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ABSTRACT

Understanding the formation and evolution of galaxies from the Big Bang to the
present day is one of the most important questions in modern astronomy. The
tremendous amount of observational data accumulated in the past decade that probe
various properties of galaxies across cosmic time demand a more detailed theoretical

understanding of galaxy formation and evolution.

In this thesis, I will investigate several open question in this field using state-of-the-
art cosmological hydrodynamic zoom-in simulations of galaxy formation from the
Feedback in Realistic Environments (FIRE) suite. These high-resolution simula-
tions (10—104 Mg, 0.1-10 pc) include realistic models of the multi-phase ISM, star
formation, and stellar feedback and explicitly capture gas cooling down to 10 K, star
formation in dense clumps in giant molecular clouds, and feedback coupling on the
smallest resolved scales. These simulations are powerful tools for studying the key
physics governing galaxy formation and evolution and understanding the detailed

observations of galaxy properties.

The first half of this thesis presents three studies on galactic chemical evolution.
Chapter 2 focuses on the origin and evolution of the galaxy mass-metallicity relation
(MZR), one of the fundamental properties of galaxies. I will show that the FIRE
simulations broadly agree with the observed galaxy MZR from z = 0-3. The slope
of the MZR is mainly driven by the metal retention fraction in low-mass galaxies,
while the amount of redshift evolution of the MZR is mostly determined by the star
formation histories of galaxies. Chapter 3 attempts to understanding the diversity of
gas-phase metallicity gradients found in intermediate-redshift (z ~ 0.6-3) galaxies.
I will show that the metallicity gradient in a galaxy varies on small timescales
driven by bursty star formation and feedback cycle at early times, naturally resulting
in the observed diversity of metallicity gradients in z ~ 2 galaxies. The metallicity
gradient only reflects the instantaneous dynamics of a galaxy. Chapter 4 will study
the structure, stellar age and metallicity gradients, and formation history of Milky
Way (MW)-like disk galaxies. At high redshift, star formation happens in a chaotic,
bursty mode, which eventually forms a nearly spherical structure by z = 0. Since
z < 1, a stable gas disk emerged and stars formed in that disk thereafter. The
thickness of the gas disk decreases with time due to lowering gas fraction. Stars
formed earlier in this disk are kinematically heated to a thicker, flaring disk. Such

a formation history leads to the age and stellar metallicity gradients consistent with
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what observed in the MW disk.

The second half of this thesis focuses on galaxy formation in the first billion years
of the Universe, known as the reionization era. Chapters 5 and 6 study the escape
fraction of ionizing photons from galaxies at z > 5, which is an important, yet poorly
constrained parameter for understanding the reionization history. Most ionizing
photons are emitted by the youngest stellar populations in the galaxy, which are
usually embedded in their ‘birth clouds’. Stellar feedback is required to clear these
clouds in a few Myr before ionizing photons are allowed escape. In the meanwhile,
the ionizing photon budget decreases rapidly as the most massive stars start to die.
The competition of timescales between feedback and stellar evolution is thus the
most important physics determines fesc. I will show that canonical single-star stellar
population models such as STARBURSTY9 generally yield a fes far below what is
required for cosmic reionization. Binary models, in contrast, produce more ionizing
photons at late times than single-star models and thus lead to a much higher fe..
Chapter 7 presents a new suite of high-resolution cosmological zoom-in simulations
of z > 5 galaxies that contains thousands of halos at any time in all zoom-in regions.
I will present the stellar mass—halo mass relation, SFR—My,, relation, stellar mass—
magnitude relation, stellar mass functions, and multi-band luminosity functions at
z = 5-12. These prediction agree well with current observational constraints and
can be further tested by future observations with the James Webb Space Telescope.
Using these new simulations, Chapter 8 studies the morphology and size evolution
of galaxies at z > 5. I will show that the rest-frame UV light from z > 5 galaxies
is usually dominated by one or several star-forming clumps that are intrinsically
bright and small. Current observations with moderate surface brightness limits tend
to only pick up the intrinsically small galaxies or individual clumps but miss the
diffuse light in the galaxies. Such a selection effect is likely to result in the extremely

small sizes claimed for the faint galaxies in the Hubble Frontier Fields.
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Chapter 1

INTRODUCTION

Galaxies are the building blocks of the Universe. Understanding how galaxies form
and evolve from the Big Bang to the present day is one of the most important but
challenging problems in modern astronomy. In the past decade, a series of observing

campaigns have brought us a large amount of high-quality data that has significantly

Hubble Frontier Field Abell 2744 Hubble Space Telescope « ACS « WFC3
~

STSCI-PRC14-01a

KBSS—-LM1 LRIS-B+R Composite

08111+ e

= 3 - =% ! == e ;
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120 1400 1600 1800 2000

Rest Wavelength (&)

Figure 1.1: Examples of recent observing programs that have produced numerous
data of galaxies across cosmic time. 7op left: Some important surveys of distant
galaxies marked by their relative sizes of the regions on the sky, taken from Madau
& Dickinson (2014). The yellow boxes represent the CANDELS fields. Top right:
Abell 2744, one of the HFF galaxy clusters. Bottom: Stacked composite rest-frame
UV spectrum of 30 galaxies around (z) = 2.4 from the KBSS sample, taken from
Steidel et al. (2016).



improved our understanding of galaxies in a number of ways.

Figure 1.1 shows several examples of recent observing programs. The top left panel
illustrates some important surveys of distant galaxies represented by their relative
sizes of the regions on the sky (taken from Madau & Dickinson 2014), including the
Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS; Grogin
et al. 2011, the yellow boxes), which provides multi-band deep images for 250,000
galaxies from z = 1.5-8 with Hubble Space Telescope (HST). Also shown in this
panel is the Hubble Ultra Deep Field (HUDF), which yields multi-band data for more
than ten thousand galaxies up to z ~ 10 over a period of ten years of observations
(Illingworth et al. 2013). The top right panel shows Abell 2744, one of the galaxy
clusters from the Hubble Frontier Fields (HFF; Coe et al. 2015; Lotz et al. 2017).
The large magnification due to strong gravitational lensing enables the discovery of
thousands of faint galaxies down to Myy ~ —12, including tens of galaxies at z > 6.
The bottom panel shows the stacked composite rest-frame ultraviolet (UV) spectrum
of 30 galaxies around (z) = 2.4 from the Keck Baryonic Structure Survey (KBSS;
taken from Steidel et al. 2016). These high signal-to-noise-ratio rest-frame UV-to-
optical spectra cover a series of nebular emission lines that provide strong constraints
on the ionizing spectrum, stellar population, gas-phase and stellar metallicity, and
abundance ratios of z ~ 2 galaxies (Steidel et al. 2014, 2016; Strom et al. 2017).

1.1 Basic physics in galaxy formation

These detailed observations demand comparably detailed theoretical modeling of
galaxy formation and evolution, which is conceivably a very challenging task be-
cause it involves a broad range of physical processes on scales across many orders of
magnitude (Figure 1.2). Over the past decade, the basic framework of galaxy forma-
tion has been established. The key physical ingredients have been well documented
in a number of textbooks and review papers (e.g., Longair 2008; Benson 2010; Mo
et al. 2010; Silk & Mamon 2012; Somerville & Davé 2015; Naab & Ostriker 2017,

and references therein), which I only briefly summarize here.

Gravity and cosmic structure formation. The very early (z >100) Universe is
fairly homogeneous with small density fluctuations seeded during the inflation. The
density contrast grows linearly at first, until gravity overcomes cosmic expansion in
the most overdense regions, where dark matter (DM) collapses into self-gravitating
halos. Galaxies will form in the central regions of these halos. The mass distri-

bution and spatial correlation of DM halos, described by the halo mass functions



Figure 1.2: Multi-scale physics in galaxy formation. Top left: A 20 x 20 Mpc? slice
of the cosmic web, showing the large-scale structure of the Universe. Top right: A
dark matter halo. The white circle shows the halo virial radius (200 kpc). Bottom
right: Messier 81. Galaxies form in the central region (~ 0.1R,;;) of the halo, where
the gas can cool efficiently and from stars. Bottom left: The Orion nebular, which
is an actively star-forming region. Photoionization and radiation pressure feedback
acting on small scales is driving turbulence and disrupting the star-forming cloud.

(HMFs) and the correlation functions, respectively, are fully determined by the
power spectrum of the primordial density fluctuations. Halo mergers will induce
environmental effects (e.g., gas stripping via ram pressure) and galaxy mergers that
are important physical processes on galaxy evolution. The cosmic structure for-
mation is well understood with analytic models (e.g., Press & Schechter 1974) and

N-body simulations (e.g., Springel et al. 2005a).

Heating and cooling. Gas accretes onto the halo as DM collapses, being heated to
the halo virial temperature by accretion shock. The gas needs to cool before it can

fall into the central region of the halo and form stars. The most important cooling
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mechanisms include bremsstrahlung (free-free, > 10° K), metal-line cooling (10°—
106 K), atomic cooling (H and He, 10*-10° K), fine-structure lines ([C 1] and [O1]),
molecular, and dust cooling (< 10* K). There are also a number of heating terms,
including Compton heating, photoionization and photoelectric heating (from black
hole accretion, stellar sources, and the metagalactic ionizing background), cosmic
ray heating, and shocks (e.g., supernova ejecta, outflows, accretion shocks). These
processes result in the multi-phase nature of the interstellar medium (ISM) and the
circumgalactic medium (CGM), where hot ionized gas, warm neutral gas, and cold

molecular gas coexist in equipartition.

Star formation and stellar feedback. Gravitational instabilities are responsible for
the formation of self-gravitating giant molecular clouds (GMCs) in the ISM. These
GMC:s are supersonically turbulent, where the parent cloud keeps fragmenting into
smaller clouds until forming protostellar cores that will collapse into protostars on
scales of 107> pc, which is far below the scale of DM halos (~ 10° pc). The mass
distribution of newly formed stars follows some initial mass functions (IMFs; e.g.,
Salpeter 1955; Kroupa 2002; Chabrier 2003).

Once stars form, they act back to the gas via a number of feedback mechanisms. (1)
Photoionization. The large number of ionizing photons (above 13.6 eV) produced
by O and B stars create ionized H 11 regions around them and heat the gas to a
temperature about 10* K. (2) Radiation pressure. The starlight can be absorbed by
dust grains in the ISM, depositing momentum to the gas and probably generating
outflows (e.g., Thompson et al. 2005). (3) Supernovae (SNe). Each SN ejects a mass
of 1-20Mg carrying 107! ergs kinetic energy, corresponding to an initial velocity
from 2000-10* km s~!. The ejecta run into the ISM, shock-heated to > 10° K. The
SN remnant is cooling-inefficient at first, when the hot bubble expands adiabatically
and boosts the ejecta momentum by a factor of a few (i.e., the Sedov-Taylor phase).
These SN remnants expand and overlap, generating outflows on galactic scale. (4)
Stellar winds, including both ‘fast” winds from O and B stars and ‘slow’ winds from
AGB stars. These winds add mechanical feedback to the ISM in a similar way to SN
ejecta. In addition, SNe and stellar winds also inject heavy elements into the ISM,
with a-elements mostly produced by Type-II SNe, Fe by Type-la SNe, and stellar
winds producing a lot C, N, and O (e.g., Woosley & Weaver 1995; Iwamoto et al.
1999; Izzard et al. 2004; Nomoto et al. 2006).

Due to the large dynamic range, it is not possible to explicitly treat the small-scale

physics, such as the formation of individual stars or the early evolution of SN ejecta,
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in galaxy formation models, but one has to rely on ‘sub-grid’ recipes. For example,
stars are treated as a collection of stellar populations and all the feedback strengths

are calculated based on ‘IMF-averaged’ quantities.

Black hole formation, growth, and feedback. Almost every galaxy hosts a super-
massive black hole (SMBH, mass > 10° Mgp) in the center. In local galaxies, the
BH mass correlates tightly with the central velocity dispersion and the bulge mass
(e.g., McConnell & Ma 2013), suggesting either coevolution or feedback regulation
between SMBHs and their host galaxies (e.g., Fabian 2012). However, the forma-
tion, growth, and feedback of SMBHs are probably the least understood physical

processes in galaxy formation and evolution.

It is believed that BH seeds are formed either via SN explosion of Population III
(Pop III) stars (light seeds, ~ 100 M) or via direct collapse of a gas cloud (massive
seeds, > 10*Mg). Some of these seed BHs must sink into the galactic center via
dynamical friction and grow by several orders of magnitude in mass via accretion and
mergers. The tremendous energy released by BH accretion has a great impact on the
host galaxy. The commonly discussed BH feedback mechanisms include accretion
disk winds (line-driven winds launched from the accretion disk with initial velocity
~ 30,000 km s~ 1), radiation pressure, and heating from the relativistic jets. The first
two are known as ‘quasar-mode’ feedback at high accretion rates that drives strong
outflows and regulates star formation. The jet heating is also known as ‘radio-mode’
feedback at low accretion rates, which is mainly invoked to maintain quenching in
massive galaxies. All of these processes are poorly understood and have to be treated

by empirical prescriptions in galaxy formation models.

Other physics. Magnetic fields. The magnetic fields in the Universe are seeded in
the early Universe and amplified via cosmic structure formation and by magnetic
dynamos in the supersonic ISM and CGM. In dense, star-forming clouds, the mag-
netic fields are probably dynamically important. Cosmic rays (CRs). CRs refer to
the relativistic particles, mainly electrons and protons, which are produced in SN
explosions, shocks and relativistic jets. CRs provide a major heating mechanism
and determine the electron abundances in dense molecular clouds. The anisotropic
conduction, viscosity, and CR transport through magnetic fields may hugely impact
the phase structure of the ISM, CGM, and the galactic winds. Dust. Dust forms in
SN ejecta and in AGB winds. Dust grains can grow in cold, dense clouds and be
destroyed in shock fronts and in hot gas. Dust is important in galaxy formation in

terms of cooling, molecule formation, radiation pressure, etc. Observationally, dust



Figure 1.3: Cosmological hydrodynamic simulations of galaxy formation. Left: A
slice of size 100 x 100 x 20 cMpc? from the large-volume cosmological simulation,
EAGLE, taken from Schaye et al. (2015). Right: Composite u/g/r image of a high-
resolution cosmological zoom-in simulation of a MW-like galaxy from the FIRE
suite, taken from Hopkins et al. (2017).

obscuration and re-emission are also important for understanding galaxy colors and

measuring the star formation rates (SFRs) in dusty galaxies.

1.2 Common tools for modeling galaxy formation
There are two most commonly used tools for modeling galaxy formation and evolu-

tion in a cosmological context.

Cosmological hydrodynamic simulations. These types of models explicitly solve
the equations of motion, gravity, (magneto)hydrodynamics, and thermodynamics
for particles and/or cells representing dark matter, gas, stars, and BHs. All the key
physical processes, such as heating and cooling, star formation, BH formation and
accretion, and stellar and BH feedback, are numerically implemented as ‘sub-grid’
prescriptions at the resolution level. Cosmological simulations broadly fall into the

following two categories (Figure 1.3).

Large-volume cosmological simulations. These types of simulations follow the
structure formation and galaxy evolution in a periodic cosmological box with typi-
cal sizes from 50 to a few 100 Mpc along each dimension. These simulations produce
large samples of galaxies in their simulation volume that are powerful for studying
statistical properties of galaxy populations. As a trade-off due to limited computa-
tional resources, these simulations generally have mass resolution > 10° M, and

spatial resolution ~ 1 kpc, so they are not able to resolve smaller-scale physics such
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as the formation of GMCs (on scales ~ 100 pc) and the propagation of individual
SN blastwave. As a consequence, these simulations usually adopt empirical models
for cold cloud and star formation, SNe energy deposition, velocity and mass rate of
galactic outflows, etc. (e.g., Springel & Hernquist 2003; Vogelsberger et al. 2013).
Such models usually contain several free parameters that need to be tuned manually
to match the observed z = 0 galaxy stellar mass function (SMF). State-of-the-art
large-volume cosmological simulations include Illustris (Vogelsberger et al. 2014),
MlustrisTNG (Pillepich et al. 2018), EAGLE (Schaye et al. 2015), and MUFASA
(Davé et al. 2016).

Cosmological zoom-in simulations. These types of simulations take advantage of
the well-studied cosmological zoom-in technique (e.g., Bertschinger 2001; Hahn &
Abel 2011, and reference therein): it keeps the large-scale tidal forces in a low-
resolution cosmological box, but uses much higher resolution in the central zoom-in
region (usually selected to form a halo of interest). These zoom-in simulations have
much better resolution than large-volume simulations: for example, state-of-the-art
zoom-in simulations of Local Group analogs from the ELVIS suite (Garrison-
Kimmel et al. 2014) adopt a mass resolution ~ 3,500 M@ and spatial resolution
better than 1 pc. Such resolution allows the simulations to capture the formation of
GMC s in the ISM, star formation in cloud clumps, at least late-stage evolution of
SN blastwaves, and how galactic winds are launched and propagated from small to
large scales. Due to the detailed physics included, these zoom-in simulations are
too expensive to run a large sample and thus limited in statistical power. Recent
simulations in this category include the MaGICC suite (Brook et al. 2012a), the
VELA suite (Ceverino et al. 2014), the NIHAO suite (Wang et al. 2015), and the
Feedback in Realistic Environments suite (FIRE; Hopkins et al. 2014, 2017).

Semi-analytic models (SAMs). These types of models do not solve fundamental
equations for structure formation and hydrodynamics, but are built upon DM halo
merger trees. In SAMs, every galaxy is described by a series of global properties,
including stellar mass, hot and cold gas mass, BH mass, SFR, gas-phase and stellar
metallicity, disk-to-bulge ratio, size, etc. These models usually adopt parametrized
recipes to model how fast gas accretes onto the DM halo, cooling and star formation
rates, heating and outflow rates driven by feedback, so on and so forth. SAMs are
much computationally cheaper than hydrodynamic simulations, so they can be used
to compare different families of models (e.g., Lu et al. 2014b; Knebe et al. 2018)

and to explore the relative importance of different physical processes. Similar to
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large- volume cosmological simulations, SAMs are also useful for understanding
galaxy statistical properties, but one also needs to tune the free parameters in these

models to match z = 0 observations.

Another commonly used tool for understanding galaxy formation and evolution is
the so-called idealized simulations, which are generally conducted for exploring the
effects of certain physical processes. For example, recent studies that belong to this
category include understanding SN feedback in supersonically turbulent box (e.g.,
Martizzi et al. 2015), the effects of magnetic fields using isolated disk simulations
(e.g., Suetal.2017b), SMBH growth and feedback in nuclear disk simulations (e.g.,
Hopkins & Quataert 2010; Hopkins et al. 2016), phase structure of the CGM in hot
halo simulations (e.g., Fielding et al. 2017), and many more. Conceivably, it is easy
and straightforward to control parameters in these simulations, so that they are able

to isolate the effect of individual mechanisms.

1.3 Open questions to be addressed in this thesis

The ultimate goal of galaxy formation theory is to understand the observed galaxy
properties and to predict new observations that can tell apart different models. In this
thesis, I will primarily focus on two broad topics in galaxy formation and evolution:
(1) galactic chemical evolution and (2) the properties of galaxies in the first billion
years of the Universe and their contribution to cosmic reionization. The goal of this
thesis is to understand several open questions in these fields using the state-of-the-art

FIRE cosmological zoom-in simulations suite (Hopkins et al. 2014, 2017).

In this section, I will briefly review the motivation and recent progress for questions
that will be addressed in the rest of this thesis. In Chapters 2-8, I will present each
problem, with a more detailed introduction, description of the simulation sample and
numerical models included, main results, important discussions, and conclusions,
in each chapter. In Chapter 9, I will conclude and discuss possible extensions of the

studies in this thesis for future work.

1.3.1 Galactic chemical evolution

The abundances and distributions of heavy elements in the galaxies are among the
most fundamental galaxy properties. These metals are produced by SNe and AGB
winds due to stellar evolution and can be redistributed among different phases and
at different locations by locking metals into stars, feedback-driven outflows, and gas
recycling. Therefore, metals are powerful tracers of galaxy formation histories and

feedback processes. In this thesis, I will study three problems on galactic chemical
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evolution: the origin and evolution of the galaxy mass—metallicity relation (Chapter
2), the origin and diversity of radial gas-phase metallicity gradients in intermediate-
redshift galaxies (z ~ 2; Chapter 3), and the structure, stellar metallicity gradients,
and formation history of Milky Way (MW)-like disk galaxies (Chapter 4).

The average galaxy gas-phase and stellar metallicity correlate tightly with galaxy
stellar mass, with more massive galaxies more metal enriched. This correlation
is known as the galaxy mass—metallicity relation (MZR). The gas-phase MZR has
been measured in a wide range of redshift (e.g., z ~ 0, Tremonti et al. 2004; z ~ 0.8,
Zahid et al. 2011; z ~ 1.4, Yabe et al. 2014; z ~ 2.3, Sanders et al. 2015; z ~ 3.1,
Mannucci et al. 2009). There is a continuous evolution of the gas-phase MZR with
redshift (e.g., Zahid et al. 2013), with high-redshift galaxies being less enriched than
low-redshift galaxies at fixed stellar mass. Very recently, Shapley et al. (2017) have
pushed the measurement of gas-phase metallicity in a z ~ 4 galaxy. Spectroscopic
survey with the James Webb Space Telescope (JWST) in the near future will enable
the constraints on the gas-phase MZR up to z ~ 10. Past measurements on the
stellar MZR are mostly for nearby galaxies (e.g. Gallazzi et al. 2005; Kirby et al.
2013), while Leethochawalit et al. (2018) have measured the stellar abundances for
a sample of quiescent galaxies in a z ~ 0.4 galaxy cluster and reported an evolution
of the stellar MZR up to z ~ 2 based on the derived galaxy quenching time. Pushing
the measurements of stellar metallicity to higher redshifts will be an important, but

challenging direction for future observations.

As shown by simple analytic galactic chemical evolution models, the metallicity of a
galaxy is largely determined by its star formation efficiency (the fraction of gas that
turns into stars) and feedback strength (characterized by the so-called mass loading
factor, which is defined as the ratio of outflow rate to SFR). A lower star formation
efficiency and a stronger feedback strength generally lead to a lower metallicity. The
mass loading factor tends to increase dramatically in low-mass galaxies, which sets
the slope of the MZR (e.g., Kirby et al. 2011). The redshift evolution of the MZR,
on the other hand, largely reflects the star formation histories of galaxies. Therefore,
the shape and the amount of evolution of the galaxy MZR is an important property
for constraining galaxy formation and feedback models. Cosmological simulations
and SAMs with different feedback recipes generally produce very different galaxy
MZR (e.g., figure 6 in Somerville & Davé 2015). In Chapter 2, I will present the
MZR from z = 0-6 for a sample of galaxies from the FIRE simulations, compare

the results with observations and other theoretical predictions, and understand the
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key physical mechanisms driving the shape and evolution of the MZR.

Metals are not uniformly distributed in the galaxy. In local galaxies, it has been
known for a long time that gas in the central regions is more metal-enriched than
in the outskirts, which is usually referred as negative metallicity gradients (e.g.,
Searle 1971; Zaritsky et al. 1994; van Zee et al. 1998; Sanchez et al. 2014; Ho et al.
2015; Belfiore et al. 2017). This can be simply explained by radially dependent
star formation efficiency in galactic disks: consider a gas disk with a power-law
surface density profile X, ~ R7B, the star formation rate surface density follows
the Kennicutt—Schmidt law as X, ~ Z;A ~ R™14B (Kennicutt 1998). Following the
‘closed-box’ model, it is expected that Z, ~ —In(1 — X,/X) ~ X,/X ~ Xt/ ~
R %4P assuming a moderate gas fraction and no efficient metal mixing between
annuli. However, at intermediate redshifts (z ~ 0.6-3), only a small number of
galaxies clearly show strong negative metallicity gradients (e.g., Jones et al. 2010;
Yuan et al. 2011), while the majority of galaxies only show weak or flat gradients
(e.g., Swinbank et al. 2012; Leethochawalit et al. 2016; Wuyts et al. 2016; Wang
et al. 2017). Such a diversity of gas-phase metallicity gradients in intermediate-
redshift galaxies is potentially a powerful probe of feedback, as gas can be strongly
perturbed by feedback processes. For example, Gibson et al. (2013) have shown
that when using a weak feedback model, simulations always produce strong negative
metallicity gradients at z ~ 2, while the same simulations will instead produce flat
gradients when using a strong feedback model. The ‘true’ feedback strength is likely
between the two extreme scenarios. In Chapter 3, I will present the radial gas-phase
metallicity gradients for a sample of ~ 30 galaxies at z ~ 0-2 from the FIRE suite.
I will show that the FIRE simulations reproduce the observed broad distribution of
metallicity gradients. The diversity reflects the time variabilities of these gradients

due to bursty star formation and feedback cycles in these galaxies.

Metallicity gradients are also widely found in the stellar component of local galaxies
(e.g., Sanchez-Blazquez et al. 2014). Particularly, there are rapidly accumulating
data from spectroscopic survey of MW stars during the past few years and in the
near future, such as APOGEE (Allende Prieto et al. 2008) and Gaia-ESO (Gilmore
et al. 2012), from which our knowledge of the MW structure, stellar abundances,
and kinematics is dramatically growing on a star-by-star base. The MW stars show a
negative radial metallicity gradient near the disk mid-plane, but it gradually flattens
and eventually becomes positive at larger heights in the disk (e.g., Cheng et al. 2012).

They also show negative vertical metallicity gradients, which appear to be steeper
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Figure 1.4: Some recent observational constraints on the galaxy UVLFs from z = 4—
10, taken from Stark (2016). Up to z ~ 8, the UVLFs measured by different groups
agree well with each other for Myy < —17.

at the inner disk than at the outer disk (e.g., Hayden et al. 2014). Such a variance
of stellar metallicity gradients across the MW disk is largely associated with the
disk formation history. Since Gilmore & Reid (1983), it has been known that the
MW disk has two components, namely the ‘thin disk’ and the ‘thick disk’. Such
a two-component structure has also been found in other disk galaxies nearby (e.g.,
Yoachim & Dalcanton 2006). It is still unclear when and how the thin and thick
disks form in the MW and in other galaxies. In Chapter 4, I will present a case study
using one simulation from the FIRE suite that eventually forms a MW-like galaxy
(Figure 1.3), where I will show the disk assembly history, how the two-component
structure establishes, how to interpret the thick disk, and how the formation history

results in the stellar age and metallicity gradients across the disk.

1.3.2 Galaxies in the first billion years of the Universe

Understanding galaxy formation in the first billion years of the Universe is important
for establishing a coherent picture of galaxy evolution across cosmic time. In the
past few years, thousands of galaxies at z > 5 have been discovered by a series of
multi-band deep imaging campaigns, which provide first constraints on the galaxy

rest-frame UV luminosity functions (LFs) at these redshifts (Figure 1.4; for a recent
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review, see Stark 2016). Moreover, these first galaxies are thought to be the dominant
sources for cosmic reionization, a phase transition when the diffuse hydrogen in the
intergalactic medium (IGM) became fully ionized. However, only a certain fraction
of the ionizing photons produced by the massive stars can escape from the galaxy
to ionize the IGM. This ionizing photon escape fraction, fes, is thus an important,
yet poorly constrained parameter for understanding the reionization history. It has
been suggested that a high fesc ~ 20% is required for matching the observational
constraints such as the integrated electron scattering optical depths (e.g., Finkelstein
et al. 2012; Kuhlen & Faucher-Giguere 2012; Robertson et al. 2013, 2015).

In Chapter 5, I will present three high-resolution cosmological zoom-in simulations
(mass resolution 20-2000 M), spatial resolution 0.1-4 pc) of z > 5 galaxies from
the FIRE suite and post-process them with ionizing photon Monte Carlo radiative
transfer calculations to evaluate f.s. from these simulated galaxies. According
to stellar population synthesis models such as sSTARBURST99, most of the ionizing
photons are emitted in the first few Myr’s life of a stellar population, when the stars
are still embedded in their ‘birth cloud’. It also takes several Myr for early feedback
processes to destroy the cloud and allow a large fraction of the ionizing photons
to escape. However, the ionizing photon budget decreases dramatically after a few
Myr as the most massive stars start to explode. Therefore, the competition between
feedback clearing the star-forming cloud and stellar evolution is what determines
the fesc. Models that only include single-star evolution usually yield fese ~ 5%. In
Chapter 6, I will show that models including binaries, which produce significantly
more ionizing photons after a few Myr than canonical single-star models, can lead

to a much higher fes. in these galaxies.

Despite many galaxies at z > 5 having been discovered lately, their physical prop-
erties, including stellar mass, star formation history, dust and metal content, etc.,
remain poorly understood. Moreover, even with moderate feq, it is still not clear
whether star-forming galaxies are able to fully ionize the Universe. Recent measure-
ments of the IGM ionization states at z > 5 suggest a non-negligible contribution
from rare sources to reionization (e.g., Becker et al. 2015), such as active galactic
nuclei (AGNs; e.g., Madau & Haardt 2015), which are SMBHs accreting gas in the
center of galaxies. The next decade will be a golden age for studying first galaxies,
SMBHs, and their role in cosmic reionization. After the launch of JWST in 2020, for
the first time, we will obtain a large amount of high-quality photometric and spec-

troscopic data of z > 5 sources in the rest-frame UV and optical. With current and
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Figure 1.5: Simulated images for galaxies with fixed luminosity but different intrin-
sic sizes and degrees of shear in the HFFs, taken from Bouwens et al. (2017b). The
detectability of galaxies in the HFFs depends strongly on these parameters.

future ground-based facilities in a broad range of wavelengths (e.g., Keck, ALMA,
TMT, etc.), wide-field surveys of high-redshift objects, and neutral hydrogen 21-cm
experiments, there will be tremendous new data probing high-redshift galaxies and
the reionization process. It is thus critical and timely to make theoretical predictions

that can be directly connected to these observations.

In Chapter 7, I will present a suite of 15 high-resolution (100-7000 M) cosmolog-
ical zoom-in simulations using the state-of-the-art FIRE models for the multi-phase
ISM, star formation, and stellar feedback (these models do not yet include SMBH
physics). These simulations contains thousands of halos from 103-10!> M from
z = 5-12 in all the zoom-in regions. Such a moderate sample size allows us to do
some statistical analysis. I will present a number of galaxy properties, including the
stellar mass—halo mass relation, star formation history, SFR-M.. (Mp,,) relation,
and stellar mass—magnitude relation. I will convolve these scaling relations with
the well-known HMFs to predict the galaxy SMFs and multi-band LFs for a broad
range of stellar mass and magnitude at these redshifts. I will also show that these
predictions agree well with current observational constraints at z ~ 6 and can be
further tested by future JWST observations.
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Current HST deep imaging can only detect galaxies with rest-frame UV magnitude
down to Myy ~ —17 at z > 5 in the deep fields. For fainter galaxies, one needs to
rely on the large magnifications provided by strong gravitational lensing, which is
achievable in the HFFs. However, the detectability of galaxies in the HFFs depends
strongly on their intrinsic size and the degree of shear (Figure 1.5), so it is critical
to understand the underlying distribution of morphology and sizes for high-redshift
faint galaxies in order to reliably constrain the faint-end UVLF at z > 5. Bouwens
et al. (2017b) have claimed that galaxies fainter than Myy ~ —15 discovered in the
HFFs generally have extremely small sizes (~ 10-200 pc), some of which are even
comparable to those of star clusters (e.g., Bouwens et al. 2017a). To address these
questions, I will use the new suite of simulations presented in Chapter 7 and study
the morphology, size—mass relation, and size evolution for our simulated galaxies. I
will show that the rest-frame UV light is usually dominated by one or several bright
star-forming clumps with intrinsic sizes ~ 50 pc. Observations with finite surface
brightness limits tend to only pick up the intrinsically small galaxies or the brightest
clumps in the galaxies. On average, about 50% of the diffuse light in Myy ~ —15
galaxies will be missed at a limit comparable to HFF observations. The extremely
small sizes found for HFF galaxies are very likely due to such a selection bias. These

results will be presented in Chapter 8.

As outlined above, understanding the properties of high-redshift galaxies and the
reionization process is a rapidly growing field in today’s astronomy. There are many
open questions in this field that still lack a satisfactory theoretical understanding:
How do the first stars and first galaxies form? What are the detailed properties of
these galaxies? How many ionizing photons can each galaxy contribute? How do
SMBHs form and grow at these redshifts? Do they play an important role, or even
a dominant role in cosmic reionization? What observation signatures can tell apart
competing models? In Chapter 9, I will briefly review two broad research topics for
future investigations: (1) multi-wavelength spectral modeling of our state-of-the-art
simulations of z > 5 galaxies to directly connect to future observations, and (2) the

formation and growth of SMBHs at z > 5 and their roles in reionization.
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Chapter 2

THE ORIGIN AND EVOLUTION OF GALAXY
MASS-METALLICITY RELATION

Ma, X., Hopkins, P. F., Faucher-Giguere, C.-A., et al., 2016, “The origin and evo-
lution of the galaxy mass-metallicity relation", Monthly Notices of the Royal
Astronomical Society, 456, 2140-2156
doi: 10.1093/mnras/stv2659

Abstract

We use high-resolution cosmological zoom-in simulations from the Feedback in
Realistic Environment (FIRE) project to study the galaxy mass—metallicity rela-
tions (MZR) from z = 0-6. These simulations include explicit models of the
multi-phase ISM, star formation, and stellar feedback. The simulations cover halo
masses Mpao = 10°~10'3 Mg and stellar masses M, = 10*~10"' Mg at z = 0
and have been shown to produce many observed galaxy properties from z = 0-6.
For the first time, our simulations agree reasonably well with the observed mass—
metallicity relations at z = 0-3 for a broad range of galaxy masses. We predict the
evolution of the MZR from z = 0-6, as log(Zss/Zp) = 12 +1og(O/H) = 9.0 =
0.35 [log(M../M@) — 10] + 0.93 exp(—0.43z) — 1.05 and log(Z./Zo) = [Fe/H] +
0.2 = 0.40 [log(M../M@) — 10] + 0.67 exp(—0.50z) — 1.04, for gas-phase and stel-
lar metallicity, respectively. Our simulations suggest that the evolution of MZR
is associated with the evolution of stellar/gas mass fractions at different redshifts,
indicating the existence of a universal metallicity relation between stellar mass, gas
mass, and metallicities. In our simulations, galaxies above M., = 10° Mg are able to
retain a large fraction of their metals inside the halo, because metal-rich winds fail
to escape completely and are recycled into the galaxy. This resolves a long-standing
discrepancy between “sub-grid” wind models (and semi-analytic models) and ob-
servations, where common sub-grid models cannot simultaneously reproduce the

MZR and the stellar mass functions.

Keywords: galaxies: evolution — galaxies: formation — cosmology: theory
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2.1 Introduction

The galaxy mass—metallicity relation (MZR) is one of the most fundamental prop-
erties observed in galaxies. In the local universe, there is a tight correlation between
galaxy stellar mass and gas-phase oxygen abundance for star-forming galaxies (e.g.,
Tremonti et al. 2004), with an intrinsic scatter of only 0.1 dex in log(O/H). This
relation has been extended to local dwarf galaxies and found to be a uniform, tight
correlation over five orders of magnitude in stellar mass, from M, = 10%-10'! Mg
(Lee et al. 2006). Many different groups have confirmed the MZR to exist not only
in the local universe but also at high redshifts up to z ~ 2.3 (e.g., Savaglio et al.
2005; Erb et al. 2006; Zahid et al. 2011, 2012; Andrews & Martini 2013; Henry
et al. 2013a,b; Yabe et al. 2014; Steidel et al. 2014; Sanders et al. 2015). Zahid et al.
(2013) compiled a number of the observed MZR from z = 0-2.3 and found that the
MZR evolves with redshift, with higher metallicity at low redshift for a given stellar
mass. The MZR is also found at z > 3 (e.g., Maiolino et al. 2008; Mannucci et al.

2009), despite the fact that the results are obtained from very small samples.

Gas-phase metallicities represent the “current” state of chemical enrichment in the
galaxies, while stellar metallicities reflect the “time-averaged” galactic metallicity
across the whole star formation history. Similarly, an MZR is also found in stellar
metallicities. Gallazzi et al. (2005) derived the stellar metallicities for ~44,000
galaxies from SDSS and found a tight correlation between stellar mass and stellar
metallicity for galaxies of stellar masses 10°~10'> M. Kirby et al. (2013) measured
the metallicities of individual stars in a sample of dwarf galaxies within the Local
Group and found the SDSS stellar MZR can be continually extended down to
103 Mg. Despite the fact that stellar metallicity is challenging to measure at high
redshifts, the stellar MZR provides very important and complimentary insights on
the chemical evolution of galaxies, especially for massive quiescent galaxies and
satellite galaxies in the local group where the gas-phase metallicities are hard to

measure due to their low gas content.

Simple analytic models of galactic chemical evolution, such as the “closed-box”,
“leaky-box”, and “accreting-box” models (e.g., Schmidt 1963; Talbot & Arnett 1971;
Searle & Sargent 1972; Edmunds 1990), are often quoted to illustrate the qualitative
behavior of the MZR. More complicated models have also been developed to work
in cosmological contexts and to connect gas inflows, outflows, and star formation to
galactic chemical evolution (e.g., Dalcanton 2007; Finlator & Davé 2008; Davé et al.
2012; Lilly et al. 2013; Lu et al. 2015b). These models indicate that the existence
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of MZR is the consequence of an interplay between star formation efficiency, metal
loss from gas outflows, and gas recycling and accretion. For example, the stellar
mass—halo mass relation (e.g., Moster et al. 2013; Behroozi et al. 2013b) indicates
that the star formation efficiency (fraction of baryons turned into stars) is lower in
low-mass galaxies than in more massive galaxies, suggesting that low-mass galaxies
should be less metal-enriched. Meanwhile, galactic winds are ubiquitous (see e.g.,
Veilleux et al. 2005, for a recent review), carrying metals away from galaxies. Low
mass galaxies have shallow potential wells so they tend to lose a significant fraction
of their gas and metals, while massive galaxies have potential wells deep enough
to prevent material from escaping the galaxy (e.g., Dekel & Silk 1986). On the
other hand, gas inflows bring the metal-poor gas in the galactic halo and/or in the
intergalactic medium (IGM) inwards, diluting the metal content in the interstellar
medium (ISM) and supplying new material for star formation (e.g., KereS et al. 2005;
Faucher-Giguere & Kere§ 2011). During this process, a considerable fraction of the
gas and metals that have been formerly ejected via outflows eventually come back
to the galaxy (e.g., Bertone et al. 2007; Oppenheimer et al. 2010). Galaxy mergers
and AGN activity could also be important, in the sense that they can trigger violent
starburst, drive intensive gas outflows, and ultimately quench the star formation in
the galaxy (e.g., Springel et al. 2005b; Hopkins et al. 2013a).

Analytical models usually rely on simplified assumptions such as perfect mixing
and adopt simple analytic prescriptions describing star formation, gas accretion,
and outflows. In reality, these physical processes are tightly connected to each
other and therefore must be treated self-consistently to understand the complete
picture of galactic chemical evolution. Semi-analytic models (SAMs) of galaxy
formation follow cosmological halo growth and halo mergers and include physically
and/or empirically motivated prescriptions of heating and cooling, star formation,
metal enrichment, gas accretion and outflows, recycling, and AGN feedback (e.g.,
Croton et al. 2006; Somerville et al. 2008; Benson 2012; Guo et al. 2013; Yates
et al. 2013; Lu et al. 2011, 2014b, 2015a; Henriques et al. 2013, 2015). They are
much less computationally expensive to run than hydrodynamic simulations and are
able to reproduce a number of galaxy properties for a broad range of stellar mass.
However, one major challenge for SAMs is simultaneously reproducing observed
stellar masses, star formation rates (SFRs), and metallicities. The metallicities of
low-mass galaxies are particularly sensitive to the galactic wind model because
strong outflows are required to suppress star formation in low-mass systems (see

e.g., Lu et al. 2014b, for a detailed comparison and discussion). Moreover, even
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though different SAMs have been successfully tuned to match the z = O stellar mass
function (SMF), many of them fail to match the observed the SMFs at high redshifts
(e.g., Somerville & Davé 2015). At the same time, these models typically fail to
match high-redshift MZR measurements and also diverge from one another in their
MZR predictions. Nonetheless, it is encouraging that recently improved SAMs are
able to reconcile stellar masses, colors, and SFRs of galaxies from z = 0-3 (e.g.,
Henriques et al. 2013, 2015).

Large-volume cosmological hydrodynamic simulations produce large samples of
galaxies and are powerful tools for statistical studies of galaxy properties (e.g.,
Bertone et al. 2007; Davé et al. 2011b; Torrey et al. 2014; Schaye et al. 2015).
These simulations, however, usually have relatively poor mass and spatial resolu-
tion. They cannot explicitly resolve the multi-phase structure of the interstellar
medium (ISM), when and where star formation takes place, how galactic winds are
launched by stellar feedback, and how the winds interact with the circumgalactic
medium (CGM). Approximate, empirical “sub-grid” models of the ISM structure,
star formation, and stellar feedback are required and used. For example, Davé et al.
(2011a) implemented a momentum-driven wind model, with wind mass loading
factors and velocities prescribed as a function of bulk galaxy properties. In their
implementation, hydrodynamic interactions are temporarily suppressed as gas from
the ISM is “kicked” into the galactic wind. Simulations using such simple prescrip-
tions reveal similar problems to the SAMs. Torrey et al. (2014) found a steeper
slope than observed at the low-mass end of the MZR. These authors attributed it to
the low metal retention efficiency in the presence of strong outflows, which were
required in their model in order to prevent low-mass galaxies from forming too many
stars. They further emphasized the tension between suppressing star formation and
retaining enough metals in low-mass galaxies. Furthermore, the star formation his-
tories in these simulations are very different and not all consistent with observations
at high redshifts. Many cosmological simulations tend to form foo many stars at
early times (e.g., Davé et al. 2011a; Sparre et al. 2015; Fiacconi et al. 2015; for a
review, see Somerville & Davé 2015). Such problems are also common in SAMs.
They are likely the result of imperfect star formation and stellar feedback models
implemented in those simulations (cf. Scannapieco et al. 2012). Consequently, these

simulations predict very different evolution of the MZR.

Therefore, when using cosmological hydrodynamic simulations to understand the

MZR and its evolution, one is required to capture the “correct” behavior of star
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formation, stellar feedback, gas outflows, and the mixing and interaction of galactic
winds with the CGM on all relevant scales. Encouragingly, Obreja et al. (2014)
presented a suite of cosmological zoom-in simulations from the MaGICC project
using an improved star formation and SNe feedback model. Their model includes
an empirical prescription to approximate the effects of stellar feedback mechanisms
operating before the first SNe explode. These authors showed that their simulations
match the stellar mass—halo mass relation and the observed MZR from z = 0-3, for
the eight galaxies in their sample. In this work, the first of a series, we will study the
chemical evolution of galaxies using the FIRE (Feedback in Realistic Environment)
simulations (Hopkins et al. 2014). The FIRE project! is a series of cosmological
zoom-in simulations that are able to follow galaxy merger history, interactions of
galaxies with the IGM, and many other important processes. These simulations
include a full set of realistic physical models and explicitly resolve the multi-phase
structure of the ISM, star formation, and stellar feedback, with no need to tune
parameters. The FIRE simulations successfully reproduce many observed galaxy
properties, including the stellar mass-halo mass relation, star formation histories,
the Kennicutt-Schmidt law, and the star-forming main sequence, from z = 0-6, for a
broad range of galaxy masses in M,, = 10*~10"! Mg (Hopkins et al. 2014). Also, the
FIRE simulations predict reasonable covering fractions of neutral hydrogen in the
halos of z = 2-3 Lyman Break Galaxies (LBGs; Faucher-Giguere et al. 2015) and
self-consistently generate galactic winds with velocities and mass loading factors
broadly consistent with observational requirements (Muratov et al. 2015). These
results further justify the reliability to study galactic chemical evolution using the

FIRE simulations.

This paper focuses on the galaxy mass—metallicity relation. In companion papers,
we will also study the stellar metallicity distribution functions and [a/Fe] abun-
dance ratio variation in dwarf galaxies, metallicity gradients and their origins, metal
outflows and recycling. We start by describing the simulations in Section 2.2 and
present the mass—metallicity relation at different redshifts in Section 2.3. In Section
2.4, we discuss the key processes that drive the shape and evolution of the MZR.

We summarize and conclude in Section 2.5.

'FIRE project website: http:/fire.northwestern.edu
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Name Mhalo mp €p Mdm  €dm Merger Notes

Mo) (Mg) (p¢) (Mg) (pe)  History
mO09 2.5¢9 2.6e2 14 1.3e3 30 normal isolated dwarf
m10 0.8e10 2.6e2 3.0 1.3e3 30 normal isolated dwarf
m10lr 0.8e10 2.1e3 2.1 1.0e4 35 normal low resolution
ml10v 0.8¢10 2.1e3 7.0 1.0e4 70 violent -
mll l1.4ell 7.0e3 7.0 3.5¢e4 70  quiescent -
mllv 33ell 5.6e4 7.0 3.0e5 140 violent -
ml2v 6.3ell 39e4 10 2.0e5 140 violent several z < 2 mergers
ml2q 1.2e12 7.1e3 10 2.8¢e5 140 late merger -
m12i 1.1e12 5.0e4 14 28¢5 140 normal large (~ 10 Ryj;) box
ml3 6.0e12 3.6e5 21 2.2e6 210 normal small group mass
z2h350 79ell 594 9 2.9e5 143 normal -
z2h400 7.9ell 59e4 9 29e5 143 quiescent -
z2h450 8.7ell 5.9¢4 9 2.9e5 143 normal -
z2h506 1.2e12 5.9¢4 9 2.9e5 143 violent -
z2h550 1.9e11 59e4 9 29e5 143 quiescent -
z2h600 6.7e11 59e4 9 2.9e5 143 violent -
z2h650 4.0e1l  5.9e4 9 2.9e5 143 normal -
z2h830 5.4ell 5.9¢4 9 2.9e5 143 normal -
z5m09 7.6e8 16.8 0.14 81.9 5.6 quiescent ultra-high resolution
z5ml10 1.3e10 131.6 04 6556 7 normal ultra-high resolution
z5Sml1Omr 1.4el0 1.1e3 19 523 14 normal -
z5mll1 56el0 2.1e3 42 1.0e4 14 normal -

Parameters describing the initial conditions for our simulations (units are physical):

(1) Name: Simulation designation.

(2) Mha10: Approximate mass of the main halo at z = 0 (mxx series), z = 2 (z2hxxx
series), or z = 6 (zS5mxX series).
(3) my: Initial baryonic (gas and star) particle mass in the high-resolution region.
(4) €p: Minimum baryonic force softening (minimum SPH smoothing lengths are
comparable or smaller. Force softening is adaptive (mass resolution is fixed).

(5) mgm: Dark matter particle mass in the high-resolution region.

(6) €gm: Minimum dark matter force softening (fixed in physical units at all red-

shifts).
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2.2 The Simulations

2.2.1 Simulation Details

This work is part of the FIRE project. A full description of the numerical methods
and physics included in our simulations is presented in (Hopkins et al. 2014, and
references therein). We summarized their main features here. All the simulations
use the newly developed Gizmo code (Hopkins 2015) in p-spH mode. p-spH adopts a
Lagrangian pressure-entropy formulation of the smoothed particle hydrodynamics
(SPH) equations (Hopkins 2013), which eliminates the major differences between
SPH, moving-mesh, and grid codes, and resolves many well-known issues in tra-
ditional density-based SPH formulations. The gravity solver is a heavily modified
version of the GADGET-3 code (Springel 2005); and p-spH also includes substantial
improvements in the artificial viscosity, entropy diffusion, adaptive time-stepping,

smoothing kernel, and gravitational softening algorithm.

We use the multi-scale “zoom-in” initial conditions generated with the music code
(Hahn & Abel 2011), using second-order Lagrangian perturbation theory. The first
set of simulations have been run down to z = 0 and cover halo masses 10°~10'* Mg
and stellar masses 10*—10'! Mg at z = 0 (mxx series). Most of them have been
presented in Hopkins et al. (2014). The simulations m09 and m10 are isolated
dwarfs, constructed using the method from Ofiorbe et al. (2014). Simulations
ml0v, m11, m11v, m12q, m12i, and m13 are chosen to match the initial conditions
from the AGORA project (Kim et al. 2014), which will enable future comparisons
with a wide range of simulation codes and physics implementations. Simulation
m12v is based on the initial conditions studied in Kere§ & Hernquist (2009) and
Faucher-Giguere & Keres (2011). The simulations with a label ‘v’ have relatively
violent merger histories at z < 2, while the rest have more typical merger histories.
The resolution of these simulations is chosen to scale with the mass of the system to
ensure we are able to resolve the giant molecular clouds (GMCs). We also include
a separate set of simulations run to z = 2 (z2hxxx series), which are presented in
(Faucher-Giguere et al. 2015). Their main halos are chosen to host Lyman break
galaxies (LBG) and cover halo masses 1.9 x 10''-1.2 x 10!> Mg at z = 2. Finally,
we include another series of simulations only run to z ~ 6, but with extremely high
resolutions (zSmxx series). These simulations are presented in Ma et al. (2015).
Their main halos cover halo masses from 7.7 x 108-5.6x 10! M at z = 6 and these
galaxies are believed to contribute most to the cosmic reionization (e.g., Kuhlen &
Faucher-Giguere 2012; Robertson et al. 2013). The initial conditions of all the

simulations are summarized in Table 2.1.
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In our simulations, gas follows an ionized+atomic+molecular cooling curve from
10-10'9K, including metallicity-dependent fine-structure and molecular cooling
at low temperatures and high-temperature metal-line cooling followed species-by-
species for 11 separately tracked species (H, He, C, N, O, Ne, Mg, Si, S, Ca, and
Fe; see Wiersma et al. 2009a). At each timestep, the ionization states and cooling
rates are determined from a compilation of cLouDpyY runs, including a uniform but
redshift-dependent photo-ionizing background tabulated in Faucher-Giguere et al.
(2009), and photo-ionizing and photo-electric heating from local sources. Gas
self-shielding is accounted for with a local Jeans-length approximation, which is

consistent with the radiative transfer calculations in Faucher-Giguere et al. (2010).

Star formation is allowed only in dense, molecular, and self-gravitating regions with
hydrogen number density above some threshold n4, = 10-100 cm™ (Hopkins et al.
2013b). Stars form at 100% efficiency per free-fall time when the gas meets these
criteria. The self-gravity criterion is physically required to obtain the correct spatial
star formation distribution in galaxies (Padoan & Nordlund 2011; Hopkins et al.
2013b), but the galaxy-averaged star formation efficiency is regulated by feedback
at much lower values (~ 1% per dynamical time, e.g., Faucher-Giguere et al. 2013).
We stress that changing these parameters in a reasonable range only yields small
and random variations to the global star formation history, as long as feedback is
active (see Hopkins et al. 2011, 2012a).

Once a star forms, it inherits the metallicity of each tracked species from its parent
gas particle. Every star particle is treated as a single stellar population with known
mass, age, and metallicity. Then all the feedback quantities, including ionizing
photon budgets, luminosities, stellar spectra, supernovae (SNe) rates, mechanical
luminosities of stellar winds, metal yields, etc., are directly tabulated from the stellar
population models in sTARBURST99 (Leitherer et al. 1999), assuming a Kroupa
(2002) initial mass function (IMF) from 0.1-100M?2. We account for several
different stellar feedback mechanisms, including (1) local and long-range momentum
flux from radiative pressure, (2) energy, momentum, mass and metal injection from
SNe and stellar winds, and (3) photo-ionization and photo-electric heating. We
follow Wiersma et al. (2009b) and include the metal yields from Type-II SNe, Type-
I SNe, and stellar winds. We note that the Type-1I SNe yield table from Woosley

%In principle, the “IMF-averaged” approximation does not hold for the ultra-high resolution
simulations in the zSmxx series, where the mass of a star particle is only 10-100 M. Nevertheless,
we confirmed that these simulations predict similar global galaxy properties to those of much poorer
resolutions (see Ma et al. 2015).
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& Weaver (1995) adopted in our simulations produce Mg roughly ~ 0.4 dex below
the typical values in modern models (e.g., Nomoto et al. 2006). This will have little
effect on the galaxy properties in our simulations, as Mg is not an important coolant.
Nevertheless, we will add 0.4 dex to the Mg abundance to correct this in the analysis

below.

All simulations adopt a standard flat ACDM cosmology with cosmological param-
eters consistent with Hy = 70.2 km s~} Mpc_l, Qpr=0.728,Q,, =1-Qx =0.272,
Qp =0.0455, 0g = 0.807 and n = 0.961 (e.g., Hinshaw et al. 2013).

2.2.2 Halo Identification, Stellar Mass and Metallicity

We use the Amiga Halo Finder (AHF; Gill et al. 2004; Knollmann & Knebe 2009)
to identify galactic halos and galaxies in our simulations. The AHF code uses the
adaptive mesh refinement method and identifies halos and subhalos as groups of
bound particles (dark matter, gas, and stars). In this work, we only consider those
“well-resolved” halos that include more than 10° bound particles, have at most
10% of their mass contaminated by low-resolution particles, and contain at least
100 gas and 100 star particles, respectively. These criteria are somewhat arbitrary;
but varying these numbers within a reasonable range will have little effect on our
conclusions. If none of the halos meets these criteria in a snapshot (this happens
in some snapshots at high redshifts (z ~ 6), where the galaxy progenitors are too
small to contain so many particles), we will take the most massive halo in the
high-resolution region in our analysis. We do not include subhalos/satellite galaxies
in this work. The centre of a halo is located at the centre of mass of the finest
refinement level. We adopt the virial overdensity from Bryan & Norman (1998),

which evolves with cosmic time.

We only consider the main galaxy in each halo. To remove the contamination of
satellite galaxies, we exclude any gas/star particle that is bound to a subhalo in the
analysis below. We measure the galaxy stellar mass (M) by summing over the
mass of all star particles that belong to the main galaxy. Then we define its stellar
metallicity (as well as the abundance of each tracked species) as mass-averaged
metallicity (abundance) of all star particles. To separate halo gas and the ISM,
we apply a simple temperature criteria and select all gas particles below 10* K
as the ISM. In our simulations, this is equivalent to selecting gas above some
density threshold of a few 0.1 cm™ (we explicitly check the gas distribution in the

density—temperature plane), which is comparable to the mean gas density within
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a few stellar effective radii. It naturally picks warm ionized and cold neutral gas.
We define the gas-phase metallicity as the mass-weighted metallicity of all gas
particles that belong to the ISM (we compare and discuss three different definitions

of gas-phase metallicity in Appendix A)3.

In this work, we use Zg,s and Z, to refer to the mass fraction of all heavy elements
in gas and stars, respectively. In Section 2.3, we will primarily use oxygen abun-
dance 12 + log(O/H) to present gas-phase metallicities, which is defined in terms of
number ratio of oxygen to hydrogen atoms, in order to directly compare with obser-
vations. For stellar metallicity, we will primarily use Z, in the rest of this work. In the
literature, gas-phase metallicity and stellar metallicity are also sometimes referred
as Zg,s and iron abundance [Fe/H] (in solar units), respectively. For these reasons,
we provide the conversion between these quantities for our simulated galaxies. We
will show the calibration in Appendix B but directly give the results here. For a
solar metallicity of 0.02 and a solar iron abundance 0.00173 (both in mass fraction),
we obtain 12 + log(O/H) = log(Zgas/Z@) +9.00 and [Fe/H] = log(Z./Zg) —0.20.
We emphasize that these relations may suffer from systematic uncertainties that
originate from (1) Type-II and Type-I SNe rates, (2) metal yields of tracked species
from different channels, and (3) the solar abundances we adopt in our simulations.

However, the shape and evolution of the MZR should be robust to these uncertainties.

2.3 The Mass—Metallicity Relation

In this section, we present both the gas-phase and stellar MZR from z =0-6 and
compare our results with observations and other simulations. We will further
explore the most important factors that shape the MZR and drive its evolution in the
Section 2.4.

23.1 TheMZRatz=0

We begin by showing the gas-phase MZR at z = 0. In Figure 2.1, we present the
stellar mass—gas-phase oxygen abundance relation for our mxx series simulations
at z = 0. For comparison, we also present the median and 20 dispersion of the
SDSS MZR from Tremonti et al. (2004, red solid and dashed lines) and the data

of individual local dwarf galaxies compiled in Lee et al. (2006, open circles) in

3In many cosmological simulations with “sub-grid” models, gas-phase metallicity is usually
defined as star-formation-rate-averaged metallicity. However, our simulations explicitly resolve
multi-phase ISM structures and include realistic models of star formation and feedback. Individual
gas particles are very sensitive to local feedback processes. For these reasons, we do not apply
SF-averaged gas-phase metallicity to our simulations.
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Figure 2.1: Stellar mass—gas-phase oxygen abundance relation at z = 0. The red
solid and dashed curves represent the median and 20" dispersion of the SDSS MZR
at z ~ 0.1 (Tremonti et al. 2004). The open circles denote the data of the dwarf
galaxy sample from Lee et al. (2006). Our simulations are in good agreement with
observations from M, = 10°~10'! M.
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Figure 2.2: Stellar mass—stellar metallicity relation at z = 0. The red solid and
dashed curves are the median and 1o dispersion of the SDSS MZR in the local
universe (Gallazzi et al. 2005). The open circles represent the values of [Fe/H]
of individual dwarfs from Kirby et al. (2013). Again, the agreement is good from
10*-10"' M.
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Figure 2.1. We remind the reader that these observed gas-phase oxygen abundances
are derived from the relative strength of strong nebulae emission lines produced by
photo-ionization from young massive stars, so that the observed gas-phase MZR
only holds for star-forming galaxies. Also, we emphasize that the overall shape
of gas-phase MZR strongly depends on which empirical calibration it uses and the
normalization of this relation differs by at most 0.7 dex between different calibrations
(Kewley & Ellison 2008, see also Figure 2.6). For these reasons, we do not apply

any correction to these observed data but keep them in their original forms.

In general, our simulations agree reasonably well with observations across stellar
mass from M, = 10°-10'! M. However, our simulations do not show evidence
for flattening at the high-mass end of the gas-phase MZR. The gas-phase metallicity
increases with stellar mass up to M, ~ 10'"' M in our sample. The simulations
predict slightly higher metallicities than the observed relation from Tremonti et al.
(2004) at M, = 10" Mg. The most significant discrepancy is due to our m13
run, which is a somewhat lower resolution simulation of a massive galaxy and
which did not include the possible effects of AGN feedback. For example, as it
has been shown in Hopkins et al. (2014), the main galaxy in m13 have the cooling
flow problem and never quenches at low redshift. The SFR of this galaxy is
3Mg yr~!, which is fairly low in its star formation history, but significantly higher
than observationally inferred values below z ~ 1. Consequently, this galaxy might
be over-enriched at low redshift. If so, this suggests that additional physics, such as
AGN feedback, is probably required to fully understand the chemical evolution in
massive galaxies, at least in the sense of quenching star formation. Alternatively,
it has also been proposed that the observed MZR could continue to rise at the
high-metallicity end when using new metallicity diagnostics that account for non-
equilibrium electron energy distributions (see e.g., Dopita et al. 2013; Nicholls
et al. 2013). Furthermore, we note that the “flatness” of MZR at the high-mass
end behaves very differently when applying different empirical calibrations (e.g.,
Kewley & Ellison 2008). Therefore, we do not further quantitatively discuss the
discrepancy between our simulations and observations at the massive-end of MZR,
but rather focus on galaxies below M, = 10" Mg where our simulations are most
robust. A larger sample of simulations with improved resolution at the massive end

is required to make a robust comparison.

Most of our simulated galaxies are still forming stars (at least very weakly) at z = 0,

except for m09. The m09 is a low-mass isolated dwarf galaxy (comparable to the
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ultra faint dwarfs around the Milky Way), in which star formation has been shut
down since z = 3 by cosmic reionization (Ofiorbe et al. 2015). At z = 0, this galaxy
has lost almost all metals it produced (see Section 2.4). Although its gas-phase
metallicity is an order of magnitude lower than the extrapolation of the observed
MZR down to M, = 10* Mg, itis not contradictory to observations in the sense that
the gas-phase metallicity of such galaxies cannot be measured due to lack of strong

nebular emission lines.

In Figure 2.2, we show the stellar mass—stellar metallicity relationship at z = 0 and
compare our simulations with the SDSS sample from Gallazzi et al. (2005, red solid
and dashed curves) and the dwarf galaxies from Kirby et al. (2013, open circles).
Note that the stellar metallicities from Gallazzi et al. (2005) are measured from
absorption features of galaxy-integrated spectra (mostly Mg and Fe lines), while the
metallicities from Kirby et al. (2013) are derived from Fe abundances of individual
stars. The conversion between different methods and their systematic uncertainties
is complex and beyond the scope of this paper. For our purposes, we avoid any

correction to these observations but present them in their original values*.

Our simulations match these observations quite well over the whole mass coverage
from M, = 10°-10"! Mg. The simulated sample shows a flatness in the stellar
MZR around M, = 10!! Mg at z = 0, consistent with the observed SDSS MZR
from Gallazzi et al. (2005). This is the consequence of the fact that the growth of
the more massive galaxies in our simulations is dominated by mergers and accretion
of low-mass metal-poor satellites rather than in situ star formation at low redshifts.
Therefore, the average stellar metallicities do not strongly evolve despite the fact
that the stellar masses may grow considerably at low redshifts (see also Choi et al.
2014).

2.3.2 Evolution of the MZR

Figure 2.3 and 2.4 show the gas-phase and stellar MZR, respectively, from z = 0-6.
We note that for z > 2 and z = 6, we include the z2hxxx and z5mxx simulations
in our analysis. The stellar MZR is tighter than the gas-phase MZR, i.e., the
gas-phase MZR has larger scatter than stellar MZR at fixed stellar mass. This is
because in our simulations, especially at high redshifts, star formation is dominated
by multiple bursts, which drives bursts of gas outflows (Muratov et al. 2015). As

a consequence, instantaneous gas-phase metallicities may have considerable time

“In Figure 2.2, we plot the values of [Fe/H] from Kirby et al. (2013), avoiding the complicated
conversion between [Fe/H] and Z./Z¢ for the observed sample.
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Figure 2.3: Stellar mass—gas-phase metallicity relation at all redshifts. Cyan
dotted lines show the best linear fit log(Zgs/Zp) = 12 +1og(O/H) — 9.0 =
Yellog(M./M@) — 10] + Z,19. The red dotted lines show the best fit for a fixed
slope v, = 0.35. Note that a constant slope provides a very good fit, where the zero
point evolves by ~ 1 dex from z = 0-6.

fluctuations associated with gas inflows, outflows, and mergers. This effect is larger
at high redshifts when the galaxy progenitors are of much lower masses and galaxy
mergers are more common, resulting in some outliers that deviate from the main
MZR at high redshifts. Despite the short-time-scale fluctuations, both the gas-phase
and stellar metallicities increase with time on cosmological time-scales. At all
times, gas-phase metallicities are higher than stellar metallicities, since gas-phase
metallicities represent the current state of metal enrichment in the galaxies, while
stellar metallicities reflect the average galactic metallicities across the whole time.

Both metallicities should converge at high redshifts.

To illustrate this quantitively, we fit the gas-phase and stellar MZR at different
redshifts for our simulated galaxies with simple linear functions log(Zgs/Ze) =
12 +10g(O/H)-9.0 = y,[log(M./M@)—-10]+Z, 10 andlog(Z./Zp) = [Fe/H] + 0.2 =
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Figure 2.4: Stellar mass—stellar metallicity relation at all redshifts. Cyan dot-

ted lines show the best linear fit at each redshift log(Z./Zg) = [Fe/H] +0.2 =
v«[log(M,/M@) —10]+ Z, 19. The red dotted lines show the best fit for a fixed slope
v« = 0.40. Again, the slope is approximately constant, while the normalization
evolves by ~ 1 dex.

Y:[log(M../M@) — 10] + Z, 10, where y, and . are the slopes and Z, 19 and Z. 1o
represent the typical gas-phase metallicity and stellar metallicity at M, = 10" M.
Although simple linear function do not capture the flatness of stellar metallic-
ity above M, ~ 10" Mg at z < 1, it is sufficient for our purposes here. We
use least-squares fitting to obtain the best fit (the cyan dotted lines in Figure 2.3
and 2.4).
redshift. Nevertheless, the MZR at different redshifts have very similar slopes.

In principle, both the slopes and zero points should be functions of

For simplicity, we pick the mean slope of each relation and redo the linear fit
using fixed slopes. We choose y, = 0.35 and y. = 0.40 (red dotted lines in
Figure 2.3 and 2.4) and confirm that both the best linear fit and the fixed-slope
fit describe the simulations reasonably well. We then attribute the evolution of

MZR to the evolution of Z, 1o and Z. ;o with redshift, which we show in Fig-
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Figure 2.5: The gas-phase and stellar metallicity at M, = 101 Mg, Z, 10 and Z, 19
as a function of redshift. The solid lines are the best fit of exponential functions
Zg10 = 0.93 exp(-0.43z) — 1.05 and Z, 19 = 0.67 exp(-0.50z) — 1.04.

ure 2.5. We fit these parameters as a function of redshift by an exponential function
F(z) = Aexp(-=Bz) + C. The best fit gives Z, 10 = 0.93 exp(-0.43z) — 1.05 and
Z.10 = 0.67 exp(—0.50z) — 1.04, respectively (the green and magenta lines in Fig-
ure 2.5). These give the gas-phase and stellar MZR from z = 0-6 as log(Zgas/Zp) =
12 +1og(O/H) = 9.0 = 0.35[log(M../M@) — 10] + 0.93 exp(-0.43z) — 1.05 and
log(Z./Zo) = [Fe/H] +0.2 = 0.40 [log(M./M@) — 10] +0.67 exp(—0.50z) — 1.04,

respectively.

In general, the fitting functions above represent the gas-phase and stellar MZR
fairly well for our simulated galaxies, except for the flattening of the stellar MZR
above M, ~ 10! Mg at z = 0. We emphasize that these results have systematic
uncertainties from Type-II and Type-Ia SNe rates, the solar abundance, and the metal
yield tables we implement in our simulations. When using these fitting functions,

one should notice the uncertainties and make adjustments accordingly.

2.3.3 Comparison with Observations and Other Models

In Figure 2.6, we compare the gas-phase MZR between our simulations and a
number of observations at multiple redshifts. We show the observed MZR at z ~ 0
(Tremonti et al. 2004), z ~ 0.8 (Zahid et al. 2011), z ~ 2.2 (Erb et al. 2006; Steidel
et al. 2014; Sanders et al. 2015), and z ~ 3.1 (Mannucci et al. 2009). We recall
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Figure 2.6: Stellar mass—gas-phase oxygen abundance relations at z = 0, 0.8, 2.2,
and 3.0, as compared with a number of observations at these redshifts. In the upper
panels, we show both the original relations (red lines) from Tremonti et al. (2004,
z ~ 0) and Zahid et al. (2011, z ~ 0.8) and the relations converted to PP04 N2
calibration (cyan lines) following Kewley & Ellison (2008). In the lower left panel,
we show the observed MZR at z ~ 2.3 from Steidel et al. (2014, the red line), Sanders
et al. (2015, the green line), and Erb et al. (2006, the yellow line). In the lower
right panel, we show the best fitting from Mannucci et al. (2009, z ~ 3.1). We also
shift the Erb et al. (2006) data downward by 0.4 dex for a comparison as motivated
by figure 5 in Mannucci et al. (2009). Our simulations are broadly consistent with
observations over a wide range of stellar mass from z = 0-3, given the significant
systematic uncertainties observational determinations of metallicities.
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that these observed relations are originally obtained using different calibrations and
the systematic uncertainty between different metallicity diagnostics could be up to
0.7 dex (Kewley & Ellison 2008). To illustrate this point, we also convert all the
observed relation to the N2 calibration from Pettini & Pagel (2004, PP04 hereafter)
unless their original data are already presented using this calibration. For Tremonti
et al. (2004) and Zahid et al. (2011), we do the conversion following the formula
from Kewley & Ellison (2008, table 3 therein). In either case, we present both
their original relations and the converted relations using PP04 N2 calibration in
Figure 2.6. At z ~ 2.2, the observed relations are at already presented in PPO4 N2
calibration (e.g., Erb et al. 2006; Steidel et al. 2014; Sanders et al. 2015). Mannucci
et al. (2009) adopted a very different metallicity calibration, which is established
using z > 3 galaxy samples only. Figure 5 in Mannucci et al. (2009) suggests that
the MZR evolves by ~ 0.4 dex from z ~ 3.1 to z ~ 2.2. Motivated by their results,
we also move the z ~ 2.2 MZR from Erb et al. (2006) downward by 0.4 dex for a

comparison (lower right panel in Figure 2.6).

In general, our simulations are in reasonable agreement with these observations in
a broad range of stellar mass at z = 0-3, especially when the observed relations
are in their original forms. We emphasize that the empirical calibrations developed
from the local universe are not necessarily valid for high-redshift galaxies (e.g.,
Steidel et al. 2014; Kewley et al. 2015). Given the large systematic uncertainties, we
do not provide a detailed quantitative discussion of the discrepancies between our
simulations and observations. Our results on the evolution of the MZR in Section
2.3.2 are predictions that can be tested more accurately as our understanding of the

observational systematic uncertainties improves.

In Figure 2.7, we also compare the MZR from our simulations with other cosmolog-
ical simulations and semi-analytic models. We compare our results with two other
simulations, Torrey et al. (2014, red lines) and Davé et al. (2011b, green lines),
and three semi-analytic models from Lu et al. (2014b, the Lu model, magenta; the
Somerville model, cyan; the Croton model, yellow). These models adopt “sub-grid”
empirical models of galactic winds and stellar feedback, which couple some fraction
of energy and/or momentum from SNe to the gas, and force certain amount of the
gas to escape the galaxy. Note that the metal yields and solar abundance used in
different works are not exactly the same, we renormalize all the z = 0 MZR to
12 +1og(O/H) = 8.9 at M, = 10! Mg for comparison. At z = 0, Torrey et al.

(2014) and the Lu model show steeper slopes at the low-mass end, due to the low
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Figure 2.7: Stellar mass—gas-phase oxygen abundance relation at z = 0, 0.8, 2.2, and
3.0, as compared with other numerical simulations and semi-analytic models. We
renormalize other works to 12 + log(O/H) = 8.9 at M,, = 10'0 Mg at z = 0 with
respect to our simulations. Red and green lines show the results from cosmological
simulations presented in Torrey et al. (2014) and Davé et al. (2011b), respectively,
which used popular “sub-grid” models for galactic winds. Magenta, cyan, and
yellow lines show the predictions of three semi-analytic models from Lu et al.
(2014b, the Lu model, the Somerville model, and the Croton model, respectively).
All of these models reproduce the correct z = O stellar mass function, but none of
them correctly reproduces the slope or the redshift evolution of the MZR.
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metal retention efficiency in low-mass galaxies, a consequence of invoking strong
outflows to suppress star formation in these galaxies>. Some models predict higher
metallicities at the most massive end. Furthermore, these models show significant
discrepancies at z > 2. Our simulations predict much stronger evolution of MZR
from z = 3-0 than any other models. Particularly, the Somerville model and the
Croton model predict inverse evolution trends — the gas-phase metallicity decreases
at lower redshifts at fixed stellar mass — in contrast with observations and other
models. We recall that although these models are tuned to match the observed
stellar mass function at z = 0, they tend to predict systematically higher stellar mass
functions than the observed ones for M, < 10! Mg at z > 0 (Somerville & Davé
2015), a consequence of the fact that galaxies in these models form foo many stars
at early time (e.g., Davé et al. 2011a; Sparre et al. 2015; Fiacconi et al. 2015). In
Section 2.4.4, we further explore how the different star formation histories between
these models cause the discrepancies in the MZR at high redshifts.

2.4 Discussion

We showed above that the gas-phase and stellar MZR in our simulations agree
broadly with available observations at different redshifts. We also found that our
predictions diverge significantly from those of several large-volume cosmological
hydrodynamical simulations and semi-analytic models. In this section, we explore
the key factors that drive the shape and evolution of the MZR and discuss why our

predictions differ from some other models.

2.4.1 Where are the metals?

Our simulations produce much higher metallicities for galaxies of stellar mass
M. < 10° Mg than Torrey et al. (2014) and the Lu model in Lu et al. (2014b),
indicating that our low-mass galaxies retain more metals compared to those models,
despite the fact that these galaxies have high wind mass loading factors up to 100. To
explicitly show this, we present in Figure 2.8 the metal mass fraction retained within

Ryi; as a function of stellar mass for the simulated sample at z = 0. The numbers are

3This can be simply illustrated using the “leaky box” model (e.g., Schmidt 1963). Assuming the
outflow rate is proportional to the star formation rate (Mo = 17 - SFR, where 7 is the mass loading
factor), the metallicity is inversely proportional to 1 + . Low-mass galaxies are very efficient in
driving outflows and thus have high mass loading factors compared to massive galaxies. In SAMs
and some simulations with “sub-grid” feedback models, it is often assumed that either the metals are
well mixed in the system or that the outflowing gas has a metallicity comparable to the metallicity in
the ISM. As a consequence, low-mass galaxies tend to lose a large fraction not only of their gas but
also of their metals, and therefore end up with very low metallicities.
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Figure 2.8: Metal retention fraction for our simulated galaxies at z = 0. Mz(< Ryjr)
is the total amount of metals retained (in both gas and stars) within the virial radius.
yM. (y is the mean effective yield) is the total metal mass produced by stars in the
galaxies. The retained fraction of metal in the halo increases with stellar mass, from
30% at M, = 10° Mg to about unity at M, > 10! Mg. However, the ultra-faint
dwarfs (e.g., m09) are only able to retain 2% of their metals in the halo.

obtained as follows. First, we estimate the effective yield y for every simulation as
the ratio between total metal mass (in both gas and stars) and the total stellar mass
in the whole simulation volume. Then the metal retention fraction for a galaxy is
simply the ratio between the total metal mass within the virial radius, Mz(< Ryi;),
and yM,, where M, is the galaxy stellar mass as defined in Section 2.2.2. Thus,
yM. represents the total amount of metal ever produced by the stars in the galaxy.
As shown in Figure 2.8, the metal retention fraction generally increases with stellar
mass. In our simulated sample, galaxies above M, = 10'%3 Mg are able to keep
almost all metals they have produced. At much lower masses (M, = 10°~10” M),
they can still retain at least 30% to a half of their metals within the halo. In contrast,
the ultra-faint dwarf in our sample, m09 (M., = 4 x 10* M), only retains 2% of its

metals within Ry, at z = 0.

To quantify in more detail how metals are retained in galaxy halos, we show in Figure
2.9 the cumulative metal retention fraction, as a function of radius, for different gas
phases (cool gas with T < 10* K and warm gas with 10*K < T < 4 x 10° K)6. At

®In our simulations, most of the diffuse (ny < 0.1 cm™) gas has temperature 7 > 10*K, so a
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z = 0 (toprow), low-mass galaxies suchas m10 (M, = 2x 106 M@ ) have most of their
metals in the warm CGM, while in massive galaxies like m12i (M, = 6 X 1010 Mop),
the majority of the metals are found in stars. This trend is qualitatively consistent
with the empirical halo metal budget presented in Peeples et al. (2014, figure 6).
In most cases, we find that only a small fraction of the total metal mass is found
in hotter (T > 4 x 10° K) gas. Our results are in contrast with the large-volume
simulations of Ford et al. (2016) based on a parameterized galactic wind model, in
which stars, ISM, and the cool CGM contain comparable metal masses for halos of

mass similar to our m12i run.

For a comparison, we also show the cumulative metal distribution for the progenitors
of these galaxies at z = 3 (the bottom panel in Figure 2.9). Similarto z = 0, a
significant fraction of metals are still retained in Ry; at z = 3, although metals are
more uniformly distributed from the centre to a few virial radii. These galaxies have
much lower mass than their low-redshift decedents, and thus they are more efficient

in driving gas outflows from star-forming regions throughout the halo.

2.4.2 Circumgalactic O vi

Although this paper is primarily focused on the metallicity of gas and stars inside
galaxies, it is useful to check whether our simulations are consistent with observed
CGM metal absorption. In addition to the overall metal budget discussed above, the
COS-Halos program has provided useful measurements of O vi absorption around
~ L* galaxies at z = 0.1 — 0.4 (Tumlinson et al. 2011). Figure 2.10 shows the O v1
column density map around our m12i simulated halo at z = 0. For this comparison,
we assume that a fraction foyr = 0.2 of the oxygen is in O v1 and only include
warm and hot gas (T > 10* K) in the halo. foyi = 0.2 is the maximum expected if
the oxygen is in collisional ionization equilibrium, though it is possible that O v1 is
also photo-ionized and/or subject to non-equilibrium effects (e.g., Oppenheimer &
Davé 2009; Oppenheimer & Schaye 2013) so that this ionization fraction is not a
strict upper limit. The figure shows that for m12i the characteristic Ny drops from
~ 10" cm™? at impact parameter b = 20 kpc from the central galaxy to ~ 103> cm™2
at b = 200kpc. The simulation agrees well with the O vi columns measured by
Tumlinson et al. (2011) around low-redshift ~ L* star-forming galaxies at impact
parameters b < 50 kpc but appears to underestimate O v1 columns by a factor of a

few at larger impact parameters. Overall the agreement with observed O vi columns

temperature cut at 7 = 10* K also effectively separates ISM and CGM gas, justifying our approach
of using gas with 7 < 10* K to evaluate gas-phase ISM metallicities.
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Figure 2.10: O vicolumn density map for the m12i halo at z = 0. We crudely assume
that a fraction foy; = 0.2 of the oxygen is in O vi and only include warm and hot gas
(T > 10*K) in the halo. The characteristic Novi drops from ~ 105 cm™2 at impact
parameter b = 20 kpc from the central galaxy to ~ 10133 cm=2 at b = 200 kpc. The
simulation agrees well with the O vi columns measured by COS-Halos Tumlinson
et al. (2011) around low-redshift ~ L* star-forming galaxies at impact parameters
b < 50kpc but appears to underestimate O vi columns by a factor of a few at larger
impact parameters. Overall the agreement with observed O vi columns is reasonable
given the uncertainties in ionization correction.

is reasonable given the uncertainties in ionization correction. More systematic
and detailed comparisons of CGM metal statistics from the FIRE simulations with

observations will be reported in future papers (Hafen et al. 2017).

2.4.3 Metal outflows, inflows, and recycling

SAMs and large-volume cosmological simulations require “sub-grid” models of
galactic winds, which often incorporate fairly crude approximations. In this subsec-
tion, we further examine the metal inflow and outflow rates and the metallicities of
gas inflows and outflows in our simulations and compare with the assumptions of

common ‘“‘sub-grid” models.

We follow Faucher-Giguere et al. (2011) and Muratov et al. (2015) and define the
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Upper: Metal inflow (blue) and outflow rates (red) from z = 0-4.

Solid and dotted lines show the metal inflow/outflow rates measured at 0.25 Ry; and
Ryir, respectively. Bottom: Metallicities of inflowing/outflowing gas. The black line
shows the metallicity of the ISM. All quantities are averaged over a time-scale of
400 Myr. Metals are efficiently ejected in fountains reaching 0.25 Ry, but they do
not usually reach Ry;; — they are either deposited in the halo or recycled efficiently
in galactic fountains. Outflowing gas that escapes from the halo at R;; tends to be
less enriched than the gas in the ISM.

gas outflow rates, metal outflow rates, and metallicities of outflow gas as

oM r
- V. —M;/dL, 2.1
ot Zv |7 /d @1
O Mmetal L 7
el _ . —7: M;/dL, 2.2
= Zv 1% M (2.2)
oM, oM
Zoutiow = 5/~ 23)

where M; and Z; are the mass and metallicity of the i gas particle within the shell

of thickness dL = 0.1 Ry;; with radial velocity outwards v - I > (. The inflow

Ir|

rates and inflow metallicities are defined in the same way but for gas particles with
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inward radial velocity v - % < 0. The upper panels in Figure 2.11 show the metal
inflow/outflow rates at 0.25 Ry, (blue/red solid lines) and at Ry;; (blue/red dotted
lines) for our m10 (left) and m11 (right) simulations. We average the inflow/outflow
rates on a time-scale of 400 Myr. In either case, the net metal outflow rates are
considerably lower at Ry;; than at 0.25 Ry;;, indicating that the metals are either
deposited in the halo or returned back to the ISM. At high redshifts, metals ejected
in outflows can be more easily driven to Ry;; than at low redshifts. At0.25 Ry;;, metal
inflow rates are comparable to metal outflow rates, suggesting a high efficiency of
metal recycling. The lower panels in Figure 2.11 show the average metallicities of
inflows and outflows at both 0.25 Ry;; and at Ry, as compared to the metallicity of
the ISM (black solid lines). The outflow metallicities are much lower at R;; than
at 0.25 Ryi; (and even more so than in the ISM), because outflowing gas sweeps up
and mixes with more metal-poor gas in the halo as it propagates outwards. This
is particularly important for low-mass galaxies, such as m10 (M, = 2 x 10° Mg),
which can have wind mass loading factors up to ~ 100, yet retain a large fraction of

the metals they produced in their halos.

Our analysis calls into question a number of assumptions and approximations often
adopted in analytic, semi-analytic, and large-volume cosmological hydrodynamic
models of galaxy formation. First of all, unlike often assumed in analytic and
semi-analytic models, metals are generally not well-mixed in galaxy halos (e.g.,
Figure 2.9). In particular, in many “sub-grid” galactic wind models, wind gas is
assumed to have a metallicity directly related to the ISM metallicity (e.g., Davé et al.
2011a; Torrey et al. 2014), an assumption that oversimplifies the complex mass and
metal loading that takes places in our more explicit simulations. Our simulations
also indicate that metal re-accretion onto galaxies (recycling) is important on small
scales, an effect which is not well captured in semi-analytic models and in “sub-
grid” models that either assume that the ejected gas never returns to the galaxy, or
which ignore hydrodynamical interactions between the wind and the gas close to

the galaxy.

Recently, Lu et al. (2015a) compared three different SAM feedback models — one
including only gas ejection, one including both gas ejection and recycling, and the
other including a model of “preventive” feedback. Lu et al. (2015a) found that
none of these models could simultaneously reproduce the MZR, the distribution
of metals in different phases, and the SFR observed at z = 0-3. This finding is

consistent with the picture suggested by our high-resolution simulations that the
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chemical evolution of galaxies is a complex process and that it is necessary to self-
consistently model galaxy-halo interactions in order to capture it faithfully. It is
encouraging that our cosmological simulations with explicit stellar feedback and
hydrodynamical interactions tracked at all times appear to produce a low-mass-end
slope of the MZR that is closer to observations than most previous models, without
the need for parameter tuning. Our results are broadly consistent with those of
Brook et al. (2014), who also highlighted the importance of metal mixing with the
CGM and recycling for explaining the MZR. The simulations of Brook et al. (2014)
also provide a fair match to the observed MZR at z = 0-3 (Obreja et al. 2014)).

2.44 Why the MZR evolves with redshift?

Another major difference between our simulations and other theoretical work is we
predict much stronger evolution of the MZR from z = 3-0 (e.g., the stellar metallicity
increases by 0.5 dex at fixed stellar mass, see Figure 2.5). Observations and some
theoretical models suggest a fundamental metallicity relation (FMR) between stellar
mass, star formation rate, and metallicity that holds for star-forming galaxies both
in the local universe and at high redshifts (e.g., Mannucci et al. 2010, 2011; Lilly
et al. 2013; Obreja et al. 2014; Cullen et al. 2014; Zahid et al. 2014). Motivated by
these results, we attempt to qualitatively illustrate what might be the primary factor
that drives the evolution of MZR in this section. We start by reviewing the simplest
chemical evolution model, i.e., the “closed box” model, which predicts the stellar and
gas-phase metallicities as a function of stellar mass fraction, f. = M./(Mgas + M)

as the following:

1-f,
y 7.
=y In(1 = f,), (2.5)

Z,

In(1 - fo) + 1], (2.4)

Zg

where y is the effective metal yield (e.g., Schmidt 1963; Talbot & Arnett 1971;
Searle & Sargent 1972). The parameter f,. describes the fraction of baryons that
have been turned into stars, and 1 — f, is the “gas fraction”. In Figure 2.12, we
show the relation between stellar and gas-phase metallicities and f., respectively
(the middle and right panels), for our mxx series simulations at z = O and z = 3
(black and red points). We emphasize that we account for both the halo gas and the
ISM in the total gas mass when calculating f., since halo gas is actively involved
in supplying star formation and metal exchange in most cases. For consistency, the
gas-phase metallicities shown in Figure 2.12 are the average metallicity of all gas

in the halo. For illustrative purposes, we also show the simple predictions from the
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“closed box” model, assuming an effective metal yield of y = 0.02 (blue dotted

lines in Figure 2.12).

The simulated data at z = 0 and z = 3 overlap with each other in the Z,—f. and Zg,s—
[« diagrams. In the left panel of Figure 2.12, we also show the relation between f.
and M., for these galaxies at both redshifts. There is a systematic offset (~0.5 dex) in
the f.—M., relation between galaxies at z = 0 and 3. Note that in the limit of f,, < 1,
one has Z., Zg,s « f.. Therefore, the 0.5 dex offset in f.—M. relation propagates to
the 0.5 dex evolution of the MZR from z = 3 to 0. This suggests that the evolution
of the MZR is associated with the evolution of f (at a fixed stellar mass) within the
halo at different redshifts, providing a first hint of a universal metallicity relation
between stellar mass, gas mass, and metallicities (cf. Bothwell et al. 2013; Zahid
et al. 2014, for observational evidences). In simulations with “sub-grid” feedback
models and semi-analytic models, where the z = 0 stellar mass functions are tuned
to match observations, galaxies tend to form a large fraction of their stars at high
redshift and therefore their evolution is weaker at lower redshift (e.g., Somerville &
Davé 2015), as opposed to observations and our simulations. In other words, these
models produce higher f, than our simulations at fixed stellar mass at z > 0 and an
f+—M., relation barely evolving from z = 3-0. Therefore, galaxies in those models
are more metal-enriched at high redshifts and the evolution of the MZR is weaker

than our simulations.

Our simulations are qualitatively consistent with the simple “closed box™ predictions
applied to halo quantities”. This is not unreasonable because a large fraction (order
unity) of metals are retained within the virial radius at both redshifts (see e.g.,
Figure 2.9). However, we emphasize that one should not think our simulated
galaxies are closed boxes, because the metals are not perfectly well-mixed in the
galactic halo. This explains the major offset between the “closed box” model and
our simulations (middle and right panels in Figure 2.12), especially in the most
massive systems where this effect is stronger. Since gas in the centre of the galaxy
tends to be more metal-enriched than gas in the outer halo and stars preferentially
form in the central region, stellar metallicities tend to be higher and the gas-phase
metallicities (including the halo gas) are lower than the predictions of the closed

box model (applied to halo quantities). The mixing of metals is very complex and

7We emphasize that in the analog of Figure 2.12 where we measure f, using only the gas in the
galaxy (i.e., excluding the halo gas), all the galaxies are well below the predictions of the closed box
model and there is no well-defined relation, indicating that galaxies themselves are far from closed
boxes. This suggests the necessity of accounting for halo gas as reservoirs in galaxy evolution.
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associated with galactic fountains on different scales. Although the “closed box”
model gives a natural relation between stellar mass, gas mass, and the metallicities,
the parameterization of a universal metallicity relation for galactic quantities (i.e.,
excluding the halo) is more complicated than the simple model. This is worth further

investigation in more detail in future work.

2.5 Conclusion

We use a series of high-resolution cosmological zoom-in simulations spanning halo
masses 10°-10'> Mg and stellar masses 10*-~10'' Mg at z = 0 from the FIRE
project to study the galaxy mass—metallicity relations at z = 0—6. These simulations
include explicit models of multi-phase interstellar medium, star formation, and stel-
lar feedback. As has been shown in previous papers, these simulations successfully
reproduce many observed galaxy properties, including the stellar mass—halo mass
relation, star-forming main sequence, the Kennicutt-Schmidt law, star formation
histories, etc., for a wide range of galaxies at many redshifts (Hopkins et al. 2014).
These simulations also predict reasonable covering fractions of neutral hydrogen
in the halos of z = 2-3 LBGs (Faucher-Giguere et al. 2015) and self-consistently
generate galactic winds with velocities and mass loading factors broadly consistent
with observational requirements (Muratov et al. 2015). These simulations adopt
“standard” stellar population models and metal yield tables from Type-I and Type-II
supernovae and stellar winds, following species-by-species for 11 separately tracked

elements. Our key conclusions include the following.

(i) The simulations predict galaxy mass—metallicity relations that agree reasonably
well with a number of observations from z = 0-3 for a broad range of stellar masses.
Both gas-phase and stellar metallicities evolve monotonically from z = 0-6, with
higher metal abundance at low redshifts at fixed stellar mass. The best linear fits
of the MZR for our simulated galaxies as a function of redshift are log(Zgas/Zp) =
12 +1log(O/H) = 9.0 = 0.35 [log(M./M@) — 10] + 0.93 exp(-0.43z) — 1.05 and
log(Z./Zo) = [Fe/H] +0.2 = 0.40 [log(M../M@) — 10] + 0.67 exp(—0.50z) — 1.04,
for gas-phase metallicity and stellar metallicity, respectively. We emphasize that the
normalizations may have systematic uncertainties that originate from the SNe rates,
yield tables, and solar abundance we adopt, but the evolution of the MZR is robust

to these uncertainties.

(ii) The stellar MZR becomes flat around M, ~ 10! Mg since z = 0, because

the most massive galaxies in our simulations evolve via mergers and accretion
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of satellites rather than in situ star formation at low redshifts. Therefore, the
stellar metallicity does not increase despite the fact that the stellar mass grows
considerably. We do not see the flatness in the gas-phase MZR at the high-mass end
seen in observations, because gas continues to be enriched by non-negligible star
formation. This apparent discrepancy may be due to the more limited resolution in
our m13 run or to the lack of AGN feedback in our simulations. AGN might be

required to quench star formation below z ~ 1 in such massive galaxies.

(iii) The evolution of MZR is associated with the evolution of the gas/stellar mass
fraction within the inner halo (not just inside the galaxy effective radius) at different
redshifts. This provides a first hint of a universal metallicity relation between stellar
mass, gas mass, and metallicities, but its parameterization for galactic quantities (as
opposed to for halo quantities, which behave more like a closed box) is much more
complicated than simple analytic models. We will investigate this in more detail in

future work.

(iv) Galaxies above M, ~ 10° Mg can retain a large fraction of their metals in the
halo even up to z = 3. The net metal outflow rates near the virial radius are always
lower than those near the galaxy, indicating that the metals either get deposited in the
halo or return back to the ISM. The high metal inflow rates and the high metallicity
of inflowing gas at 0.25 R, suggest a high efficiency of metal recycling (a finding
that we have confirmed using particle tracking; Anglés-Alcédzar et al. 2017a). On
average, the outflows at outer radii are much less metal-enriched than those at the
inner radius. This effect helps resolve the tension between the need for strong gas

outflows and high metal retention fractions in low-mass galaxies.

(v) These differential recycling and metal retention effects are not properly accounted
for in most semi-analytic and early generation of “sub-grid” feedback models that
are popular in cosmological simulations. As a result, these simplified models
cannot simultaneously reproduce the galaxy mass function and the slope and redshift
evolution of the MZR. By explicitly resolving the “missing physics” in these models,
we reconcile the long-standing discrepancy, and provide a clear way forward to

improve the sub-grid and semi-analytic models.

Nevertheless, our simulations are still limited in sample size. In the near future, we
will expand our simulations to include more dwarf galaxies covering halo mass from
Mpao = 108-10!1 M@ and to enlarge our sample at the most massive end to better
understand whether the flattening of the MZR is real and what drives the flatness.

This may depend critically on AGN feedback. We will provide quantitative analysis
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on metal outflow rates, outflow metallicities, metal recycling, and their relation with

galaxy properties in future work (Muratov et al. 2017; Anglés-Alcéazar et al. 2017a).
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Appendix A: Different Definitions of Gas-phase Metallicity

In this work, the gas-phase metallicity is defined as the mass-weighted average
metallicity of all gas particles below 10*K, which we refer as the ISM gas. In
principle, there are many alternative approaches to define gas-phase metallicities.
In this section, we discuss three definitions and compare them with each other: (1)
the average metallicity of all gas particles below 10* K in the galaxy (our default
definition), (2) the average metallicity of all gas particles within 0.1 Ry, and (3) the
average metallicity of all gas particles with temperature between 7,000-15,000 K
and density above 0.5 cm>. In Figure 2.13, we compare definition (1) and (2) in
the left panel and (1) and (3) in the right panel for all galaxies presented in Figure
2.3.

Definition (1) is designed to automatically select all the warm ionized gas and cold
neutral gas (the ISM), definition (2) aims to pick the gas in the star-forming regions,
and definition (3) is observationally motivated to select the nebular gas which
produce the strong nebular emission lines in star-forming galaxies. In general, these

definitions are consistent with each other. Most of the galaxies lie very close to the
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Figure 2.13: Gas-phase oxygen abundances in different definitions. Left: The
relation of gas oxygen abundances between definition (1) the average metallicity
of all gas particles below 10* K and (2) the average metallicity of all gas particles
within 0.1 Ry;;. Right: The relation of gas oxygen abundances between definition
(1) and (3) the average metallicity of all gas particles with temperature between
7,000-15,000 K and density above 0.5 cm™>. The cyan dashed lines show the y = x
relation. The black points show all the data presented in Figure 2.3. Different
definitions agree well, and have no qualitative effect on any of our conclusions.
Most of the “outliers” are caused by transient, stochastic time variability.
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Figure 2.14: Relations between different forms of metallicities. Left: Gas-phase
oxygen abundance 12 + log(O/H) vs. gas-phase metallicity (mass fraction of all
metals) Zg,s. Right: Stellar iron abundance [Fe/H] vs. stellar metallicity Z.. Black
dots collect all the data points presented in this work. The cyan lines represent
the best fits of these relations with slope unity. These definitions give essentially
identical results, and are equivalent, for all of our results in this paper.
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y = x relation in each panel of Figure 2.13. However, there are a few outliers in these
diagrams. Definition (2) can be problematic in merging systems, where the halo
centre may deviate far from the stellar bulk and thus 0.1 Ry does not necessarily
probe the star-forming region. Definition (3) is largely affected by abundance
variance between gas particles, since there are usually not many gas particles at
any single instant that meet the temperature and density criteria. However, a time-
averaged version of definition (3) removes most of the outliers. Therefore, we argue

that our default definition is more adaptive and flexible than other definitions.

Appendix B: Metallicities in Different Forms

In this work, we primarily use 12 + log(O/H) and Z. to present gas-phase metallicity
and stellar metallicity, respectively. In the literature, gas-phase metallicity and stellar
metallicity are sometimes presented in terms of Zg,s and [Fe/H]. Therefore, we also
provide the conversion between these different forms of metallicities for comparison.
We emphasize these conversions are obtained from our simulations only and there
are systematic uncertainties originating from the uncertain relative metal yields

between species and solar abundances we adopt.

In Figure 2.14, we show the relations between 12 +log(O/H) and log(Zg.s/Ze)
(left panel) and the relation between [Fe/H] and log(Z./Zg) (right panel), where
we adopt a solar metallicity Z = 0.02 and a solar iron abundance of 0.00173, both
in mass fraction. In both panels, we collect data of all the simulated galaxies at
all epochs we present earlier in this paper. Both relations are extremely tight and
have slope unity, which ensures the validity, at least to the first order, to use either
quantity to represent metallicities interchangeably. The best fits for our simulations
are 12 +1og(O/H) = log(Zgs/Ze) + 9.0 and [Fe/H] = log(Z./Zg) — 0.20. We
emphasize that there relations may suffer from systematic uncertainties that originate
from (1) Type-II and Type-I SNe rates, (2) metal yields of tracked species from
different channels, and (3) the solar abundances we adopt in our simulations.
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Chapter 3

WHY DO HIGH-REDSHIFT GALAXIES SHOW DIVERSE
GAS-PHASE METALLICITY GRADIENTS?

Ma, X., Hopkins, P. F., Feldmann, R., et al., 2017, “Why do high-redshift galaxies
show diverse gas-phase metallicity gradients? ", Monthly Notices of the Royal
Astronomical Society, 466, 4780-4794
doi: 10.1093/mnras/stx034

Abstract

Recent spatially resolved observations of galaxies at z ~ 0.6-3 reveal that high-
redshift galaxies show complex kinematics and a broad distribution of gas-phase
metallicity gradients. To understand these results, we use a suite of high-resolution
cosmological zoom-in simulations from the Feedback in Realistic Environments
(FIRE) project, which include physically motivated models of the multi-phase ISM,
star formation, and stellar feedback. Our simulations reproduce the observed di-
versity of kinematic properties and metallicity gradients, broadly consistent with
observations at z ~ 0-3. Strong negative metallicity gradients only appear in galax-
ies with a rotating disk, but not all rotationally supported galaxies have significant
gradients. Strongly perturbed galaxies with little rotation always have flat gradients.
The kinematic properties and metallicity gradient of a high-redshift galaxy can vary
significantly on short time-scales, associated with starburst episodes. Feedback from
a starburst can destroy the gas disk, drive strong outflows, and flatten a pre-existing
negative metallicity gradient. The time variability of a single galaxy is statistically
similar to the entire simulated sample, indicating that the observed metallicity gra-
dients in high-redshift galaxies reflect the instantaneous state of the galaxy rather
than the accretion and growth history on cosmological time-scales. We find weak
dependence of metallicity gradient on stellar mass and specific star formation rate
(sSFR). Low-mass galaxies and galaxies with high sSFR tend to have flat gradients,
likely due to the fact that feedback is more efficient in these galaxies. We argue that
it is important to resolve feedback on small scales in order to produce the diverse

metallicity gradients observed.

Keywords: galaxies: formation — galaxies: evolution — cosmology: theory
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3.1 Introduction

Metallicity is a fundamental property of galaxies. In the local Universe, galaxy
stellar mass correlates tightly with both gas-phase metallicity (e.g., Tremonti et al.
2004; Lee et al. 2006) and stellar metallicity (e.g., Gallazzi et al. 2005; Kirby et al.
2013), known as the galaxy mass—metallicity relation (MZR). The MZR also exists
at higher redshifts up to z ~ 3 (e.g., Erb et al. 2006; Maiolino et al. 2008; Mannucci
et al. 2009; Zahid et al. 2011; Yabe et al. 2014; Steidel et al. 2014; Sanders et al.
2015). The MZR evolves smoothly with redshift, with galaxies being more metal-
enriched at lower redshift (e.g., Zahid et al. 2013). The MZR results from the
interplay between gas accretion and recycling, star formation, and feedback-driven
outflows (e.g., Edmunds 1990; Davé et al. 2012; Lilly et al. 2013; Feldmann 2013;
Lu et al. 2015b), so it is widely used to constrain feedback models in cosmological
simulations and semi-analytic models of galaxy formation (e.g., Davé et al. 2011b;
Torrey et al. 2014; Lu et al. 2014b; Ma et al. 2016a).

Historically, galaxy metallicity is usually measured in the central regions despite
the presence of metallicity gradients. Since Searle (1971), it has been known that
galaxies in the local Universe tend to have negative gas-phase metallicity gradients,
which means that galaxies are more metal-enriched in the central region than at the
outskirt (e.g., Zaritsky et al. 1994; van Zee et al. 1998; Sanchez et al. 2012, 2014).
The slope of metallicity gradients of non-interacting galaxies, if normalized to some
characteristic radius (e.g., the effective radius), does not depend strongly on galaxy
properties, such as morphology, the existence of bars, magnitude, stellar mass, etc.
(e.g., Zaritsky et al. 1994; Sanchez et al. 2014; Ho et al. 2015; however, see Vila-
Costas & Edmunds 1992). This can be understood by a simple model where gas
and stellar disks co-evolve under virtually closed-box assumptions (Ho et al. 2015).
Interacting galaxies are under-abundant in their central regions (e.g., Kewley et al.
2006; Peeples et al. 2009) and show evidence of shallower gas-phase metallicity
gradients than isolated galaxies of similar masses (e.g., Vila-Costas & Edmunds
1992; Kewley et al. 2010; Rupke et al. 2010b), owing to strong radial inflow of
low-metallicity gas from the outskirts toward the galactic center (e.g., Rupke et al.
2010a; Torrey et al. 2012).

It is only in the past few years that gas-phase metallicity gradients have been directly
measured in galaxies beyond the local Universe. Early attempts include resolved
studies of several strongly lensed galaxies at redshift z ~ 1.5-2.4 (e.g., Yuan et al.
2011; Jones et al. 2010, 2013). Four out of five of these galaxies show well-
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ordered rotation and have steeper slopes (in dex kpc™!) in metallicity gradient than
those of galaxies in the local Universe. In addition, Maciel et al. (2003) measured
the abundances of planetary nebulae in the Milky Way (MW) generated by stars
spanning a broad age interval and suggested that the MW had steeper metallicity
gradients back to z ~ 1.5. These results support the so-called “inside-out” growth
model of galaxy formation (e.g., Bouwens et al. 1997). In this scenario, the central
galactic bulge formed rapidly at early times, building a steep radial metallicity
gradient at high redshift. The size of the disk gradually grows with time via gas
infall. The metallicity gradient gradually weakens via star formation in the outer
disk and radial gas mixing. Such a picture is also seen in some cosmological
hydrodynamic simulations (e.g., Pilkington et al. 2012; Gibson et al. 2013), where
the metallicity gradients are steepest at high redshift and gradually flatten at late

times.

Recently, Leethochawalit et al. (2016) have studied 11 gravitationally lensed galaxies
at redshift z ~ 1.4-2.5 and found a broad distribution of kinematics and abundance
patterns (see also Jones et al. 2015; Wang et al. 2017). Most galaxies in their
sample show no features of well-ordered rotation and tend to have flat gas-phase
metallicity gradient, in contrast to earlier statements that high-redshift galaxies tend
to have stronger metallicity gradients (Jones et al. 2013). Moreover, large samples
of non-lensed galaxies at redshift z ~ 0.6-3 also show diverse metallicity gradients
(e.g., Cresci et al. 2010; Queyrel et al. 2012; Swinbank et al. 2012; Stott et al.
2014; Wuyts et al. 2016), with slope varying from negative to flat and positive.
For example, Wuyts et al. (2016) have found that only 15 out of 180 galaxies that
have spatially resolved measurements of abundances in a sample of galaxies at
z ~ 0.6-2.7 show statistically significant non-zero slope of metallicity gradients.

These results complicate the simple ‘inside-out’ growth picture.

Various studies have pointed out the necessity of strong feedback in order to avoid
steep metallicity gradients in high-redshift galaxies in cosmological hydrodynamic
simulations (e.g., Pilkington et al. 2012; Gibson et al. 2013; Anglés-Alcézar et al.
2014). For example, Gibson et al. (2013) compared two cosmological simulations
run with different feedback models and showed that their ‘enhanced’ feedback model
produces constantly flat metallicity gradients at high redshift, whereas their ‘con-
servative’ feedback model tends to follow the simple ‘inside-out’ growth scenario
and produce steep metallicity gradients. However, they do not reproduce the diverse

range of metallicity gradients in high-redshift galaxies (only one or the other). In
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addition, many simulations used empirical feedback models where galactic winds
are generated by manually kicking particles and enforcing these wind particles to be
temporarily decoupled from hydrodynamics (e.g., Davé et al. 2011b; Torrey et al.
2014; Anglés-Alcézar et al. 2014) or artificially preventing SNe bubbles from cool-
ing for much longer time (e.g., Stinson et al. 2013a). Such models do not properly
resolve the launch and propagation of galactic winds from the ISM scale and tend
to artificially mix metals on larges scales and prevent strong metallicity gradients

from forming.

In this work, we study the origin and evolution of galaxy metallicity gradients using
32 cosmological zoom-in simulations from the Feedback In Realistic Environments
project (FIRE; Hopkins et al. 2014)!. These simulations include physically mo-
tivated models of the multi-phase interstellar medium (ISM), star formation, and
stellar feedback, with sufficient spatial and mass resolution down to giant molecular
cloud (GMC) scales to explicitly resolve the launch and propagation of galactic
winds. This is essential in studying metallicity gradients using simulations. In
previous studies, it has been shown that these simulations reproduce many observed
scaling relations, such as the stellar mass—halo mass relation, the Kennicutt—Schmidt
relation, the star-forming main sequence (Hopkins et al. 2014), and the MZR (Ma
et al. 2016a), for a broad range of halo mass and redshift, without the need for
fine-tuning. These simulations also predict a reasonable covering fraction of neu-
tral absorbers in the circum-galactic medium (CGM) at both low and high redshift
(Faucher-Giguere et al. 2015, 2016; Hafen et al. 2017), mass loading factor of galac-
tic outflows (Muratov et al. 2015), and density profiles, kinematics, and chemical
abundances of local dwarf galaxies (Oforbe et al. 2015; Chan et al. 2015), all broadly
consistent with observational constraints. All of these demonstrate the validity of

using the FIRE simulations to study metallicity gradients.

Almost all galaxies in the FIRE simulations at high redshift (z > 0.5) show strong
variability (burstiness) in star formation rates (SFRs) on short time-scales of order
10 Myr (Hopkins et al. 2014; Sparre et al. 2017; Muratov et al. 2015; Feldmann
et al. 2017). In these systems, rapid gas inflows trigger starbursts in the galactic
center (Torrey et al. 2017). In turn, feedback from newly formed stars injects
sufficient energy and momentum into the ISM to destroy the gas disk and launch
galactic winds. At lower redshift (z < 0.5), on the other hand, massive galaxies

(M. 2 10'°Mg) have calmed down, with star formation in the disk being regulated

'http://fire.northwestern.edu
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by gas infall and feedback to more stable rates (e.g., Faucher-Giguere et al. 2013),
and feedback can no longer damage the disk nor drive strong gas outflows (Muratov
et al. 2015). This transition is likely due to a combination of decreasing galaxy
merger rates (e.g., Hopkins et al. 2010) and decreasing gas fractions in galaxies (e.g.,
Hayward & Hopkins 2017) at low redshift. In this paper, we show that the FIRE
simulations reproduce the diversity of kinematics and metallicity gradients observed
in high-redshift galaxies. We also show that bursty star formation can produce the
observed diversity — a galaxy may change kinematic properties and metallicity
gradient between starburst episodes. This is important for the interpretation of the

observed metallicity gradients in high-redshift galaxies.

The paper is organized as follows. We start by introducing the simulations and
describing the methods to measure kinematic properties and gas-phase metallicity
gradient in the simulated galaxies in Section 3.2. We present the main results in

Section 3.3 and discuss and conclude in Section 3.4.

We adopt a standard flat ACDM cosmology with cosmological parameters Hy =
70.2kms™ ! Mpc~!, Qp = 0.728, Q,, = 1 — Qp = 0.272, Q;, = 0.0455, g = 0.807
and n = 0.961, broadly consistent with observations (e.g., Hinshaw et al. 2013;
Planck Collaboration et al. 2014).

3.2 Methodology

3.2.1 Simulation Details

In this work, we use a suite of simulations from the FIRE project that have been
presented in previous studies (Hopkins et al. 2014; Faucher-Giguere et al. 2015;
Chan et al. 2015; Feldmann et al. 2016; Hafen et al. 2017). These are cosmological
“zoom-in” simulations that are run using cizmo (Hopkins 2015) in p-spH mode
(Hopkins 2013). Because of computational expense, some of them are only run to
z = 2, and span a halo mass 10''-10'3 M at that redshift. For those that are run to
z = 0, we only include the ones above z = 0 halo mass 10! Mg in this study, since
smaller galaxies lack observational probes at high redshift. All the simulations used
in this paper, along with the mass of the most massive halo in the zoom-in region,
the initial mass of baryonic and dark matter particles, minimum force softening
lengths, and the reference where the simulation is first presented, are listed in Tables
3.1 and 3.2. We briefly summarize the physical models below for completeness, but

refer to Hopkins et al. (2014, and references therein) for more detailed description.

In our simulations, gas follows an molecular-atomic-ionized cooling curve from
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Name Mpato (2=0) Mo (z =2) my €p Mdm €am Reference
Mop) M) Mp) (peo) M) (po)

mll 1.4ell 3.8e10 7.1e3 7.0 3.5e4 70 (D)
ml2v 6.3el1 2.0el1 39e4 10 2.0e5 140 (D)
ml2q 1.2e12 5.1ell 7.1e3 10 2.8e5 140 (D
m12i 1.1e12 2.7el1 5.0e4 14 2.8e5 140 (D)
ml3 6.0e12 8.4ell 3.6e5 21 22e6 210 (D)
m11h383 1.6ell 4.1e9 1.7e4 10 8.3e4 100 2)
mll.4a 2.6ell 8.9e10 33e4 9 1.7e5 140 3)
ml1.9a 8.4ell 1.3ell 34e4 9 1.7e5 140 3)
MFz0_A2 1.0e13 2.2el12 3.0e5 9 1.4e6 140 3)
z2h350 - 7.9¢el1 59¢e4 9 29e5 143 4)
z2h400 - 7.9el1 59¢e4 9 29e5 143 4)
z2h450 - 8.7ell 59e4 9 29e5 143 4)
z2h506 - 1.2e12 59e4 9 29e5 143 4)
z2h550 - 1.9¢l11 59¢e4 9 29e5 143 4)
z2h600 - 6.7¢el1 59¢e4 9 29e5 143 4)
z2h650 - 4.0el1 59¢e4 9 29e5 143 4)
z2h830 - 5.4ell 59¢e4 9 29e5 143 (@)

Parameters describing the initial conditions for our simulations (units are physical):
(1) Name: Simulation designation.
(2) Mpato: Approximate mass of the main halo (most massive halo), at z = 0 and

z=2.

(3) myp: Initial baryonic (gas and star) particle mass in the high-resolution region.

(4) €p: Minimum baryonic Plummer-equivalent force softening (minimum SPH
smoothing lengths are comparable or smaller). Force softening is adaptive (mass
resolution is fixed).

(5) mgm: Dark matter particle mass in the high-resolution region.

(6) €4m: Minimum dark matter Plummer-equivalent force softening (fixed in physical
units at all redshifts).
(7) Reference: Where the simulation is first presented. (1) Hopkins et al. (2014),
(2) Chan et al. (2015), (3) Hafen et al. (2017), (4) Faucher-Giguere et al. (2015),

and (5) Feldmann et al. (2016).

Note: Detailed physical properties of these galaxies are presented in Appendix.



55

Table 3.2: Simulation analyzed in the chapter — continued.

Name Mpio (z2=0) Mpao (z=2) myp €p Mmdm  €4m Reference

(Mo) Mo)  (Me) (o) Mg) (pe)
Al:0 - 2.3el2 33e4 10 1.7e5 143 (5
A2:0 - 2.9¢e12 33e4 10 1.7¢5 143 &)
A3:0 - 2.4el2 334 10 1.7e5 143 (&)
A4:0 - 2.8el12 334 10 1.7e5 143 5
A5:0 - 2.3el2 33e4 10 1.7e5 143 5
A6:0 - 2.6el12 33e4 10 1.7e5 143 5
A7:0 - 2.5el12 33e4 10 1.7¢5 143 5
A8:0 - 3.5e12 334 10 1.7e5 143 &)
A9:0 - 2.8el12 334 10 1.7e5 143 (&)
A10:0 - 3.2el2 334 10 1.7e5 143 (®))
B1:0 - 8.3e12 33e4 10 1.7e5 143 (5
B2:0 - 9.0e12 33e4 10 1.7¢5 143 5
B3:0 - 9.7e12 334 10 1.7e5 143 (&)
B4:0 - 8.5e12 334 10 1.7e5 143 (&)
B5:0 - 9.1e12 334 10 1.7e5 143 )

10-10'°K, including metallicity-dependent fine-structure and molecular cooling
at low temperatures and high-temperature metal-line cooling followed species-by-
species for 11 separately tracked species (H, He, C, N, O, Ne, Mg, Si, S, Ca, and
Fe; see Wiersma et al. 2009a). At each timestep, the ionization states and cooling
rates are determined following Katz et al. (1996) for primordial abundances and
from a compilation of cLoupy runs for metals, including a uniform but redshift-
dependent photo-ionizing background tabulated in Faucher-Giguere et al. (2009),
and photo-ionizing and photo-electric heating from local sources. Gas self-shielding

is accounted for with a local Jeans-length approximation.

We allow star formation to take place only in dense, molecular, and self-gravitating
regions with hydrogen number density above a threshold ng, = 5-50 cm™ (Hopkins
et al. 2013b). Stars form at 100% efficiency per local free-fall time when the
gas meets these criteria and there is no star formation elsewhere. A star particle
inherits the metallicity of each tracked species from its parent gas particle. Every star
particle is treated as a single stellar population with known mass, age, and metallicity,
assuming a Kroupa (2002) initial mass function (IMF) from 0.1-100 M. Then
the ionizing photon budgets, luminosities, Type Il supernova rates, mechanical
luminosities of stellar winds, etc., are directly tabulated from the stellar population

models in STARBURSTY9 (Leitherer et al. 1999). The Type Ia SN rates follow the
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time delay distribution from Mannucci et al. (2006). We account for the following
stellar feedback mechanisms, including (1) local and long-range momentum flux
from radiative pressure, (2) energy, momentum, mass and metal injection from
SNe and stellar winds, and (3) photo-ionization and photo-electric heating. We
follow Wiersma et al. (2009b) and account for metal production from Type-II SNe,
Type-Ia SNe, and stellar winds using the metal yields in Woosley & Weaver (1995),
Iwamoto et al. (1999), and Izzard et al. (2004), respectively. We do not include
a sub-resolution metal diffusion model, but the simulations explicitly resolve the

metal mixing by advection of gas particles.

3.2.2 Galaxy Identification and Definitions

We use Amiga’s Halo Finder (anr; Knollmann & Knebe 2009) to identify halos in
the simulations. The approximate halo mass at z = 2 and z = O (if applicable) for
the most massive (best-resolved) halo in each simulation are listed in Tables 3.1 and
3.2, where we adopt the redshift-dependent virial parameter from Bryan & Norman
(1998). In this paper, we only study the central galaxy in the most massive halo
in each simulation. The entire simulated sample is only studied at four redshifts
z=2,1.4,0.8, and 0O (if applicable). The physical properties of these galaxies (as

described below) at these redshifts are presented in Appendix.

We define the center of each galaxy by iteratively finding the geometric center of
all star particles within a sphere of decreasing radius from 20kpc to 1kpc. This
generally corresponds closely to the location of maximum stellar mass density.
The stellar mass (M..) and the star formation rate (SFR) for the central galaxy are
measured within 10kpc from this center, where we remove the contamination of
satellite galaxies if necessary. The SFRs are averaged over 200 Myr to mimic the
observational measurements based on far-ultraviolet luminosity (e.g., Sparre et al.
2017). Next, we define a characteristic radius Rgg, which encloses 90% of the star
formation within 10 kpc. Such definition of galactic center and characteristic radius
appears to be most numerically stable, given that a considerable fraction of galaxies
in our simulated sample have clumpy and irregular morphologies (especially those
at high redshifts). The stellar mass, SFR, and Ry for the entire simulated sample
are listed in the Appendix. Our sample covers a stellar mass range 103-10'! M.

For simplicity, we define the z-axis to be aligned with the total angular momentum of
all gas particles within Rg( and the x-axis to be an arbitrary direction perpendicular

to z-axis. We refer to face-on and edge-on views when observing along the z- and
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x-axis, respectively. In Figs. 3.1-3.3 (left two columns), we show example images
for three galaxies in our sample, A2:0 at z = 2 (top), A8:0 at z = 2 (middle), and
m12i at z = 0 (bottom). For each galaxy, we show a face-on gas image (x-y plane,
top left) and edge-on gas image (y-z plane, top right), face-on stellar image (bottom
left), and face-on SFR map (bottom right, averaged over 200 Myr). The dashed
white circles on all face-on images show the characteristic Rgy of each galaxy. A8:0
is a merging system that has clumpy, irregular morphology, while A2:0 and m12i

have star-forming gas disks.

3.2.3 Kinematics

Before we present the gas-phase metallicity gradients for our simulated sample,
we first measure the kinematic properties of these galaxies, as commonly done in
observational studies (e.g., Yuan et al. 2011; Jones et al. 2013; Leethochawalit et al.
2016). We do so by mimicking the widely-used long-slit spectroscopy technique.
The mock slitis placed along the y-axis (edge-on) along the mid-plane with a vertical
width of 1 kpc, as illustrated by the black lines on the edge-on gas images in Fig. 3.1.
We then extract the one-dimensional velocity curve along the slit. We measure the
line-of-sight gas velocity and 10 velocity dispersion in the range —Rgg < y < Rgg
with a spatial resolution of Ay = 0.4 kpc, by taking into account all gas particles

with number density n > 1 cm™

in every pixel. This allows us to primarily select
interstellar gas and eliminate contamination by foreground/background gas in the
circumgalactic/intergalactic medium. Example velocity curves of the three galaxies,
A2:0, A8:0 (at z = 2), and m12i (at z = 0), are shown in the right column of Figs.
3.1-3.3, with the black points and errorbars representing the line-of-sight velocity

and velocity dispersion along the slit.

We fit the one-dimensional velocity curve with the following analytic form

2 R
V(R) = Vp + V.— arctan (—) , (3.1
T R

1
as motivated by the simple disk model commonly adopted in various studies (e.g.,
Jones et al. 2010; Swinbank et al. 2012; Stott et al. 2014; Leethochawalit et al. 2016).
For our simulated galaxies, V; accounts for the peculiar velocity in the simulation
box and V, gives the asymptotic circular velocity at large radii. Example fits for the
three galaxies are shown by the red lines in Fig. 3.1. The velocity curves of A2:0 and
m12i can be well described by the arctan function, reaffirming that these galaxies
have well-ordered rotating disks. However, the chaotic system, A8:0, returns a

bad fit (as reflected by unphysical values of V). We have visually checked all of
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Figure 3.4: Comparison between V. /o and AV /20 for our simulated galaxies. V, is
the rotation velocity given by the best fit of the velocity curve by the arctan function in
Equation (3.1), while AV is the peak-to-peak velocity difference. o is the maximum
velocity dispersion (see Figures 3.1-3.3 for examples). Galaxies that cannot be
well fitted by an arctan function are plotted at V./oo ~ 0.1. V./o and AV /20 are
broadly consistent with each other for galaxies with V./o > 1, indicating that they
have well-ordered rotation by either criterion. However, galaxies with V./o < 1
show AV /20~ ~ 0.4-3. This suggests that AV /20 is ambiguous for non-rotationally
supported systems.

our simulations and find that bad fits occur when a galaxy has clumpy, irregular
morphology and shows little evidence of rotation. For these galaxies, V. cannot
be properly defined. We also follow Leethochawalit et al. (2016) and measure the
“peak-to-peak” velocity difference AV along the slit. Any galaxy can give a finite
AV despite its kinematic properties. For a rotating disk, AV equals 2V, in the
asymptotic limit and is thus a proxy for the rotation velocity. We define the velocity
dispersion of the galaxy o as the maximum velocity dispersion along the slit. V,,
AV, and o for the entire simulated sample are presented in Appendix. Note that
some galaxies in our sample are temporarily quenched, with little gas in the central

region. The kinematic properties for these galaxies cannot be properly determined.

The degree of rotational support of a galaxy can be defined as either V./o or
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AV /2c0. In Fig. 3.4, we compare V./o and AV /20 for our simulated galaxies.
For illustrative purposes, we plot those whose velocity curve cannot be well fitted
by Equation 3.1 at V./o ~ 0.1, as they do not have well-ordered rotation. The
criterion for rotationally supported system is commonly taken to be V./oo > 1 or
AV /20 > 0.4 (e.g., Forster Schreiber et al. 2009; Leethochawalit et al. 2016).

Most of our simulated galaxies with V./o- > 1 have consistent values of AV /20,
reaffirming that these galaxies are rotationally supported. However, galaxies with
V./o < 1 span a wide range of AV /20", mostly from 0.4-3 for our simulated sample.
These galaxies have little evidence of rotation as shown by the velocity curve and
confirmed by our visual inspection, but they would be classified as rotating systems
by the criterion AV /20 > 0.4. We caution that AV /20 is an ambiguous indicator

in practice, especially for those galaxies with little rotation.

3.2.4 Metallicity Gradients

We now present the metallicity gradients for our simulated sample. In the top
panel of Fig. 3.5, we show the face-on metallicity map for the same galaxies as
in Figs. 3.1-3.3, with a pixel size of 100pc. We measure the mass-weighted
metallicity of all gas particles in each pixel. We only show pixels where the gas
surface density is above X, > 10 Mg pc~2. Such threshold is roughly the surface
density above which fragmentation and star formation occurs in these simulations
and observations (Orr et al. 2017), so these pixels are likely to have observationally
detectable nebular emission lines. This also reduces the shot noise from low surface
density pixels where the metallicities are determined by individual gas particles.
In the bottom panels, we plot the gas-phase metallicity as a function of projected
radius for individual pixels (grey points). Again, only pixels above surface density
10 Mg pc~? are shown. We measure the median metallicity and its 1o~ dispersion at
every 0.2 kpc in a certain radius interval, as illustrated by the red points and errorbars
(in 0.25—1Rqg, our fiducial interval) in Fig. 3.5. We require a minimum number of
20 pixels in a 0.2 kpc bin to obtain a reliable measurement at this radius. We fit the

metallicity profile with a linear function (the blue dotted lines in Fig. 3.5)
log(Z/Zp) = @R + B, 3.2)

to obtain the slope of the metallicity gradient @ (in dex kpc™).

Equation 3.2 is motivated by the fact that metallicity gradients are most commonly
measured in dlog Z/dR (in dexkpc™') in the literature, although the metallicity

profile of a galaxy may deviate from a linear function in reality. In Fig. 3.6,
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Figure 3.6: Metallicity gradients measured in the radial interval 0.25-1Rgq vs.
metallicity gradients measured in the central 0-2 kpc. The difference is small when
the gradient is flat, because the gas-phase metallicity is almost uniform in the ISM
(e.g., simulation A8:0). On the other hand, the slopes measured over 0-2 kpc are
much steeper than those measured over 0.25-1Rgg in galaxies that show strong
negative metallicity gradients (e.g., simulations A2:0 and m12i shown in Figs. 3.1,
3.3, and 3.5). They show rapidly increasing metallicity profiles toward the galactic
center.

we compare the slopes of the metallicity gradients measured over 0.25-1Ryg and
over 0-2 kpc, respectively. Both slopes are qualitatively consistent with each other.
The difference is small when the gradient is close to flat, because the metals are
nearly uniformly mixed within the ISM (e.g., simulation A8:0). On the other hand,
galaxies with strong negative metallicity gradients tend to have a rapidly increasing
metallicity profile toward the center (e.g., simulations A2:0 and m12i in Figs. 3.1,
3.3 and 3.5), as reflected by the fact that the slopes measured in 0-2 kpc are much
steeper than those measured in 0.25—1Rgg. This happens in our simulations because
the galactic centers can reach very high gas surface densities (£, 2 10° Mg pc?)
during a starburst, and the star formation efficiency may increase dramatically with
gas surface density (e.g., Burkert & Hartmann 2013; Torrey et al. 2017; Grudic

et al. 2016), resulting in rapid metal enrichment toward the center. Such a picture
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is consistent with previous studies on the formation of cusp elliptical galaxies via
mergers (e.g., Hopkins et al. 2009), which reproduce the observed steep metallicity
gradients in the central region of early-type galaxies (e.g., Reda et al. 2007; Sanchez-
Blazquez et al. 2007). In this work, we primarily focus on the metallicity gradients
measured over 0.25—-1Ryg. The slopes of metallicity gradient for the entire simulated
sample are listed in Appendix. We note that all of our results presented below are
qualitatively consistent if one uses the gradients measured in 0-2kpc. A detailed
discussion on the full metallicity profile is beyond the scope of this study, but worth

further investigations in future work.

3.3 Results

3.3.1 Metallicity gradients: general properties

As illustrated by the visual examples in Fig. 3.5 and more quantitative results
shown in Appendix, our simulations produce a variety of kinematic properties
and metallicity distributions. Simulations A2:0 and m12i have obvious negative
metallicity gradients, with the center being more metal-enriched than the outskirts,
consistent with the observed metallicity patterns in local and some high-redshift
galaxies (e.g., Zaritsky et al. 1994; van Zee et al. 1998; Yuan et al. 2011; Jones et al.
2013; Sénchez et al. 2014). Both of them have a rotationally supported, star-forming
disk as shown in Fig. 3.1. In contrast, simulation A8:0 is a merging system that has a
clumpy, irregular gas morphology with no well-ordered gas motion, and a relatively
uniform metallicity distribution, with metallicity gradient close to flat. Intuitively,
these examples indicate that strong negative metallicity gradients are more likely to
occur in galaxies with a rotating disk, while strongly perturbed galaxies tend to have

flat gradients.

Strong perturbations, mostly induced by mergers, rapid gas infall, and strong out-
flows, can stir the gas and drive galactic-scale motion in the ISM, with typical

velocities up to several hundred kms~!.

This causes gas/metal re-distribution on
galactic scales of < 10kpc on relatively short time-scales ~ 10-50 Myr, leading to
kinematically hot gas motion and flat metallicity gradients2. In simulation A8:0, the
perturbation is induced by a series of minor mergers (see Fig. 3.2). Besides, strong
stellar feedback can also drive galaxy-scale motion in the ISM, resulting in irregular

gas motion and morphology (e.g., Agertz & Kravtsov 2016). Gibson et al. (2013)

2Here we do not consider metal mixing on scales below our resolution limit, but rather focus
on re-distribution of metals driven by largest-scale motion. This is justified by more detailed studies
of diffusion processes in supersonically turbulent media like the ISM, which show that diffusion is
most efficient on large scales (e.g., Colbrook et al. 2017).
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Figure 3.7: Gas-phase oxygen abundance vs. stellar mass for our simulated sample
at z = 2. Galaxies A2:0 and A8:0 (see also Figs. 3.1, 3.2 and 3.5) are indicated by
the thick cyan and red circles, respectively. The simulations analyzed in this work
cover a stellar mass range 103-10'' M. The blue dashed line shows the fit from
Ma et al. (2016a), which is derived from a sample covering a stellar mass range
10*-10'" Mg at this redshift.

show that simulations with strong feedback produce flat metallicity gradients, while
those with weak feedback tend to produce steep gradients. The high resolution and
physically motivated models of stellar feedback adopted in the FIRE simulations
enable us to explicitly resolve the launch and propagation of galactic winds from
small scales (tens of pc) to galactic scales, which is essential to study gas-phase

metallicity gradients.

The rest of this section is organized as follows. Before going into details about
metallicity gradients in our simulated galaxies, we first show where our sample
lies on the galaxy MZR in Section 3.3.2. In Section 3.3.3, we will study the
dependence of metallicity gradient on stellar mass and specific star formation rate
(sSFR). In Section 3.3.4, we will examine the relation between metallicity gradient
and the degree of rotational support. In Section 3.3.5, we will present the redshift
dependence on metallicity gradient. In Section 3.3.6, we will perform a case study on
simulation m12i and explore how stellar feedback can change metallicity gradients
on short time-scales (< Gyr), which has a great effect on the interpretations of the

observed metallicity gradients in high-redshift galaxies.
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3.3.2 The mass-metallicity relation (MZR)

We follow Ma et al. (2016a) and define the gas-phase metallicity as mass-weighted
mean metallicity of all gas particles below 10* K in the central galaxy (satellites
excluded). In Fig. 3.7, we show the gas-phase MZR for our simulated sample at
z = 2, where we define the oxygen abundance as 12 + log(O/H) = log(Z/Zs)+9.0.
Galaxies A2:0 and A8:0 shown in Figs. 3.1 and 3.5 are indicated with thick cyan
and red circles, respectively. They have typical gas-phase metallicities for our
sample. In Ma et al. (2016a), we extensively studied the MZR in a sample of FIRE
simulated galaxies at z = 1.4, 0.8, and 0. In that work, we showed that m12i lies
on the observed median gas-phase and stellar MZR from Tremonti et al. (2004) and
Gallazzi et al. (2005) at z = 0. The blue dashed line shows the linear fit to the
simulations from Ma et al. (2016a). We note that Ma et al. (2016a) used a sample
that covered the stellar mass range from 10*-10!°Mg at z = 2, while the new
simulations from Feldmann et al. (2016) included in this work allow us to extend

our analysis to 10! M.

3.3.3 Metallicity gradient vs stellar mass and sSFR

We start by examining the correlation between gas-phase metallicity gradient (mea-
sured over 0.25—1Rqg) and galaxy properties. In Fig. 3.8, we show the dependence
of metallicity gradient on stellar mass (left) and specific star formation rate (sSFR,
right) for the simulated sample at four redshifts z = 2.0, 1.4, 0.8, and 0. We do not
find significant differences between redshifts except perhaps for massive galaxies at
z ~ 0, consistent with recent observations (e.g., Wuyts et al. 2016). The shaded
regions show 20 linear fits to the simulated data. We find a weak anti-correlation
between metallicity gradient and stellar mass. Low-mass galaxies tend to have flat
gradients, because feedback is very efficient in driving outflows and thus mixing
metals in low-mass systems (Muratov et al. 2015, 2017). Note that the FIRE project
also includes simulations of isolated dwarf galaxies with stellar masses M, ~ 10*—
108 Mg (e.g., Hopkins et al. 2014; Chan et al. 2015), but we do not consider these
dwarfs in this work, because observations probe only galaxies more massive than
10°M@. Nevertheless, they also have very weak (flat) metallicity gradients (El-
Badry et al. 2016), because they are bursty, feedback-dominated galaxies, consistent
with the argument above. We also find a weak correlation between metallicity and
sSFR. Most galaxies with high sSFR have undergone rapid gas inflows that trigger
starbursts, and feedback in turn drives strong outflows. Such violent gas infall and

outflows can stir the gas in the ISM and mix metals on galactic scales efficiently,
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resulting in a flat metallicity gradient. In Fig. 3.8, we also show the linear fits to
a compilation of observational data at redshifts z = 0-2.5 from Stott et al. (2014,
blue dashed lines). These trends are in qualitative agreement with our simulations,
but we note that both observations and our simulations only show weak trends with

stellar mass and sSFR (within 30, the data are consistent with no trend).

3.3.4 Metallicity gradient vs kinematic properties

In the left panel of Fig. 3.9, we show the relation between gas-phase metallicity
gradient (measured over 0.25—1Rg() and degree of rotational support, V. /o, for the
entire simulated sample. Again, galaxies whose V. cannot be properly determined
are plotted at V./o ~ 0.1. In general, our simulated sample can be divided into
three populations that occupy three different regions on the a-V, /o diagram: (1)
significant negative metallicity gradients only occur in galaxies with rotationally
supported disks (V./o > 1), (2) strongly perturbed galaxies, with no evidence
of rotation (V./o < 1, including those with undetermined V,), tend to have flat
metallicity gradients, and (3) there is also a population that show flat or mildly
positive metallicity gradients (¢ ~ 0) while being rotationally supported (V,./o > 1).
The existence of population (3) reflects the observed complex relation between
metallicity gradient and galaxy kinematics (e.g., Jones et al. 2015; Leethochawalit
etal. 2016). We emphasize that our sample only predicts that galaxies with a strong
negative metallicity gradient must be rotationally supported, but not vice versa.
We do not find any galaxy in our simulated sample that has a significant negative

metallicity gradient (@ < —0.05 dex kpc™!) but is strongly perturbed (V./o < 1).

The connection between negative metallicity gradients and rotating disks can be
understood from the coevolution of the gas disk and stellar disk (e.g., Ho et al. 2015).
A simple toy model is useful for illustrative purposes. Start from a pristine gas disk
with an exponential surface density profile X, ~ exp(—R/R;), where R, is the
disk scale length. Stars form in the disk at higher efficiencies in regions with higher
surface densities, following the Kennicutt—Schmidt law £, ~ £1* ~ exp(~1.4R/Rq)
(Kennicutt 1998). If the metals do not mix efficiently between annuli (i.e., the local
‘closed-box’ assumption), the gas-phase metallicity is Z, ~ —In(1 — f,), where f.
is the mass fraction of stars (note that both f, and Z, are functions of radius). If
the gas fraction is not too low, Z; ~ f, ~ X,/ ~ T./Z ~ exp(—0.4R/R;). This
naturally gives a negative metallicity gradient dlog Z,/dR = —0.17/R; dex kpc~!
(if R4 is in kpc), although the slope can be altered by the exact disk surface density
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profile3, pre-enrichment in the disk, the strength of radial mixing, etc. Population
(2) galaxies are strongly perturbed via violent processes, such as mergers, rapid gas
inflows, and strong feedback-driven outflows, which can destroy any pre-existing
rotating disk and cause efficient gas re-distribution on galactic scales. Galaxies in
region (3) may be in a transition phase, e.g., during a gas infall before a strong
negative metallicity gradient builds up at a later time. In Section 3.3.6, we will
further show that the metallicity gradient and kinematic properties of a galaxy can
vary on < Gyr time-scales, causing the galaxy to move across the three regions on

the a—V_./o relation.

In the right panel of Fig. 3.9, we show the relation between metallicity gradient and
AV /20 . Similarly, strong negative metallicity gradients only appear in galaxies with
AV /20 > 1, consistent with the results we find with V. /0. Again, we caution that
AV /20 may not be a robust indicator of whether a galaxy is rotationally supported
or strongly perturbed (see Fig. 3.4). In Fig. 3.9, we also compare our simulations
with observational data from Yuan et al. (2011, Y11), Swinbank et al. (2012, S12),
Jones et al. (2013, J13), and Leethochawalit et al. (2016, L16). Note that we follow
Leethochawalit et al. (2016) and only adopt the V. /o for those that can be reliably
fitted by a simple disk model ( sze 4 < 20 in their table 3), while we regard the rest
of their sample as non-rotationally supported (V, undetermined). Our simulations
reproduce the observed complexity in the relationship between metallicity gradient
and kinematic properties. Remarkably, the simulated sample and the observed
sample, although both small in sample size, occupy almost identical parameter

space in these relations.

3.3.5 Metallicity gradient vs redshift

In Fig. 3.10, we plot the metallicity gradients for all simulated galaxies in our
sample as a function of redshift, at z = 2, 1.4, 0.8, and 0. The black points
present the metallicity gradients measured from 0.25-1Rgg. We also compare a
variety of observations from Maciel et al. (2003, M03), Yuan et al. (2011, Y11),
Swinbank et al. (2012, S12), Jones et al. (2013, J13), Jones et al. (2015, J15),

3If the initial gas disk has a power-law surface density profile X ~ RB, where 8 > 0 is
the power-law index, following the same argument above, the gas-phase metallicity profile will be
Zy ~ R~048_ A power-law profile might be a better description to our simulations (e.g., Hopkins et al.
2009) and the observed metallicity profiles in early-type galaxies (e.g., Reda et al. 2007; Sanchez-
Bldzquez et al. 2007). In such case, the slope of metallicity gradients, if defined in dlog Z, /dR (in
dexkpc™!), also depends on the range where the gradient is measured. This may account for the
steep metallicity gradients (~ —0.3 dex kpc™') observed in high-redshift galaxies (e.g., Jones et al.
2013, also see Fig. 3.10).
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Figure 3.10: Metallicity gradient vs. redshift. The black points show the metallicity
gradients measured in 0.25—1 Ry for the entire FIRE sample at four redshifts. The
smaller grey points show the slopes measured in O-2kpc. The grey points are
shifted slightly right along the x-axis for better illustration. Symbols with errorbars
show a compilation of observations from Maciel et al. (2003, M03), Yuan et al.
(2011, Y11), Swinbank et al. (2012, S12), Jones et al. (2013, J13), Jones et al.
(2015, J15), Leethochawalit et al. (2016, L16), and Wang et al. (2017, W16). The
green lines show the predictions from the sub-grid ‘conservative’ (weak) feedback
model used in MUGS simulations (dashed) and the ‘enhanced’ (strong) feedback
used in MAGICC simulations (dotted) from Gibson et al. (2013). Our simulations
agree well with the wide range of metallicity gradients observed over the z = 0-2.5
redshift range — in some circumstances (e.g., starbursts), feedback is predicted to
be effectively ‘strong’ to produce flatten metallicity gradients, while in others, it is
sufficiently ‘weak’ to allow a strong negative gradient.

Leethochawalit et al. (2016, L16), and Wang et al. (2017, W16). Our simulations are
broadly consistent with the observed diversity of metallicity gradients at redshifts
z = 0.5-2.5. For example, at z ~ 2, our sample covers metallicity gradients
from a = —0.15-0.05 dex kpc™!, in reasonably good agreement with observational
data at that epoch. Note that we measure the metallicity gradient from 0.25-1 Ry
by default, whereas there is no universal standard for the radial limits used to
define the metallicity gradients in observations. If we instead use the metallicity
gradient in the central 0-2 kpc in our simulations, as shown by the small grey points
in Fig. 3.10, we obtain a similar result, but with somewhat larger scatter, with

1

the slope ranging from —0.3-0.1dexkpc™ . This is in better agreement with the
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steep slopes and positive metallicity gradients in some of the observational samples
(e.g., Jones et al. 2013; Leethochawalit et al. 2016). A more rigorous comparison
would require matching precisely the galaxy selection function and observational
metallicity gradient measurement method of each observed sample, which is beyond

the scope of this paper.

We also compare our results with the MUGS simulation (‘conservative’ feedback)
and the MAGICC simulation (‘enhanced’ feedback) from Gibson et al. (2013).
In the ‘enhanced’ feedback model, gas heated by SNe is kept hot artificially for
much longer than the Sedov-Taylor phase to generate efficient outflows (Stinson
et al. 2013a), in contrast to much simpler ‘sub-grid’ models which effectively
suppress bursty star formation. These feedback models also require fine-tuning
certain parameters to match the observed galaxy properties. The ‘conservative’
(weak) feedback model in Gibson et al. (2013) always predicts the so-called ‘inside-
out’ growth picture. In this scenario, a compact core formed rapidly at the center
of the galaxy, building up a steep negative metallicity gradient at high redshift.
Then the galaxy gradually grows in size and the metallicity gradient flattens as
the galaxy evolves. Their ‘enhanced’ (strong) feedback model, on the other hand,
always produces a flat metallicity gradient that shows little evolution with redshift.
In contrast, our sample produces more diverse distribution of metallicity gradients
in good agreement with observations, including both strong negative gradients and
flat/weak positive gradients. This confirms that metallicity gradients in cosmological
simulations are sensitive to the treatment of feedback. The physics adopted in FIRE
explicitly resolves feedback processes on sub-kpc scales which allows galaxies to
‘switch’ between weak and strong outflows based on their local conditions. As a
consequence, our simulations produce both strong and weak gradients, even in the
same galaxy at slightly different times in its evolution. This leads to a diversity of
gradients in good agreement with observations, and in contrast to simpler ‘sub-grid’
feedback models.

3.3.6 The effects of feedback: a case study

In this section, we will show how feedback results in the complex relation between
galaxy gas-phase metallicity gradients and kinematic properties. To this end, we
perform a case study on simulation m12i, which produces a Milky Way-mass disk
galaxy by z = 0. In the top panel of Fig. 3.11, we show the metallicity gradient
(measured from 0.25-1Ryg) as a function of cosmic time at redshifts z = 0-1.1 (the

black solid line). Note that prior to z = 1.1, this is a clumpy, low-mass galaxy that
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Figure 3.11: Top: Metallicity gradient in the galaxy m12i (measured from 0.25-
1Rgp) as a function of cosmic time at redshifts z = 0—1.1 (black solid). The SFR (red
dotted) and gas outflow rate measured at 10 kpc (blue dashed) are also shown for
comparison. Middle: Gas morphology at the four epochs labeled by the vertical grey
dotted lines in the top panel (a—d). Bottom: Metallicity map at the four epochs. At
z > 0.7, the metallicity gradient shows considerable time fluctuations, associated
with starburst episodes. The examples illustrate this process: (a) gas flows in
rapidly and forms a disk, (b) a negative metallicity gradient builds up during star
formation, (c) strong feedback from starburst drives intense gas outflow and flattens
the metallicity gradient, and (d) gas falls back and reforms a disk. The peaks in gas
outflow rate match the “peaks” in metallicity gradients (where the gradients are flat).
This explicitly shows the effect of feedback flattening the metallicity gradient. At
z < 0.7, the disk has ‘calmed down’, and stellar feedback is no longer strong enough
to disrupt the gas disk. A negative metallicity gradient then develops rapidly, and
does not evolve significantly with time after this.
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has chaotic, bursty star formation, with little rotation and flat metallicity gradients
(Ma et al. 2017c), so we do not show it here. For comparison, we also show the
instantaneous SFR (averaged over 10 Myr, the red dotted line)# and the gas outflow
rate at 10kpc (the blue dashed line) during the same period. We follow Faucher-
Giguere et al. (2011) and Muratov et al. (2015) and calculate the gas outflow rate as

oM 1 \/B ¥
e G

where we sum over all gas particles that have radial velocity v, = v - r/|r| >
100km s~! within the central L = 10kpc in the galaxy.

At z > 0.7, both the gas outflow rate and SFR show significant time variability. The
outflow rates are much higher than the SFRs (high mass loading factors), implying
that feedback is very efficient at these times (Muratov et al. 2015)3. At the same time,
the metallicity gradient also shows significant fluctuations. Interestingly, the peaks
in gas outflow rates coincide with the ‘peaks’ in metallicity gradients (i.e., when the
gradient is flat, since a strong gradient has a negative slope). To further illustrate
the process, we show example gas images and metallicity maps in the middle and
bottom panels in Fig. 3.11, respectively, at four selected times labeled by (a)—(d), as
shown by the grey vertical dotted lines in the top panel of Fig. 3.11. First, gas flows
in rapidly and forms a rotating gas disk (a). Rapid gas infall triggers a starburst in
the disk, and a negative metallicity gradient builds up quickly (b, see the argument
in Section 3.3.4). Next, feedback from the starburst drives strong outflows, which
destroy the gas disk and mix the metals on galactic scales, flattening the pre-existing
negative metallicity gradient in the disk (c). Finally, gas falls back, reforming a disk,

and the next episode starts (d).

We repeat the analysis in Section 3.3.4 and measure the degree of rotational support
V. /o for 50 successive snapshots from simulation m12i, from z = 0.6-1.1, before
the metallicity gradient becomes stable. In Fig. 3.12, we plot the relation between
metallicity gradient and V./o for the 50 epochs considered here (blue circles)
and compare the results with the entire FIRE sample as shown in Fig. 3.9 (grey
points). Remarkably, the time variability of a single galaxy occupies almost identical

parameter space as the entire simulated sample in the a—V,/o relation. Again,

“Note that the SFRs shown here are different from those defined in Section 3.2.2 and listed
in Appendix (where the SFRs are averaged over 200 Myr), because we want to emphasize the
short-time-scale fluctuations in this section.

3Note that while the outflow rates in Fig. 3.11 are qualitatively similar to those in Muratov et al.
(2015), they different quantitively because of different radial and velocity range considered.
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significant negative metallicity gradients only appear when there is a well-ordered
rotating disk, while the gradients are flat when the galaxy is strongly perturbed and
shows little rotation. At the epochs when the galaxy has a flat metallicity gradient
but is rotationally supported, it is mostly in the early stage of gas infall before a
strong metallicity gradient builds up later (e.g., epoch (a) shown in Fig. 3.11).
These results suggest that a single galaxy can rapidly (in a few 100 Myr) traverse the
range of observed metallicity gradients and kinematic properties, indicating that the
observed metallicity gradients at high redshifts may be more of an indicator of the
instantaneous (< Gyr time-scale) dynamical state of the galaxy, not the long-term

galaxy formation, accretion, or growth history.

Almost all the simulated galaxies show significant burstiness in SFR and undergo
strong bursts of feedback-driven outflows at high redshift (z > 0.5), even for the most
massive galaxies at z ~ 2 (Hopkins et al. 2014; Sparre et al. 2017; Muratov et al.
2015). The central galaxy in simulation m12i calms down after z ~ 0.7, and there is
always a well-ordered, rotationally supported gas disk thereafter (Ma et al. 2017c).
Stars form in the disk at a nearly constant rate that is set by the nearly constant gas
accretion rate and regulated by stellar feedback. The feedback is no longer sufficient
to drive strong gas outflows and destroy the gas disk. A negative metallicity gradient
builds up quickly as soon as the disk calms down and stays almost unchanged after
this time. A similar transition is also seen in other simulations that produce a galaxy
more massive than M, = 10'°Mg by z = 0, as these galaxies also cannot drive
strong gas outflows at late times (Muratov et al. 2015). Such a transition is likely due
to a combination of decreasing merger rates at lower redshifts (e.g., Hopkins et al.
2010) and decreasing gas fractions in massive galaxies (Hayward & Hopkins 2017).
Therefore, it is expected that massive galaxies in the local Universe mostly have
stable negative metallicity gradients, except for strongly perturbed (e.g., merging)

galaxies.

3.4 Discussion and Conclusions

In this paper, we use 32 high-resolution cosmological zoom-in simulations from
the FIRE project to study the gas-phase metallicity gradient in galaxies and its
relation with galaxy properties. Our simulated sample includes 32 galaxies at z = 2,
covering a halo mass range 10''-10'> M and stellar mass range 10°-10"' Mg. A
sub-sample has been run to z = 0, spanning a halo mass range 10''-10'3 M and
stellar mass range 10°~10'' M at z = 0. The FIRE simulations include physically

motivated models of the multi-phase ISM, star formation, and stellar feedback and



7

0.10

0.05}

0.00

we @D O
P
8
@
®
Q
o

—0.05}

—0.10f .

o [dex kpc™!]

—0.15}

—0.20
0 ml2iz=0.6-1.1

* All FIRE sample
—0.23

831 02 04 06 1.0 20 4060 10
V. /o

Figure 3.12: Metallicity gradient vs degree of rotational support (a—V, /o) for 50
successive snapshots from simulation m12i during z = 0.6—1.1 (blue circles). The
grey points show the entire FIRE sample presented in Figure 3.9. A single galaxy
measured at different time occupies similar parameter space to an ensemble of galax-
ies — strong negative metallicity gradients only appear when there is well-ordered
rotation, while the gradient tends to be flat when the galaxy is strongly perturbed.
This implies that the observed gradients more closely reflect the instantaneous state
of the galaxy than its cosmological growth history.

have been shown to reproduce a number of observed properties of galaxies for a broad
range of stellar mass at redshift z = 0-6. These simulations explicitly resolve the
launching and propagation of galactic winds on sub-kpc scales and can thus capture
the effects of stellar feedback on metallicity gradients. Our main conclusions are as

follows.

(i) The simulations produce a diverse range of kinematic properties and metallicity
gradients, broadly consistent with observations at all redshifts. Our simulated
sample includes merging galaxies, starbursts with gas morphologies disturbed by

feedback, as well as relatively stable, rotation-dominated disk galaxies.

(ii) Strong negative metallicity gradients only appear in galaxies with a gas disk,
as reflected by well-ordered rotation (V./o > 1), while strongly perturbed galaxies
(V./o < 1) always have flat gradients. In a gas disk, the star formation efficiency is
higher toward the center due to increasing gas surface density, so metal enrichment

is faster in the central region, leading to a negative metallicity gradient. Strong



78

perturbations driven by rapid gas infall, mergers, or violent outflows, can stir the gas
in the ISM, causing metal re-distribution on galactic scales and flattening metallicity
gradients. Not all rotationally supported galaxies have strong negative metallicity

gradients.

(iii) The metallicity gradient and kinematic properties of a high-redshift galaxy can
vary on < Gyr time-scales, associated with starburst episodes. The time variability
of a single galaxy is statistically similar to the overall simulated sample. A negative
metallicity gradient can build up quickly as a starburst is triggered in a gas disk
formed via gas infall. Strong feedback from the starburst drives intense outflows,
which destroy the gas disk and cause metal re-distribution on galactic scales, result-
ing in flat metallicity gradients. Gas recycles in fountains (Anglés-Alcdzar et al.
2017a), and negative gradients may re-establish quickly. This has important con-
sequences for the interpretation of metallicity gradients observed in high-redshift
galaxies. They may notr well-correlate with the accretion or growth history of the
galaxy on cosmological time-scales, but rather reflect the ‘instantaneous’ state of

gas dynamics.

(iv) There is weak dependence of metallicity gradient on both stellar mass and sSFR.
Low-mass galaxies, and/or galaxies with high sSFR tend to have flat metallicity
gradients, owing to efficient feedback in such systems, which keeps them in the

‘bursty’ star formation mode.

(v) Because of the important role of stellar feedback, it is essential to resolve
feedback from sub-kpc to galactic scales in sufficiently high-resolution simulations,
to reproduce the observed diversity of kinematic properties and metallicity gradients
in high-redshift galaxies. Our results are in contrast to simulations with simple
‘sub-grid’ feedback models, which tend to predict either ‘all strong’ or ‘all weak’

metallicity gradients.

Our results suggest that the bursty star formation in our simulations can change
the kinematic properties and gas-phase metallicity gradients in these galaxies on
relatively short time-scales (~ 108-10° yr), which can at least partly explain the
diverse kinematics and gradients observed in high-redshift galaxies. One intriguing
question we leave open is when and why a galaxy shows such bursty star formation.
A detailed answer of this question may require a larger sample of simulations.
Nonetheless, the current sample of the FIRE simulations have suggested that at high
redshift (z > 2), all galaxies show significant burstiness in the SFR, even in the most

massive galaxies in the simulated sample (Sparre et al. 2017; Faucher-Giguere et al.
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2015; Feldmann et al. 2017). At late times, low-mass galaxies (M, < 1010 Mop)
still have bursty star formation down to z ~ 0 (Wheeler et al. 2017; El-Badry et al.
2016), while more massive galaxies (M, > 1010 M) tend to have a transition from
bursty to relatively stable star formation at intermediate redshift (z ~ 0.5-1, Muratov
et al. 2015). Hayward & Hopkins (2017) provide an analytic model and argue that
such transition happens at a gas fraction threshold of fy,s ~ 0.3, above which the
ISM is highly turbulent and star formation is sufficiently violent that feedback can
efficiently blow out a large fraction of low-density gas from the disk. At lower gas
fractions, turbulence becomes weaker, and feedback is no longer sufficient to drive

strong outflows.

In our simulations, stellar metallicity gradients develop coherently with gas-phase
metallicity gradients as stars form in the disk (also see the argument in Section 3.3.4),
but stellar metallicity gradients are much less vulnerable to strong feedback than their
gas-phase counterparts, especially in massive galaxies (El-Badry et al. 2016). Stellar
migration in the disk can flatten metallicity gradients, but it may only have a weak net
effect over a few Gyr time-scale (Ma et al. 2017c). Therefore, we propose that our
predictions for the short-time-scale variation of gas-phase metallicity gradients can
be tested with stellar metallicity gradients. One would expect that a large fraction of
massive high-redshift galaxies have significant negative stellar metallicity gradients,
even if they show a broad range of kinematic properties and gas-phase metallicity
gradients. We say massive because the galaxy must have had a gas disk at some
point to build up a stellar metallicity gradient, which is not the case in small dwarf
galaxies. Negative stellar metallicity gradients have been observed in local galaxies
(e.g., Sanchez-Blazquez et al. 2014), although it is challenging to measure stellar
metallicities at higher redshifts. It will be interesting to study stellar metallicity

gradients in these simulations in more details in future work.

Nevertheless, our simulations only have a moderate sample size and are limited
in statistical power. We show in Section 3.3.4 that our simulated sample can be
divided into three populations based on their kinematic properties and metallicity
gradients, but we leave a number of open questions. What fractions of galaxies at a
given redshift are rotationally supported and strongly perturbed, respectively? How
often are strong perturbations driven by internal feedback vs. external processes?
What fraction of rotationally supported galaxies show strong negative gas-phase
metallicity gradients? What fraction of galaxies in each population are associated

with mergers? These questions are important for understanding high-redshift galaxy
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populations and worth further investigations, which we hope to explore with larger

ensembles of simulations in the future.
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Appendix: Galaxy properties

In this section, we list the galaxy properties (stellar mass, star formation rate, and Ry,
Section 3.2.2), kinematic properties (V,., AV /2, and o, Section 3.2.3), and gas-phase
metallicity gradient measured in 0.25—1Rgg (Section 3.2.4), for the entire simulated
sample studied in this paper (Figs. 3.8-3.10). A machine-readable version of this
table is available at http://www.tapir.caltech.edu/~xchma/data/metal_grad.txt.


http://www.tapir.caltech.edu/~xchma/data/metal_grad.txt
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Chapter 4

THE STRUCTURE AND DYNAMICAL EVOLUTION OF THE
STELLAR DISK OF A SIMULATED MILKY WAY-MASS
GALAXY

Ma, X., Hopkins, P. F., Wetzel, A. R., et al., 2017, “The structure and dynamical
evolution of the stellar disc of a simulated Milky Way-mass galaxy", Monthly
Notices of the Royal Astronomical Society, 467, 2430-2444
doi: 10.1093/mnras/stx273

Abstract

We study the structure, age and metallicity gradients, and dynamical evolution using
a cosmological zoom-in simulation of a Milky Way-mass galaxy from the Feedback
in Realistic Environments project. In the simulation, stars older than 6 Gyr were
formed in a chaotic, bursty mode and have the largest vertical scale heights (1.5—
2.5kpc) by z = 0, while stars younger than 6 Gyr were formed in a relatively calm,
stable disk. The vertical scale height increases with stellar age at all radii, because
(1) stars that formed earlier were thicker ‘at birth’, and (2) stars were kinematically
heated to an even thicker distribution after formation. Stars of the same age are
thicker in the outer disk than in the inner disk (flaring). These lead to positive
vertical age gradients and negative radial age gradients. The radial metallicity
gradient is negative at the mid-plane, flattens at larger disk height |Z|, and turns
positive above |Z| ~ 1.5kpc. The vertical metallicity gradient is negative at all
radii, but is steeper at smaller radii. These trends broadly agree with observations in
the Milky Way and can be naturally understood from the age gradients. The vertical
stellar density profile can be well-described by two components, with scale heights
200-500 pc and 1-1.5 kpc, respectively. The thick component is a mix of stars older
than 4 Gyr which formed through a combination of several mechanisms. Our results
also demonstrate that it is possible to form a thin disk in cosmological simulations

even with strong stellar feedback.

Keywords: galaxies: abundances — galaxies: evolution — galaxies: formation —

cosmology: theory
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4.1 Introduction

Gilmore & Reid (1983) first discovered that the vertical stellar density profile in the
solar neighborhood in the Milky Way (MW) can be described by two exponential
components with scale heights ~ 300 pc and ~ 1450 pc, respectively, and identified
them as the thin disk and the thick disk. Such a two-component profile is also seen
in external edge-on dis