines). The non-variable parameters in each panel are set to ∆PA = 0,
RE = 0.′′6, n = 1, and rt = 0.4rs = 0.4(RE/1.676). We assume a seeing FWHM of 0.′′6 for every
model.

quantities, we divide both sides by V (RE):(
VRMS, los(x, y, z)

V (RE)

)2

=
(

1
(V/σV,0)RE

)2

+
(
Vlos(x, y, z)
V (RE)

)2

(C.1)

The total observed velocity dispersion of a galaxy is the combination of the intensity-
weighted velocity dispersions at every point of the galaxy, so we must also assume a light
profile to include in our models. As in Appendix B, we assume a modified Sérsic intensity
profile I(r, n,RE, zint, σz) (Equation B.8).

We calculate the intensity-weighted dispersion within the aperture from the RMS velocity
relative to V (RE), following Equation B9 of van de Sande et al. (2013):(

σV,model

V (RE)

)2

= (C.2)

X∑
−X

Y∑
−Y

([
Z∑
−Z

(
VRMS,los(x,y,z)

V (RE)

)2
I(x, y, z)∆z

]
⊗ PSF

)
g(y)∆x∆y

X∑
−X

Y∑
−Y

([
Z∑
−Z
I(x, y, z)∆z

]
⊗ PSF

)
g(y)∆x∆y

Here we define X = 1
2xap, Y = 1

2yap, and Z = 1
2zap, and define VRMS,los/V (RE) from

Equation C.1. We model the PSF as a 2D Gaussian with FWHM equal to that atmospheric
seeing FWHM, and adopt the same spatial weighting function g(y) as used in extracting the
MOSDEF 1D spectra.

The dynamical masses of disk galaxies are calculated using the velocity at a specific radius,
i.e. V (RE), instead of an integrated velocity dispersion. Thus, instead of calculating σe, the
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intrinsic intensity-weighted velocity dispersion within the effective radius RE, we calculate
the RMS velocity of the model at r = RE, VRMS(RE)model =

√
σ2
V,0 + V (RE)2, relative to

V (RE), which we write as:

VRMS(RE)model

V (RE) =
√√√√1 + 1

(V/σV,0)2
RE

. (C.3)

The observed velocity dispersion corrected for both aperture and inclination effects, and
converted to a RMS velocity, is the combination of Equations C.2 and C.3:

VRMS(RE)corr = σobs

(
σV,model

VRMS(RE)model

)−1

, (C.4)

with
σV,model

VRMS(RE)model
=
(
σV,model

V (RE)

)
(V/σV,0)RE√

1 + (V/σV,0)2
RE

. (C.5)

To calculate the correction σV,model/VRMS(RE)model for individual galaxies, we use the
best-fit Galfit parameters for n, RE = a (the semi-major axis), and q = b/a. We set
xap = 0.′′7, the slit width for all observations, and set yap = yextract, the actual width used
to extract the 1D spectra. We choose zap = yap, to probe the same spatial extent in the
line-of-sight direction as we probe along the slit.

In practice, we initially pad coordinate grids in the x, y directions by 0.5 FWHMseeing arcsec,
to accurately consider the convolution with the atmospheric seeing across the aperture edges.
We include these pixels when calculating the collapse over z and the convolution with the
seeing, then remove the padded pixels for the final sum within the aperture. We sample the
model over a large number of pixels, and choose the pixel sizes so they are nearly equal in all
dimensions, ∆y = ∆z ≈ ∆x, with the constraint that there must be an integer number of
pixels within xap and yap.

The effects of varying the model parameters b/a, ∆PA, RE, n, and rt are demonstrated
in Figure C.1. In all cases, we assume a typical seeing of 0.′′6. We adopt xap = 0.′′7, the slit
width for all MOSDEF observations, and set yap = 4RE,proj+conv, to approximate dependance
of aperture size on the object size, misalignment, and seeing that is incorporated in the data
extraction method.

The inclination angle has the largest influence on the correction value. At a fixed axis
ratio, the inclusion of a finite (V/σV,0)RE

value causes the largest difference in the aperture
correction, as the intrinsic velocity dispersion increases the observed LOS velocity dispersion.
The position angle offset causes larger variations for more edge-on disks (b/a ≈ (b/a)0) than
for disks closer to face-on (b/a ≈ 1), as the more face-on disks are much closer to being round,
and the amount of the disk falling outside of the slit for any ∆PA is similar. Variations with
the Sérsic index n reflect how the different intensity profiles weight the velocity distribution.
Changes of the assumed rt affect the rotational velocity profile, with larger rt moving the
velocity turnover to larger radii. When combined with the Sérsic intensity weighting, this



C. CORRECTIONS FOR UNRESOLVED DISK GALAXIES 132

leads to smaller integrated velocity values. Finally, when the disk is aligned with the major
axis, the aperture correction varies little with the effective radius RE. The aperture correction
varies more with RE when combined with larger ∆PA offsets.
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