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ABSTRACT OF THE DISSERTATION

A Multi-Wavelength Spectroscopic and Photometric Study of Star Formation and Dust in
Galaxies in the Early Universe

by
Irene Shivaei

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, September 2017
Prof. Naveen Reddy, Chairperson

Redshift of z ~ 2 is an important era in the history of the universe, as it contains the peak of
star formation rate (SFR) and quasar activity. In this work, we investigate the properties of
galaxies during this era from two different, yet complementary, aspects: star formation and
stellar mass (M,) assembly, and dust enrichment. We utilize rest-UV to optical photometric
data from the Hubble Space Telescope and Keck Observatory, and a wealth of rest-optical
spectroscopic data from the MOSFIRE Deep Evolution Field survey using Keck/MOSFIRE
spectrometer. We incorporate mid- and far-IR data from the Spitzer and Herschel telescopes
to obtain a complete census of obscured and unobscured star formation. By comparing Ha-
derived SFRs with those inferred from panchromatic SED modeling, we show that the
Balmer decrement accurately predicts the obscuration of the nebular lines and can be used
to robustly calculate SFRs of galaxies at z ~ 2 with SFRs up to ~ 200 Mg yr—t. We
dissect the scatter and slope of the SFR-M, relation at z ~ 2, using multi-wavelength SFR
tracers (UV, He, 24pm, and far-IR). We find a large intrinsic scatter of 0.36 dex and a

shallower slope of ~ 0.7 than found previously. Moreover, for the first time, we investigate

viii



the variation of PAH emission at 7.7um, traced by Spitzer/MIPS 24pm, in galaxies spanning
a wide range in metallicity at z ~ 2. Our results indicate a higher IR luminosity density
at z ~ 2 than previously measured, corresponding to a ~ 30% increase in the SFR density.
Lastly, we utilize Ha and HfB spectroscopic measurements to constrain the ionizing photon
production efficiency (§ion) of galaxies at z ~ 2. &on is elevated in galaxies with blue
UV slopes, low metallicity, and high ionization parameter. We show that the scatter in
&ion distribution reflects galaxy-to-galaxy variations in stellar properties, including IMF,
metallicity, binarity, and star formation burstiness. Our results pave the way for future
observations with the James Webb Space Telescope to improve our understanding of dust
enrichment during the epoch of peak of star formation activity, and to investigate the role

of galaxies in the reionization era at z 2 6.

X



Contents

List of Figures xiii
List of Tables XV
1 Introduction 1
1.1 Overview . . . . . . . . e e 1
1.1.1 How Do We Measure Star Formation Rate? . . . .. ... ... ... 3
1.1.2  Why Is Dust Important? . . . ... ... ... ... ... ..., 4
1.1.3  Necessity of Near-IR Spectroscopy to Study z ~ 2 Galaxies . . . . . 5
1.2 Outline of the Thesis . . . . . . . . . . . . . . 6

2 Investigating Ha, UV, and IR star-formation rate diagnostics for a large
sample of z ~ 2 galaxies 9
2.1 Introduction . . . . . . . . . . .. 10
2.2 Sample. . . .. 16
2.2.1 Sample Selection and Optical Photometry . . . . . . . ... ... .. 16
2.2.2  Stellar Population Modeling . . . . ... ... ... .. ....... 17
223 MIPSdata . ... .. .. .. . . e 19
2.3 Ha and UV Luminosity . . . . . . . . .. . o o 21
2.3.1 Ha Fluxes and Equivalent Widths . . . . . . ... ... ... .... 21
2.3.2 UV Luminositiesand SFRs . . . . . . . ... ... ... ....... 27
2.4 The IR Luminosity and Bolometric Properties . . . . ... ... ... ... 28
2.5 Dust Attenuation of the Nebular Regions and Stellar Continuum . . . . . . 31
2.6 Bolometric Star-Formation Rates . . . . . . . .. .. ... ... ....... 35
2.6.1 The Relationship between Observed Ha Luminosity and Total SFR 37
2.6.2 Validity of the Calzetti Dust Attenuation for Young Galaxies . . .. 39
2.7 Summary ... Lo 41

3 Dissecting the star-formation rate vs. stellar mass relation using Ha and
HfS emission lines at z ~ 2 44
3.1 Introduction . . . . . . . . . . . . e 45
3.2 Sample and Measurements . . . . . . .. ... Lo Lo 49



3.2.1 The MOSDEF Survey . . . . ... ... ... ... .. ... 49

3.22 HaSample . . .. .. . e 49
3.2.3 Line Flux and Balmer Absorption Measurements . . . . . .. . . .. 50
3.2.4 Mass and SFR Determination . . . . . . . .. .. ... ... ... 51
3.2.,5 Stacking Procedure . . . . . . . . ... .. ... 53
3.3 The Main Sequence Analysis . . . . . .. ... ... ... .. 54
3.3.1 Mass Completeness . . . . . . . . ... 54
3.3.2 Methodology . . . . . .. .. 59
3.3.3 Nondetections . . . . . . . . . . . e 61
3.34 AGN . . . e 63
3.4 The Scatter of The Main Sequence . . . . . . . .. ... ... ... ..... 64
3.5 The Slope of The Main Sequence . . . . . . . ... ... .. .. ....... 66
3.5.1 Dust Correction . . . . . . . . . . e 66
3.5.2 Sample Selection . . . . .. ... . 69
3.5.3 Balmer Absorption Correction . . . . . ... .. .. ... ...... 71
3.6 Comparison to Other Studies . . . . . ... ... ... .. ... ....... 74
3.7 Conclusions and Discussion . . . . . .. ... ... L. 76

The strong agreement between Ha and panchromatic SED-based star

formation rates 80
4.1 Introduction . . . . . . . . . . . e 81
4.2 Sample and Measurements . . . . . . . . ... Lo oo 84
4.3 Panchromatic SED Modeling . . . . ... ... ... ... ... . ... .. 87
4.4 SFR Comparison . . . . . . . . . . ot e 88
4.5 IR Luminosity Comparison . . . . . . . . . . ... 92
4.6 Discussion and Implications . . . . . . . . .. ... .. Lo 94

Metallicity Dependence of PAH Emission at High Redshift and Impli-
cations for 24y m-inferred IR Luminosities and Star Formation Rates at

z~ 2 97
5.1 Introduction . . . . . . . . . . . . e 98
5.2 Data . . . . . e 102
5.2.1 The MOSDEF Survey . . . . .. .. ... ... ..., 102
5.2.2 Emission Line Measurements . . . . . .. ... ... ... ...... 102
5.2.3 Stellar Masses, Ages,and SFRs . . . . . . .. ... ... ... .... 104
5.2.4 Mid- and Far-IR fluxes . . . . . . .. ... ... ... ... ..... 106
525 IR Stacks . . . . . . . . e 107
52.6 vL,(7.7um)and Lig . . . . . . .. 108
5.3 PAH and ISM properties . . . . . . . . . . . ... e 109
5.3.1 L77/SFR and ISM properties . . . . . . . . ... ... ... .. ... 111
5.3.2 L77/Lig and ISM properties . . . . . . ... .. ... ... 115
54 PAHand Age . . . . . . . e 118
5.5 Ly as a tracer of Total IR Luminosity: Implications for High-z studies . . 122
5.5.1 The SFR-M, relation . . . . . . . . . . . . . . ... ... .. 122
5.5.2 Bolometric luminosity density at 2z ~2 . . . . . . ..o 126

xi



5.6 Why is PAH intensity correlated with metallicity? . . ... ... ... ... 129
5.7 Summary . . . ... 131
5.8 Appendix: Ratio of Averages versus Average of Ratios . . . . . . ... ... 134

6 The MOSDEF Survey: Direct Observational Constraints on the Ionizing

Photon Production Efficiency, o, at 2z ~ 2 140
6.1 Introduction . . . . . . . . . . . . .. 141
6.2 Data and Measurements . . . . . . . . .. ... 145
6.2.1 The MOSDEF Survey . . . . .. .. ... ... ... 145
6.2.2 Line Luminosities and Nebular Dust Correction . . . . . . . . . . .. 146
6.2.3 SED Fitting and Stellar Dust Correction . . . . . . . .. .. .. ... 146

6.3 Measurement of Eon - . - . .. oL 147
6.3.1 Composite Measurements . . . . . . . .. ... ... 149

6.4 &on Evolution with Galaxies Properties and Redshift . . . . . .. ... ... 150
6.4.1 &on and UV properties, implications for reionization . . . . . . . .. 152
6.4.2 &on and ISM properties: Os9 and BPT diagram . . . . . . ... ... 154
6.4.3  &jon evolution with cosmic time and stellar mass . . . . .. ... .. 160
6.4.4 Systematic uncertainties of dust attenuation. . . . . . ... .. ... 164

6.5 Scatter in &ion - « -+ 4 e e e e e 165
6.5.1 Galaxy-to-galaxy Variations in the Dust Attenuation Curve . . . . . 167
6.5.2 Galaxy-to-galaxy Variations in Properties of Massive Star Populations 168

6.6 Summary . . ... e 171
7 Epilogue 176

xii



List of Figures

1.1

2.1
2.2

2.3

2.4

2.5
2.6

3.1
3.2

3.3
3.4
3.5
3.6
3.7
3.8

4.1
4.2
4.3
4.4
4.5

5.1

SED of a typical star-forming galaxy and the evolution of the cosmic SFR
density . . . . . oL

Best-fit SED models for three objects in our sample . . . . ... .. .. ..
Estimated Ha rest-frame equivalent widths as a function of the error of the
observed Ks-band magnitude . . . . .. . ... o oo
A comparison between the observed Ha fluxes of the objects in common
between our sample and that of Erb et al. (2006c) . . . ... ... .....
Comparison of SFR(Ha) and SFR(UV) assuming different dust attenuation
CUTVES & o v v v e e e e e e e e e e e e e e e
The observed Ha line luminosity as a function of SFR(IR)+SFR(UV)

Comparison of the bolometric SFR and SED-inferred SFR . . . . . . . . ..

Redshift distribution of the sample . . . . . . ... ... ... ... ..
SFR(Ha) as a function of stellar mass for star-forming galaxies at z = 1.37
— 2.61, known as the star-forming main sequence . . . .. .. ... ... ..
Possible sample bias of selecting based on photometric redshifts . . . . . . .
SFR-M, using Ha and UV indicators . . . . ... ... ... ... .....
Effect of dust attenuation correction on the SFR-M, slope . . . . . . .. ..
Effect of sample selection biases on the SFR-M, slope . . . . .. ... ...
Effect of Balmer absorption correction on the SFR-M, slope . . . . . . . ..
Comparison of SFR-M, relation from various studies . . . . . . .. ... ..

The SFR-M, and UVJ diagrams of the sample . . ... ... .. ......
The best-fit panchromatic SED models to the observed photometry . . . . .

SFR comparisons . . . . . . . . . .. e
Ratio of the predicted to the measured IR luminosities as a function of rest-
frame U —V color . . . . . . . . . . . e

The Spitzer/MIPS 24um filter superimposed on the observed mid-IR spec-
trumat 2 =1.5—25. . . . . . .

xiii

22

25

26

30

36
40

51



5.2

5.3

5.4

5.5
5.6
5.7
5.8

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

Comparison of rest-frame 7.7 ym luminosities inferred from different IR tem-

plates . . . oL 105
Ratio of 7.7 pm luminosity to SFRp, 1p as a function of gas-phase metallicity

derived from different indicators . . . . .. .. ..o oo 110
Relative strength of 7.7 um luminosity to total IR luminosity as a function

of gas-phase metallicity derived from different indicators . . . . . . . .. .. 116
PAH intensity as a function of age . . . . . .. ... oL 119
PAH intensity as a function of stellar mass . . . . .. ... ... ... ... 121
SFR in bins of stellar mass using different indicators . . . . . . . ... ... 123
Ratio of L7.7 to SFRu g as a function of gas-phase metallicity derived from

different indicators . . . . . . ..o Lo 137

Tonizing photon production efficiency as a function of UV continuum slope . 151

Dependence of &, on UV absolute magnitude . . . . .. . ... ... ... 152
Dependence of &on on [O1m1]/[O11] ratio . . . . . .. ... 155
&on variation across the N2 BPT diagram . . . . .. ... ... ... .... 158
&on as a function of redshift . . . . . . ... oo oo 161
Dependence of o on stellar mass . . . . . .. ... L. 163
Effect of galaxy-to-galaxy variations of dust attenuation curve on o, scatter 165
&on Observed scatter and predictions from SPS models . . . . . .. ... .. 166

Xiv



List of Tables

2.1
2.2

3.1
3.2

5.1
5.2

6.1

Ha Flux Corrections for [N11] Contamination® . . . . . .. .. ... ... .. 24
Dust Corrected Hao SFRs Using Different Attenuation Recipes, in Bins of

SFR(UV)eorr + « + o o oo e e e e e 32
Parameters of the log(SFR) — log(M,) Linear Fit * . . . . . ... ... ... 59
Parameters of the log(SFR) — log(M,) Linear Fit, Using The OLS Bisector

Method 2. . . . . . . o 62
Properties of L77/SFRuanp stacks . . . ... ... o oL 138
Properties of Ly7/Lig stacks . . . . . . ... 139
&on Predictions from SPS Models . . . . . . . . ... ... L. 172

XV



Chapter 1

Introduction

1.1 Overview

Understanding the formation and evolution of galaxies throughout cosmic time is
among the most challenging questions in modern cosmology. To capture a complete view
of galaxies, we need to observe them across a wide range of wavelengths, from ultraviolet
(UV) to infrared (IR). UV is dominated by emission from massive newly-born stars, near-
IR originates from older stars, and stellar emission that is absorbed by dust grains inside
galaxies re-emits at longer IR wavelengths (Figure 1.1, top).

Over the past decade, technological advances have put us in a unique position
to capture a panchromatic view of galaxies across cosmic time. I use powerful ground-
and space-based facilities, such as the Keck observatory, the Hubble, Spitzer, and Herschel
space telescopes to observe the sky across the electromagnetic spectrum, and explore star

formation and dust enrichment during the epoch of peak of star formation activity in the
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Figure 1.1 Top: spectral energy distribution (SED) of a typical star-forming galaxy. Each
part of the spectrum is dominated by the emission from different types of stars and dust
particles. Credit: N. Reddy. Bottom: evolution of the cosmic star-formation rate density.
The shaded region marks the epoch of peak of star formation activity. I study properties
of galaxies during this epoch. Source: Madau & Dickinson (2014).



universe (redshift of z ~ 2). This is an important era in the history of the universe, as
galaxies were in the process of assembling most of their stellar mass, the structural patterns
observed among local galaxies were not yet in place, and quasar activity was at its peak

(Madau & Dickinson 2014, Figure 1.1, bottom).

1.1.1 How Do We Measure Star Formation Rate?

Galaxies are dynamically bound systems consisting of stars and gas. They grow
and accumulate mass by converting their gas into stars (i.e., star formation). Young galax-
ies with large reservoirs of gas, or those that have recently merged with another galaxy,
have high rates of star formation, while older galaxies are quiescent with little or no star
formation.

The bolometric luminosity of star-forming galaxies is dominated by their mas-
sive stars, mostly emitted in UV or absorbed by dust and reemitted in IR. Massive stars
are proper diagnostics of current star formation rate (SFR) as they have relatively short
main sequence lifetimes. By assuming a distribution of stellar masses we extrapolate the
formation rate of massive stars to that of all stars and calculate the total SFR.

The most commonly-used SFR diagnostics are UV stellar continuum and nebular
emission lines (e.g., hydrogen Balmer and Paschen lines; Kennicutt 1998; Kennicutt &
Evans 2012). Nebular lines originate from HII regions around the most massive early-type
O stars with lifetimes of ~ 10 Myr, making them almost “instantaneous” SFR indicators.
On the other hand, UV light emerges from both O and B type stars over longer timescales
of ~ 50 — 100 Myr. Although both SFR tracers are frequently used in high-redshift studies,

a major challenge is that UV and optical light are easily absorbed by dust grains inside



galaxies. Therefore, to measure the intrinsic SFR, it is necessary to correct the observed
light for dust absorption (Cardelli et al. 1989; Calzetti et al. 2000; Gordon et al. 2003; Reddy
et al. 2010, among many more). Correcting for dust can be a challenging task, especially

for high redshift galaxies, that I tried to address in the following chapters.

1.1.2 Why Is Dust Important?

The inter-stellar medium (ISM) is pervaded by dust. Dust grains are solid particles
with sizes of < 1 pum that absorb the optical and UV light emitted from stars and re-radiate
the absorbed light at IR wavelengths, thereby modifying our view of galaxies. IR emission
from dust particles points to obscured stellar regions that we would otherwise miss. More
fundamentally, dust particles have important roles in the process of star formation: dust
grains are catalysts for formation of certain molecules in the ISM, and they are important
for cooling and heating processes, ISM gas dynamics, and charge transfer.

Two main pieces of observational evidence of the presence of the interstellar dust
in galaxies are attenuation (extinction) of UV and optical starlight and thermal emission
at mid-IR to sub-millimeter wavelengths. There are spectral features in both the dust
extinction and emission that provide clues about the composition and size distribution of
dust grains.

A key component of the dust population is polycyclic aromatic hydrocarbon (PAH)
molecules. PAHs are organic molecules that contain ~ 50 carbon atoms, arranged in a
honey comb structure of aromatic rings with peripheral hydrogen atoms. These molecules
are commonly found on Earth in coal, tar, and the exhaust fumes of car engines (Haynes

& Wagner 1981). In space, PAHs are found in various environments, including the general



ISM, reflection nebulae, supernovae remnants, around young and massive stars, and around
evolved carbon-rich stars (Tielens 2008). PAHs can be transiently heated by absorbing
single UV photons, and will subsequently cool by emitting an IR photon. Therefore, PAHs
are mainly observed through their strong emission in certain mid-IR bands at 3.3, 6.2, 7.7,
8.6, and 11.2 ym. These emission features are characteristic of the vibrational modes of
PAHs. PAHs contribute substantially to dust attenuation, account for up to ~ 20% of
the IR emission of galaxies (Smith et al. 2007; Dale et al. 2009), play an important role
in the physics and chemistry of ISM by providing surfaces for chemical reactions (such as
the formation of Hy molecules), carrying an important fraction of the gas electronic charge,
and efficiently heating the ISM gas in regions where UV starlight is present (Tielens 2005).

Studying PAHs is therefore crucial for understanding the evolution of interstellar gas.

1.1.3 Necessity of Near-IR Spectroscopy to Study z ~ 2 Galaxies

Many of the physical characteristics of galaxies are revealed from their optical light.
Emission lines in the optical spectra of galaxies, such as those of ionized hydrogen, oxygen,
and nitrogen, can be used to determine the amount of dust, SFR, chemical composition,
ionization state of the gas, and the ratio of ionizing to non-ionizing photons. However, due
to the expansion of the universe, the light of distant galaxies shifts to longer wavelengths.
Therefore, to observe the rest-frame optical spectra of galaxies at z ~ 2, we require near-IR
observations.

Until recently, obtaining large samples of near-IR spectra of galaxies at z ~ 2
was extremely challenging, owing to the relatively lower sensitivity and lack of multiplexing

capabilities of near-IR spectrographs on 10-meter-class telescopes. Consequently, previous



similar studies had small samples, consisting of only ~ 100 galaxies (e.g., Erb et al. 2006;
Kriek et al. 2008). During my Ph.D. years, I played a leading role in the multi-institutional
MOSFIRE Deep Evolution Field (MOSDEF) survey (Kriek et al. 2015). MOSDEF is a large
spectroscopic program that used the multi-object near-infrared MOSFIRE spectrometer
(McLean et al. 2012) on Keck to obtain rest-optical spectra of ~ 1800 galaxies at 1.4 <
z < 3.8 and study their stellar, gaseous, metal, dust, and black hole content. At the time
of writing this thesis, MOSDEF is the largest survey of the rest-frame optical properties of

galaxies at 1.37 < z < 3.80.

1.2 Outline of the Thesis

Rate of Star Formation in Distant Galaxies: As discussed in Section 1.1, the UV,
optical emission lines (He), and IR emission are often used as indicators of SFR in galaxies.
However, calibration of these SFR indicators is a subject of debate in high-redshift studies.
The most commonly-used calibrations are derived from local galaxies, and hence, can be
affected by differences in star formation histories, chemical compositions, and distribution
of stars and dust between nearby and distant galaxies. In Chapter 2 (Shivaei et al. 2015a),
we compare the UV, optical, and IR SFR indicators for a large sample of galaxies at z ~ 2,
and investigate the validity of each of these SFR diagnostics for different populations of
galaxies (such as galaxies with different ages). Moreover, in Chapter 4 (Shivaei et al.
2016), we show that the optical Ha and HS emission lines, which are often used as SFR

diagnostics in local galaxies, accurately trace the total SFR of even the dusty galaxies at



z ~ 2. This is the first time that optical SFR indicators are compared with SFRs inferred

from the best-fit UV-to-far-IR galaxy templates at z ~ 2.

Star Formation and Mass Assembly: Galaxies grow in two plausible modes: by
merging with other galaxies, or by gravitationally accreting cold gas from the intergalactic
medium and converting it into stars. In the latter “cold gas accretion” scenario, star forma-
tion is a steady function of time and galaxies assemble their stellar mass smoothly. A main
consequence of this smooth mass assembly is that there is a correlation between SFR and
stellar mass of galaxies, commonly called the “star-forming main sequence.” Galaxies that
have undergone a recent merger are outliers in this correlation, as their SFR has rapidly
increased. Comparing the observational results with those of simulations gives us insight
about the processes that govern galaxy formation and growth, such as feedback processes
from galactic winds.

In Chapter 3 (Shivaei et al. 2015b), we study the star-forming main sequence
using accurate and robust SFR measurements (from Ha and Hp) for a large and represen-
tative sample of galaxies at z ~ 2. We determine the properties of this relation, as well as

possible observational assumptions that can lead to inconsistent results.

Dust in Distant Galaxies: As stars evolve, they synthesize elements heavier than hy-
drogen and helium (i.e., metals). These elements are eventually injected into the ISM,
either after the star death or during its life through stellar winds, enriching the ISM and
increasing the gas-phase “metallicity” of galaxies. The heavy elements are also responsible

for the production of dust particles.



In Chapter 5 (Shivaei et al. 2017), we investigate variations of the PAH intensity
in galaxies with different metallicities. We find that in metal-poor galaxies, the PAH emis-
sion is suppressed relative to that of large dust grains. The paucity of PAHs can be due
to (1) fewer carbon atoms available in the ISM, or (2) the destruction of PAHs with more
energetic photons that are present in metal-poor environments. This is the first time that
variations of PAH emission is explored in distant galaxies. These results have important

implications for high-redshift studies that use the PAH emission as an indicator of SFR.

Ionizing Photon Production Efficiency: The emission rate of ionizing photons that
are produced by massive stars impact our observables, such as SFR and gas-phase metallic-
ity. To quantify the production efficiency of ionizing photons, &, parameter is defined as
the production rate of ionizing photons per unit UV luminosity (see Robertson et al. 2013;
Bouwens et al. 2016a). Constraining the value of &, helps us to better understand the
properties of massive star populations and improve our stellar population synthesis models.
&on 18 also an important input in models of reionization (e.g., Robertson et al. 2015).

In Chapter 6, we use the large and unique spectroscopic Ha and Hf dataset of
MOSDEF to estimate the rate of Lyman continuum photons and constrain &, at z ~ 2. We
explore o relation with commonly measured properties of galaxies, such as UV continuum
slope, stellar mass, ionization parameter, and metallicity. Moreover, we investigate the
plausible physical sources of the large intrinsic scatter in &,y distribution by comparing
our observations with predictions from the stellar population synthesis models. Our results
demonstrate the utility of Balmer emission lines in constraining &, for future observations

with JWST at higher redshifts.



Chapter 2

Investigating Ha, UV, and IR

star-formation rate diagnostics for

a large sample of z ~ 2 galaxies*

Abstract We use a sample of 262 spectroscopically confirmed star-forming galaxies at
redshifts 2.08 < z < 2.51 to compare Ha, UV, and IR star-formation-rate diagnostics and
to investigate the dust properties of the galaxies. At these redshifts, the Ha line shifts to
the Ks-band. By comparing Kg-band photometry to underlying stellar population model
fits to other UV, optical, and near-infrared data, we infer the Ha flux for each galaxy. We
obtain the best agreement between Ha- and UV-based SFRs if we assume that the ionized

gas and stellar continuum are reddened by the same value and that the Calzetti attenuation

*A version of this chapter was published in: Shivaei, I., Reddy, N. A., Steidel, C. C., & Shapley, A. E.,

The Astrophysical Journal 804, 149 (2015)
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curve is applied to both. Aided with MIPS 24 ym data, we find that an attenuation curve
steeper than the Calzetti curve is needed to reproduce the observed IR /UV ratios of galaxies
younger than 100 Myr. Furthermore, using the bolometric star-formation rate inferred from
the UV and mid-IR data (SFRig+SFRyy), we calculated the conversion between the Ha
luminosity and SFR to be (7.5 & 1.3) x 107#2 for a Salpeter IMF, which is consistent
with the Kennicutt (1998) conversion. The derived conversion factor is independent of any

assumption of the dust correction and is robust to stellar population model uncertainties.

2.1 Introduction

One of the most important diagnostics in understanding the evolution of galaxies
is the star-formation rate (SFR). The evolution of the SFR of galaxies can give clues as
to how galaxies were enriched with heavy elements, how they build up their stellar mass
through cosmic time, and helps us to understand the bolometric output of galaxies. At
redshift z ~ 2, when the universe was just ~ 3 Gyr old, star-formation activity in the
universe was at its peak and galaxies were in the process of assembling most of their stellar
mass (see Reddy & Steidel 2009; Bouwens et al. 2010; Shapley 2011; Madau & Dickinson
2014). Studying this critical epoch is essential to gaining a better understanding of the
evolution of the progenitors of the local galaxy population.

The ultra-violet (UV) continuum (1500 to 2800 A ) intensity of a galaxy is one of
the most commonly used diagnostics for the SFR as it is observable over a wide range of
redshifts and intrinsic luminosities. It is sensitive to massive stars (M, 2 5Mg), making

it a direct tracer of current SFR. By extrapolating the formation rate of massive stars to

10



lower masses, for an assumed form of the initial mass function (IMF), one can estimate the
total SFR (Madau et al. 1998). Another widely used diagnostic for measuring the SFR is
nebular emission, with Ha being the most common because of its higher intensity compared
to the other hydrogen recombination lines such as HS, Paa, Pag, etc., and it is easier to
interpret than the Ly« line. Ha is an “instantaneous” tracer of SFR because it is sensitive
only to the most massive stars (M, = 10Mg). However, it becomes more challenging to
observe Ha from the ground at z 2 1 because the line is redshifted to the near-IR where
the terrestrial background is much higher than at optical wavelengths.

The main disadvantage of using UV /optical luminosities as tracers of the SFR
is their sensitivity to dust attenuation. The dust absorption cross-section is larger for
shorter wavelengths and choosing the appropriate attenuation curve to correct the observed
luminosities plays an important role in determining intrinsic physical quantities. Aside from
the assumed attenuation curve, the geometry of dust with respect to the stars can lead to
different color excesses, E(B — V), between the ionized gas and the stellar continuum.
E(B—YV) is the color excess measured between the B and V bands, E(B—V) = A — Ay,
where A, is the total extinction at wavelength A in magnitudes. In particular, the nebular
recombination lines arise from the HII regions around the most massive O and early-type
B stars (with masses of M, 2 10 Mg and main sequence lifetimes of < 10Myr). On the
other hand, for a Salpeter IMF, solar metallicity, and a constant or rising star-formation
history, the UV continuum in starburst galaxies originates from stars over a broader range
of mass that includes later-type B stars with lifetimes < 100 Myr (Kennicutt 1998; Madau

& Dickinson 2014). These older non-ionizing stars have more time to migrate to regions of
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lower dust density in the galaxy, while H-ionizing stars with shorter lifetimes do not have
enough time to escape from their dusty birthplace or let the parent molecular clouds to
dissipate. As a result, the nebular lines can be subject to a higher degree of reddening than
the UV continuum.

Calzetti et al. (1994) found that the nebular emission is more attenuated than
the stellar continuum at the same wavelengths for a sample of local UV-bright galaxies.
Subsequently, Calzetti et al. (2000) studied a similar sample of local galaxies and argued
that the color-excess is 2.27 times larger for the nebular emission lines than for the stellar
continuum. This relationship was derived under the assumption that the Calzetti curve is
applied to the stellar continuum and a Galactic extinction curve is applied to the nebular
emission lines. In a separate study, Cid Fernandes et al. (2005) found that for an SDSS
sample of ~ 50000 galaxies, Ay nepuiar ~ 1.8 Av steliar, both assuming a Cardelli et al. (1989)
extinction curve.

There have been several studies of relative attenuation of the stellar continuum and
nebular regions in high-redshift galaxies. In most of the high-redshift studies, the Calzetti
curve is assumed for both the nebular and stellar regions. Frequently, the Calzetti et al.
(2000) relation between the stellar and nebular E(B — V') is used to correct the nebular
lines, while this relation was originally derived based on using a Galactic extinction curve
for the nebular lines. At present it is unclear what type of attenuation curve should be
applied to the nebular regions. These issues are discussed in detail in Steidel et al. (2014).

At z ~ 2, Forster Schreiber et al. (2009) selected a sample from various imaging

surveys in the optical, near-IR, mid-IR, and sub-millimeter regime, with SED-derived SFRs
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of ~ 10 — 1000 Mg yr—! and stellar masses > 1010 M), assuming a Chabrier IMF. In their
study, the predicted Ha luminosities from the best-fit SED models for 62 galaxies were
compared with the observed line luminosities measured from integral field spectroscopy. The
latter were then corrected for reddening assuming the Ay returned from stellar population
modeling of their galaxies. Forster Schreiber et al. (2009) found that assuming a factor of
two redder color excess towards the HII regions relative to the stellar continuum yielded the
best agreement between the predicted and observed Ha luminosities. Similarly, Wuyts et al.
(2011a) investigated 25 star forming galaxies at z ~ 2 and compared the Ha SFRs, dust-
corrected by the Calzetti attenuation curve, with the SED modeled SFRs. They showed
that Ha SFRs are consistent with the SED SFRs, provided that E(B —V)e = 2.27E(B —
V) stellar When assuming the Calzetti curve for both.

Muzzin et al. (2010) presented two galaxies at redshifts z = 2.122 and 2.024, and
added ten other galaxies at similar redshifts from van Dokkum et al. (2005), Kriek et al.
(2007), and Kriek et al. (2009) to compare Ay ,epuiqr derived from the Balmer decrement
(%) with Ay steiar derived from the SED models, both assuming the Calzetti curve. The
only two galaxies with detected HS line measurements showed evidence for higher nebular
attenuation, but about half of the non-detections were consistent with equal attenuation for
the nebular and stellar regions. In Yoshikawa et al. (2010), Ha attenuation was investigated
through several comparisons for a sample of optically-selected star-forming galaxies at z ~
2. Aided with near-infrared spectroscopic observations, Yoshikawa et al. (2010) used the
Balmer decrement along with the Calzetti curve to correct the Ha SFR. The dust-corrected

SFR was then compared with the Ha SFR corrected by the SED color-excess and also with
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the SFRs inferred from UV, IR, radio, and X-ray. The comparisons yield contradictory
results. Their analysis favored a higher nebular color-excess for galaxies with larger intrinsic
SFRs.

In separate studies, Erb et al. (2006¢) and Reddy et al. (2010) used a large sample
of UV-selected galaxies at z ~ 2 and corrected both the Ho and UV SFRs with the color-
excess derived from the best-fit SED models and applied the Calzetti attenuation curve.
They showed that using different color excesses for the continuum and lines generally re-
sulted in Ha-inferred SFRs that over-predicted those calculated from the dust-corrected
UV emission and direct IR measurements.

The apparently conflicting results mentioned above may be reconciled if the rela-
tion between the nebular and stellar color-excesses depends on the physical properties of
galaxies, such as their SFRs (Yoshikawa et al. 2010) or specific SFRs (Wild et al. 2011). For
example, Wild et al. (2011) showed that the ratio of the line optical depth to the continuum
optical depth decreases with increasing sSFR and at sSSFR~ 10~ yr~! the line-to-continuum
optical depth ratio reaches the Calzetti et al. (2000) ratio assuming the Wild et al. (2011)
attenuation curve. Price et al. (2014) investigated the attenuation of the nebular regions at
z ~ 1.5 using the Balmer decrement from stacked HST grism spectra assuming the Calzetti
curve, and found no strong trend of Ay neb/Ay stellar With SFR or sSFR. In Price et al. (2014)
study, at sSSFR~ 10785 yr=! the ratio is consistent with 1.

The primary goal of this paper is to understand the relationship between the UV
and Ha emission in high-redshift star-forming galaxies, with a large sample that is immune

to uncertainties in slit loss corrections that affects the Ha flux estimation (c.f. Erb et al.
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2006¢; Yoshikawa et al. 2010), the small sample sizes inherent in previous spectroscopic
studies of Ha (Kriek et al. 2007; Muzzin et al. 2010), and not subject to the bias of select-
ing high equivalent width objects from narrow-band selected samples (Garn & Best 2010).
We consider in our analysis only spectroscopically-confirmed galaxies, enabling us to esti-
mate the Ha flux from broad-band photometric excess techniques without the additional
uncertainties that plague photometric redshifts (Wuyts et al. 2011a).

The impact of nebular lines on the broad-band photometry was known and studied
for many years (e.g., Guiderdoni & Rocca-Volmerange 1987; Fioc & Rocca-Volmerange
1997; Zackrisson et al. 2008; de Barros et al. 2014). Using the photometric excesses to
determine the line strengths was pioneered by Shim et al. (2011), where they showed that
the excess in Spitzer/IRAC 3.6 um relative to the SED model continuum is due to the
redshifted Ho emission line for their sample of galaxies at 3.8 < z < 5.0. Stark et al. (2013)
also investigated a sample of galaxies at the same redshift range of Shim et al. (2011) and
inferred the Hoa emission line strengths by comparing the observed flux in Spitzer/IRAC
3.6 um band and the continuum flux as expected from the SED model. Following that,
Schenker et al. (2013) verified the photometric excess technique by applying it to a small
sample of 9 galaxies at 3.0 < z < 3.8; for 8 galaxies the [O 111] line fluxes inferred by the
same technique as Stark et al. (2013) were within a factor of 2.5 of the spectroscopically
measured [O 111] fluxes.

An additional advantage of our study is that we include IR data to independently
assess the dust-obscured SFR. Comparing Ha, UV, and IR SFRs in a statistical sense allows

us to understand how to correct extinction-sensitive measures of SFR for the effects of dust.
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The outline of this paper is as follows. In §2.2 we discuss the properties of our
sample, the assumptions that have been made to model the stellar populations using the
rest-frame UV to near-IR photometry, the Spitzer/MIPS photometry and stacking method.
A detailed description of how we estimated the Ha line flux is provided in §2.3. The analysis
of the MIPS 24 ym data and IR luminosities is described in §2.4. In §2.5 we compare the
two different tracers of SFR - Ha and UV - and discuss the dust correction recipe most
consistent with our measured values. §2.6 focuses on combining SFR diagnostics (e.g.,
Ha and UV with IR) to deduce bolometric SFRs. The results are summarized in §2.7.
Throughout this paper, a Salpeter (1955) IMF is assumed and a cosmology with Hy = 70
km s~! Mpc™!, Qp = 0.7, and Q,, = 0.3 is adopted. All magnitudes are given in the AB

system (Oke & Gunn 1983).

2.2 Sample

2.2.1 Sample Selection and Optical Photometry

The galaxies used in this study are drawn from a parent sample that is part of an
imaging and spectroscopic survey of UV-selected galaxies at z ~ 2-3 (Steidel et al. 2004;
Reddy et al. 2012b). The galaxies were selected based on the BX, BM, and Lyman break
galaxy rest-UV color criteria (Steidel et al. 2003, 2004; Adelberger et al. 2004), where U,GR
optical data were obtained with the Palomar Large Format Camera (LFC) or Keck Low
Resolution Imaging Spectrograph (LRIS; Steidel et al. 2003, 2004). Rest-UV spectroscopic
follow-up with Keck/LRIS was conducted for galaxies brighter than R = 25.5 (Steidel

et al. 2003, 2004). Near-IR J and K, imaging was obtained using the Palomar/WIRC and
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Magellan/PANIC instruments (Shapley et al. 2005; Reddy et al. 2012b). H-band (F160w)
data were obtained with the Hubble Space Telescope WFC3 camera (Law et al. 2012; Reddy
et al. 2012b). All galaxies in the sample have coverage in at least one of the Spitzer/IRAC
four channels (3.6, 4.5, 5.8, and 8.0 um; Reddy et al. 2006a, 2012b). The objects are
located in the GOODS-North field and 11 additional fields that were primarily selected to
have one or more relatively bright background QSOs for studying the interface between the
intergalactic medium (IGM) and galaxies at z ~ 2-3 (Steidel et al. 2004; Steidel et al. 2010).

Out of the final sample of 2283 objects with spectroscopically confirmed redshifts,
a subset of galaxies is selected based on the following criteria: (1) the galaxy must be
covered by the K-band imaging, (2) it must have a redshift in the range 2.08 < z < 2.51
so that the He line falls into the Ky band, and (3) it must be detected in at least two of
the TIRAC channels or one of the IRAC channels and either J or F160w bands. The third
condition ensures a more robust estimate of the stellar mass and the continuum level at
6564 A . Furthermore, AGNs (making up ~ 9% of the parent sample) were identified by
either strong UV emission lines (e.g., Ly, CIV) or by a power law SED through the IRAC
bands. These AGNs are removed from our sample. Eventually, 262 galaxies remain that

satisfy the aforementioned criteria.

2.2.2  Stellar Population Modeling

For each galaxy in our sample, the best-fit stellar population model is found by
using the rest-frame UV through near-IR broad-band photometry. As mentioned above, all
the galaxies in our sample have spectroscopically-confirmed redshifts, thus removing a key

degeneracy in the modeling of the stellar populations. In addition, for a better estimation
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of stellar mass and age, all galaxies in our sample have at least two detections long-ward of
the 4000 A break - excluding K-band.

C. Charlot & G. Bruzual (2007) models with a Salpeter (1955) IMF and solar
metallicities are used for the fitting. For each individual galaxy, different star-formation
histories are assumed, including constant, exponentially declining, and exponentially rising
with characteristic timescales of 7 = 10, 20, 50, 100, 200, 500, 1000, 2000, 5000 Myr for
exponentially declining and 7 = 100, 200, 500, 1000, 2000, 5000 Myr for exponentially
rising histories. Ages are allowed to vary between 50 Myr and the age of the universe
at the redshift of each galaxy. The > 50 Myr limit corresponds to the typical dynamical
timescale of star-forming galaxies at z ~ 2 as inferred from velocity dispersion and size
measurements of these galaxies (Reddy et al. 2012b). For interstellar dust obscuration, the
Calzetti et al. (2000) attenuation curve is used, allowing F(B — V') to vary between 0.0 and
0.6. The x? values have been determined for each set of observed broad-band and model
magnitudes. The best-fit model is determined through x? minimization. There is generally
no significant difference between the best-fit x? values of the six different population models
(constant, exponentially rising, and exponentially declining star-formation histories, for each
considering all ages and ages greater than 50 Myr). As previous studies have shown, the
assumption of declining star-formation histories at these redshifts results in systematically
lower SED-inferred SFRs compared to the observed IR+UV SFRs (Wuyts et al. 2011a;
Reddy et al. 2012b). Furthermore, Reddy et al. (2012b) showed that assuming a constant
star-formation history for z ~ 2 galaxies predicts specific SFRs (SFR/M.,) at higher redshifts

(z ~ 2.6) that are substantially larger than the observed values. Given these, we adopt the
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models that assume exponentially rising star-formation histories with ages greater than
50 Myr.

The SED models used to fit the observed magnitudes do not include nebular
emission lines. For example, the Ha line can significantly affect the photometry and we
use its contribution to the K-band to estimate the Ha line flux. The [O 11} emission line
is the other strong line which falls into the F160w filter given the redshift range of our
galaxies. Only 20% of the galaxies have F160w observations, for which we did not correct
the broadband photometry for the contamination. The SED-inferred SFR of these galaxies
is consistent with the SFR(UV) estimates within the uncertainties. At this redshift, J band
is contaminated by the [O 11| emission line, but this line is generally weaker than the Ho

line and its effect on the SED inferred SFRs is negligible compared to the uncertainties.

2.2.3 MIPS data

To further investigate the bolometric properties of our sample, we use Spitzer/ MIPS
24 pm wherever available. Out of 12 fields, GOODS-North (Dickinson et al. 2003), and four
other fields (Q1549, Q1623, Q1700, and Q2343; Reddy & Steidel 2009) have MIPS 24 ym
coverage to a typical 3o depth of 10-15 uJy.

Photometry on 24 um images is performed by using point-spread function (PSF)
fitting with priors determined by the locations of the objects in the higher resolution IRAC
images (IRAC data exist in all fields). A 40x40 pixel region centered on each target is

extracted with pixel size of 1.”2. PSFs are then fitted simultaneously to all known sources

'For galaxies with similar SFRs at z ~ 2, the typical [O 1] line flux is ~ 6 x 107! erg s7* cm ™2 (Kriek
et al. 2015). The ratio of the [O II] flux to the typical J-band flux errors in our observations is only ~ 0.07.
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in the sub-image and one random background position. This procedure is repeated many
times to obtain sufficient statistics for proper background estimation based on the random
background flux measurements. The other source of uncertainty is Poisson noise, which
for objects in our sample is negligible compared to the background dispersion. We remove
objects whose photometry may be compromised due to blending with nearby sources, using
the criteria specified in Reddy et al. (2010). This results in 115 galaxies with secure PSF
fits.

Out of 115 objects with MIPS data, 47 are detected with S/N < 3. Undetected
objects, those with S/N < 3, are considered using either survival analyses or through

stacking of the 24 ym data.

Stacking Method

Throughout the paper, we employ a stacking method to determine the median
24 pm fluxes of objects that are individually detected and undetected, following the proce-
dures described in Reddy et al. (2010, 2012a). We performed aperture photometry on the
stacked images, and applied an aperture correction based on the 24 yum PSF. The average
background level and noise were determined by placing many apertures of the same size
used for the stacked signal at random positions in the stacked image and measuring the
average flux level and dispersion in flux of these “background” apertures. Furthermore, we
used bootstrap resampling simulations to estimate the dispersion in the fluxes of objects
contributing to each stack. This was accomplished by creating 100 samples of random im-

ages in each bin and measuring the standard deviation of the median stacked fluxes. The
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intrinsic dispersion in the stacked flux is larger than the background error by a factor of

~ 2.

2.3 Ha and UV Luminosity

2.3.1 Ha Fluxes and Equivalent Widths

Using the procedure discussed in §2.2.2, we fit all the photometry, excluding K-
band, in order to determine the continuum level at 6564 A. The continuum magnitude is
calculated by multiplying the best-fit SED model by the Kj filter transmission curve. The
difference between the observed Kg-band magnitude and the continuum magnitude is used
to extract the Ha line flux as follows. The observed Ky magnitude is considered as the
sum of the continuum and the Ha fluxes, while the SED-inferred Ky magnitude represents
only the continuum flux. Assuming a Gaussian form for the redshifted Ha line, the change

between these fluxes will yield the Ha flux (Figure 2.1):

dv m . m :
FEJpole) D) gt g esai, 2.
W AKW

Here, fro(v) is the flux density of the Ho line in units of ergs™' em ™2 Hz ™!, Tk (v)
is the K filter transmission curve, and mys and mggp are the observed and the continuum
magnitudes, respectively. The Ha flux is corrected for contamination from the [N line
based on the mass-dependent [N11]-to-Ha flux ratios of Erb et al. (2006a). The stellar masses

are determined from the SED models and the corresponding [N11] line contamination, as
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Figure 2.1 Best-fit SED models for three objects in our sample: BX1330 in GOODS-North
(top), BX293 in Q1623 (middle), and BX575 in Q1700 (bottom). All the models assume
an exponentially rising star-formation history, with a lower limit in age of 50 Myr. The
K, band data are shown with an open circle in each plot. The green and red lines show
the best-fit models when we exclude and include, respectively, the K-band photometry in
the fitting. The two fits are similar because the K photometry is down-weighted in the
fitting due to larger measurement errors. The vertical orange line shows the position of
the redshifted Ha line. The dashed area represents the Kj filter coverage. At redshifts of
z ~ 2.08 —2.50, the Kj filter is affected by the Ha emission line, and the difference between
the Ks-band flux and the underlying stellar population model can be used to estimate the
line flux.
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listed in Table 2.1, is used to correct the Ha flux. The SFRs are then calculated using the
Kennicutt (1998) relation to convert the Ho line luminosity to an SFR.

There are three main sources of uncertainty in the derived Hoa fluxes. The largest
uncertainty is the photometric error. The typical error in the observed Ky-band magnitude
is ~ 0.27. The second source of uncertainty is the [N11] correction. The uncertainty on
the Erb et al. (2006a) [Nii]-to-Ha line ratios (see Table 2.1) is added in quadrature to
the photometric error. The third source of uncertainty is the error associated with the
continuum flux. In order to account for this uncertainty, we estimated the continuum flux at
6564A from the best-fit model assuming six different star-formation histories: exponentially
rising, exponentially declining, and constant, for each considering all ages and ages greater
than 50 Myr. For 94% of the galaxies the difference in the mean of the continuum fluxes
assuming different star-formation histories to those assuming a rising star-formation history
with ages > 50 Myr is less than 0.1 magnitude. The average error in the estimated continuum
magnitude is ~ 0.05 mag, which is negligible compared to the observed Ks-band magnitude
errors. Combining the three sources of uncertainty discussed above yields a typical relative
error in Ha flux of ~ 0.29.

The equivalent width of the Ha line is estimated by dividing the Ha flux derived

from Equation 2.1 by the continuum flux density at the wavelength of the Ha line:

FHa

(1 + Z)EW() = —Zoont"
I

(2.2)
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Table 2.1. Ha Flux Corrections for [N11] Contamination®

Mass Range (10'° Mg)® N2°¢

<0.88 < —1.22
0.88 — 2.00 —~1.0019:0¢7
2.00 — 3.69 —0.8515-%°
3.69 — 6.03 —0.7815:%2
6.03 - 8.82 —0.6610:04

> 8.82 —0.567002

#Based on Erb et al. (2006a)
P Assuming a Salpeter (1955) IMF

c _ 11
N2 = log( bega}) )

The f§{"* is the continuum flux density in units of erg s~ em™2 A~ that is
estimated through the best-fit SED model, Fg, is the Ha line flux in erg s™' cm™2, z is
the redshift of the galaxy, and EWj is the rest-frame equivalent width in A.

We define whether a galaxy has a “detected” Ha line according to the following.
Galaxies whose Ks-band photometry exceeds the continuum level by more than the K-
band magnitude error are referred to as “Ha detections”. Galaxies where the K -band
photometry is consistent with the continuum level to within 1 ¢ are referred to as “Ha non-
detections”, and an upper limit of 1o above the measured K photometry is used for these
objects. Out of 262 galaxies in our sample, 149 are detections and 94 are non-detections.
There are 19 objects with K3 magnitudes fainter than the continuum by more than 1o. We
removed these galaxies from our discussion due to their Ky photometry being inconsistent
with the photometry from adjacent bands.

As discussed in §2.1, our method of computing Ha fluxes and EWs has the ad-

vantage of being immune to slit-loss corrections. Our sample covers a wide range of Ha
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Figure 2.2 Estimated Ha rest-frame equivalent widths as a function of the error of the
observed Kg-band magnitude. The circles are detected galaxies and are color coded based
on their observed Ha fluxes (uncorrected for extinction). The red triangles show 1o upper
limits. Detecting the Har emission requires that the observed K magnitude lies more that
1o above the underlying continuum, where 1o is defined by the K magnitude error. The
Ky magnitude includes the light both from the Ha emission line and the brightness of the
continuum at 6564 A. There is a tight correlation between the continuum brightness and
the Kg magnitude error; the fainter continuum results in larger uncertainty in the observed
magnitude. As a result, there are more undetected objects with large K -band errors.
On the other hand, the brightest Ha objects have bright continuum and small Kg-band
uncertainties. The deficiency of objects in the upper-left corner is mainly because very
bright Ha objects that also have bright continuum are rare.
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Figure 2.3 A comparison of observed Ha fluxes of the objects in common between our
sample and that of Erb et al. (2006¢). The diamonds are the detected objects and downward
arrows show 1 o upper limits, as discussed in the text. The fluxes are measured based on the
difference between the observed and the continuum Ky magnitudes predicted from the best-
fit model. The error bars are dominated by the uncertainty in the observed K photometry.
The Erb et al. (2006c) spectroscopic fluxes are multiplied by a factor of 2 to account for slit
losses. The dashed line denotes the one-to-one relationship.

fluxes and EWs. Figure 2.2 shows the distribution of Ha EWs and fluxes as a function
of the Ky magnitude 1o uncertainty. The detection of Ha with the method adopted here
depends on both the Ha line flux and the brightness of the continuum at 6564 A. As we
have defined detections to be those objects where the Ky magnitude exceeds the continuum
level by more than 1o , the number of undetected objects increases for objects that are
fainter in the continuum (Figure 2.2).

The Ha observed fluxes of 44 objects in common with the Erb et al. (2006c)

spectroscopic sample are compared in Figure 2.3. The Erb et al. (2006¢c) spectroscopic
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fluxes are multiplied by a factor of two to account for slit losses and the aperture used to
extract the spectra (Erb et al. 2006c; Reddy et al. 2010). The slit loss correction factor
applied to the spectroscopic fluxes depends on various factors such as the accuracy of the
astrometry, the size of the object convolved with the seeing at the time of observation in
comparison with the size of the slit, and the accuracy of the mask alignment during the
observation. As noted in Erb et al. (2006c¢), the factor of two slit-loss correction is an average
estimate and the slit losses will of course vary from object to object, likely accounting for
some of the scatter in Figure 2.3. On the other hand, while broadband photometry has
its advantages, our Kg-band measurements suffer from a larger measurement (random)
uncertainty relative to the other methods given the depth of our ground-based images.
Although most of the detected Ha fluxes in this study (the black symbols in Figure 2.3)
are higher that the spectroscopic fluxes, about half of the sample is estimated as upper
limits (the red arrows). Considering both the detections and non-detections, the broad-
band estimated fluxes are generally consistent with the spectroscopic fluxes. To quantify
the degree of the correlation we conduct a generalized Kendall’s tau (7) statistic. The
generalized Kendall’'s 7 rank correlation coefficient is a non-parametric test that permits
non-detections in both variables (here, our estimated Ha fluxes). Kendall’s 7 correlation
coefficient for our flux estimation with the Erb et al. (2006c) measurements, excluding the

one outlier object, is 7 = 0.17, with significance of p-value = 0.11.

2.3.2 UV Luminosities and SFRs

UV luminosities are calculated using the fluxes of the best-fit SED models at

1700 A. The Kennicutt (1998) relation to convert the UV luminosity (over the wavelength
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range 1500—2800A) to SFR applies only to galaxies where star formation proceeds for
2 100 Myr. However, there are galaxies in our sample with inferred ages between 50 and
100 Myr. For these younger galaxies, we used an age- and star-formation-history-dependent
relation in the conversion of the UV luminosity to SFR, as discussed in Reddy et al. (2012b).
The age-dependent conversion resulted in UV SFRs that are at most 14% larger than the
Kennicutt (1998) SFRs for young galaxies. Throughout this analysis, we also use SFRs
inferred from the best-fit SED models. As expected, within the uncertainties, the SED

SFRs are highly correlated with dust corrected UV SFRs.

2.4 The IR Luminosity and Bolometric Properties

To estimate the bolometric luminosities of galaxies in our sample, we infer the
infrared luminosity (integrated between 8-1000 pm) as discussed below, and add this to the
unobscured UV luminosity (i.e., observed UV luminosity; §2.3.2), as in Reddy et al. (2010).

Infrared luminosities, Lig, are estimated by using the Spitzer/MIPS 24 ym ob-
servations. The 24 ym band is sensitive to the rest-frame 7.7 pm PAH emission, which
correlates with Lig (e.g., Chary & Elbaz 2001; Dale & Helou 2002; Elbaz et al. 2011). To
convert observed 24 pm magnitudes to total IR luminosity (Lrgr), we used several dust SED
templates, including those of Chary & Elbaz (2001), Dale & Helou (2002), and Rieke et al.
(2009). Luminosities determined from the rest-frame 8 pm flux density alone, regardless
of the dust template used, tend to over predict L(IR), particularly for LIRGs (e.g., Reddy
et al. 2012a) and ULIRGs (e.g., Nordon et al. 2010; Magnelli et al. 2011). In order to ac-

count for the luminosity-dependent overestimation of the derived L(IR), we use a correction
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equation described in Reddy et al. (2012a). The correction is calculated by comparing the
L(IR) computed from 24, 100, 160 pm, and 1.4 GHz fluxes, and the L(IR) determined solely

from 24 ym data for a similarly-selected sample of galaxies:

log Ligr (all data) =0.537 x log Lig (24pm) + 5.136. (2.3)

All luminosities are in Lg.

Equation 2.3 is based on the Chary & Elbaz (2001) models. There is a factor of
~ 2 variation in L(IR) derived from 24pum data using Dale & Helou (2002) and Rieke et al.
(2009) dust templates (e.g., see Reddy et al. 2012a). However, once corrected using the
appropriate equations similar to Equation 2.3, all the templates result in L(IR) estimates
that are consistent with each other and with the L(IR) computed from 24, 100, 160 pum,
and 1.4 GHz fluxes, within the uncertainties of the measured IR luminosity as explained in
§2.2.3 (see also Reddy et al. 2012a). In the subsequent analysis, we use infrared luminosities
inferred from the Chary & Elbaz (2001) templates.

The IR luminosity is converted to IR (dust-obscured) SFRs using the Kennicutt
(1998) relation. The sum of IR- and UV-inferred SFRs are then used to estimate the

bolometric SFRs.
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Figure 2.4 (Left:) Comparison of SFR(Ha) and SFR(UV), both corrected for dust assuming
the Calzetti attenuation curve and assuming that the same color excess applies for the
stellar and nebular regions. The uncorrected values are shown in the inset panel. Green
diamonds denote “detected” objects, those whose K -band magnitudes are more than 1o
brighter than the continuum. Blue arrows show the remaining “undetected” objects. Red
filled circles are the results of stacked SEDs in bins of dust-corrected SFR(UV), including
both the detected and undetected objects. Undetected objects bring the stacks lower than
the average of the individually detected green diamonds. The dashed lines indicate the
one-to-one relationships. (Right:) Ratio of SFR(Ha)corrected t0 SFR(UV) corrected in bins of
SFR(UV)corrected- The colors denote different recipes for the nebular dust correction. Using
the same color excess for nebular extinction together with the Calzetti curve (model D; see
text) gives the best agreement between Ha and UV SFRs, while assuming higher nebular
attenuation (i.e., E(B — V)pepuiar = 2.27 E(B — V) steilar) with the Calzetti curve results in
SFR(Ha) that is significantly larger than SFR(UV) (model A). The details of each model
are summarized in Table 2.2.
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2.5 Dust Attenuation of the Nebular Regions and Stellar

Continuum

SFRs inferred from the UV luminosity and the Ha fluxes are shown in the left panel
of Figure 2.4. Without dust corrections, the UV and Ha SFRs have a large discrepancy
due to the smaller dust absorption cross-section at 6564 A relative to that at 1700 A (see
the inset panel in Figure 2.4). The main left panel of Figure 2.4 shows Ha and UV SFRs,
both corrected for dust attenuation based on the Calzetti attenuation curve and assuming
that the same color-excess, E(B — V), as derived from the best-fit SED model, applies
to the stellar continuum and the nebular regions. To better quantify the mean trend,
measurements have also been performed in bins of UV dust-corrected SFR (filled circles
in Figure 2.4). The bins are Alog(SFRyv corrected) = 0.3 dex wide. For all the galaxies in
each bin, regardless of their redshift, we calculate the median flux densities in the observed
filters. With the new set of median fluxes, the best-fit stellar population model is determined
through y? minimization for the mean redshift of the galaxies in each bin. The Ha and
UV luminosities are then derived from the stacked SED in the same way as for individual
galaxies (see § 2.3). Reported errors are calculated based on the 1o standard error of the
mean of the Ky magnitudes contributing to each bin.

The appropriate dust corrections to apply to the nebular emission lines is still a
subject of debate, as discussed in Section 2.1. The attenuation of the nebular lines and
the UV stellar continuum are not completely decoupled as both arise from dust around

massive stars. On the other hand, whether the color-excess is the same for the nebular and
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Table 2.2 Dust Corrected Ha SFRs Using Different Attenuation Recipes, in Bins of
SFR(UV)corr

SFR‘(UV)ZOTT Nb SFR‘(Ha)gorr
Calzetti Galactic SMC Calzetti Galactic
Diff E(B—-V)? Dif E(B-V)® Dif E(B-V) EqEB-V)! EqE(B-V)"
(Model A) (Model B) (Model C) (Model D) (Model E)
18+£3 26 44+£3 38+3 34+2 30£2 28£2
3246 63 70 + 4 5443 46 £ 3 38 +2 35+2
65+ 12 83 103+ 7 7545 6144 49+3 43+3
120 4 22 56 200 + 18 140 £ 12 112410 88+ 8 T6+£7
258 + 94 15 443 + 88 295 + 59 228 + 45 174+ 35 146 + 29

2 The mean and standard deviation of the corrected SFR(UV) in each bin, in units of Mg yr—!.

P Number of objects in each bin.

¢ The SFR(Ha)corr is derived based on the stacked SEDs in bins of dust-corrected SFR(UV), in
units of Mg yr~!. The errors are 1o standard error of the mean of the K, magnitudes contributing
to each bin, which is converted to the error in SFR.

4 Apa =227 kg, (Ha) E(B — V)gtellar ; Apa is the total nebular extinction at 6564 A and
Kea, (Ha) is the Calzetti reddening at 6564 A.

© Apro = 2.27 kg (Ha) E(B — V)stellar 5 kga(Ha) is the Cardelli Galactic reddening at 6564 A.

F Apa =227 kgyo(Ha) B(B — V)gtellar ; fsye(Ha) is an SMC reddening at 6564 A.

& Ao = Keuy,(Ha) E(B = V)gtellar ; Koa, (Ha) is the Calzetti reddening at 6564 A.

" Apa = kKgy(Ha) E(B = V)geltar ; Kay (Ha) is the Cardelli Galactic reddening at 6564 A.

stellar regions (e.g., Erb et al. 2006c; Reddy et al. 2010) or not (e.g., Calzetti et al. 2000;
Forster Schreiber et al. 2009; Garn & Best 2010) in high-redshift galaxies has yet to be fully
investigated.

Calzetti et al. (2000) found that E(B — V)gel = 0.44 x E(B — V')yeb for a sample
of local star-forming galaxies. In the absence of direct measurements of the nebular color-
excess (e.g., via the Balmer decrement), this relationship can in principle be used to estimate

the nebular color excess and apply a dust correction to the Ha line; e.g.,
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AHOc = HGal(Ha) E(B - V)nebular
= 227 K/Gal(HOé) E(B - V)Stellar
=2.27 x 2.52 E(B — V)stellar

=5.72 B(B — V)steltar, (24)

where K, is the Cardelli et al. (1989) Galactic extinction curve, assuming that the nebular
regions in the high-redshift galaxies abide by such a dust curve. Ap, is the absolute
extinction of Ha emission line, and E(B — V)gellar 1S the SED-inferred stellar color excess.

We investigate several of the more commonly used dust-correction recipes, as de-

scribed below. The Ha SFRs are corrected using five different methods:

A. the Calzetti attenuation curve for both gas and stars, but 2.27x larger color-excess

for the nebular lines than the stellar continuum (as we call it “different E(B —V)”),

B. the Calzetti attenuation curve for the stellar continuum, and the Cardelli et al. (1989)

Galactic curve for the nebular lines assuming 2.27x larger color-excess,

C. the Calzetti attenuation curve for the stellar continuum, and an SMC extinction curve

(Gordon et al. 2003) for the nebular lines assuming 2.27x larger color-excess,

D. the Calzetti attenuation curve for both gas and stars, and the same color-excess (as

we call it “equal E(B —V)”), and
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E. the Calzetti attenuation curve for the stellar continuum, an SMC extinction curve

(Gordon et al. 2003) for the nebular lines assuming the same color-excess.

We choose to compare these different dust-correction scenarios for the stacked values instead
of the individual galaxies as the former represent an average over many points including
both detected and undetected quantities, each of which may be relatively uncertain. The
results are plotted in the right panel of Figure 2.4 and are reported in Table 2.2.
To summarize, these are the values that are used to correct the observed Ha SFRs

in each model according to Equation 2.4:

A — 997 k. (Ha) E(B—V) =756 E(B - V),

AP) — 9297k, (Ha) E(B—V) =572 E(B—V),
=227 kgyo(Ha) E(B—-V) =454 E(B-V),
AP = k.. (Ha) E(B-V) =333 E(B-V),

AP = g (Ha) E(B-V) =252 E(B-V). (2.5)

In these equations, E(B — V) is the SED-inferred color-excess observed for the stellar
continuum and A, is the total nebular extinction at 6564 A.

In model (A) with a larger color excess for the nebular regions with the Calzetti
curve, Ha-inferred SFRs are significantly larger than UV SFRs. Taking the average of the
SFR(Ha) (model A) to the corrected SFR(UV) in the five bins of SFR(UV) indicated in

Tables 2.2 yields a value of 2.1 £ 0.2 which shows a ~ 5¢ discrepancy from unity.
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Using either model (C) or (D), results in SFR yrrecteq( Ha) that are in good agree-
ment with SFR orrectea(UV). Model (B) reproduce systematically higher SFRs but is still
consistent with the range of SFR rrected(UV) in higher bins, and model (E) estimations
are lower than expected.

Based on the data provided in Table 2.2 and the right panel of Figure 2.4, model
(D) provides the best agreement between SFRs among the five models. The average of
the SFR(Ha)-to-SFR(UV) ratios in the five SFR(UV) bins of this model shows less than
lo discrepancy from unity. This suggests that on average the best recipe to correct the
Ha-inferred quantities of star-forming galaxies at z ~ 2 is to use E(B — V)pepular = E(B —

V)stellar with the Calzetti reddening curve.

2.6 Bolometric Star-Formation Rates

As discussed above, a primary disadvantage of using Ha and UV SFR. diagnostics
is that we must account for dust extinction, though this is less of a problem for Ha as it
is for the UV. The attenuation curves (e.g., the Calzetti et al. 2000 curve) that are used to
correct the luminosities encode information regarding the dust grain size distribution and
the geometrical distribution of dust with respect to stars (e.g., whether the dust is clumpy
or uniform, a homogeneous mixture or a foreground screen, etc.). On the other hand, the
IR luminosity is a direct tracer of dust and thus provides an independent and more robust

diagnostic of dust attenuation.? Adding the IR luminosity, which accounts for the obscured

2The dust heated by the visible light from older stellar populations (i.e., the cold component) also
contributes to the IR luminosity. However, in case of the star-forming galaxies the contribution of the UV
radiation of massive stars (the warm component) is expected to dominate the total IR luminosity (Kennicutt
1998).
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Figure 2.5 The observed He line luminosity as a function of bolometric SFR. The stars
indicate the average values in bins of SFR(SED). Galaxies with SFR(SED) < 32 Mg yr—*
are in the first bin; those with SFR(SED) between 32 Mg yr—! and 100 M yr~! are in
the middle bin; and last bin consists of galaxies with SFR(SED) > 100 Mg yr—!. The
error in SFR(UV)+SFR(IR) is determined by the dispersion error in IR luminosity of the
objects contributing to each stack. L(IR) dispersion error is estimated through bootstrap
resampling simulations. The solid blue line is the best linear fit. The slope of this fit gives
us the conversion factor for L(Ha)yps-t0-SFRyotq relation. The shaded area is the 68%
confidence interval of our estimated slope. The orange and dark-red dashed lines show the
conversion factors of Kennicutt (1998) and Madau et al. (1998), respectively.
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star formation, to the unobscured (UV and Hea) tracers of SFR can give a more reliable

estimate of the bolometric SFR.

2.6.1 The Relationship between Observed Ha Luminosity and Total SFR

To convert the observed Ha luminosity to total SFR, the most commonly used
calibration is that of Kennicutt (1998), which is computed using an evolutionary synthe-
sis model, assuming Case B recombination with 7.=10,000 K. In the absence of Balmer
decrement measurements, the observed Ha SFR must be corrected for dust with some as-
sumption of the attenuation curve and color-excess of the ionized gas. In this section, we
examine the Lp,-to-SFR conversion by relying only on the observed data, without making
any assumptions about the dust correction or electron temperature of the ionized gas. With
this conversion, one can use the Ha observed luminosity as a proxy for total SFR without
assuming a dust attenuation curve and its associated uncertainties. The conversion applies
to stellar populations with constant star formation at least over 100 Myr. For bursty star
formation histories over timescales shorter than 100 Myr, the Ha and UV+IR luminosi-
ties diverge as the Ha luminosity traces more instantaneous star formation over timescales
of ~ 10 Myr, while IR+UYV is not sensitive to the change of star formation on timescales
< 100 Myr. Here, we are deriving the conversion factor based on the stacked data that
represents the “average” quantities and thus should be used with caution for galaxies that
may be undergoing bursty star formation.

Bolometric SFR (SFR(IR)+SFR(UV)) is plotted as a function of the Ha luminos-
ity in Figure 2.5. As both the Ha and IR measurements have non-detections, we decided to

bin the data with respect to the SED-inferred SFR. We chose the bins so that in each bin
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the SFR(SED) is consistent with the stacked SFR(IR)+SFR(UV) within the uncertainties,
because ultimately we are using SFR(IR)+SFR(UV) to calculate the Ha luminosity-to-SFR,
conversion factor. MIPS data are stacked in each bin and the total IR luminosity is ex-
tracted in the same way as for individual galaxies. The UV and Ha luminosities are derived
from the stacked SEDs.

A weighted least squares regression method is used to find the slope of the relation:

SFRy, (Mo yr') = (7.5 £1.3) x 1072 Loy (Ha) (ergs™1). (2.6)

This relation can be used to convert the observed Ha luminosity in units of
ergs~! to the bolometric SFR. The factor given in Kennicutt (1998) and Kennicutt et al.
(1994), to convert observed/intrinsic luminosity to observed/intrinsic SFR, is 7.9 x 10742

Mg yr~terg™'s. Madau et al. (1998) reported a conversion factor of 6.3 x10742 My yr—!

erg_1

s. These factors are computed using evolutionary synthesis models and are subject to
those models’ uncertainties as well as the initial assumptions that went into these models,
such as IMF, star-formation history, and the stellar evolution and atmosphere models. For
the same galaxy type and assumed IMF, Kennicutt (1998) reports ~ 30% variation among
different calibrations, which mainly reflects the sensitivity to the SED modeling stellar evo-
lution input data. In our analysis, converting L(IR) and L(UV) to SFR still rely on the

model assumptions, but previous studies have shown that in the absence of the Balmer

decrement measurements, the sum of SFR(IR) and SFR(UV) is the most reliable estimate
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of total SFR (Hirashita et al. 2003; Reddy et al. 2012b). Our derived slope for a Salpeter
IMF is consistent with Kennicutt (1998) and Madau et al. (1998) within the errors.
Excluding galaxies with ages < 100 Myr (see § 2.6.2) results in a best-fit slope of

7.8 x107*2 Mg yr~! erg™! s that is consistent with the slope found above.

2.6.2 Validity of the Calzetti Dust Attenuation for Young Galaxies

Figure 2.6 shows the bolometric SFR vs. median SFR inferred from the best-fit
SED model, in bins of SFR(SED). Both quantities are representative of the total SFR of
the galaxies, the only difference being the method by which dust is accounted for. The
bolometric SFR, as mentioned before, is the sum of SFR(IR) and SFR(UV), and is inde-
pendent of any dust correction. On the other hand, for SFR(SED), the effect of dust is
considered by using the Calzetti attenuation curve in the SED fitting procedure. We would
like to determine whether for all types of galaxies at z ~ 2 the bolometric SFRs agree with
SED SFRs that are corrected by the Calzetti attenuation curve. We stack the MIPS data
of individual detected and undetected galaxies in three bins of SFR(SED) as described in
§2.2.3. The three bins in log(SFR(SED)) are < 1.5, 1.5 to 2, and > 2, with respectively
44, 56, and 15 galaxies in each bin. SFR(SED) and SFR(UV) are the median SFRs of the
individual galaxies in each bin. The results of stacking is shown with open blue circles in
Figure 2.6. In the last two bins, the SED SFR is overestimated compared to the bolometric
SFR. Stacking the MIPS images for only objects that are inferred to be older than 100 Myr
produces different results. The number of objects in bins with galaxies older than 100 Myr

reduces to 43, 50, and 8, respectively from the lowest SFR(SED) bin to the highest.
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Figure 2.6 Comparison of the bolometric SFR and SED-inferred SFR. The values are divided
into three bins of SFR(SED) including individual detections and individually undetected
galaxies at 24 um; Open blue circles include all objects and filled red circles include only
those galaxies older than 100 Myr. Diamonds are individual detected objects and downward
arrows represent 3¢ upper limits in SFR(IR)+SFR(UV) for the MIPS undetected galax-
ies. Young galaxies (ages < 100 Myr) are colored blue and galaxies with ages > 100 Myr
are orange. SFR(IR) error bars are estimated through bootstrap simulations and show
the dispersion in the SFRs contributing to each stack. The last bin consists of galaxies
with SFR(SED) > 100 Mg yr—!; by removing young galaxies (ages < 100 Myr) about half
of the sample in this bin is dismissed and we see the change between the two measure-
ments (including and excluding the young ones). The dotted line indicates a one-to-one
correspondence.
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Once we remove galaxies with ages < 100 Myr, SFR(SED) agrees well with SFR(UV)
+ SFR(IR). An age-dependent L(UV)-to-SFR calibration (as we use here) does not decrease
the difference between SFR(SED) and the bolometric SFR for stacks of all galaxies. It seems
younger galaxies are at the same time less dusty (smaller bolometric SFR) but redder (larger
SFR(SED)) than their older counterparts. These results are consistent with those of Reddy
et al. (2006b), Reddy et al. (2010), and Wuyts et al. (2012), who find that galaxies with
young stellar population ages are less dusty for a given UV slope than older galaxies. An
SMC-like curve may be more appropriate for these galaxies. One possibility is that young
galaxies have larger dust covering fractions than older galaxies (Reddy et al. 2010). A large
dust covering fraction makes the UV slope redder for a given amount of dust attenuation.
This study confirms that at z ~ 2 the Calzetti attenuation curve is applicable to star-
forming galaxies older than 100 Myr, but a steeper attenuation curve may be necessary for

the younger galaxies.

2.7 Summary

We have studied the multi-wavelength properties of a sample of ~ 200 galaxies
with spectroscopically confirmed redshifts at 2.08 < z < 2.51, to study the validity of
commonly used dust correction recipes and to compare SFRs inferred from the Ha line
luminosity, the UV continuum luminosity, and Spitzer/MIPS 24 ym measurements that are
converted to the total IR luminosity. In this study, we benefit from using the broad-band
photometry excess techniques to determine the Ha fluxes and, hence, conduct a large sample

of z ~ 2 Ha measurements that is immune to uncertainties in the spectroscopic slit-loss
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corrections. The galaxies’ properties are determined from stellar population model fitting

to the rest-frame UV through near-infrared data. The main conclusions are as follows.

e By investigating several recipes for dust correcting the nebular emission lines, we find
that assuming the same color excess of the ionized gas and the stellar continuum
(i.e., E(B—=V)neb = E(B —V)gel), and assuming that the Calzetti attenuation curve
applies to both, results in the best agreement between SFR(Ha) and SFR(UV). If
we assume the Calzetti curve to both the stellar and nebular regions but use E(B —
Vnebular=2.27 E(B—V ) steliar, the corrected SFR(Ha) measurements are inconsistent
with the corrected SFR(UV)s at ~ 50 level, averaged on the five bins of SFR(UV)

(see the right panel of Figure 2.4).

e Using the available Spitzer/MIPS data for ~ 100 galaxies in our sample, we derive
an observed L g,-t0-SFRyozq; conversion factor of (7.54+1.3) x 10742 Mg yr—! erg™! s.
This calibration is independent of any assumptions on the dust correction and can be
used to convert the observed (extincted) Ha luminosity to a bolometric SFR when no

dust attenuation measurements for the Ha luminosity is available.

e By comparing the stacks of SFR(UV)+SFR(IR) with the SED-inferred SFRs that
are corrected for dust by the locally-derived Calzetti curve we conclude that a steeper
attenuation curve (such as an SMC curve) may be necessary for galaxies younger than
100 Myr, as previous studies (Reddy et al. 2006b, 2010; Wuyts et al. 2012) have found.
We find that applying the Calzetti curve to the stacks of all galaxies, including the
young ones, results in SFR(SED)s that are inconsistent with the SFR(UV)+SFR(IR)

at ~ 20 significance (the SFR(SED) in three mass bins of Figure 2.6 are incon-
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sistent with SFR(UV)+SFR(IR) by 1, 2, and 30, from the lowest to highest mass
bins respectively). The young galaxies have redder UV slope and at the same time
lower bolometric SFR compared to their older counterparts. As a result, applying
the Calzetti curve to the young galaxies overestimates the SED-inferred SFR when
compared with their bolometric SFR. The Calzetti attenuation curve shows a good

overall agreement for galaxies older than 100 Myr.

A more detailed investigation will include direct tracers of nebular dust extinction
(i.e., the Balmer decrement). In the future studies, we plan to investigate this aspect with
the MOSFIRE Deep Evolution Field (MOSDEF) survey, which uses the near-IR multi-
object spectrograph MOSFIRE on the Keck I telescope to obtain spectroscopic measure-

ments of the nebular emission lines for a sample of ~ 1500 galaxies (Kriek et al. 2015).
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Chapter 3

The MOSDEF Survey: Dissecting
the star-formation rate vs. stellar
mass relation using Ho and Hf

. . . *
emission lines at z ~ 2

Abstract We present results on the SFR-M, relation (i.e., the “main sequence”) among
star-forming galaxies at 1.37 < z < 2.61 using the MOSFIRE Deep Evolution Field (MOS-
DEF) survey. Based on a sample of 261 star-forming galaxies with observations of Ho and

Hp emission lines, we have estimated robust dust-corrected instantaneous star-formation

*A version of this chapter was published in: Shivaei, 1., Reddy, N. A., Shapley, A. E., Kriek, M., Siana,
B., Mobasher, B., Coil, A. L., Freeman, W. R., Sanders, R., Price, S., de Groot, L, & Azadi, M., The

Astrophysical Journal 815, 98 (2015)
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rates (SFRs) over a large dynamic range in stellar mass (~ 10%? — 105 Mg). We find a
tight correlation between SFR(Ha) and M, with an intrinsic scatter of 0.36 dex, 0.05 dex
larger than that of UV-based SFRs. This increased scatter is consistent with predictions
from numerical simulations of 0.03 — 0.1 dex, and is attributed to Ha more accurately
tracing SFR variations. The slope of the log(SFR) — log(M.) relation, using SFR(Ha), at
1.4 < z < 2.6 and over the stellar mass range of 10%% to 10'1® Mg, is 0.65 & 0.09. We
find that different assumptions for the dust correction, such as using the stellar E(B — V)
with a Calzetti et al. (2000) attenuation curve, as well as the sample biases against red
and dusty star-forming galaxies at large masses, could yield steeper slopes. Moreover, not
correcting the Balmer emission line fluxes for the underlying Balmer absorption results in
overestimating the dust extinction of Ha and SFR(Ha) at the high-mass end by 2.1 (2.5)
at 10196 M, (1011 M) and artificially increases the slope of the main-sequence. The shal-
lower main-sequence slope found here compared to that of galaxy evolution simulations may
be indicative of different feedback processes governing the low- and/or high-mass end of the

main sequence.

3.1 Introduction

Star-forming galaxies show a relatively tight correlation between their star-formation
rate (SFR) and stellar mass. This relation, commonly known as the star-forming “main
sequence” (Noeske et al. 2007a), has been intensively studied over the past decade (e.g., at
z ~ 2, Reddy et al. 2006a; Daddi et al. 2007a; Pannella et al. 2009; Rodighiero et al. 2011;

Whitaker et al. 2012b; Wuyts et al. 2011b; Reddy et al. 2012b; Sawicki 2012; Schreiber
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et al. 2015; Whitaker et al. 2014b; Atek et al. 2014). The main sequence is generally as-
sumed to be a linear relation between log(SFR) and log(M,) with an associated scatter due
to observational uncertainties and intrinsic scatter. The slope of the relation is primarily
set by star formation efficiency as a function of stellar mass. The intrinsic scatter of the
main-sequence relation is predicted to be due to variations in the gas accretion histories of
different galaxies (Dutton et al. 2010) and indicates the level of burstiness in star formation
history. The common physical interpretation of the tightness of the SFR-M, relation is
that the bulk of the stellar mass in star-forming galaxies is built in a relatively steady pro-
cess, as opposed to a rapid starburst mode, as occurs in major mergers. The merger-driven
starburst galaxies with high specific SFRs tend to lie above the main sequence relation
(Rodighiero et al. 2011; Atek et al. 2014) and the quiescent galaxies that have little ongoing
star formation, identified by their red near-infrared colors (Williams et al. 2009; Nayyeri
et al. 2014), populate a region below the sequence (Noeske et al. 2007a; Wuyts et al. 2011b).

It has been argued that the majority of galaxies spend most of their lifetime on
the main sequence (Noeske et al. 2007a). Therefore, studying the parameters of the main
sequence and comparing them with the galaxy formation models can shed light on our
understanding of processes that govern galaxy evolution, such as stellar and AGN feedback
(Kannan et al. 2014; Torrey et al. 2014; Sparre et al. 2015a), gas accretion rates (Dutton
et al. 2010), and gas inflows and outflows (Davé et al. 2011a). The SFR-M, relation can be
used as a test for galaxy evolution simulations to see how well the simulations can reproduce

the observed universe (e.g., Behroozi et al. 2013b).
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Determining the slope and intrinsic scatter of the main sequence can be hindered
by sample selection effects, the diagnostic used to infer the SFR, and the method used
to correct observed SFR for dust attenuation (for a summary see, Speagle et al. 2014).
The UV-selected samples and the UV-inferred SFRs are biased against massive and dusty
galaxies where the bulk of star formation is obscured and the UV slope is decoupled from
extinction. Moreover, as SED- and UV-based SFRs are dependent on the same stellar
population models used to infer the stellar masses, the scatter in the SFR-M, relation may
be underestimated when using SED or UV based SFR tracers (Reddy et al. 2012b). In order
to overcome this issue, and more robustly measure SFRs for dustier galaxies, some studies
have used SFR(IR)+SFR(UV) as a proxy for bolometric SFR (e.g., Reddy et al. 2006a;
Schreiber et al. 2015; Whitaker et al. 2014b). However, estimating the SFR(IR) based
solely on Spitzer/MIPS 24um imaging has its shortcomings and could artificially tighten
the main sequence if the scatter in L(IR) at a given L(8um) luminosity is not taken into
account (e.g., Utomo et al. 2014; Hayward et al. 2014).

We improve upon previous high-redshift studies by utilizing a representative sam-
ple of galaxies with measurements of the Ha and HS emission lines. These lines offer the
advantage of probing star formation on shorter timescales than the UV and IR, they are
largely independent of the stellar population, and thus can be used to more accurately
assess the intrinsic scatter in the SFR-M, relation.

The star-formation activity was at its peak at z ~ 2 (Reddy & Steidel 2009; Shap-
ley 2011), making that redshift a critical epoch to study the evolution of galaxies. Obtaining

rest-frame optical spectra of large samples of galaxies at z ~ 2 has been challenging until
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recently due to the high terrestrial background in the near-IR and the lack of multi-object
near-IR spectrographs on 10-meter-class telescopes. The newly-commissioned MOSFIRE
spectrograph (McLean et al. 2012) on the 10 m Keck I telescope has enabled us to build a
large sample of galaxies at z ~ 2 with coverage in both the Ha and Hf lines. In this study,
we use a large sample of 261 rest-frame optically selected and spectroscopically confirmed
galaxies at 1.4 < z < 2.6, which was obtained as part of the MOSFIRE Deep Evolution Field
(MOSDEF) survey (Kriek et al. 2015). To study the SFR-M, relation, we use SFRs based
on the Ha luminosity that are robustly corrected for dust attenuation using the Balmer
decrement (L(Ha)/L(HB)). We demonstrate how different SFR diagnostics and dust cor-
rection recipes can alter the slope and scatter of the main sequence, and thus potentially
affect our conclusions regarding the way in which galaxies build up their stellar mass at
high redshift.

The outline of this paper is as follows. In Section 3.2, we present our sample
properties and our measurements including SFRs and stellar masses. In Section 3.3, we
describe the methodology we used to derive the main-sequence parameters. We compare
the scatter of the SFR-M, relation for different SFR indicators in Section 3.4. In Section 3.5,
we discuss the slope of the SFR-M, relation and the potential biases arising from sample
selection, dust correction, and Balmer absorption correction. We compare our findings
to previous studies in Section 3.6, and finally, the results are summarized in Section 3.7.
Throughout this paper, a Chabrier (2003) Initial Mass Function (IMF) is assumed and a

cosmology with Hyg = 70 km s~ Mpc™!, Qx = 0.7, and ©Q,, = 0.3 is adopted.
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3.2 Sample and Measurements

3.2.1 The MOSDEF Survey

The MOSDEF survey is a large multi-year survey with the MOSFIRE multi-
object spectrometer on the Keck I telescope (McLean et al. 2012). The aim of the survey
is to obtain rest-frame optical spectra of ~ 1500 H-selected galaxies to study their stellar,
gaseous, metal, dust, and black hole content. The MOSDEF observations are conducted in
five fields of the Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS;
Koekemoer et al. 2011; Grogin et al. 2011), consisting of AEGIS, COSMOS, GOODS-N,
GOODS-S, and UDS, targeting three redshift bins: 1.37 < z < 1.70, 2.09 < z < 2.61, and
2.95 < z < 3.80. Targets for spectroscopy are prioritized by their H-band magnitude (using
the 3D-HST catalogs, Skelton et al. 2014) and the availability of spectroscopic, grism, and
photometric redshifts, down to H = 24.0, 24.5, and 25.0 magnitude, for each redshift bin
respectively.

Details of the survey strategy, observations, data reduction, and characteristics of
the full galaxy sample are described in Kriek et al. (2015). In this study, we use the data

accumulated from the first two years of the survey.

3.2.2 Ha Sample

Out of the full MOSDEF sample we selected a subsample of 342 galaxies that have
secure redshifts and coverage of both the Ha and Hf lines. These criteria limited our sample
to the low and middle redshift bins that correspond to 1.37 < z < 1.70 and 2.09 < z < 2.61,

respectively. There were 49 AGN that were identified and removed from the sample based
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on their IR and X-ray properties, as well as high [N11] /Ha ratios ([N11]/Ha> 0.5, Coil et al.
2015). In order to have secure SFR measurements, we further limited our sample to objects
where the Ha line was detected with signal-to-noise (S/N) > 3. This selection resulted in
a sample of 264 objects.

Among the Ha-detected galaxies, the HS fluxes of 19% (48 out of 264) were below
30. Out of these 48 HB-undetected objects, 40 (83%) had a bright sky line close to the Hj3
line, while for the detected H3 sample the fraction was only 34%. The higher frequency of
skyline contamination in the HB-undetected sample contributes to the lower H3 detection
rate among these galaxies.

To assess the relation between SFR and M, for star-forming galaxies, we proceeded
to remove all those galaxies that were deemed to be “quiescent”. In particular, we used a
rest-frame U-V versus V-J color selection (Williams et al. 2009) to identify the quiescent
galaxies. There was only one object in the Ha-HS detected sample and two in the HS unde-
tected sample that were identified as quiescent and thus removed from the sample, leaving
a final sample of 261 galaxies, with 215 detected in both lines. The redshift distribution is

shown in Figure 3.1.

3.2.3 Line Flux and Balmer Absorption Measurements

For each object, an initial redshift was estimated based on the emission line with
the highest S/N ratio. The line fluxes were then measured by fitting Gaussian functions
to the line profiles. The Ha and [NIIJAN6548,6584 doublet were fit using three Gaussian

functions. To estimate the uncertainty in the line fluxes, the spectra were perturbed within
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Figure 3.1 Redshift distribution of 261 star-forming galaxies in our sample with Ha detec-
tions and coverage of the HA line. There are 88 objects at z ~ 1.5 and 173 at z ~ 2.3.

the error spectra and all emission lines were re-fit. The dispersion among perturbed spectra
was taken as the uncertainty in the line fluxes (Kriek et al. 2015).

An important aspect in determining the Balmer emission line fluxes is to correct
for the underlying absorption that is produced in the atmosphere of primarily A-type stars.
The Balmer absorption fluxes were determined from the best-fit SED models to the multi-
wavelength photometry (see Section 3.2.4), and were added to the emission line fluxes to
get the total, absorption-corrected fluxes. For objects with Ha (Hf) detected at > 3o level,
ratio of the average Ha (HS) Balmer absorption flux to the average Ha (Hf) observed flux

is ~ 2% (~ 15%).

3.2.4 Mass and SFR Determination

The stellar masses were determined through a x? minimization SED fitting pro-

cedure assuming Bruzual & Charlot (2003) models for solar metallicity, a Chabrier IMF,
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the Calzetti et al. (2000) dust attenuation curve with 0.0 < E(B — V') < 0.6, rising star-
formation histories and a 50 Myr lower limit on the age of the galaxies, assumed to be the
typical dynamical time scale at this redshift (see, Reddy et al. 2015). The SED-fitting was
performed using photometry from the 3D-HST catalogs (Brammer et al. 2012; Skelton et al.
2014) that has been corrected for the strongest emission lines measured in the MOSDEF
survey, including [O11]AA3727,3730, [O111]AA4960,5008, HS, and Ha (Reddy et al. 2015).
Errors in the SED parameters were estimated through Monte Carlo simulations; each pho-
tometric flux was randomly perturbed assuming a Gaussian distribution centered at the
measured value with a standard deviation equal to the photometric error. This procedure
was repeated many times and each photometric realization was refit to find the best-fit SED
model. The standard deviation of the simulated SED parameters was taken as the error in
the respective parameter.

We converted the Ha luminosity to SFR using the Kennicutt (1998) relation
modified for a Chabrier (2003) IMF, and corrected for dust attenuation using the nebu-
lar E(B — V) derived from the Balmer decrement (Ha/Hf), assuming a Galactic extinction
curve taken from Cardelli, Clayton, & Mathis (1989, CCM). To determine the standard
deviations in the corrected SFRs, we perturbed the measured Ha and HfB fluxes according
to their uncertainties many times and recalculated the corrected SFRs based on each flux
realization. We also accounted for spectroscopic slit losses! by adding an additional uncer-

tainty of 16% (20%) to the Ha (H/) measurement uncertainties in quadrature (Kriek et al.

!The slit loss uncertainty accounts for the loss of flux of a resolved source outside of the slit aperture.
We calculated the slit loss uncertainty in our flux calibration by comparing the SED-inferred fluxes of the
continuum detected galaxies in MOSDEF with their spectroscopic fluxes. For a full description, see Section
3.3, Kriek et al. (2015).
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2015). Where Hf is undetected, a 30 upper limit on the HS flux was used to estimate a
lower limit on the nebular F(B — V') and the corresponding dust-corrected SFR.

We used the ancillary 3D-HST broad- and medium-band photometry at rest-
wavelengths 1268 — 2580 A to find the UV luminosity at 1600 A and the UV slope
by fitting a power law to the photometry (fy o A%). The UV slope was used to correct
the UV luminosity for dust attenuation, following the Meurer et al. (1999) relation. We did
not use the SED-inferred E(B — V') because it is correlated with the stellar mass as both
quantities are determined through SED fitting. The luminosities were converted to SFRs

using the Kennicutt (1998) relation, adjusted for a Chabrier IMF.

3.2.5 Stacking Procedure

To further investigate the SFR-M, relation and the role of the HB-undetected ob-
jects, we employed spectral stacks constructed in the following manner. Individual spectra
were converted from flux density to luminosity density, normalized by the Ha luminosity,
and interpolated to a rest-frame grid with wavelength spacing of 0.5 A. The composite
spectrum was then created by taking the average of the individual spectra, weighted by
inverse variance of the error spectra. The composite error spectrum was estimated as the
square root of the variance of the weighted mean.

The composite Ha and Hf lines were fit with a Gaussian profile. The errors on the
line fluxes are derived using the standard deviation of the distribution of line fluxes by per-
turbing the stacked spectrum according to the composite error spectrum and recalculating
the line fluxes 1000 times. The composite line fluxes were corrected for Balmer absorp-

tion using the mean absorption, inversely weighted by flux error of the individual galaxies
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contributing to the bin (the individual Balmer absorptions were inferred from the best-fit
stellar models). The normalized composite spectrum was used to derive the Ha/Hp ratio.
To assess the total flux of the lines, we stacked the individual spectra without normalizing

them by the individual Ha luminosities.

3.3 The Main Sequence Analysis

The correlation between stellar mass and SFR has been studied intensively since
Brinchmann et al. (2004). As a first step in studying this correlation in our Ha- and Hf-
detected sample, we calculated the Spearmans rank correlation coefficient (p) between the
SFR(Ha) and stellar mass. We obtained p = 0.57 at 8¢, indicating a significant positive
correlation between the two quantities.

The SFRs versus stellar masses of individual galaxies are plotted in Figure 3.2.
The stacked SFRs in five stellar mass bins (the first bin is log(M,/Mg) < 9.5 and the rest
are divided by 0.5 dex widths, Section 3.2.5) are also plotted on top of the individual points.
In this section, we describe our low-mass completeness, the fitting methodology, and discuss

the effect of HB nondetections and AGN on the SFR-M, relation.

3.3.1 Mass Completeness

As it is evident from Figure 3.2, the stacked SFR of the first mass bin is elevated
compared to the best-fit line. In this section, we discuss the completeness of our sample

and address the possible causes of incompleteness at low stellar masses.
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Figure 3.2 SFR(Ha) as a function of stellar mass for star-forming galaxies at z = 1.37 —
2.61, known as the star-forming main sequence. The individual points show galaxies with
detected Ha and HB and the triangles are those with undetected HS, for which 30 lower
limits of the dust corrected SFRs are plotted. The dashed line is the best linear fit to
the individual detected galaxies with log(M,./Mg) > 9.5. The larger circles are stacks in
five mass bins, taking into account only the detected galaxies (the light blue circles) and
including the HS non-detections (the red circles). The shaded regions and numbers on
the bottom represent the fraction of galaxies with robust redshifts and Ha detection with
respect to the targeted objects in each mass bin.
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Figure 3.3 Top: Distribution of F160W to F850LP flux ratio (left) and the corresponding
uncertainty (right) of UV-selected galaxies in the MOSDEF parent sample with spectro-
scopic redshifts at z = 2.09 — 2.61 (Reddy et al. 2006b) in the GOODS-N field. The fluxes
and uncertainties are from the 3D-HST photometric catalog (Skelton et al. 2014). The
orange histogram denotes galaxies with photometric redshifts that fall outside of the spec-
troscopic redshift range (bad photo-z). The blue histogram shows galaxies with photometric
redshifts in the same range as the spectroscopic redshift (good photo-z). The galaxies with
bad photo-z’s have on average bluer colors and larger uncertainties, indicative of a weaker
Balmer /4000 A break compared to the good photo-z galaxies. Bottom.: stellar mass distri-
bution of the same samples described above. The orange/blue numbers indicate fraction of
galaxies with bad/good photo-z’s in each mass bin relative to the total number of galaxies
in the corresponding bin. The histograms in these figures show the fractions, not the actual
numbers. Therefore, the relative bin heights do not correspond to the percentage numbers
on the bottom and should not be confused with each other.
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The redshifts of targets in the MOSDEF parent sample were adopted primarily
from the 3D-HST grism measurements or other available spectroscopic campaigns (see,
Kriek et al. 2015). When a spectroscopic redshift was not available, which was the case
for 67% of the whole sample and 73% of the objects with M, < 10%° M, redshifts were
estimated using the 3D-HST photometry and the EAZY SED-fitting code (Brammer et al.
2008). Objects with secure photometric redshifts may be biased against those objects with
weak Balmer/4000 A breaks (and hence youger ages and lower masses). To assess the
magnitude of this bias, we cross correlated our sample with the Reddy et al. (2006b) spec-
troscopic sample of UV-selected galaxies in the GOODS-N field. Rest-frame UV-selected
samples are immune to the bias mentioned above as their selection criteria are not dependent
on the strength of the Balmer or 4000 A break.

There were 81 galaxies at zgspec = 2.09 — 2.61 that were in common between the
MOSDEF and the UV-selected sample. We divided the common galaxies into two sets:
those that have photometric redshifts in the same range as their spectroscopic redshifts of
z =2.09 — 2.61 (good photo-z, 61 objects), and those with photometric redshifts outside of
this range (bad photo-z, 20 objects). The bad photo-z objects are not scatted symmetrically
around zgpec = 2.09 — 2.61; their photometric redshifts are systematically lower than our
target redshift range, i.e., zpnot < 2.09.

The two filters that bracket the Balmer break are HST WFC3 F160W and HST
ACS F850LP, which were available for all 81 galaxies examined here. As expected, the
galaxies with incorrect photometric redshifts had on average bluer F160W - F850LP colors,

with larger uncertainties. The distributions of the flux ratios and the associated uncertain-
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ties are plotted in Figure 3.3. Were it not for prior spectroscopic redshifts, those galaxies
with bad photo-z’s would have been missing from our sample. The conclusion is further
supported by the two-sided Kolmogorov-Smirnov test, which indicates a low probability of
P ~ 0.017 that the F160W - F850LP color distribution of the good and bad photo-z sets
are drawn from the same parent distribution.

The stellar-mass distributions of the two sets of galaxies are shown in the bottom
panel of Figure 3.3, with the fraction of galaxies in each mass bin written on the bottom
of the plot. The distributions indicate that the majority of galaxies with stellar masses
below 10%° My would have been missed from the MOSDEF sample if we had relied on
their photometric redshifts. Therefore, to avoid any biases we limited our main-sequence
analysis to those with M, > 10%° M. There are 128 and 185 galaxies above 10%° My, at
z = 2.09 — 2.61 and z = 1.37 — 2.61, respectively. The dashed line in Figure 3.2 is the
linear regression fit to the individual galaxies with M, > 10%° M. The low mass limit we
adopted is also the limit above which the inferred main-sequence slope (see Section 3.3.2)
deviates by greater than 1o from the slope over the full stellar mass range, including the
low mass galaxies.

The other possible bias at the low-mass end of our sample is a Malmquist bias, due
to the fact that our requirement of an Ha detection may bias against objects with faint Ho
emission. To test this possibility, we calculated the fraction of galaxies that were detected
in Ha to the number of galaxies targeted for spectroscopy, in bins of stellar mass. The
fractions are listed on the bottom of Figure 3.2. The detection fraction of the first bin (the

lowest mass bin) is similar to that of the higher mass bins, indicating that by limiting our
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Table 3.1. Parameters of the log(SFR) — log(M,) Linear Fit #

Redshift Range SFR Indicator Slope Intercept Observed Scatter Intrinsic Scatter
z=137-261 Ho® 0.65+0.09 —5.42+0.88 0.40 0.36
(N = 185)° UVed 0.63 4+ 0.08 —5.07 +0.83 0.34 0.31
SED*® 0.80 £0.06 —6.79 & 0.56 0.28 0.27
UVsep® 0.79 £0.07 —6.57 £ 0.68 0.27 0.21
z=2.09—2.61 Ho® 059 +0.11 —4.68=+1.06 0.36 0.31
(N = 128)° UV 0.714+0.10 —5.8240.96 0.31 0.27
SED°® 0.83+0.07 —7.01+0.74 0.29 0.27
UVsep! 0.74+0.10 —6.07 £ 1.00 0.28 0.20

2The parameters are calculated for galaxies with M, > 10%° Mg, using an OLS linear regression
method

PNumber of objects

°The Ha SFR is dust corrected by Balmer decrement, assuming the Cardelli Galactic extinction
curve

dThe UV SFR is dust corrected by the UV slope, assuming the Calzetti attenuation curve

®The SFR inferred from the stellar population model, assuming the Calzetti curve for dust atten-
uation

fThe UV SFR is dust corrected by the E(B — V) inferred from the SED model, assuming the
Calzetti attenuation curve

sample to the Ha-detected objects we did not miss a significantly higher fraction of galaxies
at low masses.

The rest-frame optically selected sample of the MOSDEF survey is less prone
to missing highly obscured galaxies at high stellar masses, compared to the UV-selected
samples. The effect of this potential bias of UV-selected samples versus our sample will be

discussed in Section 3.5.2.

3.3.2 Methodology

There are various linear regression methods that can be used to characterize a

correlation between two variables. In most studies of the SFR-M, relation, the correla-

59



tion between SFR and M, has been determined using the ordinary least-squares regression
(OLS). In the OLS method, one variable (here, the SFR) is assumed as the dependent vari-
able and the regression line is defined to be that which minimizes the sum of the squares
of the vertical distances between the data points and the regression line. The OLS method
should be used in science cases where there is an independent variable that is estimated
confidently and will be used to predict the other variable. As over a galaxy’s lifetime the
stellar mass is built relatively smoothly as opposed to the SFR, which can be stochastic
and vary to a greater extent, we are more interested in determining the scatter and mean
of SFR as a function of stellar mass. For this purpose, the OLS method is a valid statistical
procedure to be used for characterizing the SFR-M, relation.

We determined the best estimates for the OLS regression slope and intercept by
perturbing the data according to the stellar mass and SFR, uncertainties 1000 times and
calculating the median of the slope and intercept distributions. The slope and intercept
uncertainties were calculated based on the OLS method error estimates in Isobe et al. (1990).
Isobe et al. (1990) estimated the errors of regression parameters for linear relations where
there is an intrinsic scatter. The average of the uncertainties obtained for the individual
realizations was adopted as the uncertainty in the regression coefficients. We found a slope
of 0.65 £ 0.09 for SFR(Ha) at 1.37< 2z <2.61, and 0.59 £+ 0.11 for the 2.09< 2z <2.61
sample only, with a lower mass limit of 10 M. The relation is presented in Figure 3.2
and Table 3.1. The SFR-M, relation was not investigated separately for the sample at

1.37 < z < 1.70 due to the small number of galaxies at this redshift range.
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In the OLS method, the scatter is defined as the scatter in SFR at a certain stellar
mass. We estimated the total observed scatter by calculating the dispersion in the distri-
bution of vertical distances from the best-fit line. We propagated the mean measurement
errors of mass and SFR? and subtracted them (in quadrature) from the total observed scat-
ter to obtain the intrinsic scatter. We found an intrinsic scatter of 0.36 dex for SFR(Ha).
This intrinsic scatter still includes galaxy-to-galaxy variations in the dust corrections.

An alternative statistical procedure to the OLS method is a regression method that
treats the two variables symmetrically, such as the OLS bisector method. The OLS bisector
is recommended to be applied in cases where an underlying functional relation between two
independent variables is studied (Isobe et al. 1990). The scatter in this method is the scatter
about the best-fit line to the relation. For a comparison, we reported the OLS bisector values
in Table 3.2. We should emphasize that as we are most interested in determining the scatter
and mean of SFR at a given stellar mass, the OLS method is the one on which we based

our main conclusions.

3.3.3 Nondetections

It is important to investigate whether excluding the HS nondetections from the
main analysis causes any biases. In other words, do the HS-undetected galaxies represent
different physical characteristics or are they undetected due to observational shortcomings?
We stacked the spectra of the HB-undetected objects as described in Section 3.2.5, and de-

rived the dust-corrected SFR(Ha) using the stacked spectrum. In the composite spectrum,

2The uncertainty due to spectroscopic slit losses is included in the SFR error estimates as well (Sec-
tion 3.2.4).
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Table 3.2. Parameters of the log(SFR) — log(M,) Linear Fit, Using The OLS Bisector

Method ?
Redshift Range SFR Indicator Slope Intercept Observed Scatter Intrinsic Scatter
z=1.37-261 Ha® 1.26 £0.07 —11.57 +0.69 0.33 0.30
(N = 185)P UV 1.14 £ 0.06 —10.33 +0.62 0.29 0.26

2The parameters are calculated for galaxies with M, > 10°° Mg

PNumber of objects with M, > 10%° Mg

‘The Ha SFR is dust corrected by Balmer decrement, assuming the Cardelli Galactic extinction
curve

dThe UV SFR is dust corrected by the UV slope, assuming the Calzetti attenuation curve
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Figure 3.4 SFR as a function of stellar mass for star-forming galaxies at z = 1.37—2.61. Left:
SFR(Ha) — corrected for dust attenuation assuming the Balmer decrement and a Cardelli
et al. (1989) extinction curve — versus M,. The red star shows the weighted-average stack
of the HB-undetected galaxies, where its mass is the median of the mass of galaxies in the
stack. The stacked point is within the SFR(Ha) scatter of 0.36 dex, suggesting that those
galaxies undetected in Hf have on average a similar proportion of SFR given their stellar
mass, as those galaxies with both lines detected. Right: SFR(UV) versus M,. The SFR
is inferred from the UV luminosity at 1600A and is dust corrected by the UV slope, both
determined from the multi-band photometry at 1268-2580A (Skelton et al. 2014). The green
lines show the regression lines fitted to log(SFR) — log(M,) relation. The intrinsic scatter
in SFR (i.e., the scatter after the subtraction of SFR and mass measurement uncertainties)
is provided on the upper left corners of each plot.
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the stacked Hf line is detected at 3.90. The stacked SFR and median stellar mass of the
undetected-HS objects are plotted on top of the SFR-M, relation in Figure 3.4 as the red
star. The star lies below the linear fit by 2.50, but is still within the SFR(Ha) scatter
of 0.36 dex, implying that these objects are not on average intrinsically different from the
detected objects and excluding them should not systematically bias the SFR-M, relation.
As mentioned in Section 3.2.2, this conclusion is further supported by the fact that the

spectra of a large fraction of these galaxies are contaminated by skylines.

3.3.4 AGN

As mentioned before in Section 3.2, AGN were identified through X-ray, IR, and
optical line observations and removed from the sample. The AGN mostly reside on the
high mass end of the main sequence and it is interesting to examine how they would change
the slope and scatter of the SFR-M, relation. Here, we assumed that all of the rest-frame
UV continuum emission in AGN host galaxies is coming from the stellar population; we
determined the SFRs from the UV luminosity at 1600 A, dust corrected using the UV
slope, and estimated the masses through the SED modeling. Including the AGN does not
change the slope significantly (0.66 & 0.09) but results in a larger scatter (0.41 dex) that is
mainly occurring at the massive end, as most of the AGN have larger stellar masses than the
typical stellar mass of the star-forming objects. This is a well-understood selection effect

for AGN that they are easier to detect in more massive galaxies (Aird et al. 2012).
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3.4 The Scatter of The Main Sequence

In this section, we investigate how the main sequence scatter changes as we consider
UV- or Ha- based SFRs. The UV luminosity at 1500 to 2800 A is one of the most
commonly used SFR diagnostics at z ~ 2, which traces stars with M, = 5Mg and ages
< 100 Myr (Kennicutt 1998; Kennicutt & Evans 2012). Another common SFR indicator,
the Ha luminosity, is sensitive to more massive (M, 2 15Mg) and shorter lived stars
(ages < 10 Myr) that provides an effectively instantaneous measure of the SFR (Kennicutt
& Evans 2012). The intrinsic scatter in SFR(Ha) versus M, and SFR(UV) versus M,,
calculated as described in Section 3.3.2, are presented in Table 3.1 and Figure 3.4. For a
fair comparison, we limited our UV sample to the same sample as the Ha detected galaxies.

The intrinsic scatter in the SFR(Ha)-M, relation is 0.05 dex larger than that of
the SFR(UV)-M, relation. The smaller SFR(UV) vs. M, scatter is partly due to the
degeneracy between SFR(UV) and M,, as the SED modeling where the M, is inferred from
relies on the UV color to constrain the dust reddening. The stochasticity in star formation
can also cause larger scatter in SFR(Ha) as Ha traces star formation on timescales shorter
than those probed by the UV continuum. For instance, it has been suggested in galaxy
formation simulations (Dominguez et al. 2015) that star formation proceeds stochastically
in low mass galaxies such as dwarfs; but even for a massive galaxy (z = 0 halo mass of
10'2 M) with a typical merger history, the dispersion in SFR averaged over timescales of
~ 10® years could be ~ 0.03 —0.1 dex smaller than the scatter of SFR averaged over shorter

timescales of ~ 107 years (Hopkins et al. 2014; Sparre et al. 2015a; Dominguez et al. 2015).

64



Prior to the use of multi-wavelength estimates of the SFR (e.g., SFR(IR) +
SFR(UV)), it was common to assess the SFR-M, relation using SED-inferred SFRs (e.g.,
Magdis et al. 2010; Sawicki 2012). To investigate how SFR(SED) would affect the relation,
we also calculated the scatter using SED-inferred SFR and UV SFR, where the latter was
corrected by the SED-derived E(B — V') rather than the UV slope. The scatter in SFR
is reduced to 0.27 and 0.21 dex for SFR(SED) and SFR(UV), respectively (the last two
rows in Table 3.1). These values likely underestimate the true scatter in the SFR-M, re-
lation, because the SFR(SED) and the SED-inferred E(B — V') are highly correlated with
the SED-derived stellar masses.

The scatter reported here is not due to measurement uncertainties but it may be
affected by other factors such as galaxy-to-galaxy variations in IMF and dust corrections.
Galaxy formation simulations suggest various drivers for the scatter in SFR-M, relation.
Dutton et al. (2010) argued that the source of the small scatter they derived (0.12 dex) is the
variance in mass accretion histories for halos of a given virial mass, but Davé et al. (2012)
suggested that the more complex relation between the gas inflow rate and the dilution time,
which shows how quickly galaxies can return to equilibrium after being perturbed away from
the main sequence also influences the scatter. Our larger intrinsic scatter of 0.36 dex may
indicate that the gas accretion and star-formation histories are not as smooth as predicted

by the simulations.
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3.5 The Slope of The Main Sequence

In this section, we focus on the slope of the main-sequence relation for the SFR(Ha)
sample. The inferred slope (see Section 3.3.2 for the methodology) is 0.59 £ 0.11 for the
z ~ 2.3 sample and when we include the z ~ 1.5 sample the slope is 0.65 4+ 0.09, at
M, > 10%5 Mg, (refer to Section 3.3.1 for the discussion on the low-mass limit). The slope
of the full sample (i.e., M, > 109 M) is 0.56 & 0.09.

There are many studies in the literature that parameterize the SFR-M, relation
and their reported slopes span in a wide range of ~ 0.3 — 1.0 ( e.g., Daddi et al. 2007a;
Dunne et al. 2009; Pannella et al. 2009; Santini et al. 2009; Rodighiero et al. 2011; Karim
et al. 2011; Zahid et al. 2012; Reddy et al. 2012b; Whitaker et al. 2012b; Sobral et al. 2014;
Atek et al. 2014). Various effects could lead to discrepancies in the slope estimates. In this
section, we try to address three of the most significant effects by investigating them in our

sample.

3.5.1 Dust Correction

The method used for dust correction affects the derived slope of the SFR-M,
relation. In high-redshift studies, a commonly used dust correction method for the nebular
lines is to multiply the E(B—V') derived for the stellar continuum by 2.27 factor and assume
the Calzetti et al. (2000) attenuation curve. It has been shown in some previous studies that
this recipe overestimates the corrected Ha SFRs for UV-selected galaxies (e.g., Reddy et al.
2010; Steidel et al. 2014; Shivaei et al. 2015a). In the top panel of Figure 3.5 we compared

the Ha SFRs corrected by E(B — V)jebular, computed from the Balmer decrement, with
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Figure 3.5 The SFR(Ha)-M, relation, where the SFR is corrected for dust attenuation by
different methods and attenuation curves. Top: The blue dots show SFR(Ha) dust corrected
by the nebular E(B — V') (derived from the observed Balmer decrement) and assuming a
Calzetti curve. The red dots represent the SFR(Ha) corrected by the SED inferred E(B—V)
multiplied by 2.27, again assuming a Calzetti curve. The latter is a method that is commonly
used in high-redshift studies to correct the Ha luminosities without having access to the
Balmer decrement. This method overestimates the corrected SFRs and results in a steeper
slope (0.90 4 0.07) compared to the nebular corrected SFRs (slope = 0.71 £ 0.09). The
dashed lines show the linear fits to galaxies with log(M,/Mg) > 9.5. The yellow line is
the linear fit to galaxies corrected by nebular E(B — V') but assuming a Cardelli Galactic
extinction curve, which we used as a default in this study. Bottom: The SFR-M, relation
for the same set of galaxies, corrected with the nebular E(B — V') assuming three different
dust curves: the Calzetti curve, the MOSDEF curve, and the Cardelli curve. The best-fit
lines are shown with the relevant colors. All three slopes are consistent with each other
within their uncertainties.
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those corrected by 2.27 x E(B — V)sgp. We emphasize that this practice was done solely
for the purpose of demonstrating how the commonly used dust correction recipes could
potentially affect the parameterization of the SFR-M, relation in the absence of Balmer
decrement measurements. The SFRs corrected with 2.27 x E(B — V)ggp assuming the
Calzetti curve yield a main sequence slope of 0.90 + 0.05, while the slope of those corrected
by the E(B — V )pebular With the Calzetti curve is 0.71 +0.09. The steeper slope is expected
as the color-excess (E(B — V)) increases with stellar mass (e.g., Garn & Best 2010) and
multiplying E(B — V') by a factor (here, 2.27) causes a more significant difference at higher
masses.

We also investigated the potential effect of the assumed attenuation curve on
the best-fit slope of the SFR-M, relation. We corrected the observed Ha SFRs assuming
different attenuation curves: the Calzetti curve (Calzetti et al. 1994), the attenuation curve
derived from galaxies in the MOSDEF sample (Reddy et al. 2015), and the CCM curve
(Cardelli et al. 1989). The first two are stellar attenuation curves while the latter is a line
of sight extinction curve that we used to correct the Ha luminosities throughout this paper.
The results are presented in the bottom panel of Figure 3.5. The nebular color excess (i.e.,
E(B — V)pebular) does not change significantly between the three curves, the reason being
that the shapes of these three curves in the rest-frame optical are very similar. The main
difference arises from normalization of the curves, affecting the total attenuation correction.
Reddy et al. (2015) showed that assuming the Calzetti curve for the nebular lines as opposed
to the CCM curve results in higher SFRs, where the difference increases with increasing

SFR (see Figure 21 in Reddy et al. 2015). We see the same trend here in Figure 3.5, namely
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that the discrepancy between corrected SFRs is larger at higher SFRs. Despite the change
in SFR, the three main sequence slope estimates are consistent with each other within their

uncertainties.

3.5.2 Sample Selection

Selection effects can have a major effect on the derived main-sequence slope. The
samples that are selected based on rest-frame UV colors (such as Lyman-break selection,
Steidel et al. 2003, 2004) are biased towards less dusty galaxies. Adding the redder and more
dust-attenuated star-forming galaxies to these samples results in shallower slopes (Whitaker
et al. 2012b; Speagle et al. 2014). To test this effect on our sample, we divided the star-
forming galaxies into a blue bin and red bin, based on their UV and VJ colors. Previously,
we used the UVJ diagram to remove the quiescent galaxies from our sample (Section 3.2.2),
and now we set another criterion on the star-forming part of the diagram to separate the
blue and red star-forming galaxies. The selection regions are shown in Figure 3.6. After
the removal 21 galaxies that were classified as red star-forming, the slope of the relation
increases to 0.75 £ 0.11. These galaxies are both more dust-attenuated and older compared
to the rest of the sample. A steeper slope is expected as the red star-forming galaxies
dominate the lower right corner of the main sequence (those with lower specific SFRs). In
conclusion, the red star-forming galaxies should be included in a complete sample, otherwise

the slope of the SFR-M, relation may be overestimated.
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Figure 3.6 Top: distribution of our Ha and HS detected sample at z = 1.4 — 2.6 in the rest-
frame UVJ diagram. The solid line separates blue and red star-forming galaxies. Bottom:
SFR(Ha) versus M, for the blue and red star-forming galaxies. The SFR-M, slope of the
blue star-forming sample is steeper than the slope of the whole sample, including the red

star-forming galaxies.
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Figure 3.7 Top: the SFR-M, relation for stacks of galaxies in five bins of stellar mass, the
difference being in how the stacked Ha and HS luminosities are corrected for the underlying
Balmer absorption. For illustrative purposes each set of colored points is slightly shifted
in mass direction. Blue symbols: the Balmer absorption in each bin is estimated as the
weighted average of the individual absorption fluxes. Orange symbols: the same as the
blue points, but the average is used instead of the weighted average. Green symbols: No
absorption correction is applied. Bottom: ratio of the HS absorption flux to the emission
flux as a function of stellar mass. The absorption flux becomes stronger with stellar mass,
which results in a more significant correction for galaxies with higher stellar masses.

Considering that the MOSDEF sample is a near-IR selected sample and because
the Ha luminosity is less affected by dust attenuation than the shorter-wavelength UV

luminosity, this study is less prone to the bias associated with UV selection.

3.5.3 Balmer Absorption Correction

Another factor that affects the main sequence parameterization in studies that use
the hydrogen Balmer lines is the Balmer absorption correction. For the star-forming galaxies

considered in this study, the difference between the absorption corrected SFRs and those
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that are not corrected becomes larger at higher masses because the absorption flux, which
is produced in the atmosphere of primarily A-type stars, increases as a function of stellar
mass (see the bottom panel in Figure 3.7). The galaxies with higher stellar masses have
more mature stellar populations and hence higher Balmer absorption equivalent widths.

In Figure 3.7, we show the stacks of SFR(Ha) in bins of stellar mass, corrected for
the Balmer absorption in two different ways as well as the stacks without any corrections.
The absorption correction affects both the value of the observed SFR(Ha) and the dust
correction (i.e., the ratio of Ha to H5). We used the following correction method in this
study. In each stellar mass bin, the Balmer absorption of individual galaxies inferred from
the stellar population models were averaged, weighted by the inverse variance calculated
from the errors in the individual Balmer emission line luminosities, and added to the stacked
emission line luminosities. These are blue symbols in Figure 3.7.

On the other hand, as presented in Figure 3.7, not correcting for the Balmer
absorption (green symbols) results in values that are inconsistent with the blue linear fit
by as large as 90 at log(M,) ~ 10.6. The absorption corrections reduce the inferred dust-
corrected SFRs by values that are typically larger at larger masses. (Here, by factors of 1.3,
2.1, and 2.5 at the stellar masses of ~ 10192, 10106 10111 M.) As a result, the SFRs at
higher masses are lower once the Balmer absorption correction is applied. In other words,
not correcting for the underlying Balmer absorption results in higher SFRs at high masses
and hence, a steeper slope.

In conclusion, we emphasize the importance of accounting for the Balmer absorp-

tion when using the Balmer emission lines to quantify the SFR-M, relation. Using the
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Figure 3.8 The comparison of SFR-M, relation for various studies. The blue points and
the blue line are our z = 2.09 — 2.61 results, using SFR(Ha) corrected for dust according
to the Balmer decrement. The gray squares are from Sobral et al. (2014) narrow-band
selected star-forming sample, where they used SFR(Ha) dust corrected based on the local
mass-dependent correction relation of Garn & Best (2010). The Whitaker et al. (2014b)
and Schreiber et al. (2015) relations are based on SFR(UV)+4SFR(IR). We also plotted our
results based on the SFR(UV) and SFR(SED) values. The relations from the literature are
converted to a Chabrier IMF, when necessary.

Balmer lines that are not corrected for the underlying absorption results in higher SFR
values, especially at the large masses where the Balmer absorption is stronger, and affects
the parameterization of the SFR-M, relation. The stacked points in bins of stellar mass,
for which the weighted averaged Balmer absorption corrections are applied, are in the best
agreement (within ~ 1 — 2¢) with the log(SFR) — log(M,) linear regression fitted to the

individual galaxies (the blue line in Figure 3.7).
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3.6 Comparison to Other Studies

The SFR-M, relation has been studied extensively. The parameterization of the
SFR-M, relation depends on the SFR indicator and the typical timescale over which it traces
star formation. First we consider studies that also use Ha to quantify SFRs and therefore
provide the most direct comparison. Koyama et al. (2013), Sobral et al. (2014), and Darvish
et al. (2014) used Ha narrow-band selected samples at z ~ 2. Such studies, however, tend
to be biased towards galaxies with larger Ha equivalent widths. These three studies also
did not measure Hf, and relied on a mass-dependent dust correction from Garn & Best
(2010). The Garn & Best (2010) relation was derived based on a local sample of galaxies
but its validity has not been verified for z ~ 2 galaxies. The gray symbols in Figure 3.8
are the data points from Sobral et al. (2014). At the low mass end, M, < 1019 Mg, the
high equivalent width bias mentioned above and the effect of the improper dust correction
are evident. When we applied an average mass-dependent dust correction based on our
Balmer decrement measurements to the Sobral et al. (2014) observed SFRs, we see a better
agreement with our results at low masses. The Sobral et al. (2014) main sequence is tighter
compared to ours, mainly because the scatter in the dust extinction—M, relation is not
taken into account.

Atek et al. (2014) is another Ha study, where they used HST/WFC3 near-IR grism
spectroscopy for a sample of emission line galaxies at 0.3 < z < 2.5. They used the Ha, Hf,
[O1]A3727, and [O111]A5008 nebular emission lines as the SFR indicators, dust corrected in
bins of stellar mass. The SFR-M, slope they found was ~ 0.4 at z ~ 2.3, though they also

identified a Malmquist bias as being a potential issue in their analysis.
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We also considered main sequence studies where the total SFR was estimated as
the sum of UV and IR-based SFRs, plotting the SFR-M, relations of Whitaker et al. (2014b)
and Schreiber et al. (2015) on top of our points in Figure 3.8. The SFR-M, slopes of these
studies are generally steeper than our slope. As we used the Balmer decrement to correct
the observed SFR(Ha) for dust extinction, as opposed to using the IR data, it is probable
that we missed optically thick star-forming regions, particularly in massive galaxies with
high specific SFRs. This bias may be the reason of our shallower slope compared to the
studies with the IR data. There are several important differences between the Whitaker
et al. (2014b) and Schreiber et al. (2015) studies and ours, such as the samples, the SFR
diagnostics, and the statistical methods used for the fit. At this point, it is not trivial
to reconcile these discrepancies and discuss the agreement or disagreement between these
studies and ours. A more informative comparison will become possible once we incorporate
IR data into our analysis.

A few studies found indications of a non-linear SFR-M, relation (e.g., Schreiber
et al. 2015; Whitaker et al. 2014b; Lee et al. 2015). They suggested that the SFR-M, slope
flattens at high masses so that a single power law cannot explain the SFR-M, relation.
According to these studies, at higher redshifts the high-mass flattening becomes less promi-
nent and at z ~ 2 the turning point shifts to M, ~ 10'%5. A turning point in the SFR-M,
relation is not obvious from the individual detections in our sample, nor from the stacks
(Figure 3.2). However, because of the large uncertainty in the most massive stacked bin of
our galaxies (see the blue and orange points in Figure 3.7), we can not confidently rule out

the flattening at the high-mass end.
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3.7 Conclusions and Discussion

As part of the MOSDEF survey, we used a sample of 185 star-forming galaxies
with Hae and Hf spectroscopy at M, > 10%° Mg, to study the star-forming main sequence
relation at z ~ 2. The parent catalog is H-band (i.e., rest-frame optically) selected and is
accompanied by ancillary multi-band photometry (Skelton et al. 2014), from which the UV-
based SFRs were measured. The stellar masses were derived by comparing the emission-line
corrected photometric SEDs with stellar population models.

We found an intrinsic scatter of 0.36 dex in the SFR of the SFR(Ha)-M, relation,
which is larger than what we found based on the UV SFRs (see, Table 3.1). The larger
scatter is expected as the Ha emission line, originating from ionized regions of the ISM,
traces star formation activity on shorter timescales compared to the UV luminosity. As
the Ha luminosity is a more instantaneous tracer of SFR, it provides a more accurate
estimate of the scatter in SFR at a given stellar mass. Part of the difference between the
SFR(Ha)-M, scatter and that of the SFR(UV)-M, may be related to the fact that the
SFR(UV) and M, are somewhat correlated; although our SFR(UV) values were calculated
and dust corrected using the medium- and broad-band photometry directly, the UV slope
still regulates the color-excess in the SED fitting from which the stellar masses were derived.
The correlation between the estimates of SFR and stellar mass is even more significant when
the SFR(UV) is corrected for extinction by E(B — V) derived from the SED models, or
when the SED-inferred SFRs are used.

The intrinsic scatter in the main-sequence relation measured here may be due to

variables such as geometry, size, SFR surface density, metallicity, and age (e.g., Wuyts et al.
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2013; Hemmati et al. 2014). The significance of the effect of these variables on the scatter
will be investigated in future studies. Although in agreement with some simulations (Torrey
et al. 2014; Sparre et al. 2015a), the scatter we found is larger than some of the other works
(e.g., Dutton et al. 2010; Dominguez et al. 2015). The discrepancy may indicate that the
galaxy accretion and feedback processes are not as smooth as predicted by the simulations.
Our larger scatter can also be affected by galaxy-to-galaxy variations in the IMF and the
dust corrections.

We found a constant slope of 0.5940.11 for the z = 2.1—2.6 sample and 0.65+0.09
when we used the whole sample at z = 1.4 — 2.6, for M, > 10°° M. Galaxy evolution
simulations generally find a close-to-unity slope for the SFR-M, relation (e.g., Dutton et al.
2010; Torrey et al. 2014; Sparre et al. 2015a), which translates to a stellar mass-independent
specific SFR (i.e., SFR/M.). Our shallower slope indicates higher (lower) SFR at low (high)
stellar masses. As the slope of the main sequence represents the star-formation efficiency,
one explanation for close-to-unity slope in the galaxy simulations is that star formation is
too inefficient at the low stellar-mass end due to feedback processes. The steep slope in the
simulations may also be caused by a lack of quenching feedback that causes a dearth of red
star-forming galaxies at the high-mass end of the SFR-M, relation.

The slope of the main sequence is influenced by various observational and measure-
ment effects that could explain discrepancies in the slopes reported in different observational
studies. We demonstrated three of the main effects here: dust correction, sample biases, and
stellar absorption correction (the last one is specific to the emission line studies). Correcting

the Ha emission line with the SED inferred E(B—V)ggp X 2.27, with the assumption of the
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Calzetti curve, leads to a SFR-M, slope of close to unity. A bias against dusty galaxies with
low specific SFRs, as might be the case for UV-selected samples, may also result in steeper
slopes of the SFR-M, relation. Finally, we showed that the Balmer absorption correction
has a significant effect on the dust-corrected SFRs and not applying the correction to the
Balmer emission lines could lead to an overestimation of the main-sequence slope.

The evolution of the slope, normalization, and the scatter of the SFR-M, relation
is essential to our understanding of the processes that govern galaxy growth during cosmic
time. Once the whole MOSDEF sample becomes available, we have access to a large sample
of rest-frame optical spectra for galaxies at 1.4 < z < 3.8, which makes it possible to study
the main-sequence evolution in redshift, using instantaneous and accurately-measured SFRs
in a representative sample. Furthermore, incorporating IR data into our analysis will allow

us for a more detailed comparison with the existing studies.
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Chapter 4

The MOSDEF Survey: The strong
agreement between Ha and

panchromatic SED-based star

. *
formation rates

Abstract We study the combined stellar and dust spectral energy distributions (SEDs)
of 15 star-forming galaxies at z ~ 2 selected from the MOSFIRE Deep Evolution Field
(MOSDEF) survey. All galaxies have 30 detections for Ha and at least two IR bands

(Spitzer/MIPS 24 uym and Herschel/PACS 100 and 160 um, and in some cases Herschel/

*A version of this chapter was published in: Shivaei, 1., Kriek, M., Reddy, N., Shapley, A., Barro, G.,
Conroy, C., Coil, A., Freeman, W., Mobasher, B., Siana, B., Sanders, R., Price, S., Azadi, M., Pasha, I., &

Inami, H., The Astrophysical Journal 820, L23 (2016)
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SPIRE 250, 350, and 500 um). The galaxies have total IR (8 — 1000 ym) luminosities of
~ 1014 — 1023 L, and star-formation rates (SFRs) of ~ 30 — 210 My yr—'. We fit the
panchromatic SEDs with the flexible stellar population synthesis (FSPS) models - which
include both stellar and dust emission - and compare the inferred SFRs with the SFR(Ha)
values corrected for dust attenuation using Balmer decrements. The two SFRs strongly
agree with a scatter of 0.22dex. Our results imply that the Balmer decrement accurately
predicts the obscuration of the nebular lines and can be used to robustly calculate SFRs
for star-forming galaxies at z ~ 2 with SFRs up to ~ 200 M yr—!. We also use our data
to assess bolometric SFR indicators based on modeling the UV-to-mid-IR stellar and dust
SEDs or by adding SFR(UV) and SFR(IR), for which the latter is based on the mid-IR
only or on the full IR SED. All these SFRs show a poorer agreement with SFR(Ha) and
in some cases large systematic biases are observed. Finally, we find that the SFR and
dust attenuation derived from the UV-to-near-IR SED alone is unbiased when assuming a

delayed exponentially declining star-formation history.

4.1 Introduction

The star-formation rate (SFR) and stellar mass (M,) relation for star-forming
galaxies (e.g., Noeske et al. 2007a; Rodighiero et al. 2014; Ilbert et al. 2015; Shivaei et al.
2015b) is important for understanding the physics of galaxy formation, as it provides direct
constraints on star-formation efficiency and feedback processes (e.g., Torrey et al. 2014;
Mitra et al. 2015). The shape and evolution of the SFR-M, relation implies that more

massive galaxies have higher SFRs (but lower specific SFRs) than less massive galaxies, and
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that at a fixed mass SFRs were higher at earlier times. However, the exact parameterization
of the SFR-M, relation (i.e., the slope, intercept, and scatter) depends significantly on our
interpretation of the observations.

The stellar mass, commonly estimated from spectral energy distribution (SED)
modeling (Conroy 2013; Mobasher et al. 2015), is built monotonically over a galaxys lifetime,
and thus is a robust measurement. In contrast, SFR can be stochastic and its indicators
are sensitive to different timescales as well as differing degrees of dust extinction (with the
UV and optical light being most affected by dust). These factors make the derived SFR
sensitive to the used diagnostic (Hayward et al. 2014; Dominguez et al. 2015; Shivaei et al.
2015a; Sparre et al. 2015b).

One of the commonly used diagnostics is the UV+IR SFR. Given the spatial
resolution and sensitivity of current IR instruments, large samples of individual far-IR
measurements at z ~ 2 are not feasible. Thus, instead, studies use empirical templates to
convert mid-IR to total IR luminosity. However, recent results have shown that this method
systematically overpredicts SFRs (e.g., Elbaz et al. 2011; Reddy et al. 2012a; Utomo et al.
2014).

The advent of multi-object near-IR spectrographs such as MOSFIRE (McLean
et al. 2012) on Keck I and KMOS (Sharples et al. 2004) on the Very Large Telescope
provides rest-frame optical spectra of large samples of high-redshift galaxies, and thus access
to one of the most robust measures of the SFR: the Ha and Hf emission lines. In Shivaei
et al. (2015b) we showed that SFR(Ha/) results in a shallower slope of the SFR-M, relation

compared to the slopes based on UV+IR SFRs (e.g., Whitaker et al. 2014b; Schreiber et al.
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Figure 4.1 Dust-corrected SFR(Ha) vs. M, (top) and rest-frame UV J diagram (bottom)
for the MOSDEF spectroscopic sample (light blue) and the 12 candidates in this study (dark
blue). The three undetected-HfS galaxies are the purple symbols with a 3o lower-limit on
their dust-corrected SFRs. For displaying purposes the number counts of the dark blue
histograms are multiplied by 3.

2015). However, given that Balmer emission lines trace the instantaneous SFR and have
been argued to miss optically thick star-forming regions (e.g., Rodighiero et al. 2014) it is
essential to investigate how reliably Ha and Hf trace total SFRs at high redshifts, and how
the resulting SFRs compare to the previously discussed UV+IR SFRs.

Motivated by the concerns discussed above, we selected a sample of galaxies at
z ~ 2 from the MOSFIRE Deep Evolution Field (MOSDEF) survey (Kriek et al. 2015)
with detected Ha emission lines and Spitzer and Herschel IR photometry. We compared
the UV-to-far-IR photometry of these galaxies with the state-of-the-art Flexible Stellar
Population Synthesis (FSPS) models (Conroy et al. 2009), which use energy balance to fit
the stellar and dust emission simultaneously. We investigated how well SFR(Ha) compares
with the full SED-inferred SFR as well as SFR(UV) and SFR(IR). Throughout this paper,
we assumed a Chabrier (2003) initial mass function (IMF) and a ACDM cosmology with

Hp = 70kms~! Mpc™,Qr =0.7,Q,, = 0.3.
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4.2 Sample and Measurements

The MOSDEF survey is a multi-year project that uses the MOSFIRE near-IR
spectrometer on the Keck I telescope to study the stellar and gaseous content of ~ 1500
galaxies and AGNs at 1.37 < z < 3.80. The survey covers the CANDELS fields, for
which extensive deep multi-wavelength data are available (Grogin et al. 2011; Koekemoer
et al. 2011; Momcheva et al. 2016). For details of the survey strategy, observations, data
reduction, and sample characteristics see Kriek et al. (2015). The current study is based on
data from the first two years of the MOSDEF survey.

In this study we selected a sample of MOSDEF galaxies based on Balmer emis-
sion lines and IR measurements. The Ha and HB luminosities were estimated by fitting
Gaussian functions to the line profiles. Line flux uncertainties were derived using Monte
Carlo simulations. Ha and HB fluxes were corrected for underlying Balmer absorption as
determined from UV-to-near-IR SED models (for details see Reddy et al. 2015). The Ha
luminosity was converted to SFR using the Kennicutt (1998) relation and was corrected for
dust attenuation using the Balmer decrement (Ha/Hf), assuming the Cardelli et al. (1989)
Galactic extinction curve.

For the IR measurements we used available data from Spitzer/MIPS and Her-
schel/PACS and SPIRE in the COSMOS, GOODS-N, and GOODS-S fields (Oliver et al.
2010; Elbaz et al. 2011; Lutz et al. 2011; Magnelli et al. 2013). As described below, we mea-
sured IR fluxes simultaneously using scaled point-spread functions (PSFs) (Reddy et al.
2010; Shivaei et al. 2015a) to recover fluxes of confused objects. For each image, we used a

prior list of objects from higher resolution images to determine the location of all sources
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in the field. For the MIPS images we used IRAC sources detected at 3o; for the PACS
images we used the MIPS sources detected at 30; and for the SPIRE images we used the
PACS sources detected at 3o (for the 250 and 350 um bands) and 50 (for the 500 ym band).
In order to perform the photometry, a subimage centered on each target was constructed
and the PSF was fitted simultaneously to all the objects in the subimage (including the
target) and one random background position, which was chosen to be at least 1 FWHM
away from the sources. We repeated this procedure for 20 random background positions.
The standard deviation of the background fluxes was adopted as the flux uncertainty.

The accuracy of our photometry was tested by simulating 500 sources with a large
range of fluxes that were added to the original images. The simulated fluxes were recovered
successfully with a given scatter that, as expected, decreased with increasing flux. On
average, the ratio of the scatter to the flux error (estimated based on the background
fluxes) was constant with flux. We multiplied the background-estimated flux errors of the
individual targets by the average scatter-to-flux error ratios (~ 1.3 — 2.0 depending on the
filter and the field) to estimate the total uncertainty in the measured fluxes.

In order to obtain reliable SFR(Ha)) and sample the dust emission properly, we
selected galaxies that are not significantly affected by nearby sources and have signal-to-
noise ratio (S/N) > 30 for the Ha, MIPS 24 um, and at least one PACS filter (100 or
160 ym). The final sample consists of 12 galaxies with both Ha and HS detected and 3
Hp-undetected galaxies. Only one galaxy has a robust detection in the SPIRE filters and
for some of our galaxies even the PACS fluxes are marginally detected. We did not include

objects that were classified as AGNs based on their X-ray emission, IRAC colors, or optical
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Figure 4.2 The best-fit panchromatic FSPS SED models (solid curves) to the observed pho-
tometry (purple symbols) of 6 of our Ha+Hp-detected galaxies. The rest-frame optical
emission lines are excluded from both the photometry and the models. The triangles show
30 upper limits on the fluxes; in the fitting process, the actual photometry with the corre-
sponding errors were used. The dashed and dotted lines represent the FSPS SED fits up to
24 pm and the Chary & Elbaz (2001) best-fit templates to the 24, 100, and 160 um data,
respectively. The ID numbers are from the 3DHST v4.1 photometric catalog. The galaxies
are shown in order of increasing mass (continued in Figure 4.3).

86




emission lines (with the criterion of [N11]/Ha> 0.5, Coil et al. 2015). As seen in Figure 4.1,
most candidates lie above the median SFR-M, relation as modeled in Shivaei et al. (2015b)

with M, ~ 100 — 101 M.

4.3 Panchromatic SED Modeling

In this section we derive bolometric SFRs by comparing the panchromatic SEDs
- composed of the UV-to-IRAC photometry from 3D-HST (Skelton et al. 2014; Momcheva
et al. 2016) combined with IR photometry (previous section) - with stellar population
models. We generated composite stellar populations using the FSPS code (Conroy et al.
2009; Conroy & Gunn 2010, v2.5), assuming a Chabrier IMF and solar metallicity. For the
star-formation history (SFH) we assumed a delayed-tau model of the form SFR(t) oc te™/7,
in which t is the age of the galaxy and 7 is the e-folding time. 7 was allowed to vary from
102 — 10* Myr in steps of 0.2 dex. We set a 50 Myr lower limit on age corresponding to the
typical dynamical timescale at z ~ 2 (Reddy et al. 2015). We adopted a Calzetti et al.
(2000) attenuation curve, in which the dust optical depth at 5500 A was allowed to vary
from 0.0 to 4.0 in steps of 0.1. The dust emission in the FSPS code follows the Draine
& Li (2007, DLO7) models. In these dust models, the distribution of starlight intensities,
U, is described by a delta function at Upi, (the radiation intensity to which the dust in
the diffuse ISM is exposed) and a power-law component for dust heated by more intense
starlight. The parameter v represents the fraction of dust heated by more intense starlight

than in the diffuse ISM. As was suggested in DL07, we allowed Ui, to vary between 0.1 to
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25.0 in 10 logarithmic steps, the « grid was set to [0.0,0.01,0.02,0.04, 0.06,0.10,0.15], and
we explored PAH fractions of 0,1,2,3,5,7,10%.

We shifted the models to the spectroscopic redshift of each galaxy, applied the
Madau (1995) prescription to correct the SEDs for the intergalactic medium absorption,
and then, using a x? minimization fitting procedure, fit the models to the UV-to-far-IR pho-
tometry. The optical photometry was corrected for contamination by bright emission lines
(Hev, [O111], [O11], etc.) as measured from the MOSDEF spectra (Reddy et al. 2015). We
perturbed the photometry according to the measurement uncertainties for 100 realizations
and the dispersion in each best-fit parameter was adopted as the associated uncertainty.

The best-fit models of the 12 Ha+Hp-detected candidates are displayed in Fig-
ures 4.2 and 4.3. We would have found similar SFRs if instead we modeled the IR emission
by a single blackbody SED. In order to make sure that our best-fit models are not skewed
by the smaller relative errors of the 24 ym data compared to the PACS errors, we tested
the SED fitting with equal weighting for the 24, 100, and 160 pym fluxes. For all but two
galaxies (galaxies 1 and 12), the corresponding SFRs and IR luminosities were within lo

uncertainty of the original SFR and L(IR) values.

4.4 SFR Comparison

In this section we investigate how the SFRs derived using different indicators
compare with each other. Fitting the stellar and dust SEDs simultaneously using energy

balance techniques is thought to give a robust estimate of the total SFR. Figure 4.4(a)
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Figure 4.3 The best-fit SED models of the rest of our Ha-HpB-detected sample. See the
caption of Figure 4.2.

shows that dust-corrected SFRs(Ha) are in good agreement with the full SED-inferred
SFRs (SFReuisep)- The tight correlation (0.22 dex scatter, Spearman ps = 0.69 with 2.3¢
away from a null correlation) with an average SFR(Ha)-to-SFRgsep ratio of 1.04 and
absence of any systematic correlation as a function of M, (see the inset plot 4.4(a)), implies
that the dust-corrected Ha luminosity is an unbiased tracer of the bolometric SFR for
star-forming galaxies with SFRs ~ 100 M yr—!.

There is a systematic uncertainty associated to our choice of the attenuation curve.
Assuming the Calzetti curve instead of the Cardelli curve to correct the observed Ha pre-
dicts higher SFRs by an average factor of 1.2 (as high as 1.4 for the galaxy with the highest

SFR). The larger dust correction is expected as the Calzetti curve has a higher normalization

at 6563 A. We adopted the Cardelli curve as it was derived based on the line-of-sight mea-
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surements of molecular clouds and HII regions, and therefore preferable for the extinction
correction of nebular lines.

Given that the majority of the MOSDEF galaxies are not detected with Herschel,
it is important to know how well we can recover the total SFR with only 24 um data. We
fit the FSPS models to the UV-to-24 um data and set the dust emission parameters to the
default values (PAH fraction = 3.5%, v = 0.01, and Up;, = 1.0). The result is shown in
Figure 4.4(b). The SFRyy_24 and SFR(Ha) show no systematic offset, but exhibit a larger
scatter of 0.34 dex.

In panels ¢ and d of Figure 4.4 we estimated the bolometric SFR by adding unob-
scured SFR(UV) to obscured SFR(IR). The SFR(UV) is derived from the 1600 A luminosity
by fitting a power-law function of the form fy oc A to the photometry at rest wavelengths
1268—2580 A, and using the Kennicutt (1998) conversion between L(UV) and SFR. In order
to estimate the total L(IR), we fit the locally calibrated Chary & Elbaz (2001) templates
(hereafter, CE01) to the 24, 100, and 160 pym fluxes in Figure 4.4(c), and in Figure 4.4(d) we
converted the 24 um to total L(IR) using the luminosity-independent conversions of Wuyts
et al. (2008) (hereafter, WO0S).

The relation between SFR(Ha) and CE01 SFR is tighter than that of SFR(Ha)
vs. W08 SFR, but the CEO1 SFR is significantly larger than SFR(Ha) for several galaxies.
Even when incorporating the SPIRE photometry and fitting the CEO1 templates to all
the available IR photometry, the SFR(Ha) and SFR(UV)+SFR(IR) correlation is weak
(ps = 0.38 with 1.30), although the offset disappears (diamonds in Figure 4.4(c)). Whether

the discrepancy is due to the limited parameter space of the CEO1 templates or because of
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ignoring energy balance is an open question that cannot be addressed with the limited data
used in this study.

Moreover, we tested the Kennicutt et al. (2009) empirically-derived coefficients
to infer total SFRs by combining observed Ha and IR luminosities. The combined SFRs
were systematically lower than our dust-corrected SFR(Ha) and SFRgy-sgp by ~ 0.1 dex,
which might be because of the lower L(IR) and SFRs of the Kennicutt et al. (2009) nearby
sample compared to our z ~ 2 sample.

Our sample contained 3 galaxies without HS detections, for which we determined
3o lower limits on the SFR(Ha). The low SFRgsep of the H-undetected galaxies com-
pared to the rest of the sample indicates that we are not biased against galaxies in which
Hp is suppressed by dust attenuation. The HS line in all three galaxies happened to fall

close to a bright skyline, which likely explains their low S/N in Hp.

4.5 IR Luminosity Comparison

One concern regarding the use of energy-balance SED modeling is that for a galaxy
with two distinct stellar populations, with one enshrouded by dust, and hence, bright in
IR, and the other population less dusty and brighter in UV, the IR and UV-to-near-IR
parts of the spectrum will be decoupled. For such cases, an energy-balance method would
underestimate the true SFR and L(IR). To address this issue, we calculated L(IR) based
on the dust obscuration parameter derived from the UV-to-near-IR SED and compared
it to the observed 0.3 — 8um photometry (using the same stellar population models and

fitting assumptions as for the full modeling, see Section 4.3). We used the estimated total
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Figure 4.5 Ratio of the predicted (L(IR)ay, based on UV-to-near-IR SED) to the measured
(L(IR)8-1000um) IR luminosities as a function of rest-frame U —V" color. The good agreement
between the two estimated IR luminosities suggests that there is not a dominant obscured
stellar population that is missing from the UV-to-near-IR SED. Galaxies with undetected
Hp are shown with crosses. Numbers correspond to the SEDs in Figures 4.2,4.3.

extinction value at 1600 A (A1600) and unobscured SFR(UV) measured from the luminosity

at 1600 A, to calculate the obscured SFR:

SFRobscured = SFR(UV) (100441600 — 1 .0). (4.1)

Using the Kennicutt (1998) relation, we converted the obscured SFR to total L(IR)
at 8—1000 ym and compared it to the L(IR) based on our best-fit full SED model, integrated
from 8 to 1000 pm. The results are shown in Figure 4.5. For all galaxies in our sample, the
UV-to-near-IR SED-derived L(IR) is within a factor of ~ 2 of the integrated full SED L(IR),
suggesting that there is not a dominant stellar population that is completely obscured and

thus missed from the UV-to-near-IR SED.
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The results of the UV-to-near-IR SED-inferred IR luminosities are sensitive to
the assumed SFH and the SED-predicted ages. If instead of a delayed-tau SFHs we use a
rising SFH of the form SFR(t) o €!/7, the best-fit SED model predicts a high amount of
dust obscuration for our two most massive galaxies (objects 11 and 12). Because of the
high dust obscuration inferred from the stellar SED, L(IR) and SFR are overpredicted by a
factor of 2 2. Additionally, as found in previous studies (e.g., Wuyts et al. 2011a), without
a minimum age of 50 Myr the best-fit UV-to-near-IR SEDs result in unrealistically young
ages and high dust values for a subset of our galaxies.

With a physically reasonable age range and the delayed-tau SFHs, the UV-to-
near-IR SED and full SED SFRs are in good agreement (ps = 0.90, 3.00 away from a zero
correlation). This test illustrates that the SFR derived from the stellar emission alone is
not biased compared to the panchromatic SED-based SFR for z ~ 2 galaxies with M, ~

101 — 10 My and SFR ~ 30 — 210 Mg yr— 1.

4.6 Discussion and Implications

UV-inferred SFRs are susceptible to missing or underestimating the SFR of galax-
ies for which the bulk of the star formation is obscured and the UV slope is decoupled from
the total obscuration. Although He is less affected by dust extinction than the UV, given
its longer wavelength, it is still a valid concern that Ha studies may also underestimate
the SFR in dusty star-forming galaxies. We show in this paper that for Ha-based studies
with SFRs ~ 30 — 210 Mg yr~! the Ho luminosity does not underestimate the SFR, once

Ha is properly corrected for dust attenuation using the Balmer decrement. This conclu-
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sion does not necessarily hold at higher SFRs (i.e., submillimeter galaxies) owing to highly
obscured nebular regions. Such IR-luminous galaxies are likely missed in our study due to
their low number density or highly obscured emission lines. To test the latter, we checked
the MOSDEF target sample for galaxies with IR detections and undetected Ha lines, and
found two. Due to uncertain redshifts and noisy spectra we did not include them in this
study. However, deeper and/or wider wavelength range spectra are needed to confirm these
systems.

There are additional caveats to our analysis which need to be explored in more
detail in future studies. First, both the SFR(Ha)) and the SFRy,;—ggp suffer from systematic
uncertainties in the assumed IMF, metallicity, and SFH. Second, the SFR(Ha) is affected by
the choice of the assumed dust attenuation curve (Section 4.4), and the SFRgysgp by the
assumed dust emission models. Using stacking techniques for the IR data and incorporating
the full MOSDEF sample, once available, we will build upon the results of this study.
Furthermore, given the large discrepancies among different dust models at wavelengths
> 1mm (as demonstrated in Figures 4.2 and 4.3), mapping the Rayleigh-Jeans tail of the
cold dust emission with new facilities like the Atacama Large Millimeter/submillimeter
Array (ALMA) will significantly improve our understanding of the dust properties at high

redshift.
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Chapter 5

The MOSDEF Survey: Metallicity
Dependence of PAH Emission at

High Redshift and Implications for
24 m-inferred IR Luminosities and

Star Formation Rates at z ~ 2"

Abstract We present results on the variation of 7.7 um Polycyclic Aromatic Hydrocarbon

(PAH) emission in galaxies spanning a wide range in metallicity at z ~ 2. For this analysis,

*A version of this chapter was published in: Shivaei, I., Reddy, N., Shapley, A., Siana, B., Kriek, M.,
Mobasher, B., Coil, A., Freeman, W., Sanders, R., Price, S., Azadi, M., Zick, T., The Astrophysical Journal

837, 157 (2017)
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we use rest-frame optical spectra of 476 galaxies at 1.37 < z < 2.61 from the MOSFIRE Deep
Evolution Field (MOSDEF) survey to infer metallicities and ionization states. Spitzer/MIPS
24pm and Herschel/PACS 100 and 160 pum observations are used to derive rest-frame 7.7 ym
luminosities (L77) and total IR luminosities (Lir), respectively. We find significant trends
between the ratio of L77 to Lig (and to dust-corrected SFR) and both metallicity and
[OIII]/[OII] (Os2) emission-line ratio. The latter is an empirical proxy for the ionization
parameter. These trends indicate a paucity of PAH emission in low metallicity environments
with harder and more intense radiation fields. Additionally, L7 7/Lig is significantly lower
in the youngest quartile of our sample (ages of < 500 Myr) compared to older galaxies, which
may be a result of the delayed production of PAHs by AGB stars. The relative strength
of L7z to Lig is also lower by a factor of ~ 2 for galaxies with masses M, < 10'° Mg,
compared to the more massive ones. We demonstrate that commonly-used conversions of
L77 (or 24 pm flux density; foq) to Lig underestimate the IR luminosity by more than a
factor of 2 at M, ~ 10%67100M_. We adopt a mass-dependent conversion of L7 to Lig
with L7 7/Lir= 0.09 and 0.22 for M, < 10'© and > 10'9 M, respectively. Based on the new
scaling, the SFR-M, relation has a shallower slope than previously derived. Our results also
suggest a higher IR luminosity density at z ~ 2 than previously measured, corresponding

to a ~ 30% increase in the SFR density.

5.1 Introduction

Emission from single-photon, stochastically-heated Polycyclic Aromatic Hydrocar-

bon (PAH) molecules dominates the mid-infrared (mid-IR) spectra of star-forming galaxies.
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The origin and properties of these molecules have been the subject of many studies in the
literature, most of which have focused on local galaxies (Tielens 2008, and references therin).

It is crucial to fully understand how PAH emission depends on the physical condi-
tions of the interstellar media (ISM) as the PAH emission contribution to total IR emission
of galaxy may vary significantly from ~ 1 to 20% in different environments (Smith et al.
2007; Dale et al. 2009, among many others). There is evidence that PAHs are less abundant
in metal-poor environments in the local universe (e.g., Normand et al. 1995; Calzetti et al.
2007; Draine et al. 2007b; Smith et al. 2007; Engelbracht et al. 2005; Hunt et al. 2010; Cook
et al. 2014). The physical explanation of this observation is a subject of much debate —
whether the decrease in the PAH emission at low metallicity is directly driven by metallicity
or some other property of such environments is still unknown. The most favored explana-
tion is destruction of PAH molecules by hard UV radiation in low-metallicity environments
due to reduced shielding by dust grains (e.g., Voit 1992; Madden et al. 2006; Hunt et al.
2010; Sales et al. 2010; 7; Magdis et al. 2013). Other possibilities have also been discussed
in the literature: that small PAH carriers are destroyed in low-metallicity environments
through sputtering (Hunt et al. 2011, and references therein), that PAH formation and
destruction mechanisms depend on dust masses, which in turn correlate with metallicity
(Seok et al. 2014); and that the PAH-metallicity trend is a consequence of the PAH-age
correlation (Galliano et al. 2008). The latter scenario is offered based on the assumption
that the contribution of AGB stars — as the purported primary origin of PAH molecules —

to ISM chemical enrichment increases with age.
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The PAH emission features span from 3 ym to 17 um, with the one at 7.7um being
the strongest (contributing ~ 40-50% of the total PAH luminosity; Tielens 2008; Hunt et al.
2010). At z ~ 2, the 24 pm filter of the Spitzer/MIPS instrument traces this feature. Due to
the high sensitivity of MIPS, many high-redshift studies adopt the 24 ym flux as an indicator
of total IR luminosity (L(8 — 1000um) = Lir) and star-formation rate (SFRs; e.g., Chary
& Elbaz 2001; Reddy et al. 2006a; Daddi et al. 2007a; Wuyts et al. 2008; Reddy et al. 2010;
Shivaei et al. 2015a). However, the metallicity and ionization state dependence of the PAH-
to-Lig ratio of distant galaxies have not been studied in detail. In high-redshift studies, a
single conversion from 24 ym flux (or rest-8 um luminosity) to L is typically assumed for
galaxies with a range of different metallicities and stellar masses (e.g., Wuyts et al. 2008,
2011a; Elbaz et al. 2011; Reddy et al. 2012b; Whitaker et al. 2014b). Possible variations of
the relative strength of PAH emission to Lig with metallicity (and as a consequence with
stellar mass) can potentially alter the results of studies that rely on 24 ym flux to infer Lig
or SFR — for example, those that investigate dust attenuation parameterized by Lir/Luv
(e.g., Reddy et al. 2012b; Whitaker et al. 2014b), or those that utilize bolometric SFRs (i.e.,
SFRir+SFRuyv) to explore relations such as the SFR-M, relation (e.g., Daddi et al. 2007a;
Wuyts et al. 2011b; Fumagalli et al. 2014; Tomczak et al. 2016).

With the large and representative dataset of the MOSFIRE Deep Evolution Field
(MOSDEF) survey (Kriek et al. 2015), we are in a unique position to investigate, for the first
time, the dependence of PAH intensity (defined as the ratio of 7.7 yum luminosity to SFR
or Lir) on the ISM properties of high-redshift galaxies. The MOSDEF survey provides us

with near-IR spectra of galaxies at 1.37 < z < 2.61, from which we calculate spectroscopic
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redshifts and estimate gas-phase metallicities and ionization states. We use mid- and far-I1R
photometric data from Spitzer/MIPS 24 ym and Herschel/PACS 100 and 160 ym to measure
PAH emission and total IR luminosities, respectively.

Our study includes galaxies over a broad range of stellar masses (M, ~ 107 —
1012 Mg), SFRs (~ 1 — 200 M yr—1), and metallicities (~ 0.2 — 1Z). Ultimately, we
quantify how the conversions between rest-frame 7.7 um and both SFR and Lig depend on
metallicity and stellar mass. These scaling relations are important for deriving unbiased
estimates of total IR luminosities and obscured SFRs based on observations of the PAH
emission in distant galaxies — such observations will be possible for larger numbers of high-
redshift galaxies with JWST/MIRI (Shipley et al. 2016).

The outline of this paper is as follows. In Section 5.2, we introduce the MOS-
DEF survey and describe our measurements including line fluxes, stellar masses, SFRs, IR
photometry, and the IR stacking method. In Section 5.3, we constrain the dependence of
L77/SFR and L7 7/Lig on metallicity and ionization state. The PAH intensity as a function
of age is explored in Section 5.4. Implications of our results for the studies of the SFR-M,
relation and the IR luminosity density at z ~ 2 are discussed in Section 5.5. In Section 5.6,
we briefly discuss the possible physical mechanisms driving the PAH-metallicity correlation.
Finally, the results are summarized in Section 5.7. Throughout this paper, line wavelengths
are in vacuum and we assume a Chabrier (2003) initial mass function (IMF). A cosmology

with Hy = 70kms~! Mpc™,Q = 0.7, Q= 0.3 is adopted.
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5.2 Data

5.2.1 The MOSDEF Survey

During the MOSDEF survey, we obtained rest-frame optical spectra of ~ 1500
galaxies with the MOSFIRE spectrograph on the Keck I telescope (McLean et al. 2012).
The parent sample was selected based on H-band magnitude in three redshift ranges: z =
1.37—1.70, 2.09—-2.61, and 2.95—3.80, down to H = 24.0, 24.5, and 25.0 mag, respectively.
These redshift ranges were adopted to ensure coverage of the strong optical emission lines
([O11], [OIII], HB, Ha) in the JHK bands. The MOSDEF survey was conducted in the
five CANDELS fields: AEGIS, COSMOS, GOODS-N, GOODS-S, and UDS (Grogin et al.
2011; Koekemoer et al. 2011). These fields are also covered by the HST/WFC3 grism
observations of the 3D-HST survey (Skelton et al. 2014; Momcheva et al. 2016). The details
of the MOSDEF survey, observing strategy, and data reduction are reported in Kriek et al.
(2015).

We limit our study to the first two redshift bins (1.37 < z < 1.70 and 2.09 < z <
2.61), where the MIPS 24 um filter covers the rest-frame 7.7 ym PAH feature (Figure 5.1).
Objects with active galactic nucleus (AGN) contamination are removed from our study,
based on their X-ray emission, IRAC colors (using the Donley et al. 2012 criteria), and/or

[NII]/He line ratios ([NIIJ/Ha > 0.5; Coil et al. 2015; Azadi et al. 2017).

5.2.2 Emission Line Measurements

Emission line fluxes were estimated by fitting Gaussian functions to the line pro-

files. Uncertainties in the line fluxes were derived by perturbing the spectrum of each object
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Figure 5.1 The Spitzer/MIPS 24pm filter (black dashed line) superimposed on the observed
mid-IR spectrum of a galaxy at z = 1.5 (yellow), z = 2 (light red), and z = 2.5 (dark red).
The mid-IR spectrum is adopted from Rieke et al. (2009) for a galaxy with Lig = 10 L.

according to its error spectrum and measuring the line fluxes in these perturbed spectra
(see Kriek et al. 2015; Reddy et al. 2015). The Ha line and [NII] doublet were fit with
three Gaussian functions and the [OII] doublet was fit with two Gaussians. To account for
the loss of flux outside of the spectroscopic slits, corrections were applied by normalizing
the spectrum of a slit star in each observing mask to match the 3D-HST total photometric
flux (Skelton et al. 2014). Additionally, we used the HST images of our resolved galaxy
targets to estimate and correct for differential flux loss relative to that of the slit star (Kriek
et al. 2015). Ha and HS fluxes were further corrected for underlying Balmer absorption
as determined from the best-fit stellar population models to the broadband photometry

(Section 5.2.3).
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We use the [NII]A6585/Ha (N2) and ([OIII]A5008/Hg)/([NII]A6585/Ha) (O3N2)
indicators to derive gas-phase oxygen abundances (metallicities) based on the empirical
calibrations of Pettini & Pagel (2004) (see Sanders et al. 2015; Shapley et al. 2015). As both
N2 and O3N2 indicators include ratios of emission lines that are close in wavelength space,
no dust correction is applied. Although there are concerns regarding biases in the metallicity
indicators that use nitrogen (Shapley et al. 2015; Sanders et al. 2016a), the N2 and O3N2
indicators still distinguish the lower- and higher-metallicity galaxies, which is sufficient for
the purpose of this study. Furthermore, we use the [OITI]AA4960, 5008 /[OIT]AA3727, 3730
ratio (O32) as a proxy for ionization parameter. As [OIII]A5008 has a higher signal-to-
noise (S/N) than [OITI]A\4960, we assume a fixed [OIIIJA5008/[OIII]A4960 line ratio of 2.98
(Storey & Zeippen 2000) to calculate the sum of [OIITJA5008 and [OITI]A4960. We correct
[OIII] and [OII] lines for dust extinction by using the Balmer decrement (Ha/HpS) and
assuming the Cardelli et al. (1989) extinction curve (Reddy et al. 2015; Shivaei et al. 2016).
Where necessary, we calculate O3y gas-phase metallicity based on the calibrations of Jones

et al. 2015.

5.2.3 Stellar Masses, Ages, and SFRs

Stellar masses and ages are derived by fitting rest-UV to near-IR photometry from
3D-HST (Skelton et al. 2014; Momcheva et al. 2016) with Bruzual & Charlot (2003) models
through a minimum y? method. The photometry is corrected for emission line contamina-
tion according to the MOSDEF spectra. For the SED fitting we assume a solar metallicity,
a Chabrier (2003) IMF, and an exponentially rising star-formation history (Reddy et al.

2015). The latter is assumed because it has been shown that rising star formation histories
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Figure 5.2 Ratio of the rest-frame 7.7 um luminosities inferred from the IR templates of
Dale & Helou (2002, red) and Rieke et al. (2009, blue) to those inferred from the Chary
& Elbaz (2001) templates for 299 galaxies with robust redshifts. The 7.7 um luminosities
are derived by fitting 24 um flux densities to the IR templates. For a majority of galaxies,
the systematic bias caused by using different templates is not significant compared to the
measurement uncertainties.
best reproduce the observed SFRs at z ~ 2 (e.g., Wuyts et al. 2011a; Reddy et al. 2012b).
As described in Reddy et al. (2012b), ages that are inferred from exponentially rising star
formation histories are ambiguous and often larger than those derived from constant star
formation histories. However, a majority (86%) of our galaxies have very large characteris-
tic timescales (7 = 5000 Myr), which makes their star formation histories very similar to a
constant one, along with well-defined ages.

We convert Ha luminosities to SFRs by adopting the Kennicutt (1998) relation,
modified for the Chabrier 2003 IMF. The line luminosities are corrected for dust attenuation

using the Balmer decrement and assuming the Cardelli et al. (1989) curve (Shivaei et al.

2016). Hereafter, we refer to the dust-corrected Ho SFR as SFRyq 1g-
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5.2.4 Mid- and Far-IR fluxes

We perform scaled point-spread function (PSF) photometry on the Spitzer/MIPS
and Herschel/PACS images in COSMOS, GOODS-N, GOODS-S, and AEGIS fields from
multiple observing programs (PI: M. Dickinson; Dickinson & FIDEL Team 2007; Elbaz et al.
2011; Magnelli et al. 2013). The accuracy of the measured fluxes is determined by adding
simulated sources to the science images and recovering their fluxes in the same way as for
real sources. Details of the photometry and simulations are described in Shivaei et al. (2016).
In brief, we use the IRAC and MIPS priors down to a 3¢ limit for MIPS and PACS images,
respectively. A 40 by 40 pixel subimage is made around each target. In each subimage, the
PSFs are scaled to match the prior objects and the target simultaneously. In this process,
a covariance matrix is defined to determine the robustness of the fit, which is affected by
confusion with nearby sources as described in Reddy et al. (2010). Based on the total
covariance value of the MIPS 24 ym fits, we remove objects that have nearby companions
from our analysis. To determine the noise and background level in each subimage, we
fit PSFs to 20 random positions, ensuring that these positions are more than 1 FWHM
away from any real sources. The average and standard deviation of the background fluxes
are adopted as the background level and noise in the image, respectively. The typical
measurement uncertainty for 24 ym-detected objects is 094 ~ 15%. The majority (~ 80%)
of these 24 ym-detected objects are not detected in 100 and 160 ym images. Out of 406
non-AGN objects without any nearby sources (see above), 128 of them (32%) are detected
at 24 ym with S/N > 3, and only 13 (3%) are detected with S/N > 3 at both 24 and

100 pm.
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5.2.5 IR Stacks

Due to the relatively shallow depth of the available far-IR data, we stack the PACS
images to obtain a sufficiently high S/N, so that we can measure average IR luminosities. We
also stack the Spitzer/MIPS 24 um images because of the high fraction of 24 ym-undetected
objects (S/N < 3). In this analysis, all the stacks include both the detected and undetected
objects. The stacking technique is described below.

We extract 40x40 pixel subimages centered on each target, and subtract all prior
sources brighter than the detection limit of S/N = 3, using the scaled PSF method described
in Section 5.2.4. We then combine these residual images by making an inverse-SFR-weighted
average stack as follows. We normalize each 24 ym image by its SFRyqng and divide
the sum of the normalized images by the sum of the weights (i.e., 1/SFR). We adopt
inverse-SFR-weighted average stacks because ultimately we are interested in investigating
the average of f24/SFR and L7 7/SFR ratios (Section 5.3.1). As we do not have direct
far-IR detections for a majority of our galaxies, we can not construct inverse-Lig-weighted
average stacks. As a result, we use a 3o-clipped mean or a median stack of 24, 100, and
160 pm images for the foy/Lig and L7 7/Lig analyses (Section 5.3.2). A comparison of these
different stacking methods is presented in Appendix 5.8.

We calculate the stacked flux by performing aperture photometry on the stacked
image. Based on the measured S/N of various aperture sizes, we adopt a 4-pixel radius
aperture. The amount of light falling outside of the 4-pixel aperture is calculated using
the PSF, and the fluxes are corrected accordingly. Similar to the PSF fitting technique,

we measure background fluxes in 20 random positions to determine the noise (i.e., the
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uncertainty in the stacked 24 ym flux). There is little variation in the aperture corrections

from field-to-field (< 5%), which is negligible compared to the measurement errors.

5.2.6 vL,(7.7um) and Lig

The k-correction required for converting 24 pm flux densities to rest-frame 7.7 um
luminosities is computed using the Chary & Elbaz (2001, hereafter, CE01) templates. First,
we shift the templates to the redshift of each object (or median/weighted-average redshift
of the stack), and then convolve the models with the 24 um filter transmission curve. The
best-fit model is determined through a least-x? method and vL, (7.7um) (L77, in units of
L) is extracted from the best-fit model.

To quantify the systematic biases from using different IR templates, we measure
L7 7 from the best-fit Dale & Helou (2002) and Rieke et al. (2009) models and compare
them with those of CEO1 (Figure 5.2). Adopting the Dale & Helou (2002) and Rieke et al.
(2009) models would systematically increase the calculated L7 7 by ~ 0.06 and ~ 0.10dex,
respectively. For a small fraction (4%) of galaxies, the Rieke et al. (2009) L7 7 is larger than
the CEO1 Ly7 by > 0.3dex. However, these galaxies do not have systematically different
masses or metallicities compared to that of the rest of the sample. Therefore, their L7~
offsets do not affect the mass and metallicity trends in this study.

Total IR luminosities (Lig, integrated from 8 to 1000 um) are measured from the
best-fit CE01 models to PACS 100 and 160um stacks. We measure L errors by perturbing
the 100 and 160um flux densities of each stack by their measurement uncertainties 10,000
times and calculating the 68% confidence intervals from these realizations. Furthermore,

we verify that the best-fit models of Dale & Helou (2002) alter the inferred IR luminosities
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by only ~ 5%, which is negligible compared to the typical Lig measurement uncertainties

of ~ 10 — 20%.

5.3 PAH and ISM properties

In this section, we explore variations of the 7.7 ym PAH intensity in different ISM
conditions, specifically with different gas-phase metallicities and ionization parameters. As
a consequence of the correlation between metallicity and dust, we expect Lig and SFR
to correlate with metallicity such that metal-rich galaxies have higher SFRs and Lig. We
quantify the PAH emission intensity by normalizing L7 7 to either SFRyq g (Section 5.3.1)
or Lig (Section 5.3.2).

The fractional contribution of the stellar and dust continuum from very small
grains (VSGs) to the 7.7 um PAH emission varies in star-forming galaxies. Using a sam-
ple of local starburst galaxies, Engelbracht et al. (2008) showed that the stellar fractional
contribution in the IRAC 8 ym band is 30 to 4% for 12 + log(O/H) ~ 7.4 to 8.7, respec-
tively. Galaxies in our sample have 12 + log(O/H) > 8, suggesting a stellar fraction of
< 10%. Moreover, following the redshift evolution of SFR-M, relation from z ~ 0 to 2
(e.g., Whitaker et al. 2014b), our galaxies have typically higher specific SFRs, and hence
we expect lower stellar contamination in their mid-IR bands relative to local galaxies of the
same stellar mass. Additionally, spectra of lensed high-redshift galaxies indicate a weak
presence of mid-IR continuum (Rigby et al. 2008; Siana et al. 2009; Fadely et al. 2010)
and high PAH emission contribution to the broadband 24 um filter at z ~ 2 (Smith et al.

2007). Therefore, we conclude that the continuum contribution to our L7 7 measurements
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Figure 5.3 Ratio of 7.7 um luminosity to dust-corrected SFRyq g as a function of (a) N2
metallicity, (b) O3N2 metallicity, and (c¢) Osz ratio. The Oge gas-phase metallicity (based
on calibrations of Jones et al. 2015) is also displayed in panel (c). The plots show galaxies
that have detections (S/N> 3) in all of the diagnostic emission lines used in each plot: panel
(a) has objects detected in He, HB, and [NII] (total of 187 objects), panel (b) has objects
detected in Ha, HS, [NII], and [OIII] (172 objects), and objects in panel (c) are detected in
Hea, HB, [OIII], and [OII] (171 objects). AGNs and objects with 24 um nearby neighbors
are removed. Small circles and arrows indicate individual detections and 3 ¢ upper limits
for non-detections at 24 pm, respectively. The 24 pm detection fraction in each bin is shown
in the bottom panels. Red symbols show galaxies at 1.37 < z < 2.0. The L77/SFRuq. ug
stacks are performed in bins of the quantity on the horizontal axis and include all the 24 ym
detected and undetected galaxies in each bin. The horizontal error bars show the width of
the bins. In panel (c), there are only 8 objects at z < 2, because [OI1] is not covered by the
MOSFIRE Y filter at z < 1.6. In panels (a) and (b), solar metallicity (12+log(O/H) = 8.69,
Asplund et al. 2009) is indicated with a dashed line. Stack values are listed in Table 5.1.
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is negligible. Future observations with JWST/MIRI will help to clarify the stellar and
dust continuum contribution to the aromatic bands in the spectra of high-redshift galax-
ies. Compared to star-forming galaxies, AGNs typically have fainter PAH emission and
a higher (non-negligible) fractional contribution of thermal and stellar continuum to the
mid-IR emission (Smith et al. 2007). We removed the known AGNs from our sample (Sec-

tion 5.2.1).

5.3.1 L;7/SFR and ISM properties

Due to the relatively shallow depth and poor spatial resolution of the far-IR data,
obtaining robust individual far-IR measurements for a representative number of galaxies in
our sample is not possible. Instead, we rely on our individual measurements of SFRuq Hg
(Section 5.2.3). It was shown in Shivaei et al. (2016) that SFRy, s accurately traces SFRs
up to ~ 300 My yr~!, when compared with those from the IR.

We calculate inverse-SFRy, ng-weighted average stacks of 24 um images (see Sec-
tion 5.2.5) in four bins of metallicity with a roughly equal number of galaxies in each
bin. The stacked 24 um flux density is converted to L7; using the CEO1 IR templates
(Section 5.2.6), and then divided by the weighted-average SFRpq ng. Dividing the inverse-
SFRu, ng-weighted average L7z to weighted average SFRpq npg is mathematically equiv-
alent to calculating an average of the L77/SFRpuq ng ratios in each bin (Appendix 5.8).
Properties of the stacks are listed in Table 5.1. Figure 5.3(a,b) shows L7 to SEFRuq np ratio

as a function of N2 and O3N2 metallicities ! (Section 5.2.2). The uncertainties in L7.7/SFR

!Based on a small sample of three galaxies at z ~ 2, one lensed galaxy at z = 1.4, and nine z ~ 0.2 green
pea galaxies, Steidel et al. (2014) showed that the O3N2 index indicates a slightly better agreement with
the direct Te measurements of 12 + log(O/H), relative to those computed using the N2 index.
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ratios are calculated by adding the L77 and SFR fractional uncertainties in quadrature.
There is a clear increase of L77/SFR with increasing metallicity. Considering the small
fraction of 24 pm-detected objects in the two lowest metallicity bins, it is expected that the
average L77/SFRuq g ratios, which include all the detected and undetected 24 pm objects
in the corresponding bins, will lie below the few individually 24 pm-detected sources. We
consider separately the trends for the full redshift range, and for z > 2 alone. The L7 7/SFR
ratio increases by a factor of ~ 10 (~ 15) from the lowest to the highest metallicity bin in
stacks of galaxies at 1.37 < z < 2.61 (2.0 < z < 2.61).

We investigate the potential incompleteness of our samples due to the requirement
of detecting the [NII] and [OIII] lines for N2 and O3N2 metallicties. The fractions of
galaxies detected in [NII] ([OIII]) for the four bins of stellar mass indicated in Table 2 are
0.28, 0.56, 0.72, and 0.93 (0.28, 0.55, 0.68, and 0.83) proceeding from low to high stellar
masses. As expected, more galaxies with undetected emission lines are missed from the N2
and O3N2 samples as we go to lower masses. However, in each mass bin, the distributions
of the 24 yum S/N and fay of the detected-line subsamples are very similar to that of the
full sample (including detected and undetected [NII] and [OIII] lines). Additionally, in
Section 5.5.1 we show the L7y and Lig stacks in bins of stellar mass regardless of the
emission line detection. Both the L77/SFR and Ly7/Lig ratios are suppressed at low
masses, which correspond to low metallicities according to the mass-metallicity relation
(Tremonti et al. 2004). We conclude that the sample incompleteness at low N2 and O3N2
metallicities is unlikely to be the dominant factor in driving the L77/SFR and L77/Lg

trends with metallicity.
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Another important trend is the anti-correlation between the PAH intensity and
O30 ratio. O3o is used as an empirical proxy for ionization parameter, which is in turn anti-
correlated with metallicity (e.g., Pérez-Montero 2014, see also Figure 12 in Sanders et al.
2016a for the relation of O3y with O3N2 and N2 in MOSDEF). The weighted-average stacks
of 24 pym images in the two highest Oz bins yield non-detections. In addition, objects with
detected and undetected 24 ym emission are distinctly separated towards lower and higher
Oss, respectively. The fraction of 24 pm-undetected objects increases significantly from 38%
in the lowest Osg bin (median O3y = 0.9) to 91% in the highest bin (median Oge = 4.5),
while the 24 ym non-detection fraction changes from ~ 30% at 12+1og(O/H) ~ 8.6 (8.5) to
~ 60 — 70% at 12 + log(O/H) ~ 8.3 (8.2) for N2 (O3N2) metallicities (refer to the bottom
panels in Figure 5.3). These trends suggest that the PAH intensity is strongly affected by
the ionization parameter. We will return to this point in Section 5.6.

Excluding the 24 pm-undetected objects from the analysis leads to a significantly
biased sample. However, to explore the variations of 24 ym-bright sources with Osg, we
stack only the 24 um-detected objects in the same four bins of Osy as before. The results
indicate that the L77/SFR ratios of 24 um-bright sources are almost independent of O3
within the uncertainties (L77/SFR ~ 2.5 x 10° Lo, /Muyr~! in all O3z bins.)

The PAH-metallicity correlation found at z ~ 2 is consistent with the trend
observed at z ~ 0 (Engelbracht et al. 2005; Draine et al. 2007b; Galliano et al. 2008;
Hunt et al. 2010, among others). In local galaxies, there is a paucity of PAH emission at
12 +log(O/H) < 8.1 — 8.2 (Engelbracht et al. 2005; Wu et al. 2006; Draine et al. 2007b).

In Figure 5.3(c) we see the same threshold in the Osg plot at z ~ 2: there is a sharp
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difference in the L77/SFRuq mp ratio below and above Osa ~ 2, which corresponds to
12 4+ log(O/H)o4, ~ 8.2 based on the metallicity calibrations of Jones et al. (2015). The
threshold is at 12 + log(O/H)n2 ~ 8.5 for the N2 metallicity calibration. We will discuss
this observed threshold in more detail in Section 5.6.

Additionally, we examine possible variations of L77 to SFRuq ng (and to Lir)
ratio in the BPT diagram ([OIII]/HgB vs. [NII]/Ha; Baldwin et al. 1981), as the position
of galaxies below and above the BPT locus is known to be sensitive to the hardness of
ionizing radiation (Kewley et al. 2013). We use the locus of z ~ 2 star-forming galaxies in
the BPT diagram from Shapley et al. (2015) and stack 24 ym images of galaxies below and
above the locus. Surprisingly, we do not find any evidence for variation of L7 7 intensity in
this parameter space, as galaxies at z > 2 below and above the BPT locus have the same
L77/Lig ratio of 0.20 & 0.03. It is not clear why we do not see a significant change of the
PAH intensity across the BPT diagram; it may be due to the small sample size.

Our results directly show the correlation between the PAH emission and intensity
of the radiation field as was speculated by Elbaz et al. (2011, hereafter, E11). In Elbaz et al.
(2011), the reduced Lg/Lig ratio was attributed to star formation “compactness” and “star-
burstiness” characterized by the SFR surface density and specific SFR, respectively. These
authors concluded that the weak PAH emission in compact starbursts compared to their
typical star-forming counterparts is a consequence of an increased radiation field intensity in
these galaxies, which is directly shown by our results of decreasing PAH intensity with Oss.
In other words, based on the assumption of a constant electron density (as electron density

appears to be almost independent from other galaxy properties in MOSDEF, Sanders et al.
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2016a), and the same ionizing spectrum, there is a tight correspondence between Oge and
ionization parameter, such that increasing Oso reflects a more intense radiation field. This
conclusion still holds even if we assume a different (harder) ionizing spectrum for the higher
Ogs2 bins, which would lower the inferred ionization parameter for a given O3y value (see

Figure 10 in Sanders et al. 2016a).

5.3.2 L77/Lir and ISM properties

Estimating the total IR luminosity independent of fa4 requires access to longer
wavelength TR data. As mentioned before, in our sample, only very dusty star-forming
galaxies with bright dust continua are detected in Herschel/PACS at 100 and 160 pum bands.
Therefore, we rely on stacks of images to obtain a sufficiently high S/N to calculate robust
IR luminosities.

Figure 5.4 shows Ly 7/Lg stacks in bins of metallicity and Osa. We combine the
two lowest metallicity bins and the two highest Os2 bins in Figure 5.3 and Table 5.1 to
gain higher S/N in the PACS stacks. The N2 stacks are adopted only for galaxies at z > 2,
because otherwise the highest N2 metallicity bin is dominated by lower redshift (z ~ 1.5)
galaxies. In O3N2 and O3z plots, the median redshifts of all bins are similar and all above
z = 2. We note that there are only 8 galaxies at z < 2 in the Ogo sample, as [OII] is
not covered by the MOSFIRE Y filter at z < 1.6 (see Figure 5.3c). Properties of L77/Lir
stacks are listed in Table 5.2.

To place our analysis in the context of other studies, we compare our results

with E11, Reddy et al. (2012a, R12), and Wuyts et al. (2008, W08). E11 found that
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Figure 5.4 Relative strength of 7.7 ym luminosity to total IR luminosity as a function of N2
metallicity (a), O3N2 metallicity (b), Os2 ratio (c), and ratio of 24 um flux density to total
IR luminosity versus Osz (d). In order to gain sufficient S/N in PACS bands, the lowest
metallicity bins and the highest O32 bin have twice the number of galaxies in other bins.
Yellow stars show stacks of all galaxies. For comparison, we show the L7 7/Lig conversions
of E11 and R12 and the associated uncertainties with solid lines shaded regions, respectively.
The fo4/Lir ratio of W08 is plotted in panel d. The W08 ratio is redshift-dependent and
the width of the purple line in plot (d) shows the range of values for the three bins. The
N2 stacks are only performed for galaxies at z > 2, because otherwise the last bin would be
biased towards galaxies at z < 2.0. Stacked values are listed in Table 5.2.
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typical main-sequence galaxies between z = 0— 2.5 follow a Gaussian distribution of Lir/Lg
(vL,(8um) = Lg) centered at Lig/Lg = 4 (0 = 1.6) with a tail of starburst galaxies with
larger Lig/Lg ratios. The median Ly /Lg ratio of all galaxies in their sample was 4.9f§:g.
Furthermore, the R12 study found Lig/Ls = 7.7+ 1.6 for a sample of UV-selected galaxies
at 1.5 < z < 2.6 (with mean redshift of 2.08). R12 attributed their higher Lir /Ls to redshift
evolution and larger IR luminosity surface densities compared to those of the local galaxies.
For a consistent comparison of these ratios with our results, we converted Lg/Lig ratios of
R12 and E11 to L7 7/Lig ratios. The E11 and R12 samples have Lig = 5 x 109 —3 x 10'? L,
and 10'° — 5 x 10'2 L, respectively. According to the CEO1 templates, vL, at 7.7 ym is
higher than vL, at 8 um by 29% for a template with L1g = 5 x 10° L, and 12% for Lig
= 5 x 102 L. The average Lir in the R12 and E11 high-z samples is ~ 2 x 10! L, which
corresponds to a L77/Lg ratio of 1.25. Therefore, we adopt a correction factor of 1.25 to
convert the E11 and R12 Lg/Lig ratios to L77/Lir ratios. The variations of the Ly7/Lg
ratios resulted from adopting other conversion factors (from 1.12 to 1.29) are well within
the reported 1o measurement uncertainty of L77/Lig. After the conversion, we obtain
L77/Lig= O.25f8:ﬁ’ and 0.16 4 0.03 for the E11 and R12 studies, respectively. These ratios
and their confidence intervals are shown with lines and shaded regions in Figure 5.4. The
L77/Lig of E11 is consistent with our highest metallicity and lowest O3y stacks. This is
expected as at the same stellar mass, low-redshift galaxies have typically higher metallicities
and less intense ionizing radiation fields. The L7 7/Lig of R12 is in agreement with our lower
metallicity stacks and the middle Osy stack, as well as with the stacks of the full sample

(vellow stars).

117



We also compare our results with those of Wuyts et al. (2008, 2011a). In these stud-
ies, the authors derived an empirical IR template and luminosity-independent monochro-
matic conversions from 24 ym flux density to Lig as a function of redshift. We used the
median redshifts of our three O3y stacks (from the lowest to the highest bin: z = 2.29, 2.27,
and 2.29, Table 5.2) to adopt appropriate fos-to-Lig conversions and compare them with
our results in Figure 5.4(d). The width of the purple line indicates the range of the W08
foa/Lir ratios for different redshifts of our three stacks. As expected, foq/Lig of WO8 is
consistent with our middle O39 bin as well as the stack of all objects, but there is discrepancy
with the low and high Ogsg stacks. The same conclusion holds for the metallicity stacks. In
Section 5.5, we will discuss the implications of the inconsistency between the L7 7-to-Lig

conversions of W08, E11, and R12 with our observed values at low stellar masses.

5.4 PAH and Age

PAH molecules are thought to form in the outflows of carbon-rich AGB stars
(e.g., Latter 1991; Tielens 2008). These evolved stars begin enriching the ISM after their
death (at an age of ~ 400 Myr, Galliano 2011), as opposed to core-collapse supernovae
explosions, which enrich the ISM with dust on short timescales following the onset of star
formation (< 10Myr). As a result, some studies suggest that the correlation between the
PAH intensity and metallicity arises because of the delayed formation of the PAH molecules
in chemically young systems (Dwek 2005; Galliano et al. 2008). Galliano et al. (2008)

modeled the dust production associated with massive and AGB stars and showed that
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Figure 5.5 (a): ratio of L77 to SFRyq g as a function of age. Symbols are the same as
Figure 5.3. Individual galaxies are color coded based on their N2 metallicity. (b): ratio of
7.7 um luminosity to Lig as a function of age. Symbols are the same as Figure 5.4. Ages
are derived from the best-fit SEDs. Stacked values are listed in Tables 5.1 and 5.2.
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PAHs are less abundant in young metal-poor systems. To test this scenario, we investigate
the PAH intensity as a function of age in our sample.

In Figure 5.5, we show the trend of L77/SFR and L7 7/Lir as a function of age.
Ages are derived from the best-fit SED models (Section 5.2.3). The PAH intensity is essen-
tially constant within the errors at ages 2 900 Myr, but both the L77/SFR and L77/Lr
ratios drop significantly by a factor of ~ 3 for young galaxies with ages ~ 300 — 800 Myr.
Galaxies with ages < 500 Myr (the first bin in Figure 5.5a) have a wide range of metal-
licities (12 + log(O/H)o3n2 ~ 8 — 8.6), although the metallicities are systematically lower
(median of 8.2) compared to that of the whole sample (median of 8.3). To demonstrate
that metallicity can not completely account for the variation of L77/SFRuq mg with age,
we randomly draw galaxies from the old population (with ages > 500 Myr), such that the
subsample has the same metallicity distribution as that of the young population (with ages
< 500 Myr). We stack the 24 ym images, and find that the average L7 7/SFR of the old
population subsample is a factor 3 larger than the average L77/SFR of the young popula-
tion, although they have the same metallicity distribution. This indicates that the observed
deficit of PAH emission in young galaxies cannot be fully explained by low metallicity and

high ionization parameter.
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Figure 5.6 (a): ratio of L7z to SFRuqe np as a function of stellar mass. Symbols are the
same as Figure 5.3. (b) and (c): ratio of 7.7 ym luminosity and 24 pm flux density to Lig
as a function of M,, respectively. Symbols are the same as Figure 5.4. In the lowest mass
bin (M, < 10%¢Mg) none of the 24 ym, 100 um, and 160 ym fluxes are detected at 2.50.
Stacked values are listed in Tables 5.1 and 5.2.
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5.5 L77 as a tracer of Total IR Luminosity: Implications for

High-z studies

As shown in Figures 5.3 and 5.4 and discussed in Section 5.3, the ratio of rest-
frame L7y to SFR or Ly strongly depends on metallicity and Oso. Figure 5.6 shows the
correlation between L7 7/Lig and M,, which likely arises from the correlation between M,
and metallicity (Tremonti et al. 2004) and the anti-correlation between M, and O3y (e.g.,
Sanders et al. 2016a).

Similar to the 24 pm-to-IR conversions of W08, E11, and R12, luminosity-dependent
conversions of Caputi et al. (2007), Bavouzet et al. (2008), Rigby et al. (2008), and Reddy
et al. (2010) are also only consistent with massive galaxies with M, > 10 My and
Lig 2 1017155 Lo In the next two sections we will discuss the implications of this re-

sult for high-redshift studies.

5.5.1 The SFR-M, relation

In Shivaei et al. (2016) we discussed how SFR-M, studies at z ~ 2 that rely on
Ha SFRs predict shallower log(SFR)-log(M.) slopes (~ 0.5 — 0.7, Erb et al. 2006¢; Zahid
et al. 2012; Koyama et al. 2013; Atek et al. 2014; Darvish et al. 2014; Shivaei et al. 2016),
compared to those that utilize IR SFRs (slope of ~ 1, Daddi et al. 2007a; Santini et al. 2009;
Wuyts et al. 2011b; Reddy et al. 2012b; Whitaker et al. 2014b). In order to understand the
cause of this discrepancy, in Shivaei et al. (2016) we compared SFRyq s with SFRs inferred

from panchromatic SED models that were fit to rest-frame UV to far-IR photometry. The
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Figure 5.7 SFR in bins of stellar mass. Orange circles are 3o-clipped means of dust-corrected
SFRHq,mp in each bin. Other symbols show the sum of SFRyy at 1600A and SFRir derived
from 24 pum stacks using different conversions. Blue stars adopt the conversion derived in this
study (Figure 5.6b): L77/Lir= 0.09 and 0.22 for M, below and above 1019 M, respectively.
Cyan, yellow, and purple diamonds are from single-value conversions of R12, W08, and
E11, respectively. We use the median redshift in each bin to adopt the corresponding W08
conversion. The SFRir and SFRp, g errorbars are the same size as the symbols. The
best-fit lines, slopes, and intercepts estimated from a simple linear least-squares regression
to log(SFR) vs. log(M,) are shown on the plot with respective colors. The grey region
shows Mx* < 1096 Mg, where the 24 yum stack is not detected.
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comparison indicated that SFRp, 1 does not underpredict total SFR even for the most
star-forming and dusty galaxies in our sample (up to ~ 300 Mg yr—!). In this section,
we examine whether the discrepancy in the slope of the SFR-M, relation arises from the
24 pm-inferred IR SFRs that are not corrected for the PAH-metallicity effect.

Figure 5.7 shows SFR in bins of stellar mass for galaxies with M, > 10?6 M. In
Figure 5.7, orange circles denote mean SFRy, ng and other symbols are mean SFRyy added
to mean SFRir, where the latter is derived from various conversions of fay to Lig adopted
from the literature (diamonds) and from this analysis (blue stars), which is described as
follows. We derive a mass-dependent conversion of L7 7 to Lig based on our stacks presented
in Figure 5.6(b,c) and Table 5.2. The L7 7/Lig ratio is 0.09, 0.24, and 0.20 for log(M./Mg) =
9.6 — 10.0,10.0 — 10.6, and 10.6 — 11.6, respectively. We adopt L77/Lir = 0.09 for M, <
10'° M, and an average of the two highest mass bins, 0.22, for M, > 10'° M 2. The result
is shown with blue stars in Figure 5.7. The diamonds in Figure 5.7 reflect results of the
mass-independent 24 pm-to-IR conversions of R12, W08, and E11. The 24 um stack below
1096 M, (shaded grey region in Figure 5.7) is not robustly detected, owing to the reduced
dust emission at low masses and low SFRs.

The SFRyvy + SFRir derived from the mass-dependent 24 ym-to-IR conversion
presented in this study is in a very good agreement with SFRy, ng, particularly considering
that these two SFRs are derived completely independently from each other. As expected,
the other IR SFRs that are inferred from a single 24 ym-to-IR conversion are underestimated

for low mass (M, < 10'° M) galaxies. Figure 5.7 clearly demonstrates how using a single

2We express our results in terms of mass dependence so as to avoid biases that may be introduced by
excluding objects without detections of some of the strong lines required to calculate metallicities. The
metallicity dependence of the L7 7/Lir ratios are reported in Table 5.2.
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24 pm-to-IR conversion can underestimate SFRs at lower masses and lead to a steeper
log(SFR)-log(M,) slope compared to that derived in this study. A simple linear least-
squares regression calculation gives a slope of 1.0 & 0.1 for the stacks of SFRyy + SFRir
that assume the W08, E11, and R12 conversions and a slope of 0.7 & 0.1 for the SFRuq 13
and the SFRyv + SFRir stacks that adopt our mass-dependent conversion.

The slope of 0.7 found in this study is consistent with observations at lower red-
shifts (slope ~ 0.7 at z ~ 0.1 and 1, Salim et al. 2007 and Noeske et al. 2007a, respec-
tively), suggesting no evolution in the slope of the SFR-M, relation from z ~ 0 to 2.
Moreover, the increased SFRyv + SFRir of the low-mass galaxies estimated from our mass-
dependent 24 pm-to-IR conversion, removes evidence for a “flattening” at the high-mass end
of the SFR-M, relation, as suggested in some previous studies (e.g., Whitaker et al. 2014b;
Schreiber et al. 2015). However, it is plausible that the slope of the relation steepens at
masses lower than those accessible in this study — a mass-independent shallow slope of 0.7
would lead to a too rapid evolution in the stellar mass function at low masses (Weinmann
et al. 2012; Leja et al. 2015).

Our results indicate that specific SFR (sSFR = SFR/M,) is a decreasing function
of M,. If we assume that the gas and stars occupy the same regions in the galaxies, then
the Schmidt relation (Kennicutt 1998) implies that SFR o Mgl,;é. Consequently, sSFR is
related to the cold gas fraction defined as Mg,s/(My + Mgas) (Reddy et al. 2006b). The
negative slope of the log(sSFR)-log(M,) relation indicates that, as expected, there is a

correspondence between the cold gas fraction and stellar mass.
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There is tension between our results and those from simulations. According to
simulations, the slope of the SFR-M, relation is close to unity and the sSFR is almost a
constant function of mass (Dutton et al. 2010; Davé et al. 2011a; Torrey et al. 2014; Kannan
et al. 2014; Sparre et al. 2015a, among many others). Furthermore, our analysis shows an
increased sSFR at M, = 5x10° at z ~ 2 by a factor of 1.8 (log(sSFR/Gyr) = 0.4), compared
to the previous sSFR measurements that used mass-independent 24um-to-IR conversions.
The increased sSFR found here also aggravates the inconsistency between observations and
models, where the models predict lower sSFRs at z ~ 2 than those reported in previous
studies (Furlong et al. 2015; Sparre et al. 2015a; Davé et al. 2016). From the observational
viewpoint, we showed in Shivaei et al. (2015a) that our MOSDEF Ha-detected sample is
complete down to M, = 10%°Mg. Therefore, the shallow slope of 0.7 in this study is
immune from the common sample selection biases at low masses. On the other hand, Davé
(2008) and Torrey et al. (2014) demonstrated that changing feedback models in simulations
does not affect the slope of the relation, as it moves galaxies along the SFR-M, relation.
More investigations are needed to resolve these issues and improve the agreement between

simulations and observations.

5.5.2 Bolometric luminosity density at z ~ 2

Luminous infrared galaxies (LIRGs) with Lig = 10! — 102 L, are known to
contribute significantly to the total IR luminosity density at z ~ 2 (Reddy et al. 2008;
Rodighiero et al. 2010; Magnelli et al. 2011). Current measurements of the IR luminosity
density (and the obscured SFR density) at z ~ 2 are either based solely on ultra luminous

infrared galaxies (ULIRGs) with Lig > 10'2 L, (e.g., Gruppioni et al. 2013) or have included
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lower IR luminosities by relying on different methods of converting 24 ym flux density to
Lir (e.g., Pérez-Gonzélez et al. 2005; Caputi et al. 2007; Reddy et al. 2008, 2010; Rodighiero
et al. 2010; Riguccini et al. 2011). The most common method uses empirical IR templates
that are calibrated with local galaxies (e.g., CEO1, Dale & Helou 2002, Rieke et al. 2009).
These IR templates are shown to overestimate Lig for ULIRGs at z ~ 2 (Nordon et al.
2010; Elbaz et al. 2011; Reddy et al. 2012a). To overcome this so-called “mid-IR excess,”
other 24 pm-to-IR conversions that were calibrated with samples of high-redshift galaxies
were introduced (Bavouzet et al. 2008; Elbaz et al. 2011, among many others). However, the
dependence of L77/Lig on metallicity and stellar mass was neglected in these calibrations.
As we showed in previous sections, these conversions underpredict Lig at low and moderate

masses (M, <

~

1019 M) and IR luminosities (Lig < 10 Lg).

The increased Lig of the low and moderately IR luminous galaxies leads to a
higher IR luminosity density at z ~ 2. To quantify this effect, we simulate 1000 galaxies
drawn from the double power law luminosity function of Magnelli et al. (2011), increase the
IR luminosities of galaxies below Lig = 10'! L in accordance with the relations found in
this study (as discussed below), bin the galaxies (we used bins with 0.3 dex width, similar
to Magnelli et al. 2011), and re-fit the bins with the double power law function. We use
two alternative methods to include the increased Lig of low-luminosity galaxies. In the first
method, we increase Lig by a factor of 2 for all simulated galaxies with Lig < 10! Lo.
This assumption is motivated by our finding for the low-mass galaxies in the previous
section (Section 5.5.1). However, from our data it is not clear whether Lig of faint IR

galaxies should be increased by a greater factor or an equal factor compared to that of the
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moderately IR luminous galaxies. Therefore, as a sanity check we adopt a second approach,
where LR is increased by a factor of 2 for galaxies with Lig < 10'° L, and by a factor of
1.5 for those with 1019 < Lig < 10! L. In both cases, the number density of IR bins below
10M L, increases by > 0.3 dex, and the faint-end slope steepens from —0.6 to ~ —0.7. The
increase in the slope is within its 1o error of 0.1 (Sanders et al. 2003; Magnelli et al. 2011).
A stronger variation in Lig would cause a steeper faint-end slope, resulting in a higher
fractional contribution of galaxies with Lig < 10 Lg to the total IR budget and obscured
SFR density at z ~ 2 than predicted before (Caputi et al. 2007; Reddy et al. 2010).

If we assume the same fractional contribution of the faint and moderately luminous
IR galaxies to the bolometric (i.e., IR+UV) luminosity density at z ~ 2, as derived in
previous studies (~ 50 — 80%, Caputi et al. 2007; Reddy et al. 2008; Rodighiero et al.
2010), our estimate of a factor of ~ 2 increase in the IR luminosity of galaxies with Lig <
10''Ls, would increase the IR luminosity density by 30%. Applying the 30% increase to
the TR luminosity density measurement of Reddy et al. (2008) at z ~ 2, and converting
it to IR SFR density using the Kennicutt (1998) relation, modified for a Chabrier (2003)
IMF3, yields an IR SFR density of 0.15 Mg yr~* Mpc~3. Adding this value to the UV SFR
density measured in the same study (Reddy et al. 2008) results in a total SFR density of
0.18 M yr— ! Mpc=2 (assuming a Chabrier (2003) IMF), which is ~ 30% higher than the
initial value calculated from the unchanged IR luminosity density. This finding exacerbates
the discrepancy between the stellar mass density at z ~ 2 measured from observations and
that obtained by integrating the SFR density over time (Hopkins & Beacom 2006; Madau

& Dickinson 2014).

3 Assuming a Salpeter (1955) IMF increases the SFR density values by a factor of ~ 1.8.
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5.6 Why is PAH intensity correlated with metallicity?

The correlation between PAH intensity and metallicity has been observed and
studied extensively in the local universe (Engelbracht et al. 2005 and Madden et al. 2006
were among the first). Several scenarios have been proposed to explain the observed trend,
which involve the production mechanisms of PAH molecules or various ways of destroying
them.

The origin of PAHs in galaxies is not completely understood, but evolved carbon
stars are undoubtedly one of the main sources (Latter 1991; Tielens 2008). The presence of
PAHs in the outflows of carbon-rich AGB stars is confirmed both in theoretical (Frenklach
& Feigelson 1989; Cau 2002; Cherchneff 2006) and observational (Beintema et al. 1996;
Boersma et al. 2006) studies. As a consequence, it is expected that chemically young
systems should have reduced PAH abundances (Dwek 2005; Galliano et al. 2008). Also,
PAH molecules are not as efficiently produced in low metallicity environments because
fewer carbon atoms are available in the ISM. On the other hand, PAHs can be destroyed
in hostile environments such as supernovae shocks (O’Halloran et al. 2006). PAHs can also
be effectively destroyed in low-metallicity environments with hard ionization fields, due to
reduced shielding by dust grains (Madden et al. 2006; Smith et al. 2007; Hunt et al. 2010).
Some authors have explored the size distribution of PAHs and suggested that there is a
deficit of small PAH molecules at low metallicites (Hunt et al. 2010; Sandstrom et al. 2010).

The nature of the PAH-metallicity correlation is likely a combination of the pro-
duction and destruction scenarios mentioned above. In our sample of galaxies at z ~ 2, we

find strong trends between the PAH intensity and metallicity, Oso, and age, in agreement
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with both the formation and destruction scenarios. However, the significant increase in the
fraction of undetected 24 ym sources with increasing Oz (from 38% to 91%, Figure 5.3c)
suggests that the destruction of PAHs in intense radiation fields may be the dominant phys-
ical mechanism. The low PAH emission could also be caused by the absorption of stellar UV
photos by dust in the HII region before reaching the PAHs in the photodissociation region
(PDR, Peeters et al. 2004). In this case, PAHs exist, but they are not exposed to the UV
photons, and hence, do not emit in the mid-IR. However, in the case of a substantially dusty
HII region, the recombination lines would also be systematically suppressed, thus resulting
in systematic discrepancies between the UV- and Ha-inferred SFRs. Such discrepancies are
not observed in our sample (see Reddy et al. 2015; Shivaei et al. 2016). Nevertheless, it is
not trivial to completely differentiate between the various scenarios with our current data
set.

A potentially important trend observed in Figure 5.6 is that above M, ~ 10'° the
L77/Lig (or L77/SFR) reaches an almost constant value. This “flattening” is also seen
in Ly77/Lig below Ogzz ~ 2.2 (above 12 + log(O/H)o,, ~ 8.2, Figure 5.3c) and above the
age of ~ 900 Myr. We speculate that the observed metallicity (and mass) threshold reflects
the point above which enough dust particles are produced to shield the ionizing photons
and prevent the PAH destruction. This suggests that the constant value of L77/Lir at
high metallicities is the “equilibrium” L7 7/Lig ratio. The suppressed Ly7/Lir at lower
metallicities is indicative of preferential destruction of PAHs in environments with lower
dust opacity, and hence, with harder and more intense radiation fields. The paucity of PAH

emission in young galaxies can also be attributed to the delayed production of PAHs by
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AGB stars and/or to the higher intensity of the radiation field in these young systems with
high sSFR. The threshold at 12 + log(O/H)o,, ~ 8.2 is the same as the value found by

Engelbracht et al. (2005) and close to the value 8.1 found by Draine et al. (2007b) at z ~ 0.

5.7 Summary

We present the first results of investigating variations of the brightest PAH emis-
sion at 7.7um with metallicity and ionizing radiation intensity at high redshift. For this
study, we use the MOSDEF sample of star-forming galaxies at 1.37 < z < 2.61 that covers
a broad range of metallicities (~ 0.2 — 1Zg), stellar masses (M, ~ 10° — 10*° M), and
SFRs (~ 1 — 200 Mgyr—t). We adopt the N2 and O3N2 diagnostics of metallicity, and use
O3 as a proxy for ionization parameter. We quantify the PAH strength as the ratio of rest-
frame 7.7pum luminosity (vL,(7.7um)), traced by Spitzer/MIPS 24um, to dust-corrected

SFRHuq,ms and total IR luminosity. The main conclusions are as follows:

e We find that, in agreement with studies of local galaxies, the PAH intensity depends
strongly on gas-phase metallicity. The relative strength of L7 7 to SFR decreases by

a factor of ~ 10 from median metallicities of Z ~ 0.6 to 0.3 Z.

e There is a significant anti-correlation between the PAH intensity and Oss. This trend
is stronger than the correlation of PAH with N2 and O3N2, as the majority of 24um
undetected galaxies have systematically high Ogsg ratios. The L7 7/Lg ratio changes
from 29% at O35 ~ 0.9 to 5% at O3o ~ 4. The trends of the PAH strength with Ogs,
O3N2, and N2 suggest preferential destruction of PAH molecules in low metallicity

environments, characterized with harder and more intense radiation fields. Addi-
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tionally, there is a sharp difference in the PAH intensity above and below Ogo ~ 2
(12+1log(O/H)o,, ~ 8.2). This threshold is also observed at z ~ 0. We speculate that
above this metallicity threshold dust opacity is high enough that PAHs are no longer
preferentially destroyed by ionizing photons, and hence, the Ly 7/Lig ratio reaches a

constant value.

For galaxies older than ~1Gyr, we do not find a correlation between age and the
PAH intensity. However, the L77/Lg ratios of the youngest quartile of galaxies in
our sample (with ages ~ 50 —600 Myr) are significantly lower (by a factor of ~ 3) than
those of galaxies with ages 2 900 Myr. The low PAH intensity in young systems may
be an indication of the delayed injection of PAH molecules to the ISM by carbon-rich

AGB stars.

As a consequence of the mass-metallicity relation, we see a strong correlation between
the PAH intensity and stellar mass. We show that commonly-used conversions of
Lg (or fos) to Lig at z ~ 2 are only valid for massive and metal-rich galaxies. For
galaxies with M, < 10'° M, these conversions should be applied with caution as they

underestimate the Lig and SFR by a factor of ~ 2.

The results of this analysis affect high-redshift studies that adopt mass (and metallic-
ity) independent conversions of 24 ym flux density to Lig and SFR over a large range
of masses and metallicities. We show that by using our mass-dependent conversion of
L7z to Lig (L7.7/Lir=0.09 and 0.22 for M, below and above 10'° My, respectively),
the slope of the SFRyvy+r-M, relation decreases from unity to 0.7. The shallower

slope of 0.7 is in agreement with the independently-derived slope of the SFRyq ng-
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M, relation. Our results imply a higher sSFR (by a factor of 1.8) at M, < 10'° Mg
compared to the previous IR+UV measurements. Based on this analysis, sSFR is a
decreasing function of M,, indicating a mass-dependent cold gas fraction in galaxies
at z ~ 2. Our results are inconsistent with the unity slope of the SFR-M, relation
derived from simulations, and add to the longstanding problem of models underesti-

mating the sSFR at z ~ 2.

e Our analysis suggests a higher bolometric luminosity density and SFR density by
~ 30% at z ~ 2, due to a factor of ~ 2 increase in the IR luminosity of low and
moderately luminous IR galaxies (Lig < 10'Lg). This result reinstates the tension

between the measured stellar mass density and the integral of SFR density at z ~ 2.

We provide ratios of L7 7-to-SFR and L7 7-to-Lig as a function of metallicity, Ogss,
stellar mass, and age in Tables 5.1 and 5.2 as a reference to be used for future studies of
galaxies at z ~ 2.

In the future, with a larger sample of galaxies at 1.37 < z < 2.0, we will study
the PAH intensity at different redshifts from z ~ 1.5 to 2.5, as well as incorporating z ~ 0
studies to construct a comprehensive picture of the evolution of PAHs over cosmic time.
Moreover, future generations of ground- (e.g., TMT and E-ELT) and space-based (e.g.,
JWST) telescopes will significantly improve our knowledge about PAH molecules in the
distant universe by extending the redshift range over which we can observe PAH emission

and enabling us to probe a larger dynamic range of metallicity, Osz, age, and stellar mass.
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5.8 Appendix: Ratio of Averages versus Average of Ratios

Throughout the paper, we stack 24 ym images and calculate average SFRpq ng in

bins of metallicity, O3z, mass, and age. It is important to note that an average of ratios, i.e.

< L7.7

. : L
m), and a ratio of averages, i.e. 7 {L7.7)
a,

FRuams) A€ not necessarily equal (e.g., Brown

2011). Our method to compute the average of ratios is as follows.
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First, we construct an inverse-SFRy, ng-weighted average of 24pm images:

B > ff;lz

(foa)w = Zzi ;

(5.1)

where 9 is SFRpq ng. We need to measure (fo)w so that we can fit 24 ym flux densities to

the CEO1 IR templates and extract (L7.7)w, as follows. We calculate an inverse-SFRq 115-

weighted average of redshifts (i.e., %lﬁ//il ), shift the IR templates to the weighted-average

redshift, and find the best-fit template through a least-y? method. (Lz.7), is extracted from

the best-fit model (see Section 5.2.6). Next, we calculate the weighted average of SFRyq 1s:

— @‘S
=

Tk
e = 55

=, (5.2)

5|
]
5|

where N is the total number of galaxies contributing to the stack. The ratio of (L77)w to

(1) is mathematically equivalent to calculating the average of L7 7 /v ratios ((L7.7/1)):

L. i 1 L. K
(Lot)w 2o g0 2igs | 2ui g _ <L7.7>

O Ezi X N = ~ " (5.3)

The L77/SFRuqmp plots throughout the paper (e.g., Figure 5.3) and the corre-
sponding values in Table 5.1 are derived according to Equation 5.3. In Figure 5.8, we repeat
the analyses using the ratios of averages, (L7.7)/(SFRHuq,ug), by simply dividing the L7 7 av-
erage stacks by the 3o-clipped averages of SFRyq,ng. For our sample, the ratio of averages
and the average of ratios yield very similar results. The trends between the PAH intensity
with metallicity, Os2, mass, and age are present regardless of the method adopted. Values

of the L7 7 stacks and the SFRu, ng 3o-clipped averages are also reported in Table 5.1.
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As we do not have individual detections of objects in the PACS images, we cannot
directly measure individual IR luminosities. As a result, we adopt a ratio of averages,
ie. (L77)/(Lir). As we demonstrated above with SFRy, g, adopting this method is
likely to yield similar results to computing the average of ratios. If anything, we speculate
that (Ly7/Lir) would result in a more significant trend between the PAH intensity and
metallicity, compared to that of the (L77)/(Lir). This speculation is based on the fact that
in the weighted average method, the low (or undetected) 24 um images are up-weighted, as
they tend to have low SFRyq np (high 1/4), and hence, in low metallicity bins the average

of L77/Lir ratios would be even lower than the ratio of averages.
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Figure 5.8 Ratio of L7.7 to SFRpuq np for individual galaxies (small circles and arrows) and
for average stacks of L7z to 3o-clipped averages of SFRy, s (hexagons and arrows) as a
function of (a) N2 metallicity, (b) O3N2 metallicity, (c) O3z, (d) age, and (e) mass. Note that
in these plots the orange symbols are ratios of average quantities (refer to Appendix 5.8).
The stacks and averages are in bins of the quantity on the horizontal axis.
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Chapter 6

The MOSDEF Survey: Direct
Observational Constraints on the
Ionizing Photon Production

Efficiency, &, at z ~ 2"

Abstract We utilize spectroscopic measurements of Ha and Hf for a large sample of
672 galaxies from the MOSFIRE Deep Evolution Field survey to constrain ionizing photon
production efficiencies (&ion) at z = 1.4 — 2.6. We find that &gy is elevated in galaxies with
intense radiation fields (i.e., high [Om]/[O11] and high [O11]/H/S) and low oxygen abun-
dances (low [N11]/Ha). However, &on does not change with the offset from the BPT z ~ 0

star-forming locus, suggesting no change in the hardness of ionizing radiation with the offset

*A version of this chapter is submitted to The Astrophysical Journal
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from the z ~ 0 sequence. Galaxies with blue UV spectral slopes (5 < —2.0) have elevated
&on. If this is the case at z > 6, then it would imply that these galaxies need an average
Lyman continuum escape fraction of (14+4)% to maintain cosmic reionization, a value that
is lower than that commonly assumed in reionization models. We constrain the scatter in
&on and conclude that the large scatter of 0.29 dex cannot be solely explained by measure-
ment uncertainties or variations in the assumed dust attenuation curve. Rather, our results
imply that the scatter is dominated by galaxy-to-galaxy variations in the stellar population
properties, including the slope and upper mass cutoff of the initial mass function, stellar
metallicity, star formation burstiness, and binary/single star evolution. We demonstrate
that even with robustly dust-corrected Ha measurements, the UV dust attenuation curve
is an important source of uncertainty that on average can cause a ~ 0.3 dex systematic
uncertainty in &, measurements. Our results demonstrate the advantages and disadvan-
tages of using Balmer emission lines in constraining o, for future observations with the
James Webb Space Telescope to investigate the redshift evolution of &, and its role in the

reionization era.

6.1 Introduction

Star-forming systems dominate the galaxy population at z 2 1.5, both in number
and mass density (Madau & Dickinson 2014). The light emitted from these galaxies is
largely dominated by massive stars, either in the form of non-ionizing UV and re-processed

IR emission, or in the form of nebular emission lines emitted from the gas ionized by such
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stars. Therefore, our understanding of galaxy evolution is intimately tied to the physics of
massive stars and the surrounding gas that is ionized by their radiation.

An important parameter that is determined by the population of massive stars is
the galaxy hydrogen-ionizing photon production rate. The emission rate of ionizing photons
impacts our measurements derived from nebular lines, such as star-formation rates (SFRs)
and gas-phase metallicities. The production rate of Lyman-continuum (LyC) ionizing pho-
tons per unit UV continuum luminosity, usually measured at 1500 A, is called the ionizing
photon production efficiency, &on (e.g., Robertson et al. 2013).

&on depends on the ionizing photon production rate of hot massive stars, and the
relative number of such stars to the non-ionizing stars. The relative number of massive
ionizing stars is impacted by the initial mass function (IMF), star formation history, and
age of the galaxy. Additionally, the ionizing photon production rate is dependent on the
massive stars metallicity, binarity, and rotation (e.g., Stanway et al. 2016; Choi et al. 2017).
Hence, determining &, helps us to place constraints on the massive stellar populations in
high-redshift galaxies and improve our knowledge of galaxy evolution and stellar popula-
tion synthesis (SPS) models. Additionally, &, is an important input in models of cosmic
reionization and plays an important role in identifying galaxies as the responsible source of
reionization (e.g., Bouwens et al. 2015; Robertson et al. 2015).

In high-redshift studies, &jopn is often predicted either solely from SPS models (e.g.,
Madau et al. 1999) or by correlating the observed UV continuum slope £ with the predictions
from SPS models considering a variety of metallicity, age, and dust content (e.g., Robertson

et al. 2013; Bouwens et al. 2015; Duncan & Conselice 2015). The “canonical” o, value
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(log(&ion/erg Hz 1) ~ 25.2 — 25.3) is derived from these indirect estimates. One direct way
of measuring &, is by modeling UV spectra and determining oy, either from the UV metal
lines (Stark et al. 2015, 2017) or by evaluating the ratio of ionizing to non-ionizing fluxes
(f900/ f1500, Reddy et al. 2016b). The main advantage of these methods is that they are less
sensitive to uncertainties in dust attenuation corrections. However, they require deep rest-
UV spectroscopy, and the results rely either on individual extreme objects at high redshifts
(Stark et al. 2017) or on the composite spectrum of a large number of galaxies (Reddy et al.
2016b). In both cases, statistical information on galaxy-to-galaxy variations of &y, in large
samples is missed.

Another way of measuring &, that enables us to constrain its value for individual
galaxies is by using nebular recombination lines, e.g. Ha. In an ionization-bounded nebula,
the rate of recombinations balances the rate of ionizing photons with energies above 13.6 eV
that are either emitted from the star or produced during recombination to the hydrogen
ground level. There are a number of existing studies that used Balmer emission lines to
estimate &on at high redshifts. For example, Bouwens et al. (2016a) estimated ;o using Ho
measurements at z ~ 4—5 based on Spitzer/TRAC photometry. Nakajima et al. (2016) used
Keck/MOSFIRE spectra of HS for a sample of 15 galaxies at z = 3.1 — —3.7 that included
a few candidate LyC leakers on the basis of ground-based imaging. The recent study of
Matthee et al. (2017) used Ha for large sample of narrow-band selected Ha and Lyman-o
emitters to constrain &, at z = 2.2. Despite the advancement of using a single Balmer line
to directly measure Lyman continuum photon production rate, these studies did not have

access to additional Balmer lines to correct for dust (Bouwens et al. 2016a; Matthee et al.
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2017; Nakajima et al. 2016). Moreover, they either relied on small sample sizes (Nakajima
et al. 2016), or the ones with large samples did not have spectroscopic measurements of
the lines (Bouwens et al. 2016a; Matthee et al. 2017). A detailed and thorough study of
&on requires large and representative samples with spectroscopic Ha and HSB observations
to directly measure nebular line luminosity and properly correct for dust.

In this study, we use data from the MOSFIRE Deep Evolution Field (MOSDEF)
survey (Kriek et al. 2015), where near-IR spectra with coverage of HS and Ha for a repre-
sentative sample of 672 galaxies at 1.37 < z < 2.61 are available. Access to both Ha and Hf
spectroscopic measurements enables us to measure robustly dust-corrected Ha luminosities
(Reddy et al. 2015; Shivaei et al. 2015b; Shivaei et al. 2016) and ionizing photon produc-
tion rates. Moreover, the wealth of rest-optical emission lines that are accessible through
MOSDEF (e.g., [O11], [Om1], [N11]) helps us to study trends of &y, with other commonly
measured properties of galaxies, such as gas-phase metallicity and ionization parameter
(Shapley et al. 2015; Sanders et al. 2015, 2016a). Our sample is further accompanied by
the rich 3D-HST photometry dataset (Skelton et al. 2014) that aids in modeling the stellar
populations (e.g., stellar reddening and stellar mass). The main goals of this study are
a) to explore the variations of &, with galaxy global properties, ISM characteristics, and
redshift, b) to explore the origin of the observed scatter in the &, distribution of galaxies,
and c) to provide an observationally constrained canonical &, value for typical star-forming
galaxies at z ~ 2.

The layout of the paper is as follows. In Section 6.2, we introduce the MOSDEF

survey and our methods of line measurements and SED fitting. In Section 6.3, we describe
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details of &on measurements for individual galaxies and average values from composite
spectra. We show in Section 6.4 the relationship between &, and UV continuum slope,
UV magnitude, line ratios that are tracers of gas-phase metallicity and the hardness and
intensity of ionization field, stellar mass, and redshift. We outline a detailed discussion on
the potential sources of the large scatter in &,y measurements in Section 6.5. Our results
are summarized in Section 6.6. Throughout this paper, line wavelengths are presented in
vacuum and magnitudes are given in the AB system (Oke & Gunn 1983). We assume
a Chabrier (2003) IMF. A cosmology with Hy = 70kms 'Mpc~!, Q5 = 0.7, 0, = 0.3 is

adopted.

6.2 Data and Measurements

6.2.1 The MOSDEF Survey

The recently-completed MOSDEF survey was a four-year near-IR spectroscopic
survey that used the Keck/MOSFIRE spectrograph (McLean et al. 2012) to study the
properties of ~ 1500 galaxies and AGN at 1.4 < z < 3.8 in the five CANDELS fields:
AEGIS, COSMOS, GOODS-N, GOODS-S, and UDS (Grogin et al. 2011; Koekemoer et al.
2011). The fields were also covered by the Hubble Space Telescope (HST)/WFC3 grism
observations of the 3D-HST survey (Skelton et al. 2014; Momcheva et al. 2016). The
MOSDEF parent sample was selected down to H = 24.0, 24.5, and 25.0 at z = 1.37 — 1.70,
2.09 — 2.61, and 2.95 — 3.80, respectively. For the details of the survey, observing strategy,

and data reduction refer to Kriek et al. (2015).

145



In this paper, we remove objects with AGN contamination based on their X-ray
emission, IRAC colors (using the Donley et al. 2012 criteria), and optical line ratios derived

from the MOSDEF spectra ([NII]/Ha> 0.5; Coil et al. 2015; Azadi et al. 2017).

6.2.2 Line Luminosities and Nebular Dust Correction

FEmission line fluxes are estimated by fitting Gaussian functions to the 1D spectra,
where the uncertainties are derived by perturbing the spectrum of each object according
to its error spectrum and measuring the line fluxes in the perturbed spectra (Kriek et al.
2015; Reddy et al. 2015). Slit loss corrections are applied by normalizing the spectrum of
a star in each observing mask to match the 3D-HST total photometric flux (Skelton et al.
2014). Additionally, we use the HST images of our resolved galaxy targets to estimate and
correct for differential flux loss relative to that of the star (Kriek et al. 2015).

We correct Ha and HS fluxes for underlying Balmer absorption, determined from
the best-fit SED models (Section 6.2.3). To correct the nebular line luminosities for dust
attenuation, we calculate the Balmer decrement (Ha/Hf) and assume the Cardelli et al.

(1989) galactic extinction curve (Reddy et al. 2015; Shivaei et al. 2015b; Shivaei et al. 2016).

6.2.3 SED Fitting and Stellar Dust Correction

We fit UV to near-IR photometry from 3D-HST (Skelton et al. 2014; Momcheva
et al. 2016), corrected for emission line contamination according to the MOSDEF spectra,
with Bruzual & Charlot (2003, BC03) models through a minimum x? method to find the
best-fit models and derive stellar masses and stellar color-excesses (Reddy et al. 2015).

For our models, we assume a Chabrier (2003) IMF, an exponentially rising star formation
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history (as was shown to best reproduce the observed SFRs at z ~ 2, Reddy et al. 2012b),
and two combinations of metallicities and attenuation curves: a solar metallicity with the
Calzetti et al. (2000) curve as it is commonly assumed in high-redshift studies, and a sub-
solar (0.2 Zg) with an SMC curve (Gordon et al. 2003) motivated by recent studies that
suggested a steeper attenuation curve with a sub-solar metallicity (~ 0.14—0.20 Z) is more
applicable to galaxies at high redshifts (Capak et al. 2015; Bouwens et al. 2016b; Reddy
et al. 2017). We measure stellar E(B — V) and UV luminosity (L,) at 1500 A from the
best-fit SED models. UV slope () is measured by fitting a power law (fy o< A%) to the

photometry at rest-wavelengths 1268 — 2580 A.

6.3 Measurement of &,

The LyC production efficiency is defined as the ratio of the production rate of
ionizing photons (N(H?)) in units of s~! to UV continuum luminosity density in units of

ergs 1 Hz 1

N(HO)
Lyy

Eon = [s_l/erg g1 Hz_l]. (6.1)

For an ionization bounded nebula, where the rate of recombination balances the
rate of ionizing photons, one can convert Ha luminosity to the production rate of LyC
photons. This conversion mainly depends on the nebular conditions, including electron
density, number density of ionized hydrogen, and gas temperature (Spitzer 1978; Osterbrock

1989), and hence is not sensitive to the choice of stellar population model. Based on
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Leitherer & Heckman (1995), the conversion is:

L(Ha) [ergs™'] = 1.36 x 10" 2N (H°) [s71]. (6.2)

An important assumption in calculating the LyC photon production rate based on
the observed Ha luminosity is the amount of dust attenuation of ionizing photons internal
to Hir regions. Using a sample of seven local galaxies, Inoue (2002) concluded that the dust
optical depth of LyC photons in HII regions is almost equal to the dust optical depth of the
diffuse ISM !. On the other hand, at z ~ 2, Reddy et al. (2016a) used rest-UV spectroscopy
and showed that photoelectric absorption dominates the depletion of ionizing photons. As
the results of Reddy et al. (2016a) were based on a sample with a similar redshift range to
ours, we follow their conclusion and assume negligible dust attenuation of ionizing photons
internal to HII regions.

The other uncertainty in the Ha-derived production rate of ionizing photons is
the escape fraction of LyC photons (fesc). A non-zero fes. implies a larger intrinsic &ion
by m with respect to the measured &jon based on Ha luminosity. We assume the
relation between covering fraction of neutral hydrogen (fcov) and E(B — V') from Reddy
et al. (2016b) to estimate fese (i.€., 1 — feoy) from our SED-inferred E(B — V). For the nine
galaxies in our entire sample where E(B — V) = 0 (four, if we use an SMC curve with 0.2

solar metallicity), we set fesc = 0.4, which is the maximum value of the sample, to avoid an

unrealistic escape fraction of 100%. Assuming the Calzetti (SMC) attenuation curve for the

'If we assume that the gas-to-dust ratio in our galaxies is similar to that of the local star-forming regions
used in the Inoue (2002) study (an assumption that is not necessarily correct), their result implies that
~ 30% of LyC photons in our MOSDEF galaxies with (E(B — V)) ~ 0.2, are depleted by dust attenuation
internal to HiI regions, which increases &ion by ~ 0.1 dex.
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SED models, the average fesc for the full sample is 0.04 (0.09). We correct the measured
&ion values on an individual galaxy-by-galaxy basis accordingly.

In practice, we have to correct the unobscured Ha and UV luminosities for dust
attenuation before applying Equations 6.1 and 6.2. There are a number of studies in the
literature that examined measurements of UV and optical attenuation for stellar and nebular
emission at high redshifts (Noll et al. 2009; Wild et al. 2011; Reddy et al. 2012b, 2015;
Shivaei et al. 2015a; De Barros et al. 2016; Shivaei et al. 2016, among many more). To
correct for nebular attenuation, it is favored to use Balmer decrement with an assumption
of the Cardelli et al. (1989) galactic extinction curve (Calzetti et al. 2000; Steidel et al.
2014; Reddy et al. 2015; Shivaei et al. 2016). The dust-corrected Ha luminosity would
increase on average by ~ 0.06 dex if we use the Calzetti et al. (2000) curve instead of the
Cardelli et al. (1989) curve. Estimating the stellar UV dust attenuation is more uncertain.
As mentioned in Section 6.2.3, we use E(B — V) from the best-fit SED models with the
assumption of the Calzetti+solar metallicity or the SMC+sub-solar metallicity. The effect

of UV dust attenuation on &y, is discussed in Section 6.4.4.

6.3.1 Composite Measurements

In Section 6.4, in order to include HB undetected galaxies in our analysis we use a
stacking technique to derive average ion values in bins of galaxy parameters 2, as follows.
Individual spectra are shifted to the rest-frame with a wavelength grid of 6\ = 0.5 A. Parts
of the individual spectra where the ratio of the error spectra to the median error is greater

than 3 are removed, as they are dominated by sky lines. The composite spectrum is created

2Source code is available at: https://github.com/IreneShivaei/specline
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by taking the mean (or mean weighted by the error spectra) of the luminosities of individual

spectra contributing to the stack in each wavelength bin. The composite error spectrum is

1

27
0
1

We fit the composite Ha, HS, [O111], and [N11] lines with single Gaussian profiles

estimated as the uncertainty on the weighted mean (i.e., where o2 is the variance).
and the [O11] line with a double Gaussian profile. We estimate the composite line errors by
perturbing the stacked spectrum within the composite error spectrum for 1000 times. The
Ha and HB composite lines are corrected for Balmer absorption using the mean absorption
of the individual galaxies contributing to the stack, inversely weighted by individual flux
uncertainties.

To derive Balmer decrements, we normalize individual spectra to their Ha lumi-
nosities before making the composite spectrum and take the inverse value of the normal-
ized composite Hf line as the mean Ha/HS ratio. In a similar manner, we measure the
UV-normalized Ha luminosity to derive the observed (uncorrected for dust) Ha/UV ratio,
which is required in Equations 6.1 and 6.2. The [O111]/HS and [O111]/[O11] stacks for the H/3
and [O11] undetected galaxies, respectively, are also measured from the [O111]-normalized

composite spectra.

6.4 &on Evolution with Galaxies Properties and Redshift

In this section, we evaluate the variations of &, as a function of galaxies’ stellar

(Section 6.4.1) and gas properties (Section 6.4.2). We also discuss the evolution of &, with
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Figure 6.1 (Top:) production efficiency of ionizing photons as a function of UV continuum slope,
5. Small blue circles and red upward triangles show individual measurements of &, for the Ha-HS
detected sample, and 3 ¢ lower limit for the HS-undetected sample, respectively. In the individual
measurements we use a Calzetti curve and a solar metallicity to dust-correct the UV luminosity
(Equation 6.1). We use a Cardelli attenuation curve for nebular dust correction. Orange squares
are stack measurements of &, in bins of S for the full sample (detected and undetected H3). Solid
orange stacks assume the Calzetti curve with a solar metallicity for UV dust correction, and light
orange stacks assume an SMC curve with sub-solar (0.2 Z5) metallicity. The assumption of a sub-
solar metallicity leads to a bluer intrinsic UV slope, 3. Also shown is the result of Bouwens et al.
(2015) study of z = 3.8 — 5.0 galaxies in solid and light violet diamonds for the Calzetti and SMC
curves with a solar metallicity (8y = —2.23), respectively. As they did not have HS measurements,
Bouwens et al. (2015) used stellar reddening and the same attenuation curve for both nebular Ha
and stellar UV luminosities. The horizontal line shows log(&on/[s™!/ergs™ Hz~1]) = 25.2 from
Robertson et al. (2013). (Botton:) distribution of &, for the sample of Ha-HS detected galaxies in
six bins of # shown in the top plot. &y is measured using the Calzetti curve. It is clear that &y is
elevated in our bluest galaxies.
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Figure 6.2 Dependence of £, on UV absolute magnitude. The symbols are the same as in
Figure 6.1. The vertical line shows the characteristic UV magnitude at 1.9 < z < 2.7 from
Reddy & Steidel (2009).

redshift and stellar mass (Section 6.4.3), and the systematic uncertainties associated with

the assumed dust attenuation curve (Section 6.4.4).

6.4.1 &, and UV properties, implications for reionization

In high-redshift studies, the UV continuum slope () is often used as a proxy for
the ionizing photon production efficiency (e.g., Robertson et al. 2013; Duncan & Conselice
2015), mainly because rest-frame UV is shifted to longer optical wavelengths and it is easily
accessible through ground based observations across a large range of redshift. Here, we
have an independent measure of &, using nebular emission lines and can investigate the
correlation between &, and .

In the top panel of Figure 6.1, we show the relation between &, and S for our

sample (orange squares, z = 1.4 — 2.6) and for the higher-redshift sample of Bouwens et al.
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(2016a, violet diamonds, z = 3.8 — 5.0).> The solid and light symbols correspond to the
Calzetti and SMC curves assumptions for UV attenuation correction, respectively. We will
discuss the discrepancy between the two assumed attenuation curves later in Section 6.4.4.
Based on the Calzetti points, &op is constant at 8 = —1.6, and there is a significant increase
of &on by ~ 0.5dex in the bluest bin with 8 = —2.1. The increase is consistent with the
higher-redshift results of Bouwens et al. (2016a). On the bottom panel of Figure 6.1, we
also show the &y, distribution in bins of 5 with the vertical black line indicating the average
of the full sample. It is clear that &, distribution shifts to lower values proceeding to larger
B8’s.

Studies of cosmic reionization struggle to show whether faint galaxies at z > 6
have high enough escape fractions to maintain reionization (e.g., Vanzella et al. 2010; Siana
et al. 2015). If the galaxies with the bluest 8 ((8) = —2.1) in our sample are similar to
faint galaxies at 2z > 6, their elevated o of log(&on/[s™!/ergs !  Hz71]) = 25.42 £ 0.09,
compared to the “canonical” &, value of 25.20 that is commonly assumed in reionization
models (Robertson et al. 2013), implies that a lower escape fraction of ionizing photons is
needed for galaxies to reionize the universe (see Robertson et al. 2013, 2015; Bouwens et al.
2016a; Stanway et al. 2016). Even without the assumption of the E(B — V)-based fesc (see
Section 6.3), &ion in the bluest bin is 25.34 +0.08 for the Calzetti curve and 25.39 £ 0.08 for
an SMC curve, which is ~ 0.17 dex larger than the Robertson et al. (2013) assumed value.

Based on the constraints on the Thomson scattering and ionized hydrogen filling

factor at z = 6 — 9 from CMB observations, Bouwens et al. (2015) estimated the evolution

3The Bouwens et al. (2016a) study did not have Hj measurements and corrected their photometry-based
Ha luminosities using stellar E(B — V'), assuming a similar reddening towards nebular and stellar regions.
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of the cosmic ionizing emissivity. The cosmic ionizing emissivity, or the number density of
ionizing photons per second capable of reionizing hydrogen in the IGM, Niop, is a product
of three terms: the total UV luminosity density puv, &on, and the fraction of the ionizing
photons that escape into the IGM, fesc. Bouwens et al. (2015) compared the observationally-
constrained evolution of Nj, with the evolution of the UV luminosity density integrated
down to Myy = —13 and concluded that in order for galaxies to reionize the IGM with
a clumping fraction of Cyrr = 3, we need to have log( fesc&ion) = 24.50 + 0.1. Using this
constraint and our &gp value at f = —2.1 (without the assumption of E(B — V')-derived
fesc), we evaluate an escape fraction of 0.14 4 0.04, which is consistent with the low LyC
escape fraction observed in z ~ 2 — 4 galaxies (e.g., Chen et al. 2007; Nestor et al. 2013;
Siana et al. 2015; Grazian et al. 2017; Japelj et al. 2017). Simulations also predict a low
(< 0.05) time-averaged fesc due to large time variability of fes. (e.g., Ma et al. 2015).

We also show &on as a function of UV magnitude in Figure 6.2 for both the
Calzetti and SMC curves with points from the higher redshift study of Bouwens et al.
(2016a) included. As evident, we do not see any trend between o, and UV luminosity. &ion
is constant for galaxies below and above the characteristic UV magnitude at 1.9 < z < 2.7,

Mg = —20.70 (Reddy & Steidel 2009).

6.4.2 &, and ISM properties: O3, and BPT diagram

The ionizing photon production efficiency, by definition, depends on the hardness
and intensity of the source radiation field. In MOSDEF, we have the leverage of access to

multiple rest-optical emission lines whose ratios give us an independent way of constraining
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Figure 6.3 Dependence of &on on [Om]/[O11] ratio. The orange and blue symbols are
the same as in Figure 6.1 for the sample of Ha, [O111], and [O11] detected galaxies. Red
circles show weighted averages of only the Ha-Hf detected sample (the blue individual
points), which are consistent with the orange stacks that include HS-undetected galaxies
as well. The violet star is the stack of undetected [O11] objects ([O111] detected), which
does not display a higher &, compared to the rest of the stacks. The horizontal line shows
log(&on/[s71/ergs™  Hz71]) = 25.2 from Robertson et al. (2013).
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the source ionizing radiation. In this section, we investigate the change of &, as a function
of [Om1]/[O11] ratio (Os2), [O111] /HP ratio (O3), and across the BPT diagram (Baldwin et al.
1981).

As [Om1] and [O11] are from the same element but with different ionization poten-
tials, O32 is used as an empirical proxy for ionization parameter. In Figure 6.3, we show
the relation between &, and Oso. In the Calzetti stacks, &, is constant at Ogs < 3 and
increases by ~ 70% at Oso ~ 5. This increase is significant at the > 3o level. High Oss
indicates high ionization parameter (Penston et al. 1990), and hence a high ionizing photon
production efficiency. High O3z may also be indicative of a density-bounded HII region
(see e.g., Nakajima & Ouchi 2014; Trainor et al. 2016), where the star-forming cloud is
completely ionized and its radius is determined by the gas distribution and not the ioniza-
tion equilibrium. In a density-bounded nebula the outer layer with lower ionization species
that produce [O11] is reduced, but the higher ionization [O111] zone that form preferentially
at the inner radii of the Hir region is unaffected. Consequently, the ratio of [Or11]/[O11]
in a density-bounded nebula is larger than that of an ionization-bounded nebula. On the
other hand, a density-bounded nebula would have a higher leakage of ionizing photons (high
fese) compared to an ionization-bounded nebula (see Giammanco et al. 2005; Jaskot & Oey
2013; Nakajima & Ouchi 2014). In that case, a fraction of ionizing photons emitted from
the source escape the nebula before producing recombination lines. As a result, if the high
O32 ratios are to some extent associated with density-bounded systems, their intrinsic &;on

is even higher than that inferred from Ha.
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The trend of &g, with Ogs is different in the SMC stacks compared to the Calzetti
stacks. &on assuming an SMC curve for UV dust correction increases in both the low and
high O3y bins (Figure 6.3). The discrepancy between the Calzetti and the SMC results is
largest in the lowest O39 bin, as these galaxies are also more dusty, and hence the effect of
any uncertainty in their dust correction is enhanced. The different trends of the Calzetti
and the SMC stacks show the importance of systematic uncertainties associated with UV
dust corrections (Section 6.4.4).

To see whether galaxies with undetected [O11] are intrinsically different than the
[O11] detected objects, we stack the spectra of undetected [O11] objects (detected in [Or11]).
We normalize the spectra of individual galaxies to their [Or1] luminosity, calculate the
normalized [O11] luminosity of the composite spectrum, and correct it for dust attenuation
by measuring E(B — V)pep from the HB composite spectrum, normalized to Ha luminosity
(assuming the Cardelli extinction curve, Section 6.3.1). The stack is shown in Figure 6.3
and indicates similar O3zy and &jon as the rest of the sample with Ogze < 3. The [O11] line
in 35% of the undetected [O11] objects lie very close to a sky line. This fraction for the
detected [O11] sample is 25%. A high fraction of contamination by sky lines implies that
the [O11] line is not necessarily intrinsically faint in [O11] undetected objects.

The top panel of Figure 6.4 shows the galaxies in the [O111]/H/ versus [N11]/Ha N2-
BPT diagram color coded by log(&on). The position of galaxies in the N2-BPT diagram is
indicative of both the stellar ionizing radiation field and the conditions of the gas in the star-
forming regions. A higher ionization parameter increases O3 and keeps N2 almost constant

at N2 < —0.9 (low metallicity, Kewley et al. 2013). In agreement with this statement, in
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Figure 6.4 (Top:) change of &on across the N2 BPT diagram. As a reference, we show the locus
of star-forming galaxies at z ~ 0 (Kewley et al. 2013) with a black solid line. &g, in both plots
is measured with the assumption of the Calzetti attenuation curve for UV dust correction. Circles
denote objects with > 3o detection in all four lines. Downward triangles are 3¢ upper limits
on [O111]/HS, where [O111] is not detected. Triangles pointing to the left show 3 o upper limits on
[N11]/Hev, where [N11] is not detected. The error bar on the corner indicates the typical uncertainties.
&ion is enhanced at high [O111]/HS and low [N11]/Hea. The horizontal and vertical lines show average
[O111)/HS and [N11]/He, respectively, for upper (red) and lower (blue) half of &y distribution. The
distribution is the same for the sample with only z > 2 galaxies. The z < 2 sample is not large
enough to statistically constrain the relation. The dashed line is the shifted z ~ 0 sequence to
divide the sample in two bins with equal number of galaxies. There is no change in the average &on
above and below the dashed curve. (Botton:) Dependence of &, on [Om11]/HS. The red symbols are
weighted averages of &op in bins of [O111]/HS. The yellow star indicates the stack of HS undetected
galaxies (the stack is performed in a similar manner to the [O11] undetected galaxies explained
earlier in Section 6.4.2), which has a lower &, compared to that of the highest [O111]/HS bin. The
horizontal line shows log(&on/[s7!/ergs™ Hz71]) = 25.2 from Robertson et al. (2013).
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Figure 6.4-top we also see that &, increases with increasing O3 at low N2. On the other
hand, a harder ionizing radiation field has a larger fraction of ionizing photons to enhance
[N11] and [Or111] and increases both O3 and N2. Some studies have suggested that the offset
of z ~ 2 galaxies from the locus of z ~ 0 star-forming galaxies in N2-BPT diagram (seen in
Figure 6.4-top) is due to a harder stellar ionizing radiation field (Steidel et al. 2014; Steidel
et al. 2016; Strom et al. 2017). To examine whether &, varies with the offset from the
BPT star-forming sequence, we shift the z ~ 0 locus (adopted from Kewley et al. 2013)
towards higher O3 and higher N2, such that our sample with detected diagnostic lines is
divided in equal numbers. There are 125 galaxies on each side of the shifted sequence, shown
with dashed curve in Figure 6.4. The average &, above and below the shifted sequence
are respectively log(&on/[s7! /ergs™! Hz71]) = 25.07 4 0.03 and 25.04 £ 0.03, suggesting no
change in the hardness of ionizing radiation with the offset from the z ~ 0 sequence.

In summary, Figures 6.3 and 6.4 indicate an increase of the production efficiency
of ionizing photons in star-forming galaxies with high ionization parameter (high O3, Fig-
ure 6.4; high Ogq, Figure 6.3) at low metallicities (low N2, Figure 6.4). Similar to the
conditions in high O3z, high O3 may also be indicative of density bounded systems, and
hence, in such galaxies Ha underestimates &op.

We note that a part of the strong relations between &, with O3 and N2 might be
affected by the fact that the same emission lines, Ha and Hf, are used in &on, O3, and N2.
The relation between &, and O3y is immune from this degeneracy, as the two quantities

are derived completely independently.
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We further investigate the only three objects in the lower-right part of the BPT
diagram that have log(&on/[s™ ! /ergs ' Hz71]) > 25.5 (Figure 6.4-top). Their high &op is
inconsistent with their location in the low excitation and high metallicity corner of the
BPT diagram. The elevated o, cannot be explained by low stellar metallicity, as the
three galaxies have high N2 values (low measurement uncertainty, ~ 0.05dex). The HfA
line of the highest &q, object among the three (with log(&en/[s™!/ergs™t Hz71]) = 25.72)
is located close to a sky line and is marginally detected at S/N = 3.2, which leads to
an uncertain nebular dust correction (E(B — V)uep = 1.12 £ 0.11) and [O11]/HS ratio
(log([Om1]/HB) = —0.011 £ 0.017). Its SED-inferred UV slope (8 = 0.24) is also not
consistent with the observed UV slope (8 = —1.78), making its UV dust correction uncertain
as well. The other two objects with log(&on/[s™!/ergs™ Hz!]) = 25.62 and 25.54, have
robust line measurements with high S/N. They are fairly massive (M, ~ 106 M) and
old (age ~ 3 Gyr, assuming an exponentially rising star-formation history with 7 = 5 Gyr),
which suggests that a starburst is not driving a high value of &on. The last possibility to
explain the elevated o, is a shallow IMF that produces large fraction of hot ionizing stars
leading to a high ratio of ionizing to non-ionizing photons. These two objects are interesting
targets for follow-up rest-UV observations to directly trace their ionizing radiation and

explore the physical reason of their inconsistent high &, with low O3 and high N2.

6.4.3 ¢&on evolution with cosmic time and stellar mass

One motivation for constraining &, is that it is an important input of cosmic

reionization models. To see whether our measurements of &on at z ~ 2 can be extended to
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Figure 6.5 Ionizing photon production efficiency as a function of redshift. Our measurements
in two redshift bins are shown with blue symbols. We include &;,, measurements from the
literature at different redshifts. For details of each study refer to the text. The numbers next
to the markers indicate average mass of the samples. We limit our samples to log(M,/Mg) <
10.3 to obtain a more similar mass distribution to that of other high-redshift studies.

z 2 6 galaxies, we compare our results with the studies of higher redshift galaxies from the
literature.

In Figure 6.5, the blue symbols are our &, measurements at z ~ 1.5 and 2.3,
corrected for UV attenuation using the Calzetti (solid blue) and SMC (light blue) curves.
To make our sample more similar to that of higher redshift studies, we only take galaxies
with log(M,/Mg) < 10.3 into consideration. This upper mass limit is chosen to match the
maximum mass limit of the Bouwens et al. (2016a) sample at z ~ 4.4. Our sample has still
a higher average mass than that of Bouwens et al. (2016a), as our sample lacks galaxies with
log(M./Mg) < 9.0. The numbers next to the markers in Figure 6.5 indicate the average

masses of each sample.
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In Figure 6.5, we also show the results of Matthee et al. (2017) at z ~ 2 (green
stars), which is from a large sample of Ha emitters from a narrow-band survey to estimate
&ion corrected for dust attenuation based on stellar mass. The two symbols show two different
subsamples with different stellar masses indicated in black font next to the markers.

Nakajima et al. (2016) use Hf luminosity with an assumption of no dust atten-
uation to estimate &on for a small sample of 15 Lya emitters (LAEs) and Lyman break
galaxies (LBGs) at z ~ 3. 12 of their objects are LAEs (plus one AGN and two LBGs),
which poses a strong sample selection bias as LAEs occupy different parts of the BPT dia-
gram and have different ionization properties (e.g., Nakajima et al. 2013; Erb et al. 2016).
We show the average &, of their detected HfS sample along with the 3 o upper limits of the
undetected ones with purple symbols. They discussed that by assuming the same stellar
and nebular color-excess, the median E(B — V) = 0.03 derived from SED modeling with
an SMC curve, decreases their &, values by ~ 0.1 dex.

The orange squares in Figure 6.5 are from Bouwens et al. (2016a), who estimated
Ha from IRAC photometry at z ~ 4 —5. In the absence of HS measurements, Ho, luminosi-
ties were dust-corrected using stellar reddening derived from SED fitting. The high redshift
red symbols in Figure 6.5 are the Stark et al. (2015) and Stark et al. (2017) measurements
of four luminous, young, metal-poor galaxies at z ~ 7 using UV metal lines. The elevated
&ion values are not necessarily typical of high-redshift galaxies, as they were pre-selected to
have extremely large [O11]+Hf equivalent widths. They also have Ly« detection, although
the IGM is expected to be significantly neutral at z =7 — 9. Therefore, Stark et al. (2017)

concluded that the hard radiation field of these objects likely reduces the covering fraction

162



27.0 ‘ T

26.5

26.0

25.5

25.0

24.5

log(gion/HZ erg541 )

240 T Calz, Z, N s ¢ I

TI SMC,022Z, s N

23.5—= ‘

10° 10% 10™
Mass [M ]

Figure 6.6 Dependence of o on stellar mass. The symbols are the same as in Figure 6.1.

of neutral hydrogen in the circum-galactic medium and allows transmission of Lya. The
unique selection criteria of these galaxies makes it nontrivial to compare them with our
sample at z ~ 2 in the context of &, redshift evolution.

Although at first sight, Figure 6.5 suggests a redshift evolution of increasing o, at
higher redshifts, an important caveat of the analysis is that each sample is tracing galaxies
over different stellar masses. To determine to what extend &y, is affected by stellar mass,
we stack our sample in bins of mass in Figure 6.6. &0, is almost constant at high masses but
the 0.23 4+ 0.10 dex increase in the lowest mass bin may be indicative of a mass dependency
of &on. The weak trend of &, with stellar mass is also seen in predictions from simulations
(Wilkins et al. 2016). We cannot test whether the observed increase of &, at lower masses
persists, as the MOSDEF sample is only complete to 10° M. Future studies with James

Webb Space Telescope (JWST) will be specifically useful to span the dynamical range of
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such studies to lower masses and constrain the redshift evolution of &, in a more robust
manner. However, as discussed in Section 6.4.4, the UV dust attenuation curve remains a

significant uncertainty in assessing jon.

6.4.4 Systematic uncertainties of dust attenuation

An important aspect of Figures 6.1-6.6 is the systematic uncertainty in &o, associ-
ated with the choice of attenuation curve for the UV dust correction. In all of the plots we
show calculations of &on using both the Calzetti curve with a solar metallicity (solid sym-
bols) and an SMC curve with sub-solar metallicity (light symbols). The latter assumption
is motivated by recent studies that suggest an SMC curve with a bluer intrinsic g is more
appropriate for high-redshift galaxies (Reddy et al. 2017).

Using an SMC curve systematically increases &jon by ~ 0.1 — 0.4dex. The dis-
crepancy is larger for more dusty and massive galaxies (see Figure 6.1 and 6.6). Using a
single attenuation curve for all galaxies with such a wide range of mass and dustiness is
probably not realistic. If the shape of dust attenuation curve varies with galaxy properties
(as has been shown in other studies, such as Noll et al. 2009; Kriek & Conroy 2013; Reddy
et al. 2015; Salmon et al. 2016), it would affect the trends we see between &, and galaxy
parameters. For example, it has been suggested that for young galaxies a curve that is
steeper than the Calzetti curve provides a better agreement with IR observations (Reddy
et al. 2006a; Siana et al. 2009; Reddy et al. 2010; Shivaei et al. 2015a; Shivaei et al. 2017). A
more recent study of Reddy et al. (2017) suggested an SMC curve for massive galaxies and
an attenuation curve steeper than SMC for young and low-mass galaxies at z ~ 2. A steeper

attenuation curve leads to lower UV dust attenuation and higher &,,. For simplicity, in this
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Figure 6.7 Simulation of a oy distribution with an intrinsic scatter of 0.21 dex. The dis-
tribution is shown in blue. To test the effect of galaxy-to-galaxy variations of the dust
attenuation curve in the &y scatter, we attenuated each object with a different attenuation
curve (orange) and corrected the dust obscured luminosities this time by assuming a single
attenuation curve (green). The recovered scatter is larger than the intrinsic one, which
introduces a ~ 0.1 dex uncertainty in the measured scatter of &, distribution.

study we use a single attenuation curve for the entire sample and present results of both
the Calzetti and SMC curves throughout the analysis. Future UV and IR observations are

needed to shed more light on this issue.

6.5 Scatter in &,

In the previous sections, we focused on the average values of &, either as a
function of galaxy properties at z ~ 2 or throughout cosmic time. Another important
aspect of our study is that we have individual measurements of &,, which enables us to

study the underlying physics that causes the scatter in the &, distribution.
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Figure 6.8 Top: distribution of o, for our whole sample of 1.4 < z < 2.6 galaxies, assuming
the Calzetti attenuation curve for the UV dust correction in violet and an SMC curve
in green. The observed and intrinsic (i.e., measurement-subtracted) scatters are 0.37 and
0.29 dex for the Calzetti distribution and are shown with grey and violet arrows, respectively.
Vertical lines show the averages of the sample. Assuming an SMC curve systematically
increases &jon by ~ 0.3 dex, indicating the sensitivity of &, measurements on the assumed
UV attenuation curve. Bottom: &, predictions from stellar population models of BPASSv2
and BC03. Each row shows the variation of &, by changing the labeled quantity in the
model, described in detail in Table 6.1. Numbers refer to the model assumptions reported
in Table 6.1. The transparent marker (labeled 3bin, log(&on/[s™!/ergs™ Hz71]) = 25.70)
is the IMF model #3 in Table 6.1 including binary evolution.
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Figure 6.8 shows the distribution of &0, for the MOSDEF galaxies at 1.4 < z < 2.6
(top panel). The observed scatter is 0.37 dex (0.35 dex) assuming a Calzetti (SMC) attenu-
ation curve for the UV dust correction (shown with grey arrow in Figure 6.8). The average
measurement uncertainty, which is dominated by the uncertainty in Ha and HS lumi-
nosities, is 0.22dex. Subtracting the measurement uncertainty from the observed scatter
in quadrature results in an “intrinsic” scatter of 0.29dex (0.27 dex) assuming a Calzetti
(SMC) attenuation curve for UV dust correction (shown with purple arrow in Figure 6.8).
In the following two sections we investigate the effect of the galaxy-to-galaxy variations of

attenuation curve (Section 6.5.1) and massive star populations (Section 6.5.2) on the scatter

in é-ion .

6.5.1 Galaxy-to-galaxy Variations in the Dust Attenuation Curve

Other than the measurement uncertainties, another source of uncertainty in the
scatter of &0y is caused by neglecting the galaxy-to-galaxy variations in the dust attenuation
curve. To estimate the uncertainty caused by the assumption of a single attenuation curve
for all galaxies (the Calzetti or SMC for the stellar attenuation and the Cardelli for the
nebular attenuation), we perform a simple test as follows. We simulate distributions of dust-
corrected intrinsic Ha and UV luminosities and calculate the distribution of o, accordingly
with an intrinsic scatter of 0.21 dex and average value of log(&on /[s™1 /ergs™  Hz71]) = 25.13
(blue histogram in Figure 6.7). Given the Ho and UV luminosity of each galaxy, we predict
stellar and nebular F(B — V') using the empirical relations we derived based on our sample
between L(Ha)-E (B =V )nebular and L(UV)-E(B — V )gtellar With an assumed scatter in each

relation. Then, we attenuate each individual galaxy with a different attenuation curve (k)
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randomly picked between that of the Reddy et al. (2015) and the Calzetti curve for L(He)
and the Reddy et al. (2015) and the SMC curve for L(UV). The curves were chosen such
that we cover the maximum range of k) based on the commonly used attenuation curves.
The result is shown as a green histogram in Figure 6.7 with 0.30 dex scatter, which is similar
to the scatter in the observed uncorrected &, distribution. In the final step, we recover the
dust-corrected values this time by assuming a single attenuation curve for all galaxies—the
Calzetti curve for UV and the Cardelli curve for Ha. The recovered scatter is 0.24 dex,
shown with the orange histogram in Figure 6.7.

Subtracting the intrinsic and the recovered scatters introduces ~ 0.1 dex uncer-
tainty in the &, scatter due to neglecting the galaxy-to-galaxy variations in the attenuation
curve. However, the uncertainty cannot solely explain the large 0.29 dex measurement-
subtracted scatter. Subtracting 0.1dex uncertainty from 0.29 dex scatter in quadrature

results in a 0.27 dex scatter.

6.5.2 Galaxy-to-galaxy Variations in Properties of Massive Star Popula-

tions

As shown in the previous section, there is a large intrinsic scatter of 0.29 dex in
the &on distribution that cannot be explained by either the measurement uncertainties or
the galaxy-to-galaxy variations of the dust attenuation curve. We explore the potential
physical sources of the scatter by investigating the predictions from the stellar population
synthesis (SPS) models of Bruzual & Charlot (2003, hereafter BC03) and the BPASSv2
models (Eldridge & Stanway 2016; Stanway et al. 2016). To determine the predicted &ion

from an SPS model, we integrate AL, below 912 A, divide by he, where h is Planck’s
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constant and c¢ is the speed of light, to convert the integrated value to the rate of ionizing
photons, and divide the rate of ionizing photons to UV luminosity density (L,) at 1500 A.
The predicted values for a range of IMF parameters, metallicities, star-formation histories,
and the effect of binaries are shown in Table 6.1 and the bottom panel of Figure 6.8.

The commonly-used BC03 model for a Salpeter IMF, a constant star formation
history, and Z = 0.02 (1.5 Z, based on the most recent solar abundances, Asplund et al.
2009) predicts log(&on/[s ! /ergs ' Hz71]) = 25.06. The BPASSv2 model with the same
assumptions produce a similar value of log(&on/[s 71 /ergs™! Hz71]) = 25.08.

Our fiducial BPASSv2 model without binary evolution, assuming a Salpeter
IMF, a constant star formation history, and a sub-solar metallicity (0.15Zs) predicts
log(&on/[s7!/ergs™  Hz71]) = 25.23. Including binaries in the fiducial model leads to an
even higher &on by ~ 50%. The effect of binary evolution is to transfer mass and angular
momentum from the massive star to its less-massive companion. This transfer causes the
companion to spin faster, which leads to rotational mixing of its layers and more efficient
burning of hydrogen in its interior (e.g., Cantiello et al. 2007; de Mink et al. 2013). Conse-
quently, the main-sequence lifetime increases and the star becomes hotter, which increases
&on compared to that of a single star evolution (Stanway et al. 2016).

Bursts of star formation result in the largest change of &g, from
log(&ion/[s7 1 /ergs™t Hz 1)) = 24.7 to 25.3 for a burst of 5 Mg yr~! on top of a constant star
formation history of 1 Mg yr~—!. Due to different timescales of Ha and UV light (Kennicutt
& Evans 2012; Shivaei et al. 2015b), at the onset of a burst there are more ionizing photons

produced at a given UV luminosity and hence a larger &, while after the end of the burst

169



the ratio of ionizing to non-ionizing fluxes decreases. A burst with a higher amplitude of
10 Mg yr—! would cause a larger variation in &jon, but such strong bursts are not likely for
the mass range of our galaxies (e.g. Hopkins et al. 2014; Dominguez et al. 2015).

Variations in the stellar metallicity also change &;on, with lower metallicity models
producing higher &,,. Low metallicity stars have higher effective temperatures and harder
ionizing radiations due to less metal blanketing, an effect through which high energy photons
are absorbed by metals in stellar atmospheres. Higher metal opacity in low metallicity
massive stars also causes lower mass loss rate due to winds, and hence increases the main
sequence lifetime of low metallicity stars (Maeder & Conti 1994). Also, at low metallicity
the Hayashi limit, an almost vertical line on the HR diagram that denotes the largest radius
that a star at a given mass can have in order to maintain hydrostatic equilibrium, moves to
higher temperatures (Elias et al. 1985). In our models, changing the stellar metallicity from
0.15 Zg to 1.5 Zg (based on most recent solar abundances, Asplund et al. 2009), results in
~ 40% change in ionizing photon production efficiency.

Variations in the slope and the upper mass cutoff of IMF result in large change
of 0.58 dex in &on. We change the slope of high mass end from —2.00 to —2.70. We also
consider both 100 and 300 Mupper mass cutoffs. The latter is motivated by observational
evidence for the presence of stars with masses > 150 Mgin nearby star clusters (Crowther
et al. 2010; Smith et al. 2016). An IMF with a shallower slope of the high mass end
and/or a higher upper mass cutoff results in a larger fraction of hot and massive stars. The
highest &on value among our assumed parameter space belongs to a binary model with the

shallowest IMF slope (o« = —2.0), upper mass cutoff of 300 My, and a subsolar metallicity
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(0.15 Z). The predicted &op for this model is log(&on/[s~!/ergs™! Hz71]) = 25.70 and is
shown with a light yellow circle in Figure 6.8.

The assumed dust attenuation curve for the UV stellar continuum correction causes
a large systematic uncertainty of ~ 0.3dex, as shown with green and violet histograms in
Figure 6.8. However, as shown above the galaxy-to-galaxy variation of the dust attenuation
curve does not significantly contribute to the scatter of the o, distribution (~ 0.1 dex).
Therefore, we conclude that the measurement-subtracted intrinsic scatter of 0.29 dex that
we measure for the &, distribution is indicative of variations in the stellar population of
individual galaxies, such as variations in the IMF, stellar metallicity, star formation history,

stellar population age, and binary/single evolutionary pathways for massive stars.

6.6 Summary

We use a large sample of 672 galaxies from the MOSDEF sample with Ha and HA
spectroscopic measurements at z = 1.37 — 2.61 to constrain the ionizing photon production
efficiency, &on. We use dust-corrected Ha to calculate the rate of ionizing photons, and
divide that by UV luminosity at 1500 A, dust-corrected using SED-derived color-excess, to

estimate &on. Our main results are as follows.

e We find an enhanced value of &, in galaxies with blue observed UV slope
(log(&on/[s7Y /ergs™ Hz7Y]) = 25.344-0.08 at 3 = —2.1, Section 6.4.1). These blue-3
and low-mass galaxies are more similar to high-redshift galaxies that are thought to

be the main drivers of cosmic reionization. Based on this assumption, we conclude
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that if log(&on/[s71 /ergs ™ Hz71]) = 25.34 £ 0.08, then the average escape fraction

must be fese = 14% £ 4% to keep the universe ionized at z > 6.

We show that &y, is almost constant at Oss < 3 and increases by ~ 70% at Oga ~ 5 to
log(&ion/[s 71 /ergs™ Hz 1)) = 25.33 4 0.07 (Section 6.4.2). The increase is consistent
with our expectations as both quantities trace ionization parameter. However, if
high Ogs9 galaxies are density-bounded, then Ha would under-predict the ionizing

luminosity.

In the N2 BPT diagram, our results show an increase of the production efficiency of
ionizing photons at high ionization parameter (high [O11]/HS) and low metallicity
(low [N11]/Hey, Figure 6.4). &on does not change with the offset from the BPT z ~ 0
star-forming locus, suggesting no change in the hardness of ionizing radiation with

the offset from the z ~ 0 sequence (Section 6.4.2).

We do not see a strong correlation between &jo,, and stellar mass. However, there is a
0.234-0.10 dex increase of &y in the lowest mass bin with (M, ) = 1093 M (Figure 6.6).
Samples with a wider range in mass that span to M, < 10° Mgare needed to complete

the picture.

We compare our results at z ~ 1.5 and 2.3 with higher-redshift studies. As the samples
are tracing galaxies with different stellar masses, it is not trivial to conclude robustly
whether the redshift evolution in Figure 6.5 is indicative of &, evolution or is caused

by sample selection biases (Section 6.4.3).
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e We investigate the sources of the large intrinsic (i.e., measurement uncertainty sub-
tracted) scatter of 0.29dex in the &, distribution by investigating the galaxy-to-
galaxy variations in dust attenuation curve, IMF, stellar metallicity, star formation
burstiness, and binary/single eovlutionary paths (Section 6.5, Figure 6.7). We show
that galaxy-to-galaxy variations in dust attenuation curve introduce ~ 0.1 dex uncer-
tainty in the scatter (Section 6.4.4). We conclude that the remaining 0.27 dex scatter
originates from galaxy-to-galaxy variations in the stellar population properties of our
galaxies (Section 6.5.2), as follows. Binary evolution increases &jon predictions from
SPS models by ~ 50%. Variations in the upper mass cutoff and the slope of the IMF
cause a large variation in &, by 0.58 dex, as a higher IMF upper mass cutoff and shal-
lower slope increases the fraction of hot and massive ionizing stars. &eon also varies
by stellar metallicity and is lower in metal-poor galaxies, mainly due to the decreased
affect of metal blanketing. A starburst with an amplitude of 5 times the underlying
star formation rate can change o, from log(fion/[s_l/erg s 1 Hz_l]) = 24.7 to 25.3.
However, a high frequency of strong bursts is unlikely for most of our galaxies with

masses > 1092 M.

e We demonstrate that even with robust dust-corrected Ha measurements and N (HO)
estimates, the UV dust attenuation curve is an important source of uncertainty in &on
measurements. An SMC curve with intrinsically blue UV slope (a result of a sub-solar
metallicity assumption), systematically increases &jo, estimates by as large as 0.4 dex
compared to the results of the shallower Calzetti curve with solar abundances. The

systematic change is shown in all Figures 6.1-6.6. A more realistic mass-dependent
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UV dust attenuation curve, such that the curve is steeper for low-mass galaxies than
massive ones, would affect our results and enhance the &, variations we observe as a
function of mass and 8 (Section 6.4.4). This systematic uncertainty is very important

to consider in future rest-optical observations with JWST.

We thank Rychard Bouwens and George Rieke for helpful comments. Funding
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the W.M. Keck Foundation. The authors wish to recognize and acknowledge the very sig-
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Chapter 7

Epilogue

We have made significant progress in calibrating the commonly-used star formation
rate indicators and better understanding mass assembly, dust enrichment, and character-
istics of massive stars in galaxies at z ~ 2. We constrained the properties of SFR-M,
relation, the variations of the mid-IR dust emission in different environments, and produc-
tion efficiency of ionizing photons. We demonstrated that uncertainties associated with
the assumed dust attenuation curve and stellar population synthesis model dominate the
variations in the ratio of ionizing (Ha) to non-ionizing (UV) emission. Despite these ad-
vancements, there are a number of issues that remain unresolved but are critical towards
our understanding of star formation and mass assembly at z 2> 2.

A population of galaxies that is widely missed from the MOSDEF sample and the
works presented in this thesis is faint and low-mass galaxies (M, < 10°Mg). Faint and
low-mass galaxies are important pieces in the galaxy formation and evolution puzzle, as

they are abundant in the universe and contribute significantly to the chemical enrichment
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of the intergalactic medium. The slope of SFR-M,, which we measured in Chapters 3 and 5
(limited to M, ~ 109571 M), is shallower than the unity slope predicted from simulations
(Davé 2008; Sparre et al. 2015a). Based on models, a shallow slope of 0.6 cannot hold down

to low masses with M, <

~

109.5 My, as it would lead to a too rapid evolution in the stellar
mass function (Weinmann et al. 2012; Ilbert et al. 2013). Therefore, it is expected that
the slope flattens as we move towards lower masses. Another puzzling characteristic of the
low-mass galaxies is their star formation histories. Simulations predict that star formation
in low-mass galaxies is stochastic (Hopkins et al. 2014; Sparre et al. 2015b; Dominguez
et al. 2015). Studying the star formation stochasticity is essential for our understanding of
galaxy evolution, as the feedback from star formation bursts affects the ionizing flux escape
fraction, as well as the strength of the observed nebular lines. Moreover, galaxies with low
masses and low metallicities are assumed to contribute significantly to the cosmic reion-
ization at z = 6 (Robertson et al. 2013; Bouwens et al. 2015). Hence, constraining their
ionizing photon production efficiency and escape fraction is crucial for better understanding
the reionization era. The launch of JWST will be of major importance for addressing these
questions. JWST NIRSpec and NIRCam instruments will provide higher sensitivities and
wider wavelength coverages that enable us to address the aforementioned questions and ex-
tend the studies presented in this thesis to lower masses and higher redshifts. Advancements
in this area, specifically regarding measurements of star formation burstiness and ionizing
photon production efficiency and escape fraction, may also be achieved by incorporating

rest-frame UV spectra and utilizing spectral features that are sensitive to the presence of
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massive stars and ages of starbursts (Leitherer et al. 1995; Shapley et al. 2003; Reddy et al.
2016b; Stark et al. 2017).

Other open issues include the formation and destruction mechanisms of dust
grains, the physical explanation of the observed low PAH intensity in metal-poor envi-
ronments, the properties of PAH molecules at high redshift, including the PAH charge,
size, and molecular structure, as well as temperature and type of the source. Studying
PAH properties at high redshifts will help us reveal valuable information about the ISM
conditions and stellar populations of early galaxies. Progress on this front requires simulta-
neous observations of multiple mid-IR aromatic bands (as opposed to a single emission at
7.7 pm with Spitzer/MIPS). The Mid-Infrared Instrument (MIRI) onboard JWST with nine
photometric bands from 5 to 28 um will push the boundaries of our knowledge about dust
and PAHs at z ~ 1 — 2, owing to its significantly higher sensitivity and spacial resolution
compared to our current facilities.

Another urgent question that remains is the appropriate dust attenuation curve
that applies to high-redshift galaxies. The assumption of a single attenuation curve for
the entire population of high-redshift galaxies that spans a wide range in mass and specific
SFR is not realistic. With the current datasets from rest-UV and rest-optical spectroscopic
surveys, we start to empirically derive average dust attenuation curves and characterize
important features in the curves, such as the ubiquity (or lack) of the 217 5A extinction
feature at high redshifts. However, to properly constrain dustiness (i.e., IR to UV luminosity

ratio) in high-redshift galaxies, we need to increase the resolution of our far-IR photometry
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and directly trace the peak of IR emission at z ~ 1 — 3, which will not be feasible in a

foreseeable future.
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