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Abstract

Understanding galaxy formation and evolution requires characterizing elemental abun-
dance distributions in galaxies. Chemical tagging is a useful tool to understand the evolu-
tionary history of the Milky Way (MW) because it takes advantage of the fact that stellar
abundances at present-day are identical to the abundances with which stars formed. Thus,
stellar elemental abundances provide an observable that can, in principle, be used to deter-
mine the birth location of a star.

Elemental abundance observations of gas and stars in the MW and nearby galaxies show
that the median elemental abundance typically decreases with increasing radius with little
scatter about the mean at each radius. These observations are robust for nearby galaxies,
however they are less certain at high redshift because of the observational difficulties asso-
ciated with obtaining spatially resolved spectra of high redshift galaxies. As a result, many
galactic elemental evolution models rely on assumptions that observed properties of the MW
and nearby external galaxies, crucially the lack of azimuthal scatter in abundances, are a
time-independent property. Alternatively, some researchers use physical models of galaxy
evolution to which they fit a multitude of free parameters such that their model recreates the
present-day observed properties of the MW and external galaxies. However, these models
typically rely on overly-simplified assumptions of physical processes and include multiple free
functions unconstrained by physical models.

Cosmological zoom-in hydrodynamic simulations can help to precisely characterize the
spatial distribution of stellar elemental abundances in MW-mass galaxies across cosmic time.
Our results challenge the status quo of galactic elemental evolution models. We find that
the minimal azimuthal abundance variations in MW-mass galaxies are not an intrinsic prop-
erty, rather galaxies evolve from an epoch of extreme azimuthal abundance variation to
their present-day state. Additionally, radial abundance gradients in galaxies were nearly

non-existent at sufficiently high redshifts, despite being relatively strong at present-day.



These results suggest a higher degree of difficulty in chemically tagging stars than previously
assumed. Thus, chemical tagging techniques may only be able to loosely constrain birth
locations of older stellar populations. To help address this, we characterize the scale of ra-
dial redistribution of stars in simulated MW-mass galaxies as a function of both stellar age
and stellar location. Accounting for stellar radial redistribution as a function of present-day
radial location can help break degeneracies of birth location for older stellar populations.
Our results on stellar radial redistribution suggest that inferring a time-dependent radial
abundance gradient of the MW from present-day observations is non-trivial; at present-day,
old stellar populations are often at very different radii than the radii at which they formed.

Therefore, more emphasis must be placed on models derived from cosmological simulations.
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CHAPTER 1

Introduction

1.1. A Brief Overview of the Universe

The evolution of the universe and its components is one of the most fundamental questions
humanity can tackle. The current theoretical model of the universe begins with the big bang.
The first few minutes of the universe involved an extremely energetic expansion of matter and
radiation eventually leading to a state of coupled photons and charged particles. For the first
~50,000 years of the universe, radiation was the dominant source of energy density (Ryden,
2017). After this, the universe had sufficiently expanded and cooled such that matter was
the leading source of energy density. During this era of the universe, ~370,000 years after
the big bang, the universe cooled to the point that photons decoupled from charged particles
so electrons and protons could bond forming neutral hydrogen and helium (e.g. Tanabashi
et al., 2018).

After the decoupling of photons and charged particles matter overdensities in the universe
seeded during inflation began to collapse (Press & Schechter, 1974). Hierarchical structure
formation occurred through mergers of initially small dark matter halos (e.g. Ostriker &
Tremaine, 1975) into larger dark matter halos within which galaxies formed (Searle & Zinn,
1978). This hierarchy of galaxy formation left observable imprints on the universe today, such
as the prevalence of low-mass galaxies relative to higher mass galaxies (e.g. White & Rees,
1978; Kauffmann et al., 1993; Cole et al., 1994). Once these over densities are sufficiently
massive to accrete gas, star formation can occur leading to stellar feedback processes which
are crucial role to galaxy evolution (e.g. Vogelsberger et al., 2014; Wang et al., 2015; Hopkins
et al., 2018).



1.2. Star Formation and Galactic Chemical Enrichment

As giant molecular clouds collapse under self-gravity, they fragment, and eventually these
collapsing regions surpass a critical density and temperature threshold which triggers the
fusion of hydrogen into helium. The energy released via this fusion counteracts the grav-
itational collapse of the cloud and thus a main sequence star is born. As nuclear fusion
exhausts the hydrogen in the core of a star, radiation pressure no longer counteracts gravi-
tational collapse leading to further contraction of the star. This collapses triggers hydrogen
to helium fusion in a layer around a helium core. The helium core collapse continues until
helium fusion is triggered. Through this constant fight between gravitational collapse and
stellar nucleosynthesis-induced radiation pressure heavy elements are produced.

When stars eventually die in energetic supernovae events, they inject massive amounts
of energy and momentum into the surrounding gas, as well as the metals that they formed
throughout their lives (and metals that they form during the supernovae). The injection
of energy into the surrounding gas provides a self-regulating mechanism for star formation,
temporarily halting star formation until the gas radiates away the energy and collapses. The
metals injected into the gas diffuse through the galaxy leading to future generations of stars
having an initial metal content greater than that of previous generations.

This general trend of enrichment in galaxies with each subsequent generation of stars
leads to the mass-metallicity relation (e.g. Lequeux et al., 1979; Tremonti et al., 2004; Zahid
et al., 2013). Where galaxies with larger stellar mass tend to be more metal-rich than galaxies
with lower stellar mass. While it is true that the average metallicity of stars increases with
each subsequent enrichment event, different stars of the same age can have vastly different
elemental abundances. This is due to stellar feedback being a local enrichment event in
conjunction with mixing timescales in galaxies. If turbulence in a galaxy’s gas is insufficient

to fully mix metals before new star formation occurs then stars will have unique abundances



depending on where they formed. This process can occur in both the early and the late
universe.

In the early universe, merger activity can lead to asymmetric metal distributions in galax-
ies, i.e. a local over- or under-abundance of metals in the region where the merger occurred.
This occurs either through the dilution of metals in gas-rich mergers which subsequently
trigger a star-formation event or through the accretion of stars from the merging galaxy,
which will have a unique enrichment history. Additionally, in the early universe, a MW-like
galaxy progenitor did not have a rotationally supported disk like the present-day MW (e.g.
McCluskey et al., 2023). The lack of a rotationally supported disk contributed to the asym-
metric enrichment of galaxies as gas on one side of a galaxy need not mix with gas on the
opposite side.

Observations of nearby galaxies show that radial abundance gradients are well established
(e.g. Belfiore et al., 2017). This is also understood in the context of theoretical models (e.g.
Sharda et al., 2023) and in simulations (e.g. Bellardini et al., 2021). The presence of a
radial abundance gradient necessitates that stars that form at different radii will form with
different elemental abundances. Observations of the local universe also imply that the mixing
timescales of galaxies are sufficient that all stars which form at a given radius will be similar

in abundance (e.g. Kreckel et al., 2019, 2020).

1.3. Galactic Archaeology

Given the complexity of galaxy evolution, it should come as no surprise that researchers
are using a multitude of techniques to understand the formation and evolution of galaxies.
The science of using present-day observables to understand the evolutionary history of a
galaxy is called galactic archaeology.

It was not even certain that galactic archaeology could be studied until the influential
work of Eggen et al. (1962). They measured the kinematics and metal abundances of halo

stars and determined that the metal content and orbital angular momenta of stars decreased
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while at the same time, their orbital energies and eccentricities increased. Using this infor-
mation, they argued for a smooth monolithic collapse of a protogalactic cloud formed the
galactic stellar halo. While later work challenged this (e.g. Searle, 1977; Searle & Zinn, 1978;
Marquez & Schuster, 1994) and established the current school of thought, that the forma-
tion of the halo came from a hierarchical buildup over a long period of time, the viability of
galactic archaeology was established.

There are a multitude of techniques used today to try to understand galactic archaeology.
Some are based on modeling the chemical evolution of galaxies (e.g. Kobayashi et al., 2020).
Others involve identifying accreted substructures through precise age and stellar kinematics
measurements (e.g. Koppelman et al., 2019; Massari et al., 2019; Naidu et al., 2020). Some
involve leveraging precise measurements of stellar abundances in conjunction with machine
learning algorithms (e.g. Ting & Weinberg, 2022). Still others involve orbit modelling (e.g.
Bland-Hawthorn et al., 2019; Cantat-Gaudin et al., 2020). There is no one best method as
all have associated pros and cons and can inform us about different things. The method

discussed throughout this dissertation is a technique known as chemical tagging.

1.4. Chemical Tagging

The distinct elemental abundance patterns with which stars can form have initiated the
development of ‘chemical tagging’ (Freeman & Bland-Hawthorn, 2002). This is an excep-
tionally powerful tool for understanding the evolutionary history of the MW as it promises
to identify co-natal stars, i.e. stars that formed together, using present-day observables, e.g.
their elemental abundances, kinematics, and ages. There are different applications of chem-
ical tagging, with some researchers focusing on ‘strong’ chemical tagging (e.g. Hogg et al.,
2016; Price-Jones et al., 2020), i.e. identifying co-natal stellar clusters. This is predicated
on the assumption that star-forming clusters are essentially homogeneous (e.g. Bovy, 2016)

and that star clusters form with sufficiently distinct elemental abundances such that the
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elemental abundances of stars in one cluster are measurably different from those in another
cluster.

There are also researchers working on a less restrictive form of chemical tagging, ‘weak’
chemical tagging and simply trying to associate stars with a general birth location in the
disk (e.g. Anders et al., 2017) or identifying accreted stellar populations (e.g. Buder et al.,
2022; Tronrud et al., 2022). This form of chemical tagging relaxes the assumption that
stellar clusters must be chemically homogeneous and chemically distinct, it instead requires
global abundance variations to exist in the galaxy, for in-situ chemical tagging, and unique
enrichment histories/ stellar kinematics for accreted stellar populations. Crucially, elemental
abundance variations in galazies must exist across all of cosmic time in order to chemically
tag stars of any age.

If the criteria are met, for either ‘strong’ or ‘weak’ chemical tagging one can think of
the elemental abundances of a star as essentially stellar DNA. Stars that were born at the
same time in the same region will have very similar, or identical DNA. Stars that are born
at different times or in different regions of the galaxy will have unique DNA. Thus, with
sufficient measurement precision of enough elemental abundances (for more discussion see
Casamiquela et al., 2021; Ting & Weinberg, 2022; Ratcliffe et al., 2022) and stellar ages, one
could in principle identify co-natal stars.

While observations of the MW and of nearby external galaxies provide us with informa-
tion about the present-day state of elemental abundance variations in galaxies (e.g. Hayden
et al., 2014; Belfiore et al., 2017; Wang et al., 2019; Kreckel et al., 2020), observations of
the state of elemental abundance homogeneity, or lack thereof, at earlier times is harder to
quantify. It is non-trivial to infer the spatial distribution of elemental abundances in the past
through observations today. This is because stars experience perturbations to their orbits
between their birth and present-day (e.g. Brook et al., 2004; Loebman et al., 2011; Zhang

et al., 2021; Netopil et al., 2022; Lian et al., 2022, and many others). The best observational



Latte simulation, face-onatz =0 Latte simulation, edge-on at z =0 The M ||ky Way

Latte FIRE simulation

FIGURE 1.1. Left: Face-on mock Hubble Space Telescope image of one of
the MW-like galaxies from the Latte suite of FIRE cosmological simulations
(Wetzel et al., 2016) The spiral structure of the simulation is morphologically
similar to observed spirals. Center: Edge-on view of the same galaxy; it ex-
hibits a thin+thick disk morphology like the MW. Right: Mock, real-color,
image of a Latte simulation (generated using the Ananke framework of Sander-
son et al. (2020)), including an analytical prescription for dust extinction and
individual stars sampled from the mass functions of the simulated star parti-
cles, compared to the MW.

techniques involve spatially resolved measurements of high redshift galaxies (e.g. Curti et al.,
2020; Wang et al., 2020). However, this comes with challenges like angular resolution limits

(e.g. Yuan et al., 2013).

1.5. Understanding Galaxy Evolution with Cosmological Simulations

Some of the most powerful tools for understanding the extent of elemental abundance
variations across cosmic time are cosmological simulations. They provide theorists with a
framework to study galactic evolution across all of cosmic time. The Feedback In Realistic
Environments (FIRE) simulations are state-of-the-art hydrodynamic zoom-in simulations
that utilize a mesh-free Lagrangian solver to achieve mass resolution of ~ 7 x 103M,, (e.g.
Hopkins et al., 2018). Fig. 1.1 shows an example image of these high-resolution cosmological
simulations.

Crucial to characterizing the spatial distribution of elemental abundances, the FIRE

simulations model sub-grid diffusion/mixing of metals in gas which occurs from unresolved
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turbulent eddies (e.g. Su et al., 2017; Escala et al., 2018). This leads to spatial variations
of elemental abundances in the FIRE simulations which are consistent with observations on
both MW-mass scales (e.g. Bellardini et al., 2021, 2022) and dwarf galaxy scales (e.g. Porter
et al., 2022). Thus, simulations can constrain the relative homogeneity of star-forming
regions and newly formed stars across cosmic time. This places realistic constraints on
chemical tagging models through the characterization of the evolution of physically motivated

elemental abundance variations.

1.6. Dissertation Overview

In this dissertation, I present my work on the FIRE simulations, studying both the
evolution of spatial distributions of elemental abundances in galaxies as well as stellar radial
redistribution to better constrain chemical tagging. Chapter 2 presents the evolution of
3-D gas-phase elemental abundances in the FIRE simulations, emphasizing the steepening
of radial gradients, the importance of accounting for azimuthal abundance variations in
galactic chemical evolution models, and tests of the sensitivity of these results to the strength
of the sub-grid diffusion coefficient. Chapter 3 extends upon the work of Chapter 2, by
characterizing the 3-D spatial distribution of elemental abundances of newly formed stars
across cosmic time; importantly, Chapter 3 presents functional forms and best fits to radial
gradients, azimuthal scatter, and average stellar abundance as a function of time. Chapter
4 explores the radial redistribution of stars in MW-mass galaxies as a function of present-
day location, formation location, and age and compares the results for 5 commonly used

definitions of stellar radius.



CHAPTER 2

3-D gas-phase elemental abundances across the formation
histories of Milky Way-mass galaxies in the FIRE simulations:

initial conditions for chemical tagging

Published as Matthew Bellardini, Andrew Wetzel, Sarah Loebman, Claude-André Faucher-
Giguére, Xiangcheng Ma, and Robert Feldmann in Monthly Notices of the Royal Astronom-
ical Society Volume 505, Issue 3, August 2021, Pages 4586-4607, https: // do%. org/ 10.

1093/ mnras/ stab1606

2.1. Abstract

We use FIRE-2 simulations to examine 3-D variations of gas-phase elemental abundances
of [O/H], [Fe/H], and [N/H] in 11 MW and M31-mass galaxies across their formation his-
tories at z < 1.5 (fiookback < 9.4 Gyr), motivated by characterizing the initial conditions
of stars for chemical tagging. Gas within 1kpc of the disk midplane is vertically homoge-
neous to < 0.008 dex at all z < 1.5. We find negative radial gradients (metallicity decreases

Lat

with galactocentric radius) at all times, which steepen over time from ~ —0.01 dex kpc™
2 =1 (tiookback = 7-8Gyr) to ~ —0.03dexkpc™" at z = 0, and which broadly agree with
observations of the MW, M31, and nearby MW /M31-mass galaxies. Azimuthal variations
at fixed radius are typically 0.14dex at z = 1, reducing to 0.05dex at z = 0. Thus, over
time radial gradients become steeper while azimuthal variations become weaker (more ho-
mogeneous). As a result, azimuthal variations were larger than radial variations at z 2 0.8

(tiookback = 6.9 Gyr). Furthermore, elemental abundances are measurably homogeneous (to

< 0.05 dex) across a radial range of AR ~ 3.5kpc at z 2 1 and AR ~ 1.7 kpc at z = 0. We
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also measure full distributions of elemental abundances, finding typically negatively skewed
normal distributions at z 2 1 that evolve to typically Gaussian distributions by z = 0. Our
results on gas abundances inform the initial conditions for stars, including the spatial and

temporal scales for applying chemical tagging to understand stellar birth in the MW.

2.2. Introduction

Many current and future observational surveys of stars across the Milky Way (MW)
seek to unveil the MW’s formation history in exquisite detail. Current surveys, such as the
RAdial Velocity Experiment (RAVE; Steinmetz et al., 2006), the Gaia-ESO survey (Gilmore
et al., 2012), the Large Area Multi-Object Fiber Spectroscopic Telescope (LAMOST; Cui
et al., 2012), GALactic Archaeology with Hermes (GALAH; De Silva et al., 2015), and
the Apache Point Galactic Evolution Experiment (APOGEE; Majewski et al., 2017) have
measured elemental abundances of hundreds of thousands of stars. Future surveys, such as
the WHT Enhanced Area Velocity Explorer (WEAVE:; Dalton et al., 2012), the Subaru Prime
Focus Spectrograph (PFS; Takada et al., 2014), the Sloan Digital Sky Survey V (SDSS-V;
Kollmeier et al., 2017), the 4-metre Multi-Object Spectrograph Telescope (4AMOST; De Jong
et al., 2019), and the MaunaKea Spectroscopic Explorer (MSE; The MSE Science Team
et al., 2019) will increase the samples of spectroscopically observed stars into the millions.
A key science driver for these surveys is ‘galactic archaeology’: to infer the history of the
MW using observations of the dynamics and elemental abundances of stars today.

Measurements of stellar dynamics can provide detailed information on the MW’s prop-
erties and formation history, but the fundamental limitation is that stellar orbits can change
over time via mergers, accretion, scattering, and other dynamical perturbations (e.g. Abadi
et al., 2003; Brook et al., 2004; Schonrich & Binney, 2009; Loebman et al., 2011). However,

a star’s atmospheric elemental abundances will not change in response to these dynamical
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processes, providing a key orbital-invariant ‘tag’. ‘Chemical tagging’, introduced in Free-
man & Bland-Hawthorn (2002), thus provides tremendous potential to infer the formation
conditions of a star of arbitrary age.

‘Strong’ chemical tagging represents the most fine-grained scenario, to identify stars born
in the same star cluster (e.g. Price-Jones et al., 2020). By contrast, ‘weak’ chemical tagging
seeks to infer the general location and time where/when a stellar population formed, for
example, to associate populations of stars to certain birth regions of the galaxy (e.g. Wojno
et al., 2016; Anders et al., 2017) or that accreted into the MW from galaxy mergers (e.g.
Ostdiek et al., 2020).

Both regimes of chemical tagging rely on sufficiently precise measurements of stellar
abundances and on assumptions about the elemental homogeneity (to the measured pre-
cision) of the gas from which the stars formed. For example, strong chemical tagging of
individual star clusters relies on both the internal homogeneity of the gas cloud from which
the stars formed, and on how unique the abundance patterns were in that cloud across space
and time. Observational evidence of open star clusters suggests the first criterion is met
(De Silva et al., 2007; Ting et al., 2012; Bovy, 2016) to measurable precision. Regarding the
latter criterion, observations of the MW and external galaxies show radial and azimuthal
variations in abundances across the disk (e.g. Sanchez-Menguiano et al., 2016; Moll4 et al.,
2019b; Wenger et al., 2019; Kreckel et al., 2020), although more work is needed to understand
these spatial variations in the context of chemical tagging. Weak chemical tagging is subject
to the same assumptions but applied to larger regions of gas across the disk (or in accreting
galaxies). For example, if all gas in the disk was measurably homogeneous in all abundances
at a given time, chemical tagging would offer no spatially discriminating power. Conversely,
the limit of extreme clumpiness, in which each star cluster formed with a measurably unique
abundance pattern, would in principle enabled detailed chemical tagging, but it significantly

would complicate the modeling.
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Thus, a key question for chemical tagging is: what are the relevant spatial scales of
measurable homogeneity of stars forming at a given time, and how does this evolve across
cosmic time?. Bland-Hawthorn et al. (2010) previously explored this via a toy model, where
they show all star clusters < 10*Mg, and a large fraction of clusters with mass below ~ 10°M,
are expected to be internally homogeneous. Progress in chemical tagging requires addressing
these questions regarding stellar birth before examining the subsequent dynamical evolution
of stars after they form.

Many works have examined abundance variations of stars across the MW, generally
finding a negative radial gradient in abundances for stars near the plane of the disk, which
flattens or turns positive at larger heights (e.g. Cheng et al., 2012; Boeche et al., 2013,
2014; Anders et al., 2014; Hayden et al., 2014; Mikolaitis et al., 2014; Anders et al., 2017).
Furthermore, the MW has an observed negative vertical gradient in stars (Cheng et al.,
2012; Carrell et al., 2012; Boeche et al., 2014; Hayden et al., 2014), although this slope
varies significantly between observations and depends on radius (Hayden et al., 2014). Both
the radial and vertical gradients vary with stellar age (Wang et al., 2019). Additionally,
Luck et al. (2006); Lemasle et al. (2008); Pedicelli et al. (2009) found evidence for azimuthal
variations in the abundances of young stars, which may result from patchy star formation
(Davies et al., 2009; Luck & Lambert, 2011; Genovali et al., 2014). Nieva & Przybilla (2012)
also explored the homogeneity of B-type stars in the solar neighborhood, within 500 pc, of
the sun and found scatter on the order of 0.05 dex for [O/H| which they state is comparable
to gas-phase abundance scatter out to 1.5 kpc of the sun.

In addition to stellar abundances, many works have characterized trends of gas-phase
abundances in the MW. Observations show that the MW has a negative radial gradient in
gas-phase abundances, with a slope that varies across the elements (Arellano-Cérdova et al.,

2020) and across studies (e.g. Molla et al., 2019a, and references therein). Furthermore,
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evidence persists for azimuthal variations in this radial gradient, based on HII regions (Balser
et al., 2011, 2015; Wenger et al., 2019).

Beyond the MW, observations of nearby MW-mass galaxies also show negative radial
gradients in gas-phase abundances (e.g. Pilyugin et al., 2014; Sanchez-Menguiano et al.,
2016; Belfiore et al., 2017; Poetrodjojo et al., 2018). Furthermore, some observations show
azimuthal variations (Sdnchez et al., 2015; Vogt et al., 2017; Ho et al., 2017, 2018; Kreckel
et al., 2019, 2020; Sanchez-Menguiano et al., 2020), while others show no azimuthal variations
within measurement uncertainty (< 0.05dex) (e.g. Cedrés & Cepa, 2002; Zinchenko et al.,
2016).

Understanding how these variations change across cosmic time is imperative for chemical-
tagging models. Currently no consensus exists, amongst observations (e.g. Curti et al., 2020,
and references therein) on the redshift evolution of radial elemental abundance gradients,
in part because of angular resolution limitations (Yuan et al., 2013), which some works
have addressed via adaptive optics and gravitational lensing (Jones et al., 2010; Swinbank
et al., 2012; Jones et al., 2013). Furthermore, different works use different calibrators to
measure abundances, which often disagree (Hemler et al., 2021), further complicating our
understanding of spatial variations.

Many theoretical works have used simulations to predict the spatial distribution of gas-
phase abundances and their evolution. As with observational efforts, there is no consensus
for the redshift evolution of abundance gradients in theory (e.g. Molld et al., 2019a, and
references therein). Gibson et al. (2013) compared cosmological simulations with MUGS
(‘conservative’ feedback) and MaGICC (‘enhanced’ feedback) run with the GASOLINE code
and found that the strength of feedback in simulations is critical for the evolution of radial
gradients of abundances, such that stronger feedback leads to flatter gradients at all times,
while galaxies with weaker feedback have gradients that are steep at high redshift and flat-

ten with time. Ma et al. (2017a), studying the FIRE-1 suite of cosmological simulations,
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FI1GURE 2.1. Face-on image of all gas within 41 kpc of the galactic midplane
of Romeo, one of FIRE-2 simulations that we analyze. We color-code gas
by A[O/H], its deviation from the azimuthally averaged [O/H|. A[Fe/H] (not
shown) looks nearly identical to A[O/H], to within < 0.02dex at all times.
The left panel emphasizes azimuthal variations by showing the deviation from
the azimuthally averaged [O/H] at each radius, that is, subtracting off the
radial gradient, thus highlighting the enhanced enrichment correlated with
spiral arms. The right 3 panels show the deviation from the mean [O/H] of
all gas at R < 15kpc at each redshift. White regions have highly diffuse gas
in which we do not report a measured abundance. The radial gradient in
[O/H] dominates over azimuthal variations at late times, but at early times
the azimuthal variations are the most significant.

found that galaxies exhibit a diverse range of radial gradients in abundances, and that these
gradients can fluctuate rapidly from steep to shallow (in ~ 100 Myr) at high redshift, so
measurements of high-redshift gradients may not be indicative of long-term trends. They
found that galaxies tend to quickly build up a negative gradient once stellar feedback is no
longer sufficient to drive strong outflows of gas. By contrast, analyzing star-forming galaxies
in the TNG-50 cosmological simulation, Hemler et al. (2021) found that radial gradients in
galaxies are steep at high redshift and flatten with time. Several theoretical works also have
examined azimuthal variations. Spitoni et al. (2019) developed a 2-D model for abundance
evolution that follows radial and azimuthal density variations in a MW-like disk and found
that azimuthal residuals are strongest at early times and at large radii. Using their S2A
model, Spitoni et al. (2019) found azimuthal residuals in [O/H] of ~ 0.1 dex at R = 8kpc at
tiookback = 11 Gyr which evolve to ~ 0.05 dex at present day. Molla et al. (2019b) explored

azimuthal variations in a MW-like disk for 5 models of 2-D abundance evolution and found
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[O/H] variations that are typically small (0.05— 0.1 dex) and dilute quickly with time. Solar
et al. (2020) used young star particles as tracers of star-forming gas in the EAGLE cosmo-
logical simulation and found an average azimuthal abundance dispersion of ~ 0.12dex at
z = 0 in galaxies with M, = 10° — 101%8M,,.

Observations of azimuthal variations of abundances in gas in nearby MW-mass galax-
ies find scatter that is comparable to observational measurement uncertainty (~ 0.05dex)
(Zinchenko et al., 2016; Kreckel et al., 2019). This implies that gas in galaxies is well mixed
azimuthally at z = 0. Consequently, works modeling the abundance evolution of galaxies,
which inform chemical tagging, generally assume that gas is well mixed azimuthally in the
disk at all times (e.g. Minchev et al., 2018; Moll4 et al., 2019a; Frankel et al., 2020), such
that the key spatial variation is radial. While galaxies exhibit radial gradients across a range
of redshifts (Queyrel et al., 2012; Stott et al., 2014; Wuyts et al., 2016; Carton et al., 2018;
Patricio et al., 2019; Curti et al., 2020), radial variations may not always dominate. At
early times, in particular, azimuthal variations may be more important. Some abundance-
evolution models have begun to explore both azimuthal and radial variations across time
(e.g. Acharova et al., 2013; Molla et al., 2019b; Spitoni et al., 2019). Kawata et al. (2014);
Grand et al. (2015), using N-body simulations of MW-mass galaxies, and Baba et al. (2016),
using baryonic simulations run with the SPH code ASURA-2, found that gas exhibits motion
along spiral arms, which could contribute to 2-D abundance variations in gas.

More detailed 2-D abundance-evolution models, which account for density variations
within the disk from spiral arms and bars, result in azimuthal variations in gas-phase abun-
dances. Molld et al. (2019b) found that arm / inter-arm abundance variations quickly dilute
through interactions with spiral structure. Spitoni et al. (2019) also found that azimuthal
variations dilute with time, but they found that the strength of azimuthal variations at z = 0
approximately agree with the observational results of Kreckel et al. (2019). The simulation

analysis of Grand et al. (2015); Baba et al. (2016) showed that, just like stars (Lynden-Bell
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& Kalnajs, 1972), gas experiences radial migration as a result of spiral structure. Grand
et al. (2015) found that this systematic streaming along spiral arms leads to metal-rich gas
in the inner galaxy moving to larger radii and metal-poor gas in the outer galaxy moving
to the inner galaxy, leading to non-homogeneous abundances at a given radius. However,
they found that gas elements quickly exchange abundances after migrating, leading to small
azimuthal dispersions in abundance. Sanchez-Menguiano et al. (2020) found that azimuthal
variations in abundances are stronger in galaxies with stronger bars and grand-design spirals,
which supports non-axisymmetric structure driving azimuthal inhomogeneities.

In this paper we use FIRE-2 cosmological simulations of MW /M31-mass galaxies to
explore the cosmic evolution of 3-D abundance patterns of gas, as a first step towards un-
derstanding the spatial and temporal scales of applying chemical tagging in a cosmological
context. Our analysis of gas represents our first step, to characterize the initial conditions for
star-forming regions. In future work, we will examine the resultant trends in stars and their
dynamical evolution across time. Here, we seek to quantify the 3-D spatial scales over which
elemental abundances of gas (and thus the formation of stars) are measurably homogeneous.
In Section. 2.3 we describe the simulations used for this analysis. In Section. 2.4 we first
explore the radial gradients and compare them against observations of the MW, M31, and
nearby MW /M31-mass galaxies. Next we examine the cosmic evolution of radial, vertical,
and azimuthal variations in gas-phase abundances, in particular, to understand which di-
mension dominates the spatial variations at a given time. We also examine implications of
gas (in)homogeneity on current and upcoming observations of the MW. Finally, we examine
full distributions of elemental abundances. Section. 2.5 we summarize the main results of

the paper and provide a discussion of their implications.

2.3. Methods
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2.3.1. FIRE-2 Simulations. We use a suite of MW /M31-mass cosmological zoom-in
simulations from the Feedback In Realistic Environments (FIRE) project' (Hopkins et al.,
2018). We ran these simulations using the FIRE-2 numerical implementations of fluid dy-
namics, star formation, and stellar feedback. These simulations use the Lagrangian Meshless
Finite Mass hydrodynamics method in Gi1zM0O (Hopkins, 2015). The FIRE-2 model incorpo-
rates physically motivated metallicity-dependent radiative heating and cooling processes for
gas such as free-free, photoionization and recombination, Compton, photo-electric and dust
collisional, cosmic ray, molecular, metal-line, and fine structure processes, accounting for 11
elements (H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe) across a temperature range of 10 — 101°K.
The simulations also include a spatially uniform, redshift-dependent UV background from
Faucher-Giguere et al. (2009). In calculating metallicities throughout this paper, we scale
elemental abundances to the solar values in Asplund et al. (2009).

Star particles form out of gas that is self-gravitating, Jeans-unstable, cold (T" < 10*K),
dense (n > 1000 cm™?), and molecular (following Krumholz & Gnedin, 2011). Each star
particle inherits the mass and elemental abundances of its progenitor gas and represents a
single stellar population, assuming a Kroupa (2001) stellar initial mass function. FIRE-2
evolves star particles along standard stellar population models from e.g. STARBURST99
v7.0 (Leitherer et al., 1999), including time-resolved stellar feedback from core-collapse and
Ia supernovae, continuous mass loss, radiation pressure, photoionization, and photo-electric
heating. FIRE-2 uses rates of core-collapse and Ia supernovae from STARBURST99 (Lei-
therer et al., 1999) and Mannucci et al. (2006), respectively. The nucleosynthetic yields
follow Nomoto et al. (2006) for core-collapse and Iwamoto et al. (1999) for Ia supernovae.
Stellar wind yields, sourced primarily from O, B, and AGB stars, are from the combination
of models from Van den Hoek & Groenewegen (1997); Marigo (2001); Izzard et al. (2004),

synthesized in Wiersma et al. (2009).

IFIRE project web site: http://fire.northwestern.edu
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Critical for this work, these FIRE-2 simulations also explicitly model the sub-grid diffu-
sion/mixing of elemental abundances in gas that occurs via unresolved turbulent eddies (Su
et al., 2017; Escala et al., 2018; Hopkins et al., 2018). In effect, this smooths abundance
variations between gas elements, assuming that sub-grid mixing is dominated by the largest
unresolved eddies. Escala et al. (2018) showed that incorporating this sub-grid model is a ne-
cessity to match observed distributions of stellar metallicities. We explore the robustness of
our results to variations in the strength of the mixing/diffusion coefficient in Appendix A.3.

All simulations assume flat ACDM cosmologies with parameters broadly consistent with
the Planck Collaboration et al. (2020): h = 0.68—0.71, Q) = 0.69—0.734, Q,, = 0.266—0.31,
), = 0.0455 — 0.048, 03 = 0.801 — 0.82 and n, = 0.961 — 0.97. For each simulation we
generated cosmological zoom-in initial conditions embedded within cosmological boxes of
length 70.4 — 172 Mpc at z ~ 99 using the code MUSIC (Hahn & Abel, 2011). We saved 600
snapshots from z = 99 to 0, with typical time spacing < 25 Myr.

We examine 11 MW /M31-mass galaxies from 2 suites of simulations. We select only
galaxies with a stellar mass within a factor of ~ 2 of the MW, ~ 5 x 10!°M, (Bland-
Hawthorn & Gerhard, 2016). 5 of our galaxies are from the Latte suite of isolated individual
MW /M31-mass halos, introduced in Wetzel et al. (2016). (We exclude m12w, because it
has an unusually compact gas disk at z = 0, with R, = 7.4kpc). Latte galaxies have
halo masses Moy = 1 — 2 x 10'2M,,, for which Mgy, refers to the total mass within the
radius containing 200 times the mean matter density of the Universe. These simulations
have Dark Matter (DM) particle masses of 3.5 x 10*M, and initial baryonic particle masses
of 7070M, (though because of stellar mass loss, star particles at z = 0 typically have masses
of ~ 5000Mg). Star and DM particles have fixed gravitational force softening lengths of 4
and 40 pc (Plummer equivalent), comoving at z > 9 and physical thereafter. Gas elements
have adaptive gas smoothing and gravitational force softening lengths that reach a minimum

of 1 pc. We also include 6 galaxies from the ‘ELVIS on FIRE’ suite (Garrison-Kimmel et al.,
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2014, 2019a). These simulate Local Group (LG)-like MW+M31 pairs. ELVIS hosts have
halo masses Moo = 1 —3 x 1012M,, with &~ 2x better mass resolution than the Latte suite.

In general, we find few systematic differences in any of our results for the isolated galaxies
versus the LG-like pairs, the only notable difference being the relative strength of azimuthal
scatter to radial gradient strength at large radius and high z, so we combine these suites in

all of our results.

2.4. Results

Fig. 2.1 shows face-on images of the gas disk of one of our simulations, Romeo, at several
redshifts. We color-code gas by its variation in [O/H], to visualize key trends that we explore
in this work. We do not show results for [Fe/H], because they are qualitatively consistent
with [O/H]. The left panel shows the deviation of the local [O/H] from the mean value at
each radius for radial bins of width 200 pc at z = 0, that is, we subtract off the overall
radial gradient. This highlights the variations along the azimuthal direction at each radius,
showing enhancement in [O/H] along spiral structure (see Orr et al., 2023).

The right 3 panels show the difference between the local [O/H| and the mean [O/H]
across all gas at R < 15kpc and within £1kpc of the galactic midplane at each redshift.
This highlights the importance of both radial and azimuthal abundance variations in gas. At
late times, the gas disk shows a clear negative radial gradient that is much stronger than the
azimuthal variations. However, at earlier times, the gas disk is azimuthally more asymmetric,
including cavities from local star-forming and feedback regions. A radial gradient is less
pronounced. As we will show, at z 2 0.8 (fiookback = 6.9 Gyr) the azimuthal variations in
abundance at a given radius are typically larger than the radial change across the disk.

Because the absolute normalization of any elemental abundance in our simulations is un-
certain, given uncertainties in underlying nucleosynthetic rate and yield models, throughout

this paper we focus on relative abundance variations, including spatial variations, evolution,
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and the shapes of abundance distributions rather than absolute normalizations of abun-
dances.

As Fig. 2.2 shows, gas [O/H] in our simulations is super-solar at all radii (out to 15 kpc).
Over comparable radial ranges, our hosts have an average gas-phase [O/H| ~ 0.56 dex larger
than what is observed in the MW (Fernandez-Martin et al., 2017; Wenger et al., 2019;
Arellano-Cérdova et al., 2020) and M31 (Zurita & Bresolin, 2012; Sanders et al., 2012).
Most likely the primary cause of this high normalization is our modeling of core-collapse
supernovae in FIRE-2. We assume all core-collapse supernovae to have identical (IMF-
averaged) yields, but in reality, different mass progenitors produce different yields, as Muley
et al. (2021) explored in the context of FIRE-2.

Furthermore, in FIRE-2 we assume nucleosynthetic yields for core-collapse supernovae
from Nomoto et al. (2006), but more recent compilations (Nomoto et al., 2013; Pignatari
et al., 2016; Sukhbold et al., 2016; Limongi & Chieffi, 2018) suggest ~ 2x lower O yields
(IMF-averaged), as we will show in detail with our next-generation FIRE model (Hopkins
et al., 2023). In that work, we also will show that the overall stellar-wind mass-loss rates are
likely ~ 2x smaller than in FIRE-2, which further contributes to lower [O/H]. Finally, as we
will explore in Gandhi et al. (2022), our assumed supernovae Ia rates in FIRE-2 (Mannucci
et al., 2006) are ~ 2x lower than more recent Ia rate constraints (e.g. Maoz & Graur,
2017). Thus, these updates will account for up to ~ 0.3 — 0.4 dex lower normalization in our

predicted [O/H], and up to 0.4 — 0.5 dex lower normalization in our [O/Fe].

2.4.1. Radial profiles at z = 0. First we examine the radial profiles of [O/H], [Fe/H],
and [O/Fe] in gas for all 11 galaxies at z = 0. We time-average each galaxy’s profile across
~ 50 Myr by stacking 3 snapshots to reduce short-time fluctuations. We present all results
in physical radii; in Appendix A.1, we examine these trends scaling to various galactic
scale radii, finding that the host-to-host scatter in our suite is minimized when examining

gradients in physical units. These profiles contain all gas within a vertical height Z + 1kpc
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FiGure 2.2. Radial profiles of gas-phase elemental abundances within the
disks of our 11 galaxies at z = 0, listed by decreasing stellar mass. Each
simulation includes all gas, averaging across 3 snapshots (=~ 50 Myr) within a
disk height of +1kpc. The black line shows the mean across all hosts. The
normalization of the radial abundances scales with the stellar mass of the
galaxy (see Table: 2.1). For [O/H] and [Fe/H], the profiles exhibit negative
radial gradients, with a mean change across 0 — 15kpc of ~ 0.51 dex for [O/H]
and ~ 0.56 dex for [Fe/H]. The [O/Fe] profile is approximately flat at radii
2 4kpe, indicating enrichment dominated by core-collapse supernovae, but it
exhibits a small positive gradient in the inner galaxies, from the increasing
importance of Fe from Ia supernovae.
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F1cure 2.3. Radial gradients in gas-phase [O/H] across our 11 galaxies and
observed in the MW, M31, and in nearby MW-mass galaxies. The blue hor-
izontal line shows the median across our 11 galaxies, with the dark shaded
region showing the 68th percentile and the light shaded region the full distri-
bution. We also show observations of radial gradients in external galaxies, from
Kreckel et al. (2019, K19), Zinchenko et al. (2019, Z19), Belfiore et al. (2017,
B17), and Sanchez-Menguiano et al. (2016, S16), via box-and-whisker, where
the box displays the 68th percentile, the whiskers display the full distribution,
and the orange horizontal line is the median. Orange circles show observed
abundance gradients for M31 derived from HII regions by Zurita & Bresolin
(2012, Z12) and Sanders et al. (2012, S12). Black circles show observed abun-
dance gradients for the MW derived from HII regions from Rudolph et al.
(2006, R06), Balser et al. (2011, B11), Esteban et al. (2013, E13), Esteban
et al. (2017, E17), Ferndndez-Martin et al. (2017, F17), Wenger et al. (2019,
W19), and Arellano-Cérdova et al. (2020, A20). Molla et al. (2019a, M19),
shown in grey, is the gradient derived from a compilation of the data from R06,
B11, E13, E17, and F17. We show uncertainties for all points. For W19 and
B11 the red shows the variation in gradient observed by looking along different
azimuths. The dashed line shows the best-fit MW gradient (—0.046 dexkpc ™),
based on the gradients the observations presented here (excluding M19). The
median [O/H] gradient across our galaxies is —0.028 dexkpc™" and the stan-
dard deviation is 0.005 dexkpc™?, in agreement with K19 and B17 to within
lo, and with Z19 to within 20, but not in agreement with S16. Our simula-
tions also agree with observations of M31 and some of the MW observations.
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from the disk and we use radial bins of width 0.25kpc. We calculate the mass-weighted
mean of the gas-phase abundance in each bin. We show profiles out to R = 15kpc; our gas
disks generally extend beyond this radius, but because our primary motivation is chemical
tagging, we examine only regions with significant star formation (see Table 2.1).

Fig. 2.2 (top 2 panels) shows that [O/H] and [Fe/H] decrease monotonically with radius.
The mean gradient is ~ —0.03 dexkpc ™" for both [O/H] and [Fe/H], and the mean change
in abundance from 0 — 15kpc is &~ 0.51dex for [O/H] and ~ 0.56 dex for [Fe/H]. These
negative gradients in gas reflect the decreasing ratio of stars (the sources of enrichment) to
gas towards the outer disk, and show that these gas disks are not radially well mixed at
z=0.

Across our 11 galaxies, the host-to-host standard deviation is ~ 0.09 dex for [O/H] and
~ 0.07dex for [Fe/H]. The legend of Fig. 2.2 lists the host galaxies in decreasing order of
stellar mass, highlighting that the abundance at a given radius correlates strongly with the
galaxy’s mass. Table. 2.1 shows that stellar mass drops by a factor of ~ 4 from m12m
to Louise; given the slope of the gas-phase mass-metallicity relation from Ma et al. (2016),
~ 0.4 dex, the scatter in [O/H] normalization for our mass range should be ~ 0.24 dex, almost
exactly that in Fig. 2.2. In other words, the scatter across our suite primarily reflects the
mass-metallicity relation (see Lequeux et al., 1979; Tremonti et al., 2004; Mannucci et al.,
2010; Andrews & Martini, 2013).

In Fig. 2.2, dashed lines show the LG-like hosts, and while they show typically lower
abundance at a fixed radius than the isolated hosts, this is because they have somewhat lower
stellar mass on average. We find no systematic differences between LG-like and isolated hosts
beyond this, despite the fact that the LG-like hosts form their in-situ stars systematically
earlier than the isolated hosts (Santistevan et al., 2020). Thus, this difference in formation
history does not imprint itself on gas-phase abundances at z < 1.5. As a result, we will

combine these samples in all subsequent analyses.
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Fig. 2.2 (bottom panel) shows profiles for [O/Fe|, which are nearly flat at all radii.
The mean change in [O/Fe| from 0 — 15kpc is &~ —0.046 dex. [O/Fe] shows the strongest
(positive) gradient in the inner ~ 4 kpc, highlighting the increasing importance of enrichment
from (more delayed) Ia supernovae towards the galactic center, which underwent the longest
period of enrichment. However, the outer disk, beyond =~ 4 kpc, reflects relatively similar
enrichment from core-collapse and Ia supernovae at each radius. We find a host-to-host
standard deviation of & 0.027 dex for [O/Fe]. We measure this for [Mg/Fe] (not shown here)
as another tracer of core-collapse vs Ia supernovae enrichment. The mean change in [Mg/Fe]
from 0 — 15kpc is & —.111 dex and the host-to-host standard deviation is =~ 0.02 dex. These
differences are likely attributable to our stellar wind model having a metallicity dependent
yield for O and not for Mg. This leads to more O production at small radii where the
metallicity is higher, thus a flatter profile.

Fig. 2.3 shows the radial gradients of [O/H] in our simulations at z = 0 and includes
observations of the MW, M31, and nearby MW /M31-mass galaxies. We fit the gradients in
our simulations using a least-squares fit of the [O/H] abundance across 4—12kpc. As Fig. 2.2
shows, including the inner region of our disks, where the bulge dominates (R < 4kpc),
gives a profile not well approximated by a single linear fit (the bulge is steeper), so we
exclude it in fitting this profile, to measure the ‘disk’ component. The range 4 — 12kpc
covers the inner and outer disk and generally exhibits a single power-law profile. The solid
blue line shows the median (—0.028 dexkpc™") across our 11 galaxies, while the shaded
regions show the 68th percentile and the full distribution. The latter ranges from —0.042 to
—0.024 dexkpc™'. [Fe/H] gradients show similar results, with the full distribution spanning
—0.044 to —0.024 dex kpc .

Fig. 2.3 shows [O/H] gradients observed in nearby MW /M31-mass galaxies as box-and-
whisker plots, with the box showing the 68th percentile and the whiskers showing the full

observed range. We apply a cut on the stellar masses of these observed samples to be
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comparable to our simulations. The Kreckel et al. (2019, K19) sample includes 5 galaxies
from the PHANGS-MUSE survey with 10.2 < log, Myar/Me < 10.6, the Zinchenko et al.
(2019, Z19) sample includes 7 galaxies from CALIFA DR3 with 10.2 < logyq Mstar/Me <
10.8, the Belfiore et al. (2017, B17) sample includes 13 galaxies from the MaNGA survey with
10.2 < logyy Mstar/M < 11, and the Sénchez-Menguiano et al. (2016, S16) sample includes
20 galaxies from the CALIFA survey with 10.2 < logyy Mstar/Ms < 11. In addition to the
mass cut, we select galaxies that have gradients measured across a radial range comparable
to the range in our analysis (the measured ranges all fall within 2 — 14 kpc except for Kreckel
et al. (2019) which falls within 1 — 11kpc). While all of these observed samples show almost
exclusively negative gradients in [O/H], their abundance gradients are typically flatter than
in our simulations. Our simulations are consistent at the 1-o level with K19 and B17, and
at the 2-o level with Z19. However, our sample does not overlap with S16. Note that the
calibrator used for determining the abundances varies from survey to survey. Using different
calibrators can give drastically different abundance measurements (Hemler et al., 2021),
which could contribute to discrepancies between the different surveys, and to differences with
our simulations. Note that the difference between our simulations and these observations
are comparable to the differences between surveys themselves.

Fig. 2.3 also shows observed abundance gradients in M31 and the MW from HII regions.
The orange points show observed gradients in M31 from Zurita & Bresolin (2012, Z12) and
Sanders et al. (2012, S12). These gradients are slightly shallower than in our simulations,
though they agree within 2-o. This may be a consequence of M31 gradient measurements
spanning ~ 4 — 25 kpc: from our analysis, including the outer regions of a gas disk flattens
the inferred gradient.

The black points show measured gradients of the MW. Molld et al. (2019a), shown in
grey, is a best-fit measurement of the MW abundance gradient based on the combined data

of Rudolph et al. (2006); Balser et al. (2011); Esteban et al. (2013, 2017); Ferndndez-Martin
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et al. (2017). We show uncertainties for all samples. The red error bars for Balser et al.
(2011); Wenger et al. (2019) show the impact of measuring the radial gradient along different
galactic azimuths. Balser et al. (2011) finds gradients ranging from —0.03 to —0.07 dexkpc ™"
and Wenger et al. (2019) find gradients ranging from —0.035 to —0.075dexkpc™' which
highlights that measurements of the MW radial gradient are strongly sensitive to azimuthal
variations. The different samples include different radial ranges, so they are not exactly
comparable to each other or our analysis. Most measurements of [O/H]| gradients in the MW
overlap with our simulations, though our simulations generally have shallower gradients.

While not included in Fig. 2.3, Hernandez et al. (2021) recently measured the radial [O/H]
gradient in neutral and ionized gas in M83. The gradients were measured out to ~ 5.5 kpc.
They found the gradients in neutral gas to be substantially steeper than the gradients in
ionized gas. As most observations target ionized gas around HII regions, one might expect
that our measured gradients shown in Fig. 2.3 are flatter than expected. However, Hernandez
et al. (2021) measured gradients primarily in the bulge, which we exclude in this analysis.
Their gradient for neutral gas external to the bulge is &~ —0.02 dexkpc ™! and for ionized gas
is ~ —0.03 dexkpc™, in good agreement with our values.

As a whole, the radial gradients in our simulations are somewhat steeper than in external
galaxies but somewhat shallower than in the MW. The MW may be an outlier: as Boardman
et al. (2020) note, its gradient is typically steeper than those observed in MW analogs. These
differences are likely the result of a combination of different factors, such as: measuring over
different radial ranges or using different calibrators. For example, B17 also measure the
gradient in their MaNGA observations using a different calibrator for [O/H] (O3N2, not
shown here, as opposed to R23, as Fig. 2.3 shows), which results in a median gradient that is
~ 0.008 dex kpc ™! shallower. Thus, given that S16 used the O3N2 calibrator applied to their
CALIFA observations, this may explain the discrepancy between S16 and B17. We defer

a more detailed comparison via synthetic observations of our simulations, tailored to each
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observation, to future work. Rather, Fig. 2.3 provides a broad comparison, highlighting that
the radial gradients of gas-phase [O/H] within our simulations lie within the scatter across
the MW, M31, and nearby MW-mass galaxies.

Also, while we do not show it, we compared the [N/H] gradients of our sample at
z = 0 to observations of M31 and the MW. Our mean [N/H] gradient is —0.039 dex kpc ™,
with a standard deviation of 0.007, and the full distribution across hosts spans —0.028 to
—0.057 dex kpc™'. This agrees well with values measured for the MW in Esteban & Garcia-
Rojas (2018) (comparing 3 different ionization correction factors, they found [N/H] gradients
of —0.047 to —0.050 dex kpc ™! with uncertainties of 2 0.008) and in Arellano-Cérdova et al.
(2020) (—0.049+£0.007). Our [N/H] gradients also agree with the value measured in M31 by
Sanders et al. (2012) (—0.0303 £ 0.0049 dexkpc™'. However, [N/H] gradients measured in
Rudolph et al. (2006) (—0.07140.010dexkpc™" in the optical and —0.085 4 0.010 dex kpc™*
in the far infrared) and Fernandez-Martin et al. (2017) (—0.080 & 0.019 dexkpc™") are sub-
stantially steeper than in our hosts. As with the [O/H] gradients, this may be because the

gradients are not measured over the same radial range.

2.4.2. Evolution of radial gradients. We next explore the evolution of gas-phase
radial gradients of [O/H], [Fe/H], and [N/H] at z < 1.5, over the last ~ 10 Gyr, during the
primary epoch of disk assembly, to understand the initial conditions for star formation and
chemical tagging of stars. In summary, we find that at earlier times the gas disk was more
radially homogeneous (flatter gradients), so chemical tagging offers less discriminating power
for radial birth location at earlier times.

Similar to Fig. 2.2, Fig. 2.4 shows radial profiles of [O/H], [Fe/H], and [O/Fe] in gas at
different redshifts. The solid line shows the mean across our 11 galaxies, while the shaded
region shows the 1-o scatter. At all radii, [O/H] and [Fe/H] increase with time, as the
gas mass declines while more stars enrich the Interstellar Medium (ISM). This evolution

agrees with the observed gas-phase galaxy mass-metallicity relation (Tremonti et al., 2004).
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Ma et al. (2016) explored this evolution across a wide galaxy mass range in the FIRE-1
simulations: they found that as galaxies grow more massive, the mass-loading factor of their
winds decreases, and metals are more easily held in/near the galaxy as opposed to being
driven into the halo (see also Muratov et al., 2015, 2017; Anglés-Alcézar et al., 2017).

Fig. 2.4 also shows that both [O/H] and [Fe/H| have negative radial gradients at all
times. Ma et al. (2017a) also found primarily negative gradients in the FIRE-1 suite, because
the high star-formation efficiency in the inner disks of galaxies with well ordered rotation
leads to sustained negative radial gradients. At z = 0, our average change in [O/H] from
0 — 15kpc is ~ 0.51 dex, while this is ~ 0.56 dex for [Fe/H]. At z = 1.5 (ti00kback = 9.4 Gyr),
the average change in abundance from 0 — 15kpc is ~ 0.24 dex for [O/H] and 0.28 dex for
[Fe/H]. Furthermore, as expected given the scatter in formation history, we find larger host-
to-host scatter (averaged over all radii) at earlier times: 0.09 dex for [O/H] and 0.07 dex for
[Fe/H] at z = 0, but at z = 1.5 this was 0.2 dex for both elements.

Fig. 2.4 also shows that the abundance profiles were flatter (more homogeneous) at earlier
times, because the abundance at smaller radii evolves more rapidly than at larger radii.
Increased accretion/merger rates, coupled with higher star-formation rates and stronger gas
turbulence, drove more efficient radial mixing at earlier times (Ma et al., 2017a). In FIRE
simulations, early galaxies experience bursty, stellar feedback-driven outflows that radially
mix the ISM, in addition to local turbulence. The profiles steepen with time, because
as the gas disk settles down and becomes more rotationally supported, it is capable of
sustaining stronger radial gradients given less radial mixing (Ma et al., 2017a). At z <1
(tiookback < 7.8 Gyr), the radial profiles generally show an up-turn in the innermost bulge-
dominated region. Beyond ~ 4 kpc, the profiles are well fit by a linear relation at all redshifts.

Fig. 2.4 (bottom panel) shows that [O/Fe] tends to decline over time at all radii, be-
cause at early times, core-collapse supernovae dominate the enrichment, which preferentially

produce a-elements like O. However, the mean trends in Fig. 2.4 (bottom panel) are not
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F1GURE 2.4. Radial profiles of gas-phase elemental abundances in our simu-

lations at different redshifts.

The solid lines show the mean and the shaded

regions show the 1-0 scatter across our 11 galaxies. The top and middle panels
show steepening radial profiles of [O/H] and [Fe/H] with time, as the gas disk
becomes more rotation dominated, with less radial turbulence, thus sustaining
stronger radial gradients. The bottom panel shows that the innermost regions
of the gas disk have lower [O/Fe] than the outer disk, this indicates that the
inner disk is more evolved, that is, has had more Ia supernovae that produce
more Fe than a-elements (like O), than the outer disk.
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FIGURE 2.5. Evolution of radial gradients in gas elemental abundances. The
lines show the means for [O/H]|, [Fe/H], and [N/H]. The dark shaded region
shows the 1-0 scatter and the light shaded region shows the total scatter in
[O/H] across our 11 galaxies. At each redshift we calculate the gradient via a
linear fit across a redshift-dependent radial range: 4 < R < 12kpc for z < 1
(tiookback < 7.8Gyr) and 0 < R < 8kpc for z > 1. The gradient is flat-
test (= —0.015dexkpc™) at z = 1.5 (tiookback = 9.4 Gyr), likely because high
merger rates drive large scale radial turbulence, erasing the radial gradients
of the disks. This leads to the azimuthally averaged metallicity at a given ra-
dius showing little radial dependence although stochastic enrichment /accretion
events may lead to locally over or under-enriched regions. Shallow gradients
persist until z ~ 1. At lower redshifts, the gas disk becomes more rotation-
ally supported and is capable of sustaining stronger radial gradients, becoming
steepest (=~ —0.03dexkpc™') at z = 0. The gradients of [O/H] and [Fe/H] are
almost identical, despite being sourced primarily by core-collapse and Ia super-
novae, respectively. However, the [N/H] gradient, sourced primarily through
stellar winds from massive stars, which have a metallicity dependent mass loss
rate, is steeper at all times.

necessarily true for individual hosts. The dynamic range of [O/Fe] is small, so minor upticks
in star formation rates lead to enhanced [O/Fe| as the rate of core collapse supernovae tem-
porarily increases. Individual galaxies show overall increases in [O/Fe] following periods of

increased star formation, and different radii of individual hosts show relative increases or

decreases in [O/Fe], likely correlated with radial variations in star-formation rates.
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On average, at later times, the (more delayed) Ia supernovae preferentially enrich the
galaxy in Fe, driving down [O/Fe|. However, the typical change in gas-phase [O/Fe| at fixed
radius from z = 1.5 (ti00kback = 9.4 Gyr) to 0 is only ~ 0.02 — 0.03dex. The [O/Fe] radial
gradients are positive at all times, because the outer disk is always younger than the inner
disk/bulge, though the gradients are weak at larger radii. The [O/Fe] radial profiles steepen
at small radii at later times, at least at z < 1 (j0okback S 7-8 Gyr). Unlike the profiles of
individual elements, the host-to-host standard deviation of [O/Fe] increases at later times,
from 0.015dex at z = 1.5 to 0.037dex at z = 0. Overall, [O/Fe| does not provide strong
discrimination power for chemical tagging at any radii or time that we examine.

While not shown here, we also measure the evolution of [Mg/Fe|, which is more significant
than [O/Fel. In the outer disk (R = 12kpc) [Mg/Fe| decreases from ~ 0.3dex at z = 1.5 to
~ 0.22dex at z = 0. In the inner disk (R = 4kpc) the evolution is larger, from =~ 0.29 dex to
0.18 dex over the same redshifts. The stronger evolution seen in [Mg/Fe| likely results from
stellar winds in our simulations producing relatively little Mg. The stellar-wind model in
FIRE-2 has a metallicity-dependent yield for O. At lower redshifts, as the gas disk becomes
more enriched, O production also increases, leading to less evolution in [O/Fe].

Fig. 2.5 shows the evolution of the mean radial gradients of [O/H], [Fe/H], and [N/H]
at redshifts 0, 0.2, 0.5, 0.75, 1, 1.1, 1.2, 1.25, 1.3, 1.4, and 1.5. The shaded regions show
the 1-0 scatter. We also checked that the evolution of each galaxy qualitatively agrees
with this mean evolution. We measure radial gradients between 4 < R < 12kpc at z <
1 (tiokback < 7.8 Gyr), consistent with Fig. 2.3, and between 0 < R < 8kpc at z > 1
(tiookback => 9.4 Gyr). (For a few hosts with bulge-like upturns in their profiles at < 2kpc,
we measure their gradients between 2 — 8 kpc, where the gradient is nearly linear). We use
a redshift-dependent radial range, because we are exploring the gas from which stars are
forming. We select gas approximately contained in Rg#", which is &~ 11kpc at z = 0 and

< 8kpc at z = 0.5. At z < 1, we measure the gradient at 4 — 12kpc, because the inner
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disk is dominated by the bulge region and has a steeper profile, as Fig. 2.4 shows. Thus, at
late times we measure at 4 — 12 kpc, which encompasses both the inner and outer disk and
exhibits a nearly linear profile. We tested our analysis measuring the gradient over varying
radial ranges and found that, while the normalization varies somewhat, the shape of the
profile and the evolution are consistent, as Fig. 2.4.

As Fig. 2.5 shows, the strength of the radial gradient generally decreases over time. The
minimum magnitude of the gradient is ~ 0.01 dex kpc_1 and occurs at z &~ 1.5 (tiookback ~
9.4Gyr). We find just 2 galaxies that achieve a flat gradient at this time. At z < 1
(tiookback < 7.8 Gyr), the radial gradients gradually steepen to —0.03dexkpe™ at z = 0.
The gradients prior to z ~ 1 are approximately constant with redshift. While there are
fluctuations in the gradient at high z, these are transient features in the simulations driven
primarily through minor mergers, flybys of satellite galaxies, and starbursts. The host-to-
host scatter is smallest at z = 0 and is largest at z = 0.75 (fiookback = 6.6 Gyr), in part
because of one galaxy (m12f) that experiences a major merger at this time.

Fig. 2.5 also compares the evolution of the radial gradients in [O/H] and [Fe/H] with
[N/H]. Consistent with most results in this paper, we find little-to-no difference between
[O/H] and [Fe/H], despite their differing origins, from primarily core-collapse and primarily
Ia supernovae, respectively. However, we find systematically stronger radial gradients in
[N/H] at all times. Unlike O and Fe, which are sourced primarily through supernovae, N is
sourced primarily by stellar winds in the FIRE-2 simulations, and the wind mass-loss rate
from massive stars (in the first 3.5 Myr) depends roughly linearly on progenitor metallicity.
(The N yield from core-collapse supernovae also increases linearly with progenitor metallicity
in the FIRE-2 model, but this effect is subdominant, because most N comes from stellar
winds.) The progenitor metallicity dependence of N (often called secondary production of
N) results in enhanced N production in regions that are already more metal rich, and thus

it drives a steeper gradient for N (by ~ 0.015 dexkpc ™) than O or Fe at all times.
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FIGURE 2.6. The vertical change in [O/H] relative to the midplane at various
redshifts. We measure the vertical profile at R = 7 — 9kpc. The solid lines
show the mean while the shaded region shows the 1-0 standard deviation across
11 galaxies. [O/H] shows minimal variation with height: the mean deviation
at 1kpc above the midplane is &~ 0.008dex at z = 1.5 (fiookback = 9.4 Gyr)
and =~ —0.006 dex at z = 0. The majority of stars form within a few hundred
parsecs of the galactic midplane at low z and within ~ 1.5 kpc of the midplane
at the highest redshift we examine. Close to the plane of the disk (|Z] < 200 pc)
the variation in [O/H] is even smaller at all times (JA[O/H]| < 0.001 dex at
z =15 and |A[O/H]| £0.002dex at z =0). At z < 1 (tioxpack < 7.8 Gyr) we
find a weak but systematically negative gradient. We conclude that vertical
gradients are not measurably significant for chemical tagging at any redshift.

2.4.3. Vertical profiles across time. We next examine the vertical profiles (in abso-
lute height) of elemental abundances, for all gas near the solar circle, within a cylindrical
radius of 7 < R < 9kpc. We normalize the vertical profiles by subtracting the midplane
abundance at each redshift. Fig. 2.6 shows the vertical profiles for [O/H]. The solid line

shows the mean and the shaded regions show the 1-0 scatter; we only show the scatter at

2z = 1.5 (tiokback = 9-4 Gyr) and z = 0 for clarity.

Fig. 2.6 shows that any systematic trends in abundance with height to 1kpc is <

0.01dexkpc™ absolute on average at all times, and the 1-o scatter is < 0.01 dexkpc™

Y
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at z = 0 and < 0.02dexkpc™' at z = 1.5. Thus, the gas disk is well mixed vertically. In
most of our galaxies, the deviations in abundance increase with distance from the midplane,
that is, they shows a systematic gradient with height. Over time, these vertical gradients
become increasingly (if weakly) more negative, which supports the idea of ‘upside-down’ disk
formation (e.g. Bird et al., 2013; Ma et al., 2017a; Bird et al., 2021), such that stars formed
in a more vertically extended disk at higher redshifts, leading to more enrichment at larger
heights, at later times stars formed in a thinner disk and gas farther out of the midplane
became relatively less enriched. At z 2 1, the absolute strength of this vertical gradient is
in fact comparable to the radial gradient (Fig. 2.5), while at z = 0, the vertical gradient is
~ 3x weaker than the radial gradient. This is because the timescale for vertical mixing is
short, given gas turbulence, and that the vertical scale-height of the gas is itself set by the
maximum Jeans length at that time. Furthermore, with implications for chemical tagging,
the majority of star formation in our simulations is limited to < 500 pc of the midplane at
2z < 0.5, and < 1.5kpcup to z < 1.5, and Fig. 2.6 shows that vertical variations in abundance
are minimal on those scales. The vertical trends in [Fe/H] (not shown here) are consistent

with [O/H] within ~ 0.01 dex.

2.4.4. Azimuthal variations across time. We next investigate azimuthal variations
of elemental abundances in gas, including its evolution. We thus test a common assumption
in galactic evolution, that gas is well mixed azimuthally within a given annulus (e.g. Frankel
et al., 2018, 2020).

Fig. 2.7 shows the standard deviation in [O/H] and [O/Fe] along angular bins of varying
length at fixed radius. Specifically, we compute the standard deviation within a given angular
bin, and Fig. 2.7 shows the mean standard deviation across all bins of a given angular size for
all 11 simulations. We stack 3 snapshots (At ~ 50 Myr) for each redshift. We use an annulus
of gas 0.3 kpc out of the plane of the disk because as shown in Fig. 2.6 gas-phase abundances

are effectively homogeneous within this height. We also measure within a radius +0.15 kpc of
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FIGURE 2.7. Azimuthal scatter in elemental abundances for [O/H] and [O/Fe]
in gas, as a function of angular scale, at different redshifts and different radii.
The solid lines show the mean and the shaded regions show the 1-0 scatter
across our suite of 11 galaxies: we show scatter only at z = 1 (fiookback =
7.8Gyr) and 0. The scatter increases as a function of angular bin size at
all redshifts and at all radii. At z = 0, near the solar circle (R = 8kpc),
the average azimuthal scatter across the disk is ~ 0.053 dex for [O/H] and
[Fe/H] (not shown) and ~ 0.009dex for [O/Fe|. For all angular bin sizes,
the average scatter increases with redshift: at earlier cosmic times the gas
disks were less well mixed within a given annulus. At z = 0 the scatter
across the disk is ~ 0.2dex for [O/H] and [Fe/H] (not shown) and ~ 0.05 dex
for [O/Fe|. The scatter also increases with angular bin size at all redshifts,
although the increase is minimal at late times. At low z, this means that
azimuthal variations are dominated by local (and not global) fluctuations in
the disk. Finally, the azimuthal scatter increases with radius for individual
abundances: gas is azimuthally better mixed in the inner disk, likely a result
of shorter orbital times leading to faster mixing.

the selected cylindrical radius, to ensure that the angular length dominates over the radial
length for our smallest angular bins, that is, to ensure that the radial gradient does not

induce significant scatter. We show the 1-o scatter for z = 0 and z = 1 (fip0kback = 7-8 Gyr).
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FIGURE 2.8. Azimuthal scatter, as in Fig. 2.7, at R = 8kpc for [O/H] (solid),
[Fe/H] (dashed), and [N/H] (dash dot). As with the radial gradients, the
azimuthal variations of [O/H| and [Fe/H] are almost identical, despite being
sourced primarily by core-collapse and Ia supernovae, respectively, while the
variation in [N/H]|, which is sourced primarily through metallicity-dependent
stellar winds from massive stars, is higher at all redshifts.

We exclude m12c¢ at z = 1.5 for angular scales A¢ < 8°, because its angular bins contain
too few gas particles.

At z = 0 and R = 8kpc (near the solar circle) the typical azimuthal scatter across the
gas disk is < 0.053dex for [O/H], < 0.055dex for [Fe/H] (not shown), and < 0.01dex for
[O/Fe]. This value for [O/H] agrees well with MW observations (Wenger et al., 2019) and
observations of external galaxies (Sakhibov et al., 2018; Kreckel et al., 2019, 2020), though we
emphasize that we are not measuring azimuthal scatter in the same way: those observations
typically measure differences in abundances between arm and inter-arm regions or measure
abundance variations between HII regions within an aperture of a given size.

Our azimuthal scatter decreases with smaller angular bin size, with a minimum of
~ 0.045dex for [O/H] (= 0.046dex for [Fe/H]) and ~ 0.009dex for [O/Fe]at the small-
est angular scales. Interestingly, this minimal scatter remains well above 0dex as A¢ goes

to 0. We emphasize that our analysis does not zoom-in on Giant Molecular Clouds (GMC)
36



or individual star-forming regions, but rather we examine all of the ISM centered on (ef-
fectively) random positions. Thus, our results on small scales do not immediately inform
the homogeneity of individual GMCs, especially given their short lifetimes (< 7Myr) in our
simulations (Benincasa et al., 2020), and we will examine GMC homogeneity in future work.
Appendix. A.2 also examines how small-scale variations depend on our choice of diffusion
coefficient for sub-grid turbulent mixing in gas.

The 1-0 host-to-host scatter is approximately independent of bin size and is < 0.014 dex
for [O/H], < 0.015dex for [Fe/H], and < 0.005dex for [O/Fe|. Thus, at z = 0 gas within
all of our galaxies is well mixed, that is, the azimuthal scatter is comparable to typical
measurement uncertainties (~ 0.05 dex) for elemental abundances.

Fig. 2.7 shows that, at all radii and at all angular bin sizes, the azimuthal scatter was
more significant at earlier times, that is, gas was less azimuthally mixed than it is now.
This is likely because higher accretion and star formation rates combined with burstier star
formation leads to more pronounced local pockets of enrichment in gas. At R = 8 kpc and at
2z = 1.5 (tiookback = 9.4 Gyr) the azimuthal scatter across the disk is < 0.2 dex for [O/H]and
[Fe/H] (not shown) and < 0.05dex for [O/Fe]. The scatter does not drop below ~ 0.15 dex
for either [O/H] or [Fe/H] at the smallest azimuthal scales (0.035dex for [O/Fe]). The 1-o
host-to-host scatter is < 0.05 dex for [O/H] and [Fe/H] and < 0.016 dex for [O/Fe].

Additionally, Fig. 2.7 shows that the difference in scatter between large and small an-
gular scales varies with time. This difference is more significant at earlier times: at z = 1
(tiookback =, 7-8 Gyr) this change is ~ 0.042dex at R = 8kpc. Thus, at early times, galaxy-
scale fluctuations are more important in driving azimuthal scatter (as visible in Fig. 2.1).
However, at z ~ 0, the azimuthal scatter across small versus large angular scales differs by

only =~ 0.008 dex, so small-scale fluctuations drive most of the azimuthal scatter (also visible
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in Fig. 2.1). These results at low redshift are useful from an observational perspective, be-
cause they means that one can generalize smaller-scale observations of gas-phase abundances
to overall azimuthal trends at fixed radius.

Fig. 2.7 also shows that the azimuthal scatter depends on radius. The azimuthal scatter
increases with increasing radius for a given angular bin size, and in fact, this is true for both
fixed angular and physical bin size. At z = 0 the azimuthal scatter across the entire disk at
R = 4kpc is < 0.042dex for [O/H] (< 0.046 dex for [Fe/H], not shown), and this increases
to < 0.062dex for [O/H] and [Fe/H| at R = 12kpc. At z = 1.5 (tiokback = 9.4 Gyr) the
azimuthal scatter ranges from < 0.015dex to 0.25 dex for [O/H] and [Fe/H]. We do not find
radial dependence in [O/Fe|, which has a maximal scatter < 0.01dex (< 0.052dex) at all
radii at z = 0 (z = 1.5). Most likely, the radial dependence in the azimuthal scatter of
[O/H] and [Fe/H] results from the increase of the orbital timescale, and hence the timescale
for mixing, with radius. Furthermore, cosmic accretion of under-enriched gas also likely
contributes to this increase in azimuthal scatter with radius, especially at earlier times,
when the increase with radius is stronger.

Fig. 2.8 shows the azimuthal scatter of [O/H], [Fe/H], and [N/H] at R = 8kpc at 3 red-
shifts. As we discussed above, metallicity-dependent stellar winds from massive stars, rather
than supernovae, primarily source N, so this compares the azimuthal mixing of elements
sourced by these different processes. The azimuthal scatter of [N/H] is larger than that of
[O/H] and [Fe/H] for all bins at each redshift. On the scale of the entire annulus, the scatter
in [N/H] is approximately 0.015 dex larger at z = 1 (fiookback = 7-8 Gyr) and approximately
0.01dex larger at z = 0. This discrepancy is slightly smaller for smaller angular scales at
z = 1 (approximately 0.01 dex difference), but the difference in azimuthal scatter is inde-
pendent of scale at z = 0. As previously stated, our stellar-wind rate depends linearly on
progenitor metallicity, which likely drives these differences for N as compared with O and

Fe. One might expect Fe, being sourced primarily by Ia supernovae, to have less scatter at
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FIGURE 2.9. The evolution of variations in [O/H] in gas, both radially and
azimuthally. (We do not show [Fe/H], its trends are consistent with [O/H] to
< 0.01dex.) The solid lines show the mean scatter, across our 11 galaxies, for
the full (360°) annulus of gas at R = 4kpc (blue), R = 8kpc (yellow), and R =
12kpce (green). The red dashed line shows the mean radial change in [O/H]
across a radial distance of 8kpc. The shaded regions show the 1-o scatter.
While the radial gradient dominates the spatial variations at late cosmic times,
azimuthal variations were more significant than the radial gradient at earlier
cosmic times (z 2 0.9, or fiookpack =, 7-4Gyr, at R = 8kpc). Larger radii
transition to radially dominated abundance variations at later times (see also
Fig. 2.10). Thus, elemental evolution models should not assume azimuthal
homogeneity of abundances at early times; instead, azimuthal variations are
the primary source of spatial information for chemical tagging of stars forming
at early times.

small scales than O, because Ia are caused by preferentially older stars than core-collapse
supernovae, which occur closer to stellar birth location. A possible cause of our similarity
comes from our assumed la delay-time distribution (Mannucci et al., 2006), which has a
significant component from prompt Ia, at ages < 100 Myr. A ITa delay-time distribution with

a more significant contribution from older stellar ages (Maoz & Graur, 2017) may lead to

less small-scale scatter (e.g. Gandhi et al., 2022).
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FiGure 2.10. Following Fig. 2.9, the redshift below which radial variations
in [O/H] dominate over azimuthal variations at 3 radii in our 11 simulations
(the intersection of the dashed and solid lines). The horizontal line shows the
median, the box shows the 68th percentile, and the whiskers show the full dis-
tribution. This transition redshift is the last time the azimuthal variation is
stronger than the radial variation. This transition occurs earlier at smaller
radii, where azimuthal variations are smaller (Fig. 2.7), given the shorter
timescale for mixing at smaller radii. Before these transition redshifts, any
model of chemical tagging should account for azimuthal variations as the pri-
mary source of spatial variation.

2.4.5. Azimuthal versus radial variations across time. We now compare the rela-
tive importance of radial gradients versus azimuthal scatter in gas-phase abundances. Fig. 2.9
shows the evolution of the radial variations in [O/H], from multiplying the radial gradient (as
calculated in §2.4.2) of each simulation at each redshift by 8 kpc, to show the change from the
inner to the outer disk. This measures the change from 4—12kpc at z < 1 (fipokback < 7-8 Gyr
and from 0 — 8kpc at z > 1, where the radial profile is approximately linear (see Fig. 2.4).
Fig. 2.9 also shows evolution of the azimuthal scatter around each disk (360°) at 3 radii.

Fig. 2.9 shows that at early times, z 2 1 (fiookback =, 7-8 Gyr), the 360° angular scatter
in [O/H] at all radii is larger than the radial variation, with the angular scatter at large

radii being approximately 2x higher. However, the radial variation dominates at all radii
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at 2 < 0.6 (fiookback S 5.8 Gyr). At z = 0 the radial variations in [O/H] is approximately
a factor of 4 higher than the azimuthal variation. Thus, at z ~ 0, one can approximate
the gas disk variations primarily via the radial gradient, but at earlier times, the azimuthal
variations dominate.

Fig. 2.10 shows the redshift (and lookback time) when the radial variation begins to
dominate over the azimuthal scatter in [O/H]| (the intersection of the solid and dashed lines
in Fig. 2.9), for 3 radii. We measure this transition redshift separately for each simulation:
the horizontal lines show the median, and the boxes and whiskers show the 68th percentile
and the full distribution. The radial variation starts to dominate earlier at smaller radii,
because the azimuthal scatter increases with radius at all redshifts (Fig. 2.7). The median
transition redshift, after which the radial variation dominates, is z &~ 0.9 (tj0okback ~ 7.4 Gyr)
at R = 4kpe, z & 0.8 (tiokback = 6.9Gyr) at R = 8kpc, and z &~ 0.6 (tpokback ~ 5.8 Gyr) at
R = 12kpc.

While we in general find no systematic differences between our LG-like hosts and our
isolated hosts, the transition redshift of the LG-like simulations is systematically higher than
that of the isolated simulations at large radii. At R = 12kpc the the median transition of
the LG suite occurs at z & 0.8 (tiookback =~ 6.9 Gyr) compared to z ~ 0.5 (tpokback ~ 5.1 Gyr)
for the isolated hosts. The overall distribution of transition redshifts for the isolated hosts
falls within the distribution of transition redshifts for the LG suite, with the 68th percentiles
almost entirely overlapping. The slight tendency for LG-like hosts to transition to radial
domination earlier is unsurprising, given the results in Santistevan et al. (2020), who found
that the main progenitors of our LG-like galaxies formed earlier than those of the isolated
galaxies. This earlier formation may be responsible for the earlier transition redshift as the
disks undergo more orbital times, which smooths azimuthal variation, and have a longer

time to build up strong radial gradients.
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FIGURE 2.11. ARequality is the ratio of the azimuthal scatter to the radial gra-
dient: it indicates the characteristic radial scale below which azimuthal vari-
ations dominate over radial variations, for [O/H] (solid) and [Fe/H] (dashed).
We compute the azimuthal scatter using the full (360°) annulus of gas at
R =4, 8, and 12kpc. Lines show the median, and shaded regions show the
68th percentile across our 11 galaxies. At early times, ARqquaiity is comparable
to the size of the gas disk, when azimuthal scatter dominated over radial varia-
tion, but after z & 0.5 (tjookback = 5.1 Gyr) the disk is well mixed azimuthally.
At z = 0 the median ARequaity near the solar circle is ~ 1.8kpc for [O/H]
and ~ 1.7kpc for [Fe/H], while at z = 1.5 (fi00kback = 9.4 Gyr) it is ~ 14 kpc
for [O/H] and ~ 11kpc for [Fe/H]. For radial scales less than ARequality, the
primary source of inhomogeneity of elemental abundances in gas is azimuthal
variations, which complicate/limit the use of elemental abundances to infer a
star’s birth location to a radial precision smaller than ARcquality-

Fig. 2.11 shows another metric for comparing the importance of azimuthal versus radial
variations across time. For each simulation, we compute ARcquaiity, the ratio of the 360°
azimuthal scatter (at a given radius) to the radial gradient. This represents the characteristic
radial scale over which the radial and azimuthal abundance variations are equal. The lines
show the median ARequanty for [O/H] and [Fe/H], measuring the azimuthal variation at 3

radii, and the shaded region shows the 68th percentile of [O/H] at R = 8kpc. We apply
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boxcar smoothing to the data to minimize the significant stochasticity in these values at
early times, when the radial gradient fluctuated over short timescales (see Sec. 2.4.2).

The median ARequaity for [O/H] is < 14 kpe at 2z = 1.5 (fiookback = 9.4 Gyr) and < 1.8kpc
at z = 0 at the solar circle. This corresponds to the radial range over which azimuthal
scatter dominates the variations in abundance, rather than the radial gradient. Thus, for the
purposes of chemical tagging, this represents a limit for the radial precision that chemical
tagging (of a single element) can place on the formation location of a star without also
modeling azimuthal location. At early times, ARqquaiity is comparable to or greater than the
size of the disk, meaning that the azimuthal coordinate determines the abundance of newly
forming stars more than the radial position.

ARequality 18 largest at z = 1.5 (fiookback = 9.4 Gyr) and then decreases with time, given the
decreasing azimuthal scatter and increasing strength of the radial gradient with time. Also,
over time the scatter across our 11 galaxies decreases. The high scatter at high redshifts is
a result of the large scatter in both radial gradients and azimuthal variations at these times,
given scatter in formation history.

Fig. 2.11 also shows the dependence of ARequaiity on radius. This ratio slightly increases
as a function of radius, because the azimuthal scatter increases with radius at all times
(Fig. 2.7). This means that modeling chemical tagging of stellar birth radius is more chal-
lenging at larger radii.

In summary, any models for chemical tagging should incorporate azimuthal scatter in
abundance especially at z 2 0.6 (fiookback = D-8), because the azimuthal scatter in gas

dominates at these early times.

2.4.6. Radial scale of measurable homogeneity. We next explore observational im-
plications of our measured radial gradients, by comparing them against typical measurement
uncertainties in elemental abundances, to understand the radial scales over which gas is ef-

fectively homogeneous in a measurable sense. Thus, in this sub-section we ignore azimuthal
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FIGURE 2.12. Assuming a given measurement uncertainty in an elemental
abundance, ARhomogeneous 18 the ratio of this measurement uncertainty to the
radial gradient in that abundance; it is the characteristic radial scale be-
low which the gas disk is effectively radially homogeneous in a measurable
sense. We show ARjomogeneous versus redshift, for 3 measurement uncertain-
ties, motivated by observational surveys of stellar abundances. The lines show
the median across our 11 galaxies for [Fe/H] (solid) and [O/H] (dashed),
and the shaded regions show the 68th percentiles for [Fe/H]. At z = 1.5
(tiookback = 9.4 Gyr) the gas disk is measurably homogeneous (for § = 0.05 dex)
across significant radial scales, AR < 3kpc, though this decreases to < 1.6 kpc
at z = 0. For high-precision abundance measurements (§ = 0.01 dex), the gas
disk is measurably homogeneous at AR < 0.6kpc at z = 1.5 and AR < 0.3kpc
at z = 0. This highlights the limitations from just measurement uncertainties
on chemical tagging to infer a star’s birth radius; it does not include the addi-
tional complications from azimuthal variations (Fig. 2.11), which can be more

important.

variations and focus just on radial gradients. While we examine gas-phase abundances, the

chemical tagging of stars (that form out of this gas) ultimately motivates our work, so we

examine measurement uncertainties typical of MW stellar surveys.

Motivated by observational surveys of stellar abundances, we select 3 observational mea-

surement uncertainties of d,, = 0.01, 0.05, and 0.1dex. Fig. 2.12 shows ARpomogeneous; the
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ratio of d,, to the radial gradient in abundance, versus redshift. Unlike Fig. 2.11, which
shows radial scales of homogeneity at different radii, which depends on the azimuthal scatter
at each radius, Fig. 2.12 depends only on the radial gradient measured across the whole disk.
Thus the radial scale in Fig. 2.12 represents the average radial scale of observed homogene-
ity based on an azimuthally averaged radial gradient. The solid line shows the median and
the shaded region shows the 68th percentile across our 11 hosts. ARpomogeneous represents
the radial scale of measurable homogeneity: below this radial length scale, the change in
abundance from the radial gradient is less than this measurement uncertainty. The larger
ARhomogeneous 15, the less precisely measurements can pinpoint a star’s birth radius.

For a fiducial measurement uncertainty of 6 = 0.05dex at z = 1.5 (fiookback = 9.4 Gyr)
ARhomogeneous = 3.1kpe, which drops to ~ 1.6kpc at z = 0 for [Fe/H]. [O/H] is consistent
to within ~ 1kpc at all redshifts, except for z = 1.5. At early times, ARhomogeneous 15 larger
and has large scatter. The largest scatter, at z = 1.5, comes from the radial gradients
being flattest: some galaxies have gradients approaching 0dexkpc™!, as Fig. 2.5 shows.
Fig. 2.12 shows essentially an inverse gradient, so the short time fluctuations at early times
(see Sec. 2.5) also lead to rapid and significant variations in ARhomogeneous- After z = 0.75
(tiookback = 6.6 GyT) ARhomogeneous decreases over time. This means that chemical tagging
with measured abundances can identify the birth radius of more recently formed stars more
precisely.

Comparing Fig. 2.11 with Fig. 2.12 shows that, in terms of limitations on chemical tagging
for a star’s birth radius, at z 2 0.5 (tieokback = 5.1 Gyr) azimuthal variations dominate over
observational uncertainties in the inner disk, for a fiducial uncertainty of 6 = 0.05 dex. In the
outer disk (R > 8 kpc) azimuthal variations are larger than observational uncertainties for all
redshifts. For higher-precision measurements, 6 = 0.01 dex, azimuthal variations dominate
at all times at all radii. This implies that, if a primary motivation for chemical tagging is

inferring the birth location of a star, there is not much benefit in pushing to higher precision,
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FIGURE 2.13. Example distributions of [Fe/H] from our 11 galaxies. Each
panel shows the elemental distribution for a single simulation at a single radius.
For each distribution, we stack 3 consecutive snapshots (At ~ 50 Myr) and
measure all gas within +0.2kpc of 3 radii (R = 4, 8, and 12kpc) and within
a height +1kpc of the disk. The solid line shows a skew normal fit to the
distribution. The left panel shows a well fit skew normal distribution. The
right panel shows typical failure modes of fitting a skew normal distribution:
underfitting negative skewness, underfitting positive skewness, underfitting the
tails of the distribution, and multi modal distributions. Each panel shows the
fitted skewness for the example distribution along with the percentage of fits
that fall into the category at each redshift across all radii and for both [O/H]
and [Fe/H]. In general, the simulations are well fit by a skew normal at z = 0,
but it provides a worse fit at higher redshift, when the (negative) tails are
preferentially underfit. In general, the fit to the distribution of [O/H] and
[Fe/H] for the same R and redshift fall into the same category.

because azimuthal variations dominate. In fact, Fig. 2.9 can indicate the maximum precision
in elemental abundance that one should aim to measure stars of a given age for this purpose,

given our predicted azimuthal scatter, unless a given chemical tagging approach includes

modeling azimuthal variations. We will explore possible models in future work.

2.4.7. Distributions of elemental abundances. Finally, we explore the full distri-

butions of elemental abundances in gas that our simulations predict. Again, we emphasize
46



that our FIRE-2 simulations explicitly model the sub-grid diffusion/mixing of elemental
abundances in gas via unresolved turbulent eddies, which is necessary to match observed
distributions of abundances in the local Universe (Su et al., 2017; Escala et al., 2018; Hop-
kins et al., 2018).

We measure [O/H] and [Fe/H]| distribution at R = 4kpc, R = 8kpc, and R = 12kpc
at 2 = 1 (tiokback = 7-8Gyr), 2 = 0.5 (tiookback = 5.1 Gyr), and z = 0 for all galaxies. We
fit these with a skew normal distribution, using the LevMarLSQ fitter in Astropy (Astropy
Collaboration et al., 2013; Price-Whelan et al., 2018):

N 2 1+ T—p
(2.1) P A exp (—0.5 <u> ) L Lrerd (O‘ X ﬂ(f)

dx o 2

where g is the mean, o is the standard deviation, and « is the skewness. Fig. 2.13 shows
representative example distributions of [Fe/H], for good and bad fits to this distribution, for
a single simulation, and we list the percent of galaxies and radii that fall into each category.

As the left panel of Fig. 2.13 shows, a skew normal distribution reasonably fits these
distributions in most cases at z ~ 0. However, there are several common failure modes. We
categorize them as: failing to capture the positive or negative tails of the distribution, failing
to capture the width of the distribution, or the distribution being multi-modal. The right
panel of Fig. 2.13 shows examples of each of these failures, along with the percentage of fits
([Fe/H] and [O/H] combined) that we identify to fall into each category at each redshift,
stacking all galaxies and radii at that redshift. In general, the fit to [O/H] and [Fe/H] at a
given redshift and radius falls into the same category. At z = 0, the vast majority (=~ 88%) of
the distributions are well fit. The most common failure is a positive underfit, given pockets of
high metal enhancement from feedback. However, at z = 1 (fiokback = 7.8 Gyr) the failures
are more common, and only &~ 11% are well fit. Most common is having a negative underfit
or both tails underfit, likely driven by more rapid accretion of low-metallicity gas at earlier

times.
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FIGURE 2.14. Top: standard deviation of the fitted elemental distribution
of gas [Fe/H] at 3 radii, for increasing redshift (left to right). For each dis-
tribution, we stack 3 consecutive snapshots (At &~ 50 Myr) and measure all
gas within £0.2kpc of each radius and within a height +1kpc of the disk.
Each box shows the 68th percentile of the distribution and the whiskers show
the full distribution of standard deviations. The standard deviation increases
with radius and decreases with time. Bottom: skewness of the fitted ele-
mental distributions of gas [Fe/H]. At earlier times, the gas disk had stronger
negative skewness, but the disk relaxes to near zero skewness at z = 0. The
skewness shows a slight radial dependence at both z = 1 (tj00kback = 7-8 Gyr)
and z = 0. At z = 1 the distributions at larger radii were more negatively
skewed, whereas at z = 0 the distributions at smaller radii are more negatively
skewed.

While not perfect, especially at earlier times, a skew normal fit does provide a simple
characterization of the full distribution. Thus, Fig. 2.14 shows the fit parameters for [Fe/H]
([O/H], not shown, is consistent with this) at different radii and redshifts. The box-and-
whisker plots show the median, 68th percentile, and the full distribution. The top row shows

the fitted standard deviation, while the bottom row shows the fitted skewness, and left to

right shows increasing redshift.
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At all radii, o decreases over time. At R = 8kpc, near the solar circle, the median
standard deviation decreases from ~ 0.12dex at z = 1 (tjookback = 7-8 Gyr) to =~ 0.07 at
z = 0 for [Fe/H] (= 0.11 to ~ 0.06 for [O/H]). Thus, consistent with the results for azimuthal
scatter, gas at a given radius becomes more homogeneous over time. Also consistent with our
results for azimuthal scatter, Fig. 2.14 shows that at all redshifts, o increases with radius,
that is, metals are less well mixed at larger radii. At z = 0 the median is ¢ ~ 0.05 at
R = 4kpc and increases to ~ 0.07 at R = 12kpc for [Fe/H] (= 0.04 to ~ 0.06 for [O/H]).

Fig. 2.14 (bottom row) shows that the distributions are preferentially negatively skewed
at earlier times, but they trend toward Gaussian over time. At R = 8kpc the median
skewness is @ & —0.54 at z = 1 (tiokback = 7-8Gyr) and o ~ —0.21 at z = 0 for [Fe/H]
(v & —0.52 to ~ —0.23 for [O/H]). At earlier times, skewness decreases with radius, from
~ —0.19 at R = 4kpc to ~ —0.58 at z = 1 (= —0.15 to =~ —0.5 for [O/H]). At earlier
times, higher rates of cosmic accretion of pristine gas can skew the distributions negatively,
especially at large radii, where enrichment also is more stochastic given lower star-formation
rates and orbital /mixing times are longer. At later times, as the gas accretion and star-
formation rates decrease, the distributions tend toward Gaussian, as metals become better
mixed within each annulus. At z ~ 0, all radii show abundance distributions consistent with

no skewness at the 1-o level.

2.5. Summary and Discussion

2.5.1. Summary. We use a suite of FIRE-2 cosmological zoom-in simulations of 11
MW /M31-mass galaxies to explore the 3-D spatial variations and evolution of elemental
abundances [O/H], [Fe/H], and [N/H] in gas at z < 1.5 (fiookback < 9.4 Gyr), to understand
the birth conditions of stars to inform the efficacy of chemical tagging of stars. While many
stars form prior to z = 1.5, the last ~ 10 Gyr mark the primary epoch of disk assembly,

which is where we are primarily interested in chemically tagging stars. Our main results are:
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o Vertical gradients: are negligible. Abundances in gas are well mixed vertically at
all times. At R = 8kpc, the mean deviation in [O/H] at 1kpc from the galactic
midplane is < 0.01 dex at all times. The inner ~ 200 pc of the disks, where the ma-
jority of star formation for z < 0.5 occurs, is approximately uniform in abundance
(JA[O/H]| < 0.002dex) at all times. The inner ~ 1.5kpc of the disks, where the
majority of star formation for z > 0.5 occurs has minimal vertical variation in abun-
dance |A[O/H]| < 0.01dex at all times. Thus there is minimal vertical information
for chemical tagging.

e Radial gradients: are negative at all times and for all abundances, with a maximum
steepness of ~ —0.03dexkpc™ at z = 0 and a minimum of ~ —0.01 dexkpc™!
at 2 2 1 (tiokback = 7-8Gyr). Radial gradients become steeper over time, be-
cause the disks become more rotationally supported and are better able to sustain
a gradient against radial mixing, as noted in analysis of FIRE-1 simulations in Ma
et al. (2017a). [N/H] has a steeper gradient at all times, because their production
is dominated by stellar winds, whose mass-loss rates increase with metallicity in
our simulations, enhancing the discrepancies between metal-rich and metal-poor re-
gions. [O/Fe] shows little variation with redshift, and is approximately flat across
the disk indicating it provides limited discriminating power for chemically tagging
birth radii. Our [O/H]| gradients broadly agree with most observations of nearby
MW-mass galaxies, including M31, at the 1 or 2-o level, though our gradients are
somewhat steeper on average. By contrast, our gradients are somewhat shallower
than most observations of the MW, though they agree at the 1 or 2-¢ level with 9
of 13 MW observations.

o Azimuthal scatter: systematically decreases over time for all abundances, from

~ 0.2dex at z = 1.5 (tiookback = 9.4 Gyr) to = 0.05dex at z = 0 for [O/H] and

[Fe/H] around the entire disk at R = 8 kpc. This evolution is a result of higher gas
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accretion and also star-formation rates at earlier times, which lead to stronger varia-
tions in abundances on small scales, especially at larger radii, where orbital /mixing
timescales are longer. The azimuthal scatter in [N/H] is larger (by &~ 0.01 dex at
R = 8kpc) at all times than in [Fe/H] or [O/H], for the same reasons as above.
Azimuthal variations reduce somewhat with smaller azimuthal aperture. However,
even in angular bins as small as ~ 350 pc, they remain ~ 0.04dex at z = 0 and
~ 0.1dex at z = 1 (fiookback = 7.8 Gyr) for [O/H] and [Fe/H]. We emphasize that our
azimuthal bins do not center on GMCs or star-forming regions, so our results probe
the homogeneity of effectively random patches of gas. We find good agreement be-
tween our azimuthal scatter in [O/H] in gas at z = 0 (= 0.05 dex) and observations
of nearby galaxies (Sakhibov et al., 2018; Kreckel et al., 2019, 2020).

Azimuthal versus radial scatter: At early times, the azimuthal scatter was larger
than the radial variation for all abundances. We quantify the redshifts when the
radial variation (across AR = 8kpc) first dominates over the azimuthal scatter,
finding a median of z &~ 0.9 (j00kback = 7.4 Gyr) at R = 4kpc and 2z = 0.6 (ti00kback ~
5.8 Gyr) at R = 12kpc. Before this time, stars born at the same radius could have
the same difference in metallicity as stars born AR 2 8 kpc apart. We also quantify
across time the radial range over which the radial and azimuthal variations are
comparable, ARequaiity. At 2 ~ 0, ARequaiity is small at ~ 1.8kpc, but at z 2 1
(tiookback 2 7-8 GYT) ARequaiity 1S larger than the size of the disk. These results
indicate that azimuthal variations in abundances provide the dominant information
content for chemical tagging for stars formed 2 6 Gyr ago, so future approaches
to chemical tagging of stars should start to incorporate/model these significant

azimuthal variations.
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e Measurable homogeneity: We quantified the radial scales across which our gas disks
are effectively homogeneous in a measurable sense, given representative measure-
ment uncertainties. For an uncertainty in elemental abundance of 0.05 dex, our gas
disks are measurably homogeneous across AR ~ 1.7kpc at z = 0 and AR = 3.5kpc
at z 2 0.75 (tiookback = 6.6 Gyr). Moreover, azimuthal variations at R 2 8kpc are
larger than 0.05 dex at all times. Thus, for any measurement uncertainty at or below
this, using chemical tagging to measure birth radius is limited not by measurement
uncertainty but instead by azimuthal variations. These results inform the needed
precision for observations, given targeted precision for chemical tagging of stars
across age/time. For example, if one only cares about modeling birth radius, there
is little-to-no benefit in measuring a stellar abundance to better than ~ 0.05 dex.

e FElemental abundance distributions: We measured the full distributions of elemental
abundances in radial annuli and fit them with skew normal distributions. The skew
normal distributions fit these distributions reasonably well, but there are failure
modes that become more common at higher redshift, most notably underfitting
the negative tails of the distribution and simultaneously underfitting the positive
and negative tails. We find typically negatively skewed normal distributions at
2 21 (tookback = 7-8 Gyr), with stronger negative skewness at larger radii. The

~Y ~Y

distributions evolve toward approximately Gaussian distributions at all radii by

z=0.

2.5.2. Discussion. The primary goal of this paper is to understand the homogeneity
of gas as a proxy for the birth conditions of stars across space and time, as a first step
to understanding the efficacy of chemical tagging in a cosmological context. There are
caveats to our analysis, though. Namely, our analysis is performed looking at individual
elements, with the exception of [O/Fe|. Examining multi-element abundance distributions

may well offer more discerning power. Our analysis of [O/Fe] suggests that this may be
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limited. Furthermore, uncertainty in our fiducial diffusion coefficient leads to uncertainty in
our small scale azimuthal abundance scatter, as seen in Appendix. A.3.

Additional complications arise when comparing our simulations to observational data.
We present results in the context of constraining chemical tagging in the MW, but our sim-
ulations are not exact MW-analogs. Also, when comparing the redshift evolution of our
results to observations of external galaxies, we track the evolutionary history of individual
galaxies across time, as opposed to measuring properties of different galaxies at fixed mass
across time. For all of our comparisons to observations, we explore all gas whereas ob-
servers typically measure abundances in HII regions specifically. However, Hernandez et al.
(2021) compared observations of ionized and neutral gas-phase abundance gradients in M83,
finding gradients for neutral gas to be —0.17 dexkpc™" and gradients for ionized gas to be
—0.03dexkpc™t. This might imply that our measured gradients are much flatter than one
would expect, given observations. Hernandez et al. (2021) did the same analysis excluding
the nuclear region of M83 and found the neutral gas to be in much better agreement with
ionized gas (a gradient of —0.02dexkpc™'. Additionally, we compare to observations which
have measurements in broadly similar physical regions to those we analyze in the simulations,
but they are not exactly the same.

We compared against observations of radial gradients in the MW, M31, and similar-
mass galaxies at z = 0, finding broad agreement. We also connect our evolutionary trends
with high-redshift observations of gas-phase abundances. In particular, we find that our
MW /M31-mass galaxies all have negative radial gradients at z ~ 0 but had nearly flat radial
gradients at z > 1 (where the average stellar mass of the hosts is Mgy &~ 1.74 x 101°M,).
This trend agrees well with many observations of comparable mass galaxies at these higher
redshifts (e.g. Queyrel et al., 2012; Stott et al., 2014; Wuyts et al., 2016; Patricio et al., 2019;
Curti et al., 2020). However, some observational works have found strong negative radial

gradients at these masses and redshifts (Wuyts et al., 2016; Carton et al., 2018; Wang et al.,
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2020). Furthermore, while less common than negative radial gradients, some observations
find some positive radial gradients at these redshifts as well (Queyrel et al., 2012; Wuyts
et al., 2016; Carton et al., 2018; Wang et al., 2020) which we do not find in any of our galaxies.
In general, we find that the steepening of radial gradients with time in our simulations is
consistent with observational results and follows the quantitative trends in other theoretical
analyses, both in simulations (e.g Ma et al., 2017a) and in metallicity-evolution modeling
(Sharda et al., 2021).

One of the most important aspects of our analysis is quantifying azimuthal variations in
gas abundances and comparing their strength relative to radial gradients across cosmic time.
With the advent of integral field spectroscopy, observations have begun characterizing 2-D
abundance distributions in nearby galaxies. These works (Sanchez et al., 2015; Vogt et al.,
2017; Ho et al., 2017, 2018) all find non-trivial azimuthal variations in nearby galaxies, for
example, Kreckel et al. (2019) found variations of ~ 0.05 dex at fixed radius, which agrees well
with our results. However, some observations (e.g. Zinchenko et al., 2016) found no evidence
for large-scale azimuthal variation in nearby galaxies. One of our key results/predictions is
the evolution of azimuthal variations, which we predict were stronger at higher redshifts.
Observations of gravitationally lensed systems now allow sub-kpc measurements at high
redshift (Jones et al., 2013, 2015), making it possible to test this predicted evolution in more
detail.

Kreckel et al. (2020) examined azimuthal variations in gas-phase [O/H] across eight
nearby galaxies using PHANGS-MUSE optical integral field spectroscopy. While our tech-
nique for measuring azimuthal variations are not exactly comparable to their methods, we
find similar results. In our analysis we focus on scatter in all gas by measuring a mean scat-
ter in angular bins of varying size, so we in effect measure the azimuthal inhomogeneities
of random patches of gas at a given radius. In contrast to this, Kreckel et al. (2020) mea-

sure abundances specifically in HII regions and determine scatter by first subtracting off the
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radial gradient and then centering apertures of various sizes on individual HII regions and
measuring the scatter between the HII regions contained within the aperture. They find a
slight scale dependence associated with the scatter, which we also see at z = 0, with the
scatter on scales larger than ~ 3kpc being ~ 0.05dex. The small-scale scatter in Kreckel
et al. (2020) (= 0.02dex) is slightly smaller than the z = 0 scatter we observe, but this
could be attributed to the discrepancy in our methods. HII regions are likely better mixed
in abundances than random patches of gas, so our analysis may be artificially inflating the
typical azimuthal scatter of the gas from which stars are forming. However, centering on HII
regions is beyond the scope of our analysis, and in future work we will examine azimuthal
variations in newly formed stars, which may be closer to the values in HII regions.

Krumholz & Ting (2018) derived the expected correlation function of metal distribution
in galaxies across space and time using a stochastic diffusion model. While we did not explore
the correlation function of metals, we did examine homogeneity as a function of azimuthal
scale, which we can compare broadly with their work. They found that gas-phase abundances
produced primarily through core-collapse supernovae, in MW-like conditions near the solar
circle, are correlated on scales of ~ 0.5 — 1kpc giving an expected scatter of 0.04 — 0.1 dex.
From fully cosmological simulations our results for azimuthal scatter on scales of ~ 1kpc
near the solar cylinder agree well with their predicted range.

All of our results agree with Ma et al. (2017a), who analyzed radial gradients of abun-
dances in the FIRE-1 simulations across a much wider galaxy mass range. In comparing
with other theoretical /simulation works, our gradients in [O/H] at z = 0 fall between the
gradients Hemler et al. (2021) measured in the TNG50 simulations (= —0.02dexkpc™!)
and the gradients Gibson et al. (2013) measured in the MaGICC and MUGS simulations
(= —0.04dexkpc™'). In particular, Hemler et al. (2021) found a gradual flattening of the
gradients with time, which could come from an ‘inside-out’ growth of galaxies wherein star

formation, hence elemental enrichment, proceeds from the inner galaxy to the outer galaxy
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(e.g. Prantzos & Boissier, 2000; Bird et al., 2013). The flat(ter) radial gradients at ear-
lier times in our galaxies result from higher turbulence and outflows that frequently eject
much of the ISM at those times, perturbations such as mergers and rapid gas infall result
in the velocity dispersion of gas particles dominating over their rotational velocity leading
to galaxy-scale radial mixing (Ma et al., 2017a). As the disk settles over time, it becomes
more rotationally supported, so stronger radial gradients can develop/persist. Our results
qualitatively agree with those of the EAGLE simulations (Tissera et al., 2019), though as
with TNG50, Tissera et al. (2019) found [O/H] gradients that are slightly shallower than
ours, ~ —0.011 dexkpc™' at z = 0.

The evolution of our gas-phase abundance gradients disagrees with Agertz et al. (2021),
who analyzed the VINTERGATAN simulation of the m12i initial conditions, performed
using the adaptive mesh refinement code RAMSES. They found that the gas-phase profile of
[Fe/H] becomes shallower over time (their Fig. 7), compared with our steepening with time.
One possible explanation is the difference in hydrodynamic solvers: we use the mesh-free
finite-mass (MFM) quasi-Lagrangian method in G1zMO, coupled with explicit modeling of
sub-grid mixing, while the AMR simulation of VINTERGATAN induces significantly more
mixing in gas (complete mixing on the scale of an individual cell), which may contribute
to the flattening of their gradient over time. However, as shown in Appendix. A.3, the
qualitative steepening of the gradient we observe with time is independent of the strength
of our diffusion coefficient.

Galactic evolution models often simplify the abundance distributions of gas in galaxies
to a 1-D model (e.g. Minchev et al., 2018; Molla et al., 2019a; Frankel et al., 2020), with
azimuthal scatter assumed from measurements at z = 0. While this is a useful first step
in understanding the abundance evolution of galaxies and testing chemical tagging, our
results mean that this simplifying assumption overestimates the radial information content

in elemental abundances, including how well chemical tagging can constrain the birth radius

o6



of a star. On the one hand, the non-trivial azimuthal scatter that we find, especially at
earlier times, complicates modeling the abundances of stars at a given radius. On the other
hand, this likely makes individual GMCs more elementally distinct at fixed radius, providing
greater discriminating power, as we will explore in future work. However, we do not explore
the homogeneity of individual GMCs in this work. Recent work has started to pursue 2-D
abundance evolution models (e.g. Moll4 et al., 2019b) which may address this question, works
such as Spitoni et al. (2019) find azimuthal abundance variations on the order of 0.1 dex,
twice what we find at z = 0 in our simulation suite.

Related to our analysis of a transition epoch, after which radial variations dominate
over azimuthal scatter as the disk settles, Yu et al. (2021) examine the transition epoch from
‘bursty’ to ‘steady’ star formation and disk settling in the same simulations. We checked that
their measurement of this bursty/steady transition agrees moderately well with the transition
epoch that we present here, at least at smaller radius (4kpc). We find weaker agreement
for our transition times at larger radii (8 and 12kpc). Furthermore, our transition times are
consistently earlier (~ 3Gyr at R = 4kpc and ~ 1Gyr at R = 12kpc) than those in Yu
et al. (2021), with the transition times on average being more similar at larger radii. Thus,
we find a broad correlation between the transition from bursty to smooth star formation and
the transition from azimuthal to radial abundance variations, but with significant scatter
and some time delay.

Our simulations show the importance of considering azimuthal variations in addition
to radial variations when studying gas-phase elemental abundance distributions. This is
particularly important in the context of chemical tagging; in order to accurately identify the
birth locations of stars using elemental abundances the initial conditions of stars need to be
well defined. As we showed in Section. 2.4.5 azimuthal variations in abundance are greater
than or comparable to radial variations at earlier times, so chemical tagging models that

only account for radial variations will fail to accurately capture the scatter in abundances at
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a given radius. This could lead to incorrectly assigning stars as co-natal, or vice versa. We
also fit the elemental distributions of our galaxies at different radii at different times, finding
that they shift from negative to zero skewness over time. While skew-normal fits are not a
perfect fit for the elemental distributions of our galaxies at all redshifts, they more accurately
represent the distributions than a Gaussian. Thus, using our measured distributions would
be a useful step in building more accurate abundance evolution models including for chemical
tagging.

Next generation telescopes are crucial for testing the predictions of gas-phase abundance
homogeneity presented in this work, particularly the predictions for azimuthal scatter at high
redshifts. Current measurements of azimuthal scatter in abundances have been restricted
to nearby galaxies. However, with the advent of JWST NIRSPec IFU and next-generation
adaptive-optic IFUs on telescopes like IRIS and TMT, spatially resolved measurements of
metallicities in distant galaxies are feasible, providing tests of our predictions for azimuthal
scatter and the transition redshifts when it becomes sub-dominant.

This work is the first step of testing the limits of chemical tagging in the FIRE simulations.
In the future we will examine the degree to which these results for gas are mirrored in newly
formed stars across time. Combining those results with measurements of the dynamical
evolution of stars in our simulations, we more directly will test the efficacy of chemical

tagging of stars in the FIRE simulations.
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CHAPTER 3

3D elemental abundances of stars at formation across the histories

of Milky Way-mass galaxies in the FIRE simulations

Published as Matthew Bellardini, Andrew Wetzel, Sarah Loebman, and Jeremy Bailin
in Monthly Notices of the Royal Astronomical Society, Volume 514, Issue 3, August 2022,

Pages 4270-4289, https: //dot. org/ 10. 1093/ mnras/ stacl1637

3.1. Abstract

We characterize the 3-D spatial variations of [Fe/H], [Mg/H], and [Mg/Fe] in stars at the
time of their formation, across 11 simulated Milky Way (MW)- and M31-mass galaxies in
the FIRE-2 simulations, to inform initial conditions for chemical tagging.The overall scatter
in [Fe/H] within a galaxy decreased with time until ~ 7 Gyr ago, after which it increased to
today: this arises from a competition between a reduction of azimuthal scatter and a steep-
ening of the radial gradient in abundance over time.The radial gradient is generally negative,
and it steepened over time from an initially flat gradient = 12 Gyr ago.The strength of the
present-day abundance gradient does not correlate with when the disk ‘settled’; instead,
it best correlates with the radial velocity dispersion within the galaxy.The strength of az-
imuthal variation is nearly independent of radius, and the 360 degree scatter decreased over
time, from < 0.17dex at £, = 11.6 Gyr to ~ 0.04 dex at present-day.Consequently, stars at
ty, 2 8 Gyr formed in a disk with primarily azimuthal scatter in abundances.All stars formed
in a vertically homogeneous disk, A[Fe/H|< 0.02 dex within 1kpc of the galactic midplane,
with the exception of the young stars in the inner ~ 4kpc at z ~ 0.These results generally

agree with our previous analysis of gas-phase elemental abundances, which reinforces the
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importance of cosmological disk evolution and azimuthal scatter in the context of stellar

chemical tagging. We provide analytic fits to our results for use in chemical-tagging analyses.

3.2. Introduction

Accurate models to describe the formation of the MW are crucial for interpreting and
guiding observations of it. Current observational surveys, such as GALactic Archaeology
with Hermes (GALAH; De Silva et al., 2015; Buder et al., 2018), Gaia-ESO (Gilmore et al.,
2012), the Large Area Multi-Object Fiber Spectroscopic Telescope (LAMOST; Cui et al.,
2012), and the Apache Point Galactic Evolution Experiment (APOGEE; Majewski et al.,
2017; Ahumada et al., 2020; Jonsson et al., 2020), have measured abundances for hundreds
of thousands of stars, and future surveys, including the Sloan Digital Sky Survey V (SDSS-
V; Kollmeier et al., 2017), 4-metre Multi-Object Spectrograph Telescope (4MOST; De Jong
et al., 2019), the WHT Enhanced Area Velocity Explorer (WEAVE; Dalton et al., 2012),
and the MaunaKea Spectroscopic Explorer (MSE; The MSE Science Team et al., 2019) will
extend the number of spectroscopically observed stars to the millions. These data, combined
with high-fidelity models of galactic elemental enrichment, can offer tremendous insight into
the formation history of the MW via ‘chemical-tagging’ (Freeman & Bland-Hawthorn, 2002).

Chemical tagging is a technique that leverages the elemental abundances of stars as an
invariant to connect present-day observations of stars with their birth locations and times.
By contrast, stellar orbital parameters change with time from mergers, accretion, and other
dynamical scattering processes (for example Sellwood & Binney, 2002; Brook et al., 2004;
Roskar et al., 2008a; Schénrich & Binney, 2009; Loebman et al., 2011).

One can consider chemical tagging in two regimes. ‘Strong’ chemical tagging associates
stars with their birth cluster (for example Price-Jones et al., 2020), while ‘weak’ chemical
tagging associates stars with their general birth time and location within the galaxy (for

example Wojno et al., 2016; Anders et al., 2017). Crucially, either form of chemical tagging
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relies on assumptions about the evolution of the spatial distribution of elemental abundances
within a galaxy.

In the case of strong chemical tagging, gas clouds from which stars form must be suffi-
ciently internally homogeneous, and the elemental abundances of individual gas clouds must
be sufficiently unique from one another. Observations of star clusters indicate this first as-
sumption is valid (for example Ting et al., 2012; Bovy, 2016). The extent to which the second
requirement is met is less certain: observations of the MW and external galaxies indicate
radial and azimuthal variations (for example Sanchez-Menguiano et al., 2016; Moll4 et al.,
2019b; Wenger et al., 2019; Kreckel et al., 2020) that could represent sufficiently unique
abundances of star clusters.

Weak chemical tagging relies on similar assumptions applied instead to larger regions of
the disk, for example, different stars at a given radius have homogeneous abundances that
are elementally distinct from stars at other radii. In the extreme limits, one could imagine
an elementally homogeneous disk, or an extremely clumpy disk in which all star clusters have
unique abundances. The former would provide no spatially discriminating power, whereas
the latter would in principle provide complete birth information, but would require complex
models.

Critically, chemical tagging techniques rely on accurately modeling the evolution of the
spatial scale of elemental abundance homogeneity of stars at birth. This provides constraints
on the precision with which one chemically can tag stars. Bland-Hawthorn et al. (2010)
previously explored this with a toy model and showed that most star clusters with masses
below ~ 10° are internally homogeneous, but more work is needed to address the local and
global degree of elemental abundance homogeneity in the MW.

Many works have measured the present abundance variations of stars in the MW. These
observations indicate that the MW stellar disk has a negative vertical gradient, with more

meta-rich stars closer to the disk midplane (for example Cheng et al., 2012; Carrell et al.,
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2012; Boeche et al., 2014; Hayden et al., 2014), although the exact magnitude of the gradient
varies between observations and exhibits radial dependence (Hayden et al., 2014). Addition-
ally, a multitude of observations show that the stellar disk of the MW has a negative radial
gradient in abundances (for example Boeche et al., 2013, 2014; Anders et al., 2014; Mikolaitis
et al., 2014; Donor et al., 2018, 2020). However, the measured radial gradient varies signif-
icantly between observations, as well as varying with distance from the galactic midplane
(for example Boeche et al., 2014; Hayden et al., 2014; Mikolaitis et al., 2014). Furthermore,
Wang et al. (2019) showed that the magnitude of radial and vertical gradients is sensitive to
stellar age.

Understanding how these variations change across cosmic time is imperative for chemical
tagging. An often assumed consequence of ‘inside-out’ galaxy formation (Matteucci & Fran-
cois, 1989; Bird et al., 2013) is that, at larger lookback times, stellar disk radial gradients
were steeper, and they have flattened with decreasing lookback time. This comes (naively)
from assuming the strength of the abundance gradient necessarily follows from the strength
of the overall surface-density gradient. Observations of mono-abundance stellar populations
in the MW typically find older stellar populations have shallower metallicity gradients (e.g.
Anders et al., 2017; Vickers et al., 2021), which these authors attribute to radial redistribu-
tion processes flattening the gradients of the oldest populations. However, another possibility
is that older stars formed when the MW had a shallower radial gradient, that is, the MW’s
gradient has steepened over time.

The abundances of stars at formation trace that of gas, and both theoretical models and
observations suggest that gradients steepen with time, though with significant uncertainty
(see Molld et al., 2019a, and references therein). Analyzing the FIRE-1 and FIRE-2 cos-
mological simulations of MW-mass galaxies Ma et al. (2017a) and Bellardini et al. (2021,
hereafter B21) found that gas-phase abundance gradients steepen with decreasing redshift.

The more analytic model for the evolution of gas-phase metallicity gradients by Sharda
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et al. (2021) also indicates gradients tend to steepen with decreasing redshift, however, they
may flatten between redshift ~ 0.2 and redshift 0. Additionally, high-redshift observations
indicate gas-phase abundance gradients steepen with decreasing redshift (e.g. Curti et al.,
2020).

In addition, several observations indicate that young stars show azimuthal variations in
abundances across a galaxy (e.g. Luck et al., 2006; Lemasle et al., 2008; Pedicelli et al., 2009).
Looking at B-type stars within 500 pc of the sun, Nieva & Przybilla (2012) found a scatter of
~ 0.05dex in [O/H]. Recently, using APOGEE data, Ness et al. (2022) determined that the
median scatter in stellar abundance at fixed radius and time is 0.01 —0.15 dex for abundances
generated via supernovae. However, in general, the evolution of azimuthal scatter of stellar
abundances in the MW and MW-mass galaxies is not well understood, because it requires
spatially resolved measurements of stellar abundances at high redshifts of lower-mass galaxies
that are analogous to a MW progenitor.

Recent simulation work has emphasized the existence of azimuthal variations at z = 0.
Solar et al. (2020) studied young star particles in 106 disks from an EAGLE simulation (Ref-
L025N0752, initial gas mass resolution of 2.26 x 10°M,) and found the azimuthal variations
lead to a scatter of ~ 0.12dexR_; in the [O/H] radial gradient. Other simulation work
(e.g. Grand et al., 2016; Di Matteo, 2016) has shown that azimuthal variations can arise
in older stars within spiral galaxies because of streaming motion along non-axisymmetric
features like bars and spiral arms. However, as of yet, cosmological simulations have not
characterized the evolution of these azimuthal variations, especially for stars at the time of
their formation, to provide context for chemical tagging.

In this paper, we characterize and provide fits for the cosmic evolution of 3-D abundance
patterns in newly formed stars as a function of lookback time, to inform the initial conditions
of stellar abundance distributions (prior to any post-formation dynamical changes), to inform

the precision with which chemically tagging can recover stellar birth location and time. This

64



Siation Mgter R;‘Banall R;t(:)ar,young Ex.situ
[1019M] [kpc] [kpc] percent
m12m?! 10.0 11.9 12.7 6.8
Romulus? 8.0 14.8 16.9 8.2
m12b3 7.3 9.2 11.6 4.7
m12f* 6.9 13.5 17.0 3.0
Thelma? 6.3 11.7 15.1 3.2
Romeo? 5.9 14.2 16.8 2.9
m12i° 5.3 10.1 12.7 2.2
m12¢c3 5.1 9.2 11.8 5.2
Remus? 4.0 12.4 16.2 5.7
Juliet3 3.3 9.5 16.0 2.8
Louise? 2.3 12.6 17.3 1.9
Mean | 5.9 11.7 14.9 4.2

TABLE 3.1. Stellar properties at z = 0 of our FIRE-2 MW /M31-mass galax-
ies. The first column lists the name of each simulation, the second column
lists the stellar mass of the disk (see B21). The third and fourth columns list
the cylindrical R§, (the cylindrical radius which includes 90% of the stellar
mass) calculated using all stars and young (age < 250 Myr) stars, respectively,
within a spherical aperture of radius < 30kpc at z = 0. The fifth column lists
the percentage of ex-situ stars, which we define to be stars that formed be-
yond a spherical radius r > 30 kpc comoving. The publication that introduced
each simulation is: Hopkins et al. (2018)!, Garrison-Kimmel et al. (2019b)?
Garrison-Kimmel et al. (2019a)3, Garrison-Kimmel et al. (2017)*, Wetzel et al.
(2016)°.

builds upon our previous analysis (B21), where we explored the evolution of the elemental

abundance distribution of all gas as a proxy for newly formed stars.

3.3. Methods

3.3.1. FIRE-2 Simulations. We use two suites of cosmological zoom-in simulations
from the Feedback In Realistic Environments (FIRE) project’ (Hopkins et al., 2018). We
use 5 MW /M31-mass galaxies from the Latte suite (introduced in Wetzel et al., 2016), which

have halo masses Magm = 1 — 2 x 10'2M,,, where Mgy, refers to the total mass within the

IFIRE project web site: http://fire.northwestern.edu
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FIGURE 3.1. Formation histories of our 11 MW /M31-mass galaxies. We in-
clude all ‘in-situ’ stars that formed within a spherical radius r < 30 x akpc
that remain within a geometrically defined disk (cylindrical radius R < 20kpc
and vertical height |Z| < 3kpc) at z = 0. We show the average across iso-
lated galaxies (blue), LG-like galaxies (orange), and all galaxies (black). We
also show the 1 — o scatter as shaded regions. Top: Cumulative stellar mass
formed. While the isolated galaxies end up at slightly higher stellar mass
at z = 0 (on average), the LG-like galaxies formed systematically earlier, as
explored in Santistevan et al. (2020). Middle: Stellar [Fe/H], as a proxy for
overall metallicity. The black dashed line shows our best fit (see Section 3.4.9).
[Fe/H] increased until it saturated at ~ 0.03 dex, although the full galaxy sam-
ple spans —0.1 — 0.20 dex at z = 0. The LG-like hosts experienced more rapid
[Fe/H] enrichment at early times, with some reaching [Fe/H] = —0.5 ~ 10 Gyr
ago. Bottom: The scatter in [Fe/H] across the entire galaxy. The scatter at
fixed age (time) was high for the oldest stars, then decreased over time down to
a minimum =~ 7 Gyr ago, after which it increased again to z = 0. Competition
between decreasing bursty/clumpy star formation and increasing steepness of
the radial gradient in [Fe/H]| drive this shape.
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FIGURE 3.2. The stellar radius, which encloses 90% of the stars within r <
30kpc comoving (Rs,), of the galaxies across time. We smooth all lines with
a Gaussian filter with o = 250 Myr. The dashed lines show Rj, using only
newly formed stars (ages < 250 Myr), and the solid lines show Rj, for all
stars. The lines show the mean R, for isolated (blue), LG-like (orange), and
all galaxies (black), with the shaded regions showing the range of the full
distribution across our sample. R, grew larger with time, reflecting inside-
out radial growth. Prior to ~ 7.5 Gyr ago, the size of the disks as determined
by young versus all stars were similar. After that, R, for young stars is larger
than for all stars. Additionally, the sizes of disks of young stars in the LG-like
galaxies are, on average, larger than those of isolated galaxies at late times.
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radius within which the mean density is 200 times the mean matter density of the universe.
The initial baryon particle mass in the simulations is 7070M, (however stellar mass loss leads
to star particles having masses of ~ 5000Mg, at z = 0), and the dark-matter mass resolution
is 3.5 x 10°M. Star and dark-matter particles have fixed gravitational force softenings
(comoving at z > 9 and physical at z < 9) with a Plummer equivalent of €., = 4 pc and
€am = 40 pc. Gas cells have fully adaptive softening, which matches the hydrodynamic kernel
smoothing, reaching a minimum softening length of 1 pc.

We also include 6 galaxies from the ‘ELVIS on FIRE’ suite of LG-like MW-+M31 pairs
(Garrison-Kimmel et al., 2019a,b). These have mass resolution ~ 2x better than Latte: the
Thelma & Louise simulation has initial baryon particle masses of 4000M and the Romeo
& Juliet and Romulus & Remus simulations have initial baryon masses of 3500M.

All simulations use the FIRE-2 numerical implementations of star formation, stellar feed-
back, and fluid dynamics (Hopkins et al., 2018) using the Meshless Finite Mass hydrody-
namics method of G1zMO (Hopkins, 2015). GIZMO conserves mass, energy, and momentum
of particles to machine accuracy while enabling the adaptive hydrodynamic smoothing of
gas elements based on their density.

The FIRE-2 model incorporates physically motivated models of star formation and stellar
feedback. All simulations include the cosmic ultraviolet background from Faucher-Giguere
et al. (2009). Gas cells experience metallicity-dependent radiative heating and cooling pro-
cesses (across a temperature range of 10 — 10'°K) including free-free, photoionization and
recombination, Compton, photo-electric and dust collisional, cosmic ray, molecular, metal-
line, and fine structure processes, accounting for 11 elements (H, He, C, N, O, Ne, Mg, Si,
S, Ca, Fe). When discussing metallicities in this paper, we scale all elemental abundances
to the solar values from Asplund et al. (2009).

Critical for our analysis, the simulations also model the sub-grid diffusion/mixing of

elements in gas via turbulent eddies (Su et al., 2017; Escala et al., 2018; Hopkins et al., 2018).
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B21 showed that the details of this implementation strongly affect small scale azimuthal
abundance homogeneity. However, large scale azimuthal abundance variations, as well as
vertical and radial trends are largely independent of the strength of our the sub-grid diffusion.

Stars form from gas that is self-gravitating, Jeans-unstable, cold (T < 10*K), and molec-
ular (following Krumholz & Gnedin, 2011). A newly formed star particle inherits the mass
and elemental abundances of its progenitor gas cell. Each star particle represents a sin-
gle stellar population, assuming a Kroupa (2001) stellar initial mass function, which evolves
along standard stellar population models. We model time-resolved stellar feedback processes
such as continuous mass loss from stellar winds, core-collapse and la supernovae, radiation
pressure, photoionization, and photo-electric heating. We follow a combination of models
(Van den Hoek & Groenewegen, 1997; Marigo, 2001; Izzard et al., 2004) synthesized in
Wiersma et al. (2009) to model stellar winds and their yields. The rates of core-collapse and
Ia supernovae come from STARBURST99 (Leitherer et al., 1999) and Mannucci et al. (2006)
respectively. FIRE-2 nucleosynthetic yields follow Nomoto et al. (2006) for core-collapse and
Iwamoto et al. (1999) for Ia supernovae.

We generated cosmological zoom-in initial conditions for all simulations embedded within
cosmological boxes with side length 70.4 — 172 Mpc, at z &~ 99 using MUSIC (Hahn & Abel,
2011). The simulations assume flat ACDM cosmology with parameters broadly consistent
with the Planck Collaboration et al. (2020): h = 0.68 — 0.71, 2, = 0.69 — 0.734, Q,, =
0.266 — 0.31, €, = 0.0455 — 0.048, 0z = 0.801 — 0.82 and ny, = 0.961 — 0.97. For each
simulation we save 600 snapshots from z = 99 to z = 0, with typical time spacing of
< 25 Myr.

We present the mass, size, and the ex-situ percentage of stars for all galaxies in our
analysis in Table 3.1. We present the mass of all galaxies as measured in B21. We show
our method for determining the size of the galaxies in Section 3.4.1. We define the ex-situ

fraction as the fraction of stars currently within the galactic disk (defined geometrically with
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cylindrical radius R < 20kpc and vertical height |Z| < 3kpc) that formed outside of the
spherical aperture of r = 30kpc comoving. We tested using a fixed spherical aperture of
30kpc rather than a scale factor dependent aperture and found systematically larger disks
at ty, = 6 Gyr largely driven by merger activity. We choose a scale factor dependent initial

aperture to remove biases in Ry driven by starbursts in merging or close orbiting satellites.

3.3.2. Measuring stars at formation. We include only stars that end up within a
geometrically defined disk at z = 0 (R < 20kpc and |Z| < 3kpc). We present all results in
terms of the properties of these stars at the time of their formation, to inform the ‘initial
conditions’ for chemical tagging. Specifically, for each formation time, we look at stars in age
bins of width 500 Myr and further subdivide these into 50 Myr age bins. We then analyze
each 50 Myr age bin separately, and average the results of the 10 bins corresponding to the
500 Myr time window. This makes no difference to the radial and vertical trends we present,
but is important for the azimuthal variations as, given the differential rotational dynamics
of the disk, a 500 Myr age bin is larger than an orbital time.

To measure radial abundance profiles we first subdivide the stellar disk into annular
bins of width 1kpc and height < 1kpc. For each 50 Myr age bin, within each annular bin,
we store the mass-weighted mean stellar abundance. The total abundance profile is the
mass-weighted mean of the profiles in each of 10 age bins making up the full 500 Myr age
range.

To measure vertical abundance profiles, we first define annuli at different radii with width
2kpc. We subdivide the annuli vertically into slices of height 100 pc. Using the absolute
vertical height of star particles, we measure the mass-weighted mean profile in the same way
as for the radial abundance profiles.

For the azimuthal abundance variations, we first define annuli at different radii with
width 1kpc and vertical height < 1kpc. We analyze the azimuthal scatter at different

scales. For various arclengths we subdivide each annulus into angular bins (the angular
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bin sizes are defined such that 360° mod ¢ is zero, where ¢ is the angular size of the bin
in degrees). The smallest arclength is no smaller than the 1kpc width of the annulus and
the largest arclength is the full annulus. For each 50 Myr age bin we measure the mass-
weighted standard deviation of stellar abundances in each angular bin containing at least
3 star particles. For each size angular bin we report the average standard deviation as the
mass-weighted mean of the standard deviation across all bins, for example, we average 10
bins at 360°, 20 bins at 180°, and so on.

We tested varying the minimum number of particles required per annular bin; for both 5
and 32 particles there is effectively no difference in the large-scale azimuthal scatter. How-
ever, reducing our minimum number of required particles enables us to measure smaller
azimuthal scales. We also experimented with subdividing into different time intervals (25,
50, 100, 250, and 500 Myr intervals) and found that the azimuthal scatter for 50 Myr subdi-
visions was comparable to the azimuthal scatter for 25 Myr time intervals (the approximate
time resolution of snapshots in the simulations) but provided better statistics. Increasing
the time interval beyond 50 Myr increased the azimuthal scatter by up to a factor of ~ 2 at

large lookback times.

3.4. Results

3.4.1. Evolution of galaxy stellar mass, metallicity, and size. Fig. 3.1 shows the
average formation histories of our 11 galaxies versus stellar age. We include stars within
our geometrically defined disk at z = 0 that formed ‘in-situ’, that is, within spherical r <
30 x akpc, where a is the scale factor at the time each star formed, of the main (most
massive) progenitor.

Fig. 3.1 (top) shows the mean cumulative stellar mass of our 11 galaxies versus age. The
blue line shows the isolated galaxies and the orange line shows the LG-like galaxies. The
solid black line shows the mean across all galaxies. The shaded regions shows the 1 — o

scatter. The stellar mass increased from a mean of 5.5 x 10®M, 12 Gyr ago to a mean of
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6.6 x 101°M, today. The average mass of the isolated galaxies is slightly (= 1.4x) larger
than that of the LG-like galaxies at z = 0. The LG-like galaxies show faster mass growth
than the isolated galaxies at early times, in agreement with Garrison-Kimmel et al. (2019b)
and Santistevan et al. (2020). At ¢, 2 8 Gyr, the maximum mass difference between the
LG-like hosts and the isolated hosts is ~ 1.9 x 10°M,.

Fig. 3.1 (middle) similarly shows the mean [Fe/H] of these galaxies for the same stellar
selection. The dashed black line shows our best fit to the overall mean (see Section 3.4.9).
The earlier mass assembly of the LG-like galaxies leads to their slightly higher metallicities
at earlier times, which is even more pronounced in the upper boundary of the distribution
(shaded orange region). At 10Gyr ago, the mean [Fe/H] was ~ —0.75, with our most
enriched (LG-like) galaxy reaching [Fe/H] = —0.5 already at that time. This agrees well with
observations of old stars in the MW bulge (for example Bensby et al., 2017, and references
therein) which find most dwarf stars with [Fe/H] < —0.5 are 10 Gyr or older. However, this
metal enrichment largely saturates at late times: stars younger than ~ 5 Gyr formed with a
small range of [Fe/H] spanning approximately —0.09 — 0.03 dex. Overall, this indicates that
the MW’s LG environment may be key to understanding its early enrichment history.

Fig. 3.1 (bottom) shows the average scatter in [Fe/H] across the entire galaxy as a
function of age. The scatter was larger at early times (that is, for the oldest stars today),
and it decreased over time until ~ 7 Gyr ago. However, after that the scatter increased over
time, with the most recently forming stars having again high scatter. As we will explore
below, this shape arose from the competition between two processes. The initial decrease
in scatter at early time resulted from the decrease in azimuthal scatter as burstiness of star
formation and turbulence in the ISM decreased. Conversely, the increase in scatter at late
times arose from the steepening of the radial gradient. The epoch of minimum scatter in

[Fe/H] (= 7 Gyr ago) therefore coincided with the time at which the radial gradient was equal
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to the azimuthal scatter, that is, when the radial gradient started to overtake the azimuthal
scatter as the dominant source of inhomogeneity across the galaxy (see Section 3.4.7).

To provide context for our results on radial gradients, Fig. 3.2 shows how the galaxy sizes
change with time. At each time, we fit R, simultaneously (iteratively) with Zg,: these two
define the radius and height of a cylinder in which the cumulative stellar mass of stars is 90%
of total mass of stars within a spherical aperture of 30 kpc comoving. The top panel shows
the size of the disk using only newly formed stars, with ages < 250 Myr, while the bottom
panel shows the size of the disk using all stars. Fig. 3.2 shows the mean of the isolated
(blue), LG-like (orange), and of all (black) galaxies as well as the full distribution (shaded
region) of Ry, for the isolated and LG-like hosts.

At lookback times 2 5.5 Gyr ago, the disk size as defined by young stars is smaller than
the disk size as defined by all stars. However, after this, the disk size as determined by all
stars is smaller than that determined by newly formed stars. This reflects the inside-out
radial growth of galaxies: star formation proceeds across larger radii over time (for example
Bird et al., 2013).

We also note size fluctuations at early times, which are similar to the ‘breathing mode’
fluctuations driven by stellar feedback in low-mass galaxies at z ~ 0 (El-Badry et al., 2016);
however, our smoothing of the sizes partially washes out these short-time trends. We also
measured R, within a fixed spherical aperture (not scaling with the expansion scale factor),
and we found overall similar trends, but with substantial scatter and strong fluctuations at
early times, induced by mergers. Additionally, we tested the robustness of these results to
varying the selection region and found no significant difference using a spherical aperture at
z = 0 rather than a cylindrical ‘disk-like’ region.

For both size metrics, the LG-like galaxies have a larger I%§, than the isolated galaxies
at z ~ 0. The difference is larger for young stars, with the LG-like galaxies having disk

sizes ~ 3kpc larger than the isolated galaxies (~ 1kpc larger when measuring all stars).

73



—— ml2m ---- Thelma Remus

Romulus ---- Romeo ---- Juliet
—— ml2b m12i Louise
— ml2f — ml2c m—MeEan

o
IS

©
N

[Fe/H] [dex]
|

5 10 15
Radius [kpc]
FiGURE 3.3. Radial profiles of elemental abundances of stars at formation, for
stars that formed within the last 0.5 Gyr. We include all stars within a vertical
height +1kpc of the disk plane. We list the galaxies by decreasing stellar
mass. The normalization of the [Fe/H] and [Mg/H] profiles scales roughly
with stellar mass. The black line shows the mean, the solid lines show the
isolated galaxies, and the dashed lines show the LG-like galaxies; we find no
systematic differences between the LG-like and isolated galaxies. [Fe/H] and
[Mg/H] both decrease with radius. The decrease is steeper in the inner region
than in the outer region, with the typical transition occurring at R ~ 5.5 kpc.
However, [Mg/Fe] increases with increasing radius, indicating more enrichment
from Ta supernovae in the (older) inner disk than in the (younger) outer disk.
This in turn helps to explain the origin of the gradient for young stars as well
as the break in the abundance profile at R ~ 5.5 kpc.

74



This difference in R§, is consistent with the analysis of a subset of these galaxies (some
at lower resolution, initial baryon mass of 2.8 — 3.2 x 10?M) in Garrison-Kimmel et al.
(2018). We extend this analysis to 6 LG-like galaxies, all at full resolution (initial baryon
mass of 3.5 — 4 x 103Mg). This systematic difference implies that some aspect of the LG
environment causes stars to form across a larger radius after the onset of disk formation
(within the last ~ 8 Gyr), that is, causes more extended disk sizes. As Garrison-Kimmel
et al. (2018) discussed, this may relate to stronger gas torques in LG-like environments,
and/or this may relate to the earlier formation times of galaxies and their halos in LG-like
environments, as Santistevan et al. (2020) showed. We defer a more detailed investigation

to future work.

3.4.2. Radial abundance profiles at present day. We now show results for [Fe/H],
[Mg/H], and [Mg/Fe]. [Fe/H] is an easily measured stellar abundance; it is sourced roughly
equally by Type Ia supernovae and core-collapse supernovae, however, it is the primary metal
produced in Ta supernovae. [Mg/H]| is our representative o element, because it is the most
‘pure’ a element in the FIRE model, sourced almost entirely via core-collapse supernovae.
[Mg/Fe] therefore reflects the relative enrichment from core-collapse versus la supernovae.
We measure Mg as a representative a element rather than O (as in B21), because it is
much easier to measure in stellar atmospheres than O. Thus, comparison of our results with
observations is more straightforward.

Fig. 3.3 (top two panels) shows the radial profiles of [Fe/H] and [Mg/H] for stars younger
than 500 Myr. Similar to our results for gas-phase abundances (B21), the galaxy-to-galaxy
scatter in normalization primarily reflects the stellar mass-metallicity relationship (for ex-
ample Tremonti et al., 2004; Ma et al., 2016). These profiles decrease monotonically with
radius, because newly formed stars reflect the abundance of the gas, which also decreases
with radius, both in these simulations (B21) and in observations (for example Molla et al.,

2019a, and references therein). The decrease in [Fe/H] across 0 — 15kpc is ~ 0.52dex,
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FIGURE 3.4. Top: Surface density versus radius, for all stars (orange), all
gas (pink), and stars younger than 1 Gyr (blue), averaged over our 11 galaxies.
The stellar surface densities exhibit steeper inner profiles (in their bulge-like
regions) and shallower exponential profiles at larger radii. The gas profile is a
shallower exponential at all radii, so gas dominates over stars at R 2 10 kpc.
Bottom: The log ratio of stellar to gas surface density, and the [Fe/H] and
[Mg/H]| radial abundance, versus radius, all normalized to R = 8kpc. The
ratio of young stars to gas (approximately) should dictate the shape of the
abundance profile for newly formed stars. We find reasonable agreement in
the profile shapes at R 2 3.5kpc. However, the surface density ratio rises
more rapidly than the abundances in the inner few kpc (shaded gray), which
may arise from metals being lost to outflows and/or dynamical redistribution
of young stars.
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F1curE 3.5. Radial gradients in [Fe/H] for young (ages < 0.5 Gyr) stars at
z = 0, in the simulations and observed in the Milky Way (MW). For the
simulations, our fiducial gradient is a total gradient (black), defined as the
difference in metallicity between stars at R, and at R = Okpc divided by
Rj,. We also show the inner (orange) and outer (green) gradients of the
stars measured by fitting a piecewise linear function to the radial profile at
R < Rgy. The thick lines show the 68th percentile of the simulations and the
thin lines show the full distribution. We also compare best-fit linear profiles
(red) to observational data (blue) of the MW from Magrini et al. (2009, M09),
Luck & Lambert (2011, L11), Frinchaboy et al. (2013, F13), Genovali et al.
(2014, G14), Cantat-Gaudin et al. (2016, CG16), Cunha et al. (2016, C16),
Netopil et al. (2016, N16), Anders et al. (2017, A17), Wang et al. (2019,
W19), Maciel & Andrievsky (2019, M19), Donor et al. (2020, D20), Spina
et al. (2021, S21), and Zhang et al. (2021, Z21). Circular and star points
show gradients determined via open clusters and individual stars, respectively.
For each observational comparison, we fit the linear profiles in the simulations
over the same radial range as observed. The radial gradients of our simulated
galaxies are less steep than most observations of the MW across the same radial
range. However, the inner gradients in our simulations are more consistent
with the MW. As we showed in B21, these same simulations are steeper in
gas-phase abundance gradients than most nearby MW-mass galaxies.

nearly identical to the ~ 0.55 dex decrease in gas (B21). The decrease in [Mg/H] is weaker,
at &~ 0.39dex. The LG-like galaxies (dashed lines) have marginally steeper gradients in
their outer disks. We explore potential causes of this in Section. 3.4.8 and defer a deeper

investigation to future work.
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Fig. 3.3 (bottom) shows that [Mg/Fe] increases with radius. Core-collapse supernovae
source Mg and Fe relatively equal amounts so decreases in [Mg/Fe| indicate excess enrichment
from type Ia supernovae, which produce more Fe than Mg. The low [Mg/Fe] in the inner
galaxy likely reflects the inside-out radial growth of galaxies (for example Bird et al., 2021)
seen in Fig. 3.2. Because stars in the inner galaxy are older on average, the inner galaxy has
experienced more enrichment from Ia supernovae, while the outer disk is preferentially more
enriched in Mg from core-collapse supernovae. This also explains why the [Fe/H] gradient is
steeper than that of [Mg/H].

Fig. 3.3 also shows that the gradient is not linear: the slope is typically steeper in the
inner region. We measure a break radius for each galaxy by fitting a two-component piece-
wise linear function to each profile. See Fig. B.1 for the break radius of each galaxy.

We explore the surface-density profiles in the galaxies to understand better the driver of
the break in the abundance profile. Fig. 3.4 (top) shows the mean surface density profiles
for stars younger than 1 Gyr (blue), all stars (orange), and all gas (pink) within 1kpc of the
galactic midplane, at z = 0. Fig. 3.4 (bottom) shows the log of the mean ratio of the stellar
to gas surface density for young stars (blue) and all stars (orange), as well as the radial
profiles of [Fe/H] (green) and [Mg/H] (red), all normalized at R = 8 kpc.

The elemental abundance in gas, and therefore in newly formed stars, approximately
should scale with the ratio of stellar to gas mass, at least in the limiting case of instantaneous
local enrichment. This is not the case in the inner ~ 3.5kpc (shaded gray) of the galaxies,
which implies metal loss from the inner galaxy. The details of this are beyond the scope of
this paper, in which we emphasize the disk component.

The radial change beyond ~ 3.5kpc is steeper for all stars than for young stars. This
likely explains the shallower radial gradient seen in [Mg/H]| relative to [Fe/H]. Mg is an «
element and is primarily sourced by young stars in core-collapse supernovae, so the gradient

in [Mg/H] traces the young stellar mass fraction. Fe is sourced roughly equally through
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core-collapse and la supernovae, so [Fe/H]| traces the stellar mass fraction of older stars on
average. Thus a steeper gradient is expected for [Fe/H]| than for [Mg/H].

The slope of the ratio of young-star to gas surface density is similar to that of the radial
abundance profiles beyond ~ 3.5 kpc. This similarity indicates that this ratio, to first order,
determines the abundance profile. Thus, this ratio likely partially drives the breaks in the
abundance profiles. However, on an individual galaxy level, the breaks in the abundance
profiles and the breaks in the young-star to gas surface density profiles are not always in

agreement (see Appendix B.1 for more discussion).

3.4.3. Present-day radial profile compared to observations. Fig. 3.5 (left side)
shows the total radial gradient in [Fe/H] for young (age < 0.5 Gyr) stars across our 11 galaxies
in black, which we define as: the difference in [Fe/H] between R = 0kpc and R = R, divided
by R§:

AfFe/H]ng, _ [Fe/H)(R = 0) — [Fe/H)(R = Ri)
o R iy

Unlike all other results in this paper, here we use the locations of stars at z = 0, rather than
their formation locations, to compare with observations (notably this changes the gradients
by < 0.002dexkpc " on average). The thick line shows the 1 — o scatter and the thin line
shows the full distribution. The median [Fe/H] gradient is —0.036 dex kpc™' with the full
range of gradients spanning —0.049 to —0.024 dex kpc ™.

Fig. 3.5 (left side) also shows the median, 1 — o scatter, and full distribution of the
inner (orange) and outer (green) gradients. We compute these via a linear fit to each profile
across 0 — Rppeak and Rppeak — Ry, where Rypeax is a free parameter of the fit. While a
two-component piecewise linear function does not fully capture the shape of the abundance
profile in all cases, we choose this functional form motivated by observations that find a

break in the abundance radial profile (for example Andrievsky et al., 2004; Sestito et al.,

2008; Magrini et al., 2009; Pancino et al., 2010; Frinchaboy et al., 2013; Hayden et al., 2014;
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Korotin et al., 2014; Maciel & Andrievsky, 2019; Zhang et al., 2021). That said, the majority
of observations that find such a break do not separate stars (or star clusters) by age, so the
observed breaks might not simply reflect the behavior of stars at formation, but also could
be affected by radial redistribution (for example Anders et al., 2017; Minchev et al., 2018;
Quillen et al., 2018).

In our simulations, the gradient is steeper in the inner disk than in the outer disk. This is
in contrast to the observational results of Maciel & Andrievsky (2019), that the abundance
gradients of Cepheids tend to be steeper in the outer disk. However, our results agree with
Magrini et al. (2009); Korotin et al. (2014), that the abundance gradients of Cepheids are
flattest in the outer disk. We also agree with Eilers et al. (2022), who find that the MW'’s
radial gradient in abundance is steeper in the inner disk than the outer disk for RGB stars.
The inner [Fe/H] gradients span a range of —0.087 to —0.037 dexkpc ™' with a median of
—0.056 dexkpc™" and the outer gradients span a range of —0.038 to —0.013 dexkpc™' with
a median of —0.026 dexkpc ™.

Fig. 3.5 (right side) compares the [Fe/H] gradients for young stars in our simulations (red)
and observations (blue) of individual stars (star points) and young star clusters (circles). In
each case, we measure the gradient within a vertical height < 1kpc that spans the same
radial range as each observation. The error bars span the full range across our 11 galaxies.

The [Fe/H] radial gradients of the young stars in our simulations are less steep than most
radial gradients observed in the MW, especially for more recent observations. This agrees
with our previous results on gas-phase abundance gradients in those simulations compared
with the MW in B21. However, we also found that our gas-phase gradients agree well with
M31, and they tend to be steeper than gradients observed in most nearby MW-mass galaxies.
At face value, this suggests that the MW’s abundance gradient is unusually steep compared

with similar-mass galaxies (for example Boardman et al., 2020).
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Observational distance uncertainties could affect these measurements of the MW: Donor
et al. (2018) found that using different distance catalogs can change observed radial gradients
by up to 40%. Another possibility that one might consider is that the MW disk settled
unusually early compared to nearby galaxies and our simulations. However, as we show in
Section 3.4.8, earlier disk settling in our simulations does not correlate significantly with a
stronger gradient at z = 0. We do not think that our model for sub-grid diffusion of metals
imparts shallowness in our radial gradients, because in B21 we showed that using a lower
diffusion coefficient has little to no impact on our radial gradients. However, if our stellar
feedback is too strong, this could drive excess turbulence in the gas, flattening our radial
gradients.

In summary, our simulated radial gradients of [Fe/H] tend to be shallower than the
MW when measured over the same radial range, though our distribution of inner and outer
gradients does encompass the full range of observed MW radial gradients. In other words,
we at least recover observed MW gradients within different regions of our galaxies, so any
discrepancy may be simply in the location of this radial break. We also emphasize from
B21 that our gradients are similar to M31 and similar to or steeper than nearby MW-mass
galaxies. In future work we will compare our gradients to the MW across the full range of

stellar ages.

3.4.4. Evolution of the radial abundance profile. Fig. 3.6 shows the radial pro-
files of abundances in newly formed stars at different lookback times. The solid line shows
the mean profile at each lookback time out to the average Rj,, the dashed line shows the
profile beyond R§,, and the shaded region shows the 1 — o scatter. Scatter in these galax-
ies’ formation histories, combined with the mass-metallicity relationship, leads to different

normalizations of abundances at different times, as in Fig. 3.1, which blurs the trends in

the profiles, leading to scatter that primarily reflects different normalizations rather than
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FiGURE 3.6. Radial profiles of elemental abundances of stars at formation
across our 11 MW /M31-mass galaxies at various lookback times. Solid lines
shows the profiles out to the average Rg, at each lookback time, while the
dashed lines show beyond that. The lines show the mean and the shaded re-
gions show the 1 — o scatter across the galaxies. Because the galaxies had
different stellar masses and different abundance normalizations at early times,
we re-normalize to the mean abundance at R = 0 across the galaxies at each
time. Similar to the gas-phase abundance profiles of these galaxies (see B21)
the stellar abundance profiles are flattest at early times (oldest stars) and
steepest at latest times (youngest stars). The combined evolution of the nor-
malization and radial gradients leads to a degeneracy (for chemical tagging),
such that stars born at different times and radii can have the same abundance,
especially within the last ~ 8 Gyr.
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Ficure 3.7. Radial gradients of elemental abundances of stars at formation
versus lookback time. The blue line shows the overall gradient, defined as the
difference between abundance at Rfj, and at R = Okpc divided by Rg,. The
dark shaded region shows the 1 — o scatter, and the light shaded regions shows
the full distribution across our 11 galaxies. The black dashed line shows our
best fit to this evolution (see Section 3.4.9). The orange and green lines show
the inner and outer gradients, respectively, measured by fitting a piece-wise
linear function to the abundance profile (see Fig. 3.6), plotted at the look-
back times where they reasonably fit the abundance profiles. The inner gra-
dient is always steeper than the outer gradient. All gradients become steeper
over time, and [Fe/H] is slightly steeper than [Mg/H]. The most extreme
gradients in the full distribution reach ~ —0.077 dexkpc™ at ¢y, = 6.7 Gyr
and ~ 0.032dexkpc " at t;, = 12Gyr for [Fe/H] (~ —0.070dexkpc™ at
ty, = 6.7 Gyr and 0.039 dexkpc™ at ¢y, = 11.6 Gyrfor [Mg/H]).
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the shapes of the profiles. Thus, we normalize the abundance profiles of all galaxies to the
average abundance at R = Qkpc at each lookback time.

Fig. 3.6 (top two panels) shows that, as galaxies evolve, the average metallicity of newly
formed stars increased at all radii. The increasing normalization agrees with the trends in
Fig. 3.1. Subsequent generations of stars formed from gas that grew more enriched over
time.

Beyond this normalization, the shapes of the radial gradients of [Fe/H] and [Mg/H] for
young stars changed with time. In general the profiles got steeper over time, such that the
profiles of stars that formed ~ 12 Gyr ago were approximately flat, while the most recently
formed stars have negative gradients. These radial profiles of stars at formation trace that of
the gas, which B21 showed grew steeper over time in a similar way, a result of the inside-out
radial growth of these galaxies (see Fig. 3.2).

Fig. 3.6 (bottom) shows that [Mg/Fe| tends to decrease for newly formed stars at all
radii with increasing lookback time. [Mg/Fe] drops more in the inner galaxy than the outer
galaxy, leading to a steepening positive profile over time. This qualitatively matches the
results for gas-phase abundances in B21, likely because the older inner galaxy experienced
more la supernovae, which preferentially enrich the gas (hence the newly forming stars) with
Fe, whereas core-collapse supernovae preferentially enrich the younger outer galaxy with «
elements like Mg.

Fig. 3.7 shows the evolution of radial gradients in [Fe/H] and [Mg/H] for newly formed
stars versus lookback time. The blue line shows the mean of our fiducial radial gradient:
A[Fe/H] R, /RS, The dark blue shaded region shows the 1 — o scatter and the light blue
shaded region shows the full distribution across our 11 galaxies. The orange and green lines
show the inner and outer gradients via fitting a two-component piece-wise linear function
(see Section 3.4.2). However, we only show the two-component gradients out to ~ 6.7 Gyr,

because the functional form is not a good fit when the gradients are sufficiently flat. The
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FIGURE 3.8. Vertical profile (relative to the disk mid-plane) of [Fe/H] of
stars at formation, at 3 radial annuli centered on R = 1kpc (left) R = 4kpc
(center) and R = 8kpc (right) with width £1kpc. The solid lines show the
mean deviation in abundance at each height, and the shaded regions show the
1 — o scatter across our 11 galaxies. We smooth all lines with a Gaussian
filter with o = 0.05kpc. [Fe/H] is generally invariant with increasing height
from the midplane. The only exception is stars at present-day, which show a
modest decrease in [Fe/H] and with increasing height (> 0.05dex kpc™' slope
for all R < 4kpc), tracing the abundance pattern of the star-forming gas in
this region.

black dashed line in the top panel shows the best fit to the [Fe/H] evolution as we describe
in Section 3.4.9.

The radial gradients became more negative with decreasing lookback time. The mean
total gradient was 0.006 dex kpc™" (0.009 dex kpc ™) for [Fe/H] ([Mg/H]) for stars that formed
12 Gyr ago, steepening to —0.037 dexkpc ™' (—0.029 dexkpc ™) for [Fe/H] ([Mg/H]) for stars
that formed < 0.5 Gyr ago. The trend of steeper radial gradients in [Fe/H] is consistent at
nearly all lookback times. We discuss the functional form of this evolution in Section 3.4.9.

Fig. 3.7 also shows our two-component fit to the gradients, which we do not show at
large lookback times, when the profiles were flat (see Fig. 3.6). However, characterizing the
transition of the disk from a single-component to a multi-component profile is beyond the
scope of this paper. Similar to our measurement of the total gradient, both the inner and
outer gradients steepen over time. For the stars forming at z ~ 0, the mean inner gradient
is —0.056 dex kpc™* (—0.042 dexkpc_l) and the mean outer gradient is —0.026 dex kpc™

(—0.023 dexkpc™), for [Fe/H] ([Mg/H]). The inner gradient is consistently steeper than the
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outer gradient at all times, which, as we argue from Fig. 3.4, indicates that the ratio of

stellar to gas mass always had a steeper profile in the inner galaxy.

3.4.5. Vertical profile. Fig. 3.8 shows the mean change in abundance as versus dis-
tance from the galactic midplane for newly formed stars within 2 kpc wide bins centered at 3
radii, R = 1kpc (left), R = 4kpc (center), and 8kpc (right), at various lookback times. We
measure this change with respect to the midplane abundance value of each host. We smooth
all profiles with a Gaussian filter (using scipy.ndimage.gaussian_filterld with ¢ = 0.05kpc).
The solid lines show the mean, and the shaded regions show the 1 — o scatter across our 11
galaxies. For clarity we show only the scatter at present day and at the largest lookback
time.

The [Fe/H] and [Mg/H] (not shown) profiles show little to no significant variation with
increasing distance from the midplane. The mean profiles show slight deviations up to 1 kpc,
but any systematic trends are typically smaller than the galaxy-to-galaxy 1 — o scatter,
and/or the strength is typically smaller than the measurement precision of most stellar
surveys. These flat vertical profiles are unsurprising, given the similar gas-phase results
we explored in B21. We thus conclude that vertical gradients in abundances are generally
negligible.

The one exception is young stars at present-day in the inner disk, which have a system-
atic modest negative vertical gradient (> 0.05dexkpc™" out to approximately 4kpc). This
declining metallicity with increasing distance from the midplane agrees with some observa-
tions of the MW (for example Katz et al., 2011; Hayden et al., 2014; Xiang et al., 2015;
Wang et al., 2019). We find that this trend is caused by the star-forming gas, that is, it is
not affected by any post-formation stellar dynamics on timescales < 20 Myr. In particular,
unlike at larger radii, the metallicity distribution of star-forming gas at small radii near the
midplane is highly non-Gaussian, indicating that enrichment timescale is shorter than the

mixing timescale. In other words, given both the higher star-formation (metal enrichment)
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density and the stronger gravitational potential in the inner galaxy, gas is not able to mix
as efficiently in the vertical direction, leading to enhanced enrichment in the midplane.

We additionally explored the vertical profile of [Mg/Fe] (not shown here). [Mg/Fe| in-
creases with distance from the midplane in the inner disk at present-day. Here, both [Mg/H]|
and [Fe/H] decrease (slightly) with height, so the stars at larger heights are somewhat less
enriched. The [Mg/H] gradient is slightly weaker, though, which may result from vertical
enrichment being more affected by star-forming winds, enriched preferentially in Mg from
core-collapse supernovae.

We caution that these simulations do not include black-hole feedback (see Wellons et al.,

2023), which could affect these vertical gradients in the inner galaxy.

3.4.6. Azimuthal scatter. Fig. 3.9 shows the azimuthal scatter of elemental abun-
dances at formation of stars at z = 0 with ages < 0.5 Gyr at 4 radii (R = 2,4,8,12kpc) as
a function of azimuthal arclength. The solid lines show the mean scatter, and the shaded
region highlights the standard deviation for stars that formed at our fiducial solar radius of
R = 8kpc.

The azimuthal scatter at z = 0 increases modestly with radius and depends only weakly
on azimuthal bin size. At R = 2kpc the mean scatter is essentially independent of the
angular bin arclength and the scatter within the whole annulus is ~ 0.01 dex smaller than
the mean scatter in the annulus at R = 8kpc. At R = 8kpc the scatter depends slightly on
azimuthal bin width, increasing from 0.043 dex to 0.05 dex for [Fe/H] (0.036 dex to 0.043 dex
for [Mg/H]). Fig. 3.9 shows that the azimuthal scatter of [Mg/Fe] decreases slightly with
increasing radius, in contrast with the trends for [Fe/H] and [Mg/H]. However, the radial
dependence is smaller than the host-to-host scatter. Importantly, we do not center our bins
on individual star-forming regions (star clusters), so, for all panels in Fig. 3.9, the scatter

does not go to 0 dex at small arclengths, as one might expect.
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FIGURE 3.9. Azimuthal scatter of elemental abundances versus arclength,
for stars at formation within the last 500 Myr at z = 0, using annuli 1kpc
in width centered on 4 different radii, averaged across our 11 galaxies. The
shaded region shows the 1 — o scatter in a fiducial solar cylinder (R = 8kpc).
The azimuthal scatter in [Fe/H] and [Mg/H]| increases with arclength and
with radius. The scatter in [Mg/Fe] decreases slightly with radius. The 360°
scatter in [Fe/H] at R = 8kpc is &~ 0.05 dex, which agrees well with the scatter
in gas in B21. The minimal dependence on azimuthal bin width (arclength)
agrees well with the dependence at z = 0 in B21. We do not center these
bins on star-forming regions, so even on scales ~ 1kpc the scatter remains

~ 0.03 — 0.04 dex.
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F1cure 3.10. Full (360°) azimuthal scatter of newly formed stars as a func-
tion of radius at various lookback times. The points show the median scatter,
the thick lines show the 1 — o scatter, and the thin lines show the full dis-
tribution across our 11 galaxies. The lightly shaded points show the scatter
beyond the average Rg, of the galaxies. The azimuthal scatter shows little
to no dependence on radius. We show only the largest-scale (360°) azimuthal
scatter, because as Fig. 3.9 shows, the scatter depends minimally on azimuthal
bin width. By contrast, the azimuthal scatter increases with lookback time.
The median scatter at 8 kpc increases from ~ 0.04dex to ~ 0.16dex from
t, = 0Gyr to 11.6 Gyr. However, this time dependence is weaker than for all
gas in these galaxies (see B21 Fig.7).
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F1GURE 3.11. Left: The magnitude of radial versus azimuthal variations in
[Fe/H] for newly formed stars, versus lookback time. The orange line shows
the absolute change from R = Okpc to Rg,, while the blue line shows the 360°
azimuthal scatter. The solid lines show the average and the shaded regions
show 1 — o scatter across our 11 galaxies. The intersection of these 2 lines
defines a transition age: stars older than this formed in a galaxy dominated
by azimuthal scatter, while stars younger than this formed in a disk in which
radial variations dominated. Right: A histogram of this transition lookback
time across our 11 galaxies. The black line shows the cumulative distribution.
The black arrow shows the average (~ 8 Gyr ago), which is 0.5 — 1 Gyr earlier
than the average transition time for gas (B21).

Fig. 3.10 shows the evolution of the azimuthal scatter, specifically, showing the 360°
scatter versus radius at various lookback times. We show only the 360° scatter here, because
the difference between the scatter at the smallest and largest scales is minimal (< 0.018 dex)
for all lookback times and radii. The points show the median scatter, the thick lines show
the 1 — o scatter, and the thin lines show the full distribution across our 11 galaxies. The
lightly shaded points indicate radii that are larger than the average I, at a given lookback
time.

The azimuthal scatter at all radii and all azimuthal bin sizes generally increase with
increasing lookback time. Stars that have formed more recently formed in a more homo-

geneous azimuthal disk than stars that formed earlier. This agrees with the trends for gas
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abundances in B21, though at large lookback times the scatter in newly formed stars is
generally smaller than the scatter seen for all gas (see Appendix B.2). The smaller scatter in
stars results in part from stars forming from gas that is preferentially metal rich, especially
at large lookback times (for example B21) and at large radii. Additionally, newly formed
stars are more spatially clustered than all gas cells. This explains the weaker (shallower)
dependence on azimuthal bin size for young stars than for gas: the fraction of bins containing
no mass is larger for stars than for gas, so increasing the binsize does not necessarily include
more/different stars per bin.

The azimuthal scatter for stars shows little dependence on radius, in contrast to the
azimuthal scatter for gas (B21). Here, the change in scatter with radius is in general less
than ~ 0.02dex. Thus, stars throughout the galaxy form in essentially equally azimuthally
homogeneous conditions.

Fig. 3.10 (bottom) shows the evolution of azimuthal scatter for [Mg/Fe]. Similar to gas
(B21), the scatter in [Mg/Fe] is much smaller at all radii than the scatter in [Fe/H] or [Mg/H].
However, the scatter in [Mg/Fe] follows the same trend of increasing with increasing lookback
time. The scatter in [Mg/Fe| shows less dependence on azimuthal bin width than the scatter
for [Fe/H] and [Mg/H] with a maximum change of ~ 0.006 dex between the smallest and
largest scales. The galaxy-to-galaxy standard deviation is also smaller for [Mg/Fe| than for

[Fe/H] and [Mg/H].

3.4.7. Strength of azimuthal versus radial variation. Given the first-order ap-
proach of chemical evolution/chemical tagging models to neglect azimuthal scatter (for ex-
ample Minchev et al., 2018; Moll4 et al., 2019a; Frankel et al., 2020), it is critical to identify
when the assumption of minimal azimuthal scatter is valid. These models are only accurate
representations of the MW when azimuthal abundance variations are smaller than radial
abundance variations. The general increase in the steepness of radial gradients with time

(seen in Section. 3.4.4) and the general decrease in azimuthal scatter with time (seen in
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Section. 3.4.6) implies there must be some transition time prior to which azimuthal scatter
is the dominate source of abundance variations and after which radial variations dominate.

Fig. 3.11 (left) compares the strength of azimuthal scatter to radial abundance change
for newly formed stars as a function of lookback time. The orange line shows the mean
abundance change in radial abundance between I = O kpc and Rg,. The blue line shows the
mean 360° azimuthal scatter of [Fe/H], which we averaged across R = 2,4,6,8, and 10kpc,
given the modest radial dependence. The dashed line shows the best fit to the evolution of
the azimuthal scatter (see Section 3.4.9; Fig. 3.6 shows the fit to the radial change). The
shaded regions show the 1 — o scatters across our 11 galaxies.

As Fig. 3.7 showed, the strength of the radial variations increased with time as the radial
gradient steepened. Also, as Fig. 3.10 showed, the azimuthal scatter decreased with time at
all radii. The point at which these cross identifies a transition epoch, at which newly formed
stars transitioned from forming in a galaxy primarily dominated by azimuthal scatter to a
disk primarily dominated by a radial gradient. This transition necessarily correlates with
the gas disks transitioning to being rotationally dominated; Ma et al. (2017a) showed that
strong radial gradients are only found in galaxies with a gas disk characterized by well-
ordered rotation.

This is a critical transition period to characterize for chemical tagging, because it in
effect identifies the maximum age of stars for which 1-D radial models for chemical tagging
provide a good approximation. For all stars that formed prior to this transition age, their
abundance was influenced more by their azimuthal location than their radius at birth.

Fig. 3.11 (right) shows a histogram of this transition time for each simulated galaxy,
which spans ~ 6.4 to &~ 10.6 Gyr ago. The black line shows the cumulative distribution.
The black arrow shows the mean transition time, ~ 8 Gyr ago. This transition age for stars

is slightly earlier than the transition age for gas (as presented in B21), which varied with
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: . Total Gradient Outer Gradient
Correlation Metric . .

Correlation p-value | Correlation p-value
oRAnYOUNE [ 0.727  0.011 0.836  0.001
granyouns 0.655  0.011 0.764  0.006
Median stellar age -0.745  0.008 -0.682  0.021
Jz/Je -0.409  0.212 -0.509  0.110
Bursty to smooth SFR time -0.464  0.151 -0.427 0.19
Transition lookback time -0.351 0.290 -0.469  0.145
Y staryoung /3 igas 0.127  0.709 0.336  0.312
V (Xstaryoung /yigas) 0.027  0.937 -0.291  0.385
Ry 0.223  0.509 -0.036  0.916
Rymyonne -0.005  0.989 -0.196  0.564
VY star.young 0.027  0.937 -0.127  0.709

TABLE 3.2. The Spearman rank correlation coefficient and corresponding p-
value between the total stellar [Fe/H] gradient or the outer stellar [Fe/H] gra-
dient in young stars (age < 500 Myr) and different metrics of the galaxies’
formation histories. The metrics we use, ranked by the average p-value of the
total and outer gradient correlations, are: the ratio of the radial velocity dis-
persion of young stars to their average circular velocity (o§*°""8 /v ), the
radial velocity dispersion of young stars (o"v°"™¢) the median age of stars in
the galaxy, the circularity parameter of young stars j,/j. (Abadi et al., 2003),
the transition time from bursty to smooth star formation in Yu et al. (2021),
the transition time from azimuthal scatter domination to radial gradient dom-
ination in Section 3.4.7, the break radius of a two-component linear profile fit
to the ratio of young stellar surface density to gas surface density shown in
Fig. B.1, the change in the surface density ratio of young stars to gas over the
same radial range divided by Rgy — 3kpc (Vystaryouns /53s) - the RS and
R3O in Section 3.4.1, and the change in the surface density of young stars
from R = 3kpc to Ry divided by Rgg — 3kpc (VXstaryouneg)  We find the only
correlations with significant p-values to be with: median age, o®%®"v°"™e and
Uf]iar,young/,vcirc.

radius from 7.4 Gyr ago at R = 4kpc to 6.9 Gyr ago at R = 12kpc (see Appendix B.2 for

more discussion).

A potentially important caveat to applying this result to the MW is that, as Fig. 3.5
showed, our simulated gradients at z = 0 are likely shallower than the MW. If this discrep-
ancy persisted across time, then the gradient of the MW was steeper than these simulations

predict, which suggests a potentially earlier transition age, 2 10.8 Gyr. However, we caution
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F1GURE 3.12. Correlation of the radial gradient in stars younger than 500 Myr
against various galaxy properties. The blue points show the total gradient
and the orange points show the outer gradient, as discussed in Section 3.4.3.
Left: The radial gradient versus the transition time from Fig. 3.11 (right).
While galaxies that transitioned at earlier lookback times have slightly steeper
gradients at z = 0, on average, the correlations are not statistically significant
(see Table 3.2). As Table 3.2 shows, the strength of the radial gradient at
z = 0 has little to no significant correlation with any metric of disk ‘settling’
time, although it does show a reasonably strong correlation with overall stellar
age. Right: The strongest correlation with the radial abundance gradients at
z = 0 is with aiﬁar’young /Veire- Galaxies that are more rotationally dominated
have the stronger radial gradients in abundance, likely because of less radial
mixing.

that the strength of the gradient at z = 0 does not necessarily correlate strongly with its

behavior many Gyrs ago, as we show below.

3.4.8. What determines the present-day radial gradient? To understand better
what aspect of formation history determines, or at least correlates with, the strength of the
radial abundance gradient at z = 0, we calculate the Spearman rank correlation coefficient of
the radial gradient (both total and outer) of the youngest stars in our galaxies with a variety
of different metrics. Table 3.2 shows all metrics and associated correlations and p-values.

Fig. 3.12 shows example scatter plots for two correlation metrics. Blue points show
the slope of the total gradient and the orange points show the slope of the outer gradient.

The left panel shows the correlation of the [Fe/H| gradients with transition lookback time
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(described in Section 3.4.7). The right panel shows the most significant correlation we find,
the correlation between [Fe/H] gradients and the ratio of radial velocity dispersion to circular
velocity for stars younger than 500 Myr (o5*"Y°" /vcirc ).

We find no significant correlation between the radial gradients and the transition time
from bursty to smooth star formation in these galaxies (as presented in Yu et al., 2021), nor
with the transition times we present in Section 3.4.7. This indicates that the steepness of the
radial abundance gradient does not depend on any metric of when the disk ‘settled’, such
as the amount of time the galaxy has experienced smooth star formation or the time since
the radial gradient became the dominant source of abundance inhomogeneity. We also find
no significant correlation between the radial gradients and the size of the galaxy (measured
using all or young stars), or with the strength of the gradient of the ratio of young-star to
gas surface density (both measured from R = 3kpc to R = Ry, to exclude the bulge region).
Although Fig. 3.4 shows general agreement between the average shape of Y5ryoung /33838 and
the average abundance profile across our suite, there is significant host-to-host scatter.

We also find no correlation between the radial gradient and the circularity parameter
(see Abadi et al., 2003) of young stars (age < 500 Myr), defined as the ratio of the angular
momentum of a star to the angular momentum with the same energy on a circular orbit.

We do find a statistically significant correlation of the radial gradient with the radial

velocity dispersion of stars younger than 500 Myr (g5iryoure)

and with the ratio of radial
velocity dispersion to circular velocity for young stars (o™ ¥°"8 /vci.). These metrics of
‘diskiness” at z ~ 0 imply that the dynamics of stars is an important factor in setting
the radial gradient strength, even though the circularity parameter alone is not significant.
In galaxies with significant radial velocity dispersion in young stars, there must be more

radial mixing in gas (a newly formed star particles takes on the kinematic properties of its

progenitor gas cell). This causes the gradients to be shallower. This implies that the degree
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of radial mixing (via turbulence, spiral arms, and so on) at z ~ 0 is more important in
determining the radial gradient of abundances than the formation history.

That said, we do find one significant correlation with a formation-history metric: a
negative correlation with the median stellar age of the galaxy. This implies that galaxies
whose stars formed earlier have steeper gradients at present day. This agrees with previous
analysis of low mass galaxies in FIRE (for example Mercado et al., 2021). But interestingly
this correlation does not extend to any metric of disk settling time. In other words, we
find a correlation with when the stars formed, but not with when they formed in a settled
disk. We defer a more detailed analysis of the relationship between disk settling time and

star-formation history to future work.

3.4.9. Fits to functional forms. For stars at the time of their formation, we quantify
the evolution of the galaxy-wide abundance across time (Fig. 3.1 middle), the overall radial
gradient across time (Fig. 3.7 top), and the 360° azimuthal scatter across time (Fig. 3.11
left). We fit each galaxy independently, as well as the mean trends across all 11 galaxies.
We tested fitting as a function of redshift, expansion scale factor, and stellar age. We found
fitting as a function of stellar age to provide the best fits.

Table 3.3 shows the best fit to the average [Fe/H] and [Mg/H] of all stars at formation
within the galaxy across time, that is, the fit to Fig. 3.1 (middle). We fit to the functional

form:
(3.2) [X/H] = A — Be'®/"

We determine the best fit coefficients using the optimize.curve_fit function in SciPy. We
tested second-order polynomial fits as well as simple exponential fits, but we find better

agreement, with the functional form in Eq. 3.2.
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- o/t /1T
A [dex] B [dex] 7 [Gyr]| A [dex] B [dex] 7 [Gyr]
ml2m 3.1x1071 1.0x 107! 4.0 5.0 x 1071 6.9 x 1072 3.7
Romulus | 1.5 x 107! 5.0 x 1072 3.6 3.3x 1071 28 %1072 3.2
m12b 74%x107% 1.1x107% 24 28 x 1071 5.6 x 1073 2.2
m12f 1.6 x1072 1.5x107% 26 24x 1071 93 x1073 24
Thelma | 3.8 x 107 2.8 x 107t 6.0 5.6 x 1071 2.2x 107! 5.5
Romeo |6.8x 1072 1.4x 1072 2.7 25x 1071 52x 1073 2.3
m12i 1.2x 107t 58 x107% 3.6 3.2x 107! 4.0x107% 3.3
ml2c 25x 107t 1.5x 1071 5.1 43%x107Y 1.1x 107 4.6
Remus 8.1x107%2 48 x107% 3.8 24 x 1071 23 x107% 3.2
Juliet 99x 1073 1.8x 1072 2.9 1.9x 1071 93x103 25
Louise 52x 1072 8.8 x 1072 4.4 2.0x 1071 51x1072 3.8
Mean | L1x 107" 54x 1072 36  |3.0x 107" 33x 1072 3.2

TABLE 3.3. Fits for each simulation to stellar [Fe/H] and [Mg/H] (shown in
Fig. 3.1) versus age, using newly formed, in-situ stars across the galaxy. We
fit the profile of each host to [X/H|] = A — Be'»/7| where ty, is stellar age
(lookback time). The bottom row shows the fit to the mean across these 11
galaxies.

Table 3.4 shows the best fit to the time evolution of the overall radial gradient,
A[X/H] Rz, /RS, We fit a second-order polynomial:

(3.3) A[X/H]p, /Rgo = Aty, + Bty, + C

We determine the best fit coefficients using the polyfit function from NumPy. We select a
second-order fit, because the radial gradient evolution of some galaxies is too complicated
to be captured by a linear fit, and a 3rd-order polynomial suffers from overfitting.

Table 3.5 shows the best fits to the evolution of the 360° azimuthal scatter of [Fe/H].
We average the azimuthal scatter over 5 radii (2, 4, 6, 8 , and 10 kpc). We fit a 2nd order

polynomial using the polyfit function in NumPy, as with the radial gradient evolution:
(3.4) oty = At + Bty + C

We tested an exponential fit too, but we find better agreement for a second-order polynomial.
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- [Fe/H] [Mg/H]
A [57] B [g—y} Cldex] | A [c?TX} B [g—;] C [dex]

m12m 1.3x1073 —1.1x107% 33x1072|1.6x107® —53x107% 3.2x 1072
Romulus | 9.8 x 107* —6.0x 1072 44 x1072|1.0x 107® —5.3x 1073 3.5 x 1072
m12b 6.7x107* —3.0x107 4.6x1072 |73 x107* —25x10"% 3.8 x 1072
m12f 14x1073 —3.7x103 72x1072|14x1073 —2.7x103 6.0x 1072
Thelma | 1.2x 103 —25x107* 33x1072|12x 103 —3.1x107* 2.8 x 1072
Romeo |1.7x1073 —85x1073 6.6x1072|1.7x 103 —7.5x 1073 5.1 x 1072
m12i 14x107% —1.0x1072 48x1072|14x 103 —89x 1073 4.1 x 1072
m12¢c 76x 107 —36x1073 44x1072[9.0x107* —4.2x 1073 4.0 x 102
Remus |53x107* —1.6x107% 4.0x107%2|5.7x107* —9.3x107* 3.2x 1072
Juliet 1.6 x107% —12x1072 94x102|14x10% —83x107% 7.7x 1072
Louise 1.5x 1073 —=52x 1073 49x 1072 |1.7x 103 —=57x1073 4.2x 1072
Mean |12x107% —4.6x107% 52x 1072 |[1.2x107% —4.1x 107 4.3 x 1072

TABLE 3.5. Fits to the total (360°) azimuthal scatter of stars at formation,
averaged across all radii, versus lookback time for each simulation. We fit a
second-order polynomial 0% = At} + Bty, + C. The bottom shows the fit
to the mean trend across all 11 galaxies.

3.4.10. Comparison to previous results for all gas. B21 examined the evolution
of elemental abundance variations for all gas (not just star-forming gas) in the same MW-
mass FIRE-2 simulations. Here, we expand on those results by specifically examining newly
formed stars. We generally expect the trends for newly formed stars to match those of
the gas, and while we find overall qualitatively similar results, we briefly summarize key
quantitative differences and similarities.

For radial gradients, we find generally steeper radial gradients in newly formed stars
relative to all gas. For vertical gradients, both all gas and newly formed stars exhibit
little to no variation with height. For azimuthal scatter, newly formed stars are weaker
than that of all gas. This indicates a higher degree of homogeneity for star-forming gas.
Additionally, Fig. 3.10 shows that the azimuthal scatter of abundances for newly formed stars
is independent of radius. This contrasts the results of B21, who found that the azimuthal

scatter of all gas increases with increasing radius. Appendix B.2 directly compares the
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evolution of azimuthal scatter and radial change in abundance for newly formed stars versus
all gas, following the methods of B21.

Following the analysis of B21 (their Section 3.5), Appendix. B.3 shows the radial scale at
which azimuthal abundance variations are subdominant to the radial variations in abundance
(ARequatity) and the radial scale at which radial variations are measurable homogeneous
(A Rpomogeneous: ARequality ald A Rpomogeneous for newly formed stars are smaller than for all
gas, which reflects the steeper radial gradients and smaller azimuthal scatter in newly formed

stars.

3.5. Summary and Discussion

3.5.1. Summary. We used a suite of 11 MW /M31-mass cosmological zoom-in simula-
tions, run with FIRE-2 physics, to explore the 3-D spatial variations of elemental abundances
of stars at birth (within < 50 Myr of their formation) across these galaxies’ formation his-
tories. (In future work we will examine similar trends for stellar populations at z = 0 as a
function of their age.) We measured properties of newly formed stars as a function of look-
back time going back ~ 12 Gyr, in part to test and guide approaches to chemical tagging.
We also fit functional forms to these trends, to use in models of elemental evolution. Our

main results are:

e Galazry stellar abundances: enrich relatively quickly: 5 of our 11 galaxies reached
[Fe/H] ~ —0.5 at lookback times of 9 — 10 Gyr ago. LG-like galaxies enriched in
metals faster than isolated galaxies, following their more rapid stellar mass assembly
(see Fig. 3.1 as well as Santistevan et al. 2020).

o Galaxy stellar size: Rj, for both young stars and all stars increased over time. Rj,
for all stars was comparable to that of young stars 2 7.5 Gyr ago. However, after
this, R, of young stars is systematically larger than that of all stars, reflecting
inside-out radial growth. For ¢, < 8 Gyr, using either all stars or young stars, R,

is larger for galaxies in LG-like environments than those that are isolated (16.2 kpc
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versus 13.1kpc for young stars and 11.1kpc versus 10.2 kpc for all stars at z = 0;
see also Garrison-Kimmel et al. 2018).

Galazy-wide scatter in abundances: reached a minimum of &~ 0.09 dex for in-situ
stars forming ~ 7 Gyr ago. This reflects a competition between a reduction of the
scatter as azimuthal variations decreased over time and an increase in the galaxy-
wide scatter as the radial gradient became stronger.

Vertical gradients: at formation are negligible in nearly all regimes. The change in
abundance is on average less than 0.02 dex over 1kpc for both [Fe/H] and [Mg/H].
Thus, vertical abundance variations provide minimal discriminating power for chem-
ical tagging. The one exception that we find is for stars in the inner bulge region,
R < 4kpe, at z = 0.

Radial gradients: of newly formed stars were flat (magnitude < 0.01dexkpc™)
at lookback times = 9.5 Gyr but became progressively steeper with time, reaching
—0.037 dexkpc™! for [Fe/H] (—0.030 dexkpc™" for [Mg/H]) at z = 0. [Fe/H] gra-
dients for newly formed stars at z = 0 are shallower than in the MW measured
over similar radial ranges. However, B21 showed that gas-phase radial abundance
gradients in our simulations are as steep or steeper than those observed in external
MW-mass galaxies. Our galaxies are well fit by two-component radial gradients
that are steeper in the inner galaxy, which reflects a steeper stellar surface density
profile in the inner galaxy, though not necessarily with the bulge region.
Azimuthal scatter: of young stars systematically decreases over time from < 0.18 dex
11.6 Gyr ago to < 0.043 dex today for [Fe/H] and [Mg/H|. Azimuthal scatter shows
minimal dependence on azimuthal bin size, so small-scale variations dominate over
larger-scale variations. Even at scales < 1kpc we measure [Fe/H| azimuthal scatter
in the solar cylinder of ~ 0.043 dex at z = 0 and = 0.16 dex for stars that formed at

ti, = 11.6 Gyr. Importantly, our analysis does not center on individual star-forming
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regions, but rather, random patches in the galaxy, so this is not a statement about
the internal homogeneity of individual star-forming regions and star clusters.
Azimuthal versus radial variations: Similar to our analysis of gas in B21, our sim-
ulated galaxies transitioned from being dominated by azimuthal scatter to being
dominated by radial variations at lookback times of ~ 8 Gyr ago. Thus, azimuthal
variations were the primary source of galaxy-wide scatter in abundance at early
times, and they are of secondary importance (though not negligible) for stars that
formed < 8 Gyr ago.

Correlations with present-day radial gradient: We tested the correlation between
the strength of the radial gradient at z = 0 and a variety of metrics of formation
history. The most statistically significant correlation is the ratio of the radial velocity
dispersion of young stars to their circular velocity. So, the degree of radial mixing
in galaxies is likely set by the strength of the ratio of radial velocity dispersion
to circular velocity. Additionally, we find a lack of correlation with the transition
lookback time (see Section 3.4.7) which implies disk settling time is not responsible
for setting present-day abundance gradients.

Fit to functional forms: We fit the evolution of overall normalization, the radial
gradient, and the azimuthal scatter of the abundances of stars at formation versus

lookback time (stellar age) in Section 3.4.9.

3.5.2. Limitations and caveats. The simulations analyzed in this work implement

the FIRE-2 physics, discussed in Section 3.3.1. Hopkins et al. (2018) presents the physics

in detail and a variety of tests showing their robustness robustness. However there are still

limitations inherent to our analysis and the physics implemented in FIRE-2.

We analyze only 11 galaxies, so our results are limited by our sample size. Furthermore,

because we chose these galaxies to be near the mass of the MW, they necessarily encompass

a narrow range of stellar and halo masses (see Table 3.1).
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Also, as Sanderson et al. (2020); McCluskey et al. (2023) show, the velocity dispersion
of stars in these simulations is dynamically hotter than observed in the MW (though they
are more similar to M31). This could play a role in the shallower radial gradients in our
simulations (see Section 3.4.3), given the strong correlation between stellar velocity dispersion
and strength of the radial gradient (see Section 3.4.8).

In addition, there are limitations in our current physics implementations. The simula-
tions do not include a self-consist treatment of cosmic rays or magnetohydrodynamics and
anisotropic thermal conduction and viscosity in gas (see Hopkins et al., 2018). FIRE-2 treats
all core-collapse supernovae as having identical IMF-averaged yields, but different mass pro-
genitors will have different yields (see Muley et al., 2021). Future FIRE-3 simulations will
appropriately mass sample rates and yields of different mass core-collapse supernovae (Hop-
kins et al., 2023). Additionally, Gandhi et al. (2022) showed that the default implementation
of type la supernovae rates in FIRE-2 may be underestimated, leading to an underproduction
of [Fe/H].

Finally, these FIRE-2 simulations do not include any treatment of AGN from supermas-
sive black holes, which may bias the dynamics and star-formation rates, particularly in the
inner few kpc. However, recent implementations in FIRE (Wellons et al., 2023) will allow

us to explore their effects in future work.

3.5.3. Discussion. Our analysis extends the work in B21, in which we examined the
homogeneity of gas, as an initial guide for the homogeneity of newly formed stars. The
primary goal of this paper is to quantify the elemental abundance homogeneity of newly
formed stars as a function of lookback time and to provide functional forms to its evolution
such that chemical-tagging models have better descriptors of the initial degree of homogeneity
with which stars form in a cosmological context. This will allow for more accurate galactic
elemental evolution models and provide more realistic expectations for chemical tagging

models.

103



We examined [Fe/H], [Mg/H], and [Mg/Fe|. We look at Fe primarily as a representative
element of type la supernovae and Mg as a representative « element, that is, primarily
sourced via core collapse supernovae. Because our analysis is limited to only 2 elements,
we do not asses if analysis of more abundances will provide more discriminating power for
chemical tagging. However, the work of Ting & Weinberg (2022) suggests including at least
7 — 8 elements when doing galactic archaeology, Casamiquela et al. (2021) concluded that
the larger the abundance space the better for chemical tagging, and Ratcliffe et al. (2022)
found that stellar clusters are better identified when using 15 abundances rather than 2.
Our FIRE-2 simulations track 9 metals. Given the expected correlation between elements
primarily sourced via the same enrichment channels, we defer a more detailed analysis of
all 9 elements to future work using the FIRE-3 simulations (Hopkins et al., 2023), which
implement a tracer-element approach for varying stellar yields in post-processing (Wetzel
et al., 2023).

As we showed in Section 3.4.1, the average [Fe/H] of stars in our galaxies as well as
the average stellar mass of our galaxies are similar to those of the MW. Additionally, we
measured the scatter in [Fe/H] as a function of stellar age and found it decreases with
decreasing stellar age for stars older than ~ 7 Gyr and then increases with decreasing stellar
age. This is discrepant with previous analysis of stellar metallicity distributions in the MW
that find the scatter in [Fe/H] continually decreases with decreasing stellar age (Casagrande
et al., 2011; Miglio et al., 2021). However, we do not match the selection function of these
surveys, nor do we divide our stars into similar age bins.

However, an important caveat to this work is that our simulations are not designed to
recreate the history of the MW: they instead provide a cosmologically representative range
of histories of galaxies that are similar to the MW at z = 0. Boardman et al. (2020) suggest
that, because the MW has a particularly small disc scale length relative to similar mass

galaxies, it is important to factor in disc scale length when selecting MW analogs. However,
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in B21 we tested scaling the gas-phase radial abundance gradients in our MW-mass galaxies
and found the most self-similarity when measuring gradients in physical units.

We explore the effect of varying the age range of stars used to measure the radial gradi-
ents in the simulations, because the gradients are systematically shallower than observations
of the MW, although our gradients are steeper than those measured in nearby MW-mass
galaxies. This in principle could account for uncertainties in the ages of observed star clus-
ters. However, including older populations of stars leads to increasingly shallower gradients,
resulting in greater discrepancies with observations. Some observations (for example Carrera
& Pancino, 2011; Cunha et al., 2016; Netopil et al., 2016; Donor et al., 2020; Santos-Peral
et al., 2021) find that the MW’s galactic radial gradient in abundance as determined by
older star clusters is steeper than the gradient as determined by younger star clusters, but
our results imply the opposite. Our results agree with [O/H| measurements from planetary
nebulae in M81 (for example Stanghellini et al., 2010, 2014) and in the MW (Stanghellini
& Haywood, 2018). However, we do not measure the radial positions of stars at z = 0 as
a function of age, although we plan to pursue this in future work. For our comparison we
examine the effect of widening the age cutoff we use to identify ‘young’ stars at z = 0 from
< 0.5Gyr to < 10Gyr. The shallower radial gradients when including older stars likely
results from radial mixing (for example Schénrich & Binney, 2009; Loebman et al., 2011;
Quillen et al., 2018).

The steepening of the radial gradients in our simulations disagrees with some observations
which indicate either a flattening of radial abundance gradients (for example Frinchaboy
et al., 2013; Netopil et al., 2016; Spina et al., 2017) or a steepening and then flattening
(for example Xiang et al., 2015, 2017; Anders et al., 2017) but agrees with others (for
example Stanghellini & Haywood, 2010, 2018). However, present-day measurements of stellar
positions do not necessarily represent the formation locations of stars, so these results are not

directly comparable to our work. A better point of comparison is either spatially resolved
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observations of stars in MW progenitor analogues, or spatially resolved gas-phase abundance
observations (as discussed in B21), assuming the stars form with abundances representative
of the gas. High-redshift observations of gas-phase abundance gradients generally show flat
radial profiles (for example Wuyts et al., 2016; Patricio et al., 2019; Curti et al., 2020), but
some show strong negative radial gradients (for example Carton et al., 2018; Wang et al.,
2020). At high redshifts, galaxies do not sustain gas -phase abundance gradients (B21).
Once disk settling occurs, gas no longer mixes radially as efficiencly in the disk, so it can
take on different abundances at different radii, imprinted on newly formed stars.

In addition to our fiducial measure of the total radial gradient, we fit a two-component
piecewise linear function to the abundance profile. We generally find that the inner region
of the disk is steeper than the outer region, in contrast to some observations (for example
Hayden et al., 2014; Maciel & Andrievsky, 2019), but in agreement with other observations
(for example Netopil et al., 2016; Reddy et al., 2020). Exact comparisons with observations
are difficult, because observations typically measure the radial gradient for all stars, rather
than measuring for mono-age stellar populations. Also, uncertainties in the inferred ages
and locations of stars can influence the interpreted gradients.

One of the key results of this paper is the quantification of the evolution of the azimuthal
scatter in abundance of newly formed stars. The azimuthal scatter does not directly track
the scatter in the gas in B21. The scatter is systematically smaller for stars than for all
gas. This discrepancy is larger at larger lookback times and larger radii (see Fig. B.2) which
results from stars at large lookback times and large radii preferentially forming from gas
occupying slightly higher metallicity. This tests a common assumption in chemical-tagging
models, that stars have abundances that primarily depend just on their birth radii and not
on azimuthal position (for example Frankel et al., 2018, 2020).

Azimuthal scatter of stellar abundances is important to quantify for chemical tagging,

but has not yet been well characterized by observations. Observations of cepheids in the
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MW by Luck et al. (2011) indicate no significant azimuthal dependence, which is consistent
with the small azimuthal scatter we measure for the youngest stars in Fig. 3.9. However,
our results also indicate much smaller azimuthal scatter than that observed in the MW by
Kovtyukh et al. (2022). Measuring cepheids at R = 7 — 9kpc Kovtyukh et al. (2022) find
[Fe/H] varies by up to 0.2 dex, much larger than our measured 0.05 dex scatter.

Additionally, in this paper we quantify a transition lookback time, in the same way as
B21. This transition lookback time sets the timescale over which elemental evolution models
reasonably can assume azimuthal homogeneity (for example Minchev et al., 2018; Molla et al.,
2019a; Frankel et al., 2020). Notably, the lookback time for newly formed stars is ~ 8 Gyr,
~ 1 Gyr earlier than the lookback time derived for the gas in B21. This is primarily because
the azimuthal scatter in stars at large lookback times were smaller than that of all gas. This
may reflect the disk-wide scatter in all gas being slightly smaller than the disk-wide scatter
in star-forming gas (B21).

Complementary to our analysis is that of Yu et al. (2021), who measured the transition
epoch from ‘bursty’ to ‘steady’ star formation and disk settling in the same simulations.
Similar to the analysis presented in B21, we find that our transition times are consistently
earlier than the transition times in Yu et al. (2021), by ~ 3.2 Gyr on average. However, our
transition lookback times are moderately correlated with those in Yu et al. (2021) (Pearson
correlation coefficient r ~ 0.63). Thus, the onset of a strong radial gradient in abundance
precedes but correlates with the onset of ‘steady’ star formation in these simulations.

Perhaps most important to this analysis is our characterization of the evolution of el-
emental abundances, radial gradients, and azimuthal scatter across our suite of MW-mass
simulations (see Section 3.4.9). We provide simple functional forms which encapsulate the

evolution of abundance distributions of MW-mass galaxies across time. These functional
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forms and fits are crucial to the future of elemental-evolution modeling and accurate chem-
ical tagging, because weak chemical tagging is infeasible without an accurate picture of the

birth conditions of stars.
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CHAPTER 4

Measuring stellar motion: Radial and angular momentum
redistribution of stellar orbits in FIRE simulations of Milky

Way-mass galaxies with varying definitions of orbital radius

4.1. Abstract

A key question in galactic dynamics, which is central to most approaches to galactic
archeology, is: how much do the orbits of stars change (radially redistribute) after their
birth? We use cosmological zoom-in simulations of 11 Milky Way-mass galaxies from the
Feedback In Realistic Environment (FIRE-2) suite to quantify the change in the orbital
angular momentum and radius of stars, and its dependence on age, present radius, and for-
mation radius. We explore and compare 5 different ways of measuring orbital radius; we
find generally consistent trends, but only when measuring orbital radius today and radial
redistribution self-consistently. Stars younger than ~ 6 Gyr generally lost angular momen-
tum, while stars older than ~ 6 Gyr generally gained angular momentum; this transition
occurred more recently at smaller radii. The median inward/outward change in radius, AR,
of a stellar population today is generally mild (< 1kpc), though it is more significant and
positive for the oldest stars. The scatter of this radial change, 0(AR), a standard metric
of radial redistribution, increases with age up to =~ 2 — 3 Gyr but saturates at ~ 2 — 3kpc
for stars older than this, in contrast with common assumptions for radial redistribution.
o(AR) increases only mildly with radius today. Finally, we examine correlations of radial
redistribution with galaxy properties, finding no correlation between o(AR) and the time of

disk onset, but significant correlation with the stellar mass and radius of the galaxy today.
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4.2. Introduction

Throughout the lifetime of a star, the radius of its orbit can change significantly. De-
pending on the driving physical process this is sometimes referred to as radial migration
(e.g. Lynden-Bell & Kalnajs, 1972; Schonrich & Binney, 2009; Loebman et al., 2011), churn-
ing/cold torquing, or blurring/kinematic heating (e.g Sellwood & Binney, 2002; Daniel et al.,
2019). ‘Churning’ refers to systematic changes to the orbital angular momentum of stars
which changes the guiding center radius of the star while leaving the ‘random’ component
of its orbital energy unchanged (e.g. Grand et al., 2012). ‘Blurring’ describes oscillatory
motion of stars about their guiding center radius without changes to their specific angular
momentum.

There are a variety of physical processes responsible for altering the radial position of
stars such as scattering off of non-axisymmetric features like galactic bars (e.g. Halle et al.,
2018; Khoperskov et al., 2020) or spiral arms (e.g. Sellwood & Binney, 2002; Roskar et al.,
2008b; Loebman et al., 2016), interactions with merging satellites (e.g. Quillen et al., 2009;
Carr et al., 2022), or scattering off of giant molecular clouds (e.g. Schonrich & Binney,
2009). Understanding the radial redistribution of stars has increasingly gained attention in
theoretical, (e.g. Sellwood & Binney, 2002; Daniel & Wyse, 2015) and numerical work (e.g.
Brunetti et al., 2011; Minchev et al., 2011; Vera-Ciro et al., 2014; Halle et al., 2015, 2018;
Vincenzo & Kobayashi, 2020) as well as observational studies (e.g. Feltzing et al., 2020;
Vickers et al., 2021; Zhang et al., 2021; Lian et al., 2022; Carr et al., 2022; Lu et al., 2022).

This mixing of stellar populations across radii leaves complex imprints in elemental
abundance space such as dispersion in the age-metallicity relation (e.g. Haywood, 2008;
Casagrande et al., 2011; Carrillo et al., 2023), skewness of the metallicity distribution as a
function of galactocentric radius (e.g. Hayden et al., 2015; Loebman et al., 2016; Martinez-
Medina et al., 2016), and supersolar metallicity stars in the solar neighborhood (Kordopatis

et al., 2015; Anders et al., 2017; Feuillet et al., 2018). Observational studies confirming the

110



role of radial redistribution are limited given the inability to directly measure the birth loca-
tion of a star. Instead, observational techniques must rely upon chemical tagging (Freeman
& Bland-Hawthorn, 2002) to characterize stellar radial redistribution.

Chemical tagging is a tool of galactic archaeology, the aim of which is to infer the birth
location of stars using stellar abundances in conjunction with models of galactic chemical
evolution. Stellar abundances are, to first order, invariant properties, directly linking stellar
birth location with their location at z = 0. Given sufficiently precise measurements of stellar
abundances and sufficiently accurate models of galactic chemical evolution, one can infer the
birth location of a star given its age and elemental composition.

There have been a multitude of observational surveys with the goal of mapping out stellar
elemental abundances for chemical tagging; such as GALactic Archaeology with Hermes (De
Silva et al., 2015; Buder et al., 2018), the Large Area Multi-Object Fiber Spectroscopic
Telescope (Cui et al., 2012), and the Apache Point Galactic Evolution Experiment (Majewski
et al., 2017; Ahumada et al., 2020; Jonsson et al., 2020). Theoretical works have forged ahead,
alongside these observational studies, to better characterize galactic chemical evolution (e.g.
Minchev et al., 2018; Spitoni et al., 2019; Molla et al., 2019a; Hemler et al., 2021; Frankel
et al., 2020; Bellardini et al., 2021, 2022).

Typically, models of galactic chemical evolution presume stars form on circular orbit with
with an abundance set by their birth radius (e.g. Minchev et al., 2018; Frankel et al., 2018,
2019, 2020; Sharma et al., 2021). This is well motivated by observational evidence of strong
negative radial abundance gradients in the Milky Way (MW) (e.g Davies et al., 2009; Anders
et al., 2014; Balser et al., 2015; Wenger et al., 2019) and in external galaxies (e.g. Pilyugin
et al., 2014; Sanchez-Menguiano et al., 2016; Belfiore et al., 2017; Poetrodjojo et al., 2018).
However, recent observational efforts have recorded azimuthal variations in abundances in
the MW (e.g. Balser et al., 2011; Wenger et al., 2019) and in external galaxies (e.g Ho et al.,
2018; Kreckel et al., 2019, 2020; Sanchez-Menguiano et al., 2020; Metha et al., 2022; Li et al.,
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2023). Azimuthal abundance variations add another layer of complexity to chemical tagging
as they break the assumption of stellar abundances being uniquely determined by their birth
radius alone.

Recent theoretical works (e.g. Spitoni et al., 2019; Molla et al., 2019b; Bellardini et al.,
2021, 2022) have explored the time evolution of azimuthal abundance variations. While accu-
rate characterization of their time evolution is important for modeling the initial conditions
for chemical tagging it is likely insufficient to break degeneracies associated with stellar birth
locations. Characterizing the typical scale of radial redistribution of stars as a function of
present-day observables can provide a powerful prior for chemical tagging models.

In this paper we use simulations of MW /M31-mass galaxies from the FIRE-2 cosmo-
logical simulations to explore radial redistribution of stars. In Section. 4.3 we describe the
simulations used in this analysis and our definitions of stellar radius. In Section. 4.4 we
characterize changes in stellar angular momentum as a function of stellar age and changes
in stellar radius as a function of stellar age and location. In Section. 4.5 we summarize the

main results from this paper and discuss their implications.

4.3. Methods

4.3.1. Simulations. For this analysis, we use cosmological zoom-in simulations from
the Feedback In Realistic Environments (FIRE) project! (Hopkins et al., 2018). Our simu-
lation suite includes 5 isolated MW /M31-mass galaxies from the Latte suite (Wetzel et al.,
2016) and 6 Local Group (LG)-like MW+M31 pairs from the ‘ELVIS on FIRE’ suite
(Garrison-Kimmel et al., 2019a,b), which have halo masses Mogom = 1 — 2 x 102M% Fol-
lowing Bellardini et al. (2021) and Bellardini et al. (2022) we exclude 3 galaxies from the
Latte suite: m12r and m12z due to their low stellar masses and m12w due to its compact
gaseous disk.

IFIRE project web site: http://fire.northwestern.edu

2 Mooom is defined as the total mass within the radius within which the mean density is 200 times the mean
matter density of the universe
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The initial baryon particle mass in the Latte simulations is 7070Mg (/= 5000M, at z = 0
due to stellar mass loss), and the dark-matter mass resolution is 3.5 x 10°Mg. This is ~ 2X
better in the ELVIS simulations: the Thelma & Louise simulation has initial baryon particle
masses of 4000My, and the Romeo & Juliet and Romulus & Remus simulations have initial
baryon particle masses of 3500M. The gravitational force softening of star and dark-matter
particles is fixed with a Plummer equivalent of ey, = 4pc and eqn = 40pc. Gas cells
have fully adaptive softening, which matches the hydrodynamic kernel smoothing, reaching
a minimum softening length of 1 pc.

All simulations were run with the Meshless Finite Mass hydrodynamics method of GizMo
(Hopkins, 2015) and with star formation, stellar feedback, and fluid dynamics implementa-
tion of FIRE-2 (Hopkins et al., 2018). G1zMO enables adaptive hydrodynamic smoothing
of gas elements based on their density while simultaneously conserving mass, energy, and
momentum of particles to machine accuracy.

The FIRE-2 model incorporates physically motivated models of star formation. Star
formation occurs only in gas that is self-gravitating, Jeans-unstable, cold (T < 10*K), and
molecular (following Krumholz & Gnedin, 2011). Individual star particles inherit the mass of
their progenitor gas cell and represent single stellar populations, assuming a Kroupa (2001)
stellar initial mass function. They evolve along standard stellar population models.

The FIRE-2 simulations also model time-resolved stellar feedback processes such as con-
tinuous mass loss from stellar winds, core-collapse and Ia supernovae, radiation pressure,
photoionization, and photo-electric heating. We model stellar winds and their yields follow-
ing a combination of models (Van den Hoek & Groenewegen, 1997; Marigo, 2001; Izzard
et al., 2004) synthesized in Wiersma et al. (2009). Core-collapse and la supernovae rates
come from STARBURST99 (Leitherer et al., 1999) and Mannucci et al. (2006) respectively.
We use Nomoto et al. (2006) and Iwamoto et al. (1999) for the nucleosynthetic yields of

core-collapse and Ia supernovae, respectively.
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FIGURE 4.1. Comparing 4 metrics of the orbital radius of stars at
z = 0 against their instantaneous physical radius. The lines show the
mean across 11 galaxies (9 galaxies for Re(E) and Re(7)) and the shaded
regions show the 68th percentile scatter. The panels show different age stellar
populations, corresponding (from left to right) to the late-disk, early-disk, and
pre-disk eras. The different orbital radii agree best at smaller Ry and for
younger stars, while they are consistently smaller than Rpny at large Rpnys
and at older ages. In general, (Rgr), (R:), and Rey.(F) yield similar results,
while Rec(j) is generally the smallest.

Gas cells are subject to metallicity-dependent radiative heating and cooling processes
(across a temperature range of 10 — 10'°K) including free-free, photoionization and recombi-
nation, Compton, photo-electric and dust collisional, cosmic ray, molecular, metal-line, and
fine structure processes, accounting for 11 elements (H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe).
All of the simulations include cosmic ultraviolet background following Faucher-Giguere et al.
(2009).

The initial conditions of the simulation suite are embedded inside periodic cosmological
boxes with side length 70.4 — 172 Mpc, and were generated at z ~ 99 using MUSIC (Hahn
& Abel, 2011). Each simulation has 600 snapshots saved down to z = 0 with an approx-
imate time spacing of 25 Myr. For each simulation we assume flat ACDM cosmology with
parameters generally consistent with the Planck Collaboration et al. (2020): A = 0.68—0.71,
Qp = 0.69 — 0.734, Q,, = 0.266 — 0.31, €, = 0.0455 — 0.048, o3 = 0.801 — 0.82 and

ns = 0.961 — 0.97.
114



4.3.2. Metrics of orbital radius. Throughout this paper we present results in a cylin-
drical coordinate system. For each galaxy, the axes of are defined via the moment of inertia
tensor at a given snapshot. We calculate the moment of inertia tensor using the youngest
25% of all stars which encompass 90% of the total mass within 10 kpc of the center of the
galaxy. We calculate the center of the galaxy using an iterative zoom-in method.

Given that stars are not in general on perfectly circular orbits, the definition of the orbital
radius of a star is inherently ambiguous. The definition of orbital radius, and the method of
calculation, is inconsistent throughout the literature, with different authors using different
metrics (for example Halle et al., 2015; El-Badry et al., 2018; Lian et al., 2022; Okalidis
et al., 2022). We investigate 5 metrics of orbital radius. Our default metric, Rppys, is simply
the instantaneous radius with respect to the galactic center. We plot this as a thick black
line for all figures which show the different radial metrics on the same plot.

In addition, we include the spatially averaged radius of stars (Rg), which we define as:

Rapo + Rperi

(11) (Rr) = =22

where R, is the apocenter of the orbit and Ry is the pericenter. In practice, we calculate
this by tracking the physical radius of each star particle at each snapshot and averaging
adjacent apocenters and pericenters, calculated using scipy.signal.find_peaks.

We also measure the time-averaged radius, (R;), which we define as:

(4.2) (R) = — / : R(t) dt

to — 11 Jy,

where t; and t, are the times of adjacent apocenters and pericenters. In practice, we cal-
culate this using numpy.trapz to perform a trapezoidal integral over time between adjacent

apocenters and pericenters, and we then divide by the time interval between these radii.
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FiGURE 4.2. Orbital angular momentum of stars today. Left: The
median specific angular momentum of stars younger than 200 Myr at their
time of formation, relative to the angular momentum of a circular orbit at
their radius, versus current orbital radius RIY,. By definition, Re(j) is
unity. Stars at RO, < 1.5kpe tend to be on less circular, bulge-like orbits.
Beyond this radius, this ratio is approximately flat and = 0.95; stars currently
form on nearly circular orbits. Center: Same, but measuring orbits today for
stars with ages 10 —11 Gyr, which formed mostly during the pre-disk era. This
ratio increases with Rjp¥. indicating that old stars are on more circular orbits
at larger radii, although the median is always < 0.7. Right: The median
specific angular momentum of stars relative to that of a circular orbit at the
same R at 2 = 0, versus age, for all stars at RpY. = 2 — 12kpc (excluding
the bulge region), averaged across radial bins of width 1kpc. The black line
shows the mean, the dark and light shaded regions show the 68th percentile
and full scatter across 11 galaxies. The fuchsia line shows Romeo, whose disk
started to form the earliest, ~ 11 Gyr ago (McCluskey et al., 2023), but which
follows a similar trend as the median. The vertical bands separate the pre-disk
(age = 8 Gyr), early-disk (age ~ 4 — 8 Gyr), and late-disk (age < 4 Gyr) eras.
Stars that formed in the pre-disk era are generally on highly eccentric orbits
today. The ratio increases rapidly in the early-disk era, corresponding to the
spin-up of the disk, and it flattens somewhat near unity during the late-disk

era, when most stars were born on near-circular orbits.

Following Abadi et al. (2003), we also include the radius of a star on a circular orbit with
the same total energy, Rey.(E), which we define as:

d®(R)
dR R:Rcirc(E)

(43) 2(1)(RC1rC(E>> + Rcirc<E) =F

where @ is the gravitational potential of the disk and F is the sum of the sum of the

kinetic and potential energy of a star particle. The simulations self-consistently compute
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the potential for each particle using all of the particles and output the potential at each
snapshot. We calculate the potential of the disk using the average potential of all star, gas,
and dark matter particles contained within 0.3 kpc of the galactic midplane, binned radially
in 250 pc width bins out to Rj, (see Bellardini et al., 2022). We use an azimuthally averaged
potential, however we tested our results in the case of an azimuthally varying potential and
found variations in our inferred radii on the order of < 5%. We assume a constant slope for
the potential beyond Ig,. We require the potential to monotonically increase with radius, in
instances where the potential decreases, we set the value of the potential to be equal to the
value of the potential in the adjacent radial bin. We numerically differentiate the potential
using numpy.gradient. Using Eq. 4.3, we calculate the energy of a circular orbit at different
R. We solve for R.(E) using the numerical solution to the energy of a circular orbit as a
function of radius and the sum of the kinetic and potential energy of the star particles.
Our last metric of radius is the radius of a circular orbit with the same angular momen-
tum, Reye(j), which we define via:
~1/3

d®(R)

4.4 Rcirc ) = j2/3
(4.4) (J) =17 T

Rchirc(a‘)]
where j is the specific angular momentum of a star particle, vyRpnys. We solve for the
gradient of the potential following the same procedure as for Re..(F). We then use Eq. 4.4
to calculate angular momentum of a circular orbit at different Rys. We use this numerical
solution with the instantaneous angular momenta of star particles to find Re.(j) for each
star particle.

There are pros and cons to each of the metrics described here. Metrics such as Rppys,
Reire(F), and Re(7) are instantaneous measurements of stellar radius, so they provide
information about rapid perturbations to stellar orbits. Conversely, (Rg) and (Ry) are
average quantities of stellar orbits and are undefined until a star has completed at least one

half of an orbit, so they obfuscate rapid changes to stellar orbits. However, being averaged
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quantities they are less sensitive to non-adiabatic changes to the galactic potential. Rej.(F),
Reirc(j), (Rr), and (R;) are relatively difficult to measure for stars, and have a high degree of
uncertainty due to the need to accurately measure stellar velocities and accurately model the
galactic potential. These metrics are sensitive to changes in orbital properties such as angular
momentum or total energy. Ry is relatively straightforward to measure, however it can
vary rapidly due to epicyclic motion. We explore these different radial metrics because one
might expect different inferences of stellar redistribution depending on the chosen definition

of orbital radius.

4.3.3. Transition Epochs. Throughout our analysis we present results for stars of
either different ages as a function of radius or for stars at different radii as a function of
age. The age bins we present results for are not randomly selected ages, rather ages that
roughly correspond to different epochs in the formation history of our sample. Furthermore,
for all results presented as a function of age, we show lightly shaded lines demarcating the
transition regions to guide the reader’s eye.

Observational evidence of high redshift galaxies indicates that they are thicker and
clumpier than their lower redshift counterparts (e.g. Glazebrook, 2013; Wisnioski et al.,
2015). Surveys exploring the dynamics of galaxies across redshift indicate that galaxies be-
come more rotationally settled with time, i.e. dynamically colder (e.g. Kassin et al., 2012;
Ubler et al., 2019).

Various analyses of the FIRE-2 simulations have studied different metrics of disk settling
across cosmic time. These metrics include analysis of the rotational motion across time (e.g.
Ma et al., 2017b), measuring the transition from bursty to smooth star formation (Muratov
et al., 2015; Sparre et al., 2017; Yu et al., 2021; Gurvich et al., 2023, e.g.), and measuring
the onset of a virialized circumgalactic medium (e.g. Stern et al., 2021).

Following the results of these analyses and work by McCluskey et al. (2023), we explore

our results in the context of three different epochs: the ‘pre-disk’, early-disk’, and ‘late-disk’
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epochs. The precise definitions of these epochs come from the evolution of the ratio of stellar
azimuthal velocity to total stellar velocity dispersion (see McCluskey et al., 2023). In general
the pre-disk era encompasses lookback times larger than ~ 8 Gyr, the early-disk era ranges
from a lookback time of ~ 4 — 8 Gyr, and the late-disk era is all lookback times less than
~ 4 Gyr. During the pre-disk era stars formed on largely isotropic orbits, during the early-
disk era galactic disks were still dynamically hot, but stars formed on increasingly circular

orbits, and during the late-disk era stars formed on highly rotational orbits.

4.4. Results

4.4.1. Orbital Radii vs Physical Radii. Fig. 4.1 shows the difference between stellar

orbital radii and Rppnys at 2 = 0 for different age stellar populations. For each simulation we

calculate the median Ry3Y — RIpE as a function of Rp¥. The shaded regions in Fig. 4.1

show the 68th percentile scatter across the simulation suite. We show the average across
the simulations in Fig. 4.1, there are 11 simulations averaged over for (Rg) (blue) and (R;)
(purple). We only average over 9 simulations for R...(F) (orange) and Rei(7) (red) because
the Romulus and Remus simulations do not have stored potential values.

In Fig. 4.1, stars on perfectly circular orbits will show zero difference between their
orbital radii and Rp¥. For all metrics of radius, the youngest stars show the most agreement

between their orbital radius and Rjpv., however the orbital radii are all systematically smaller

now

phys typically increases with

at large radii. The discrepancy between orbital radius and R
increasing stellar age and with increasing Rpp¥. This is likely correlated with the different
epochs of disk formation.

The oldest stars formed in the pre-disk era with no coherent angular momentum and thus
the least circular orbits. The intermediate aged stars formed during the early-disk era when

disk spin-up was occuring. They generally formed with more coherent angular momentum

and thus show more agreement with their physical radius. The youngest stars formed in the
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late-disk era, after the disk was well established, they generally formed on the most circular

orbits with the most coherent angular momentum (for more discussion see Section. 4.4.2).

orbit — Lphys 18 qualitatively consistent for the different metrics of radii across all ages.
However, Rey(j) is systematically smaller than the other metrics of radius at all RI¥ and

at all ages. The other metrics of radius are generally more quantitatively consistent with
one another.
We also measured the distribution of R{gy, — Rypv for all stars in the disk (not shown).

The distribution for all metrics of radius are centered at approximately 0kpc. All metrics

are approximately Gaussian, with the exception of Re..(j) which has a negative skew.

4.4.2. Evolution of angular momentum. Figure 4.2 (left) shows the ratio of the
median stellar angular momentum to the angular momentum of a circular orbit as a function
of Ry, for stars younger than 200 Myr at their time of formation. By definition Rei(j) is
unity.

This ratio is near unity for all stars beyond R4, ~ 1.5kpc, indicating young stars are
generally forming on circular orbits (e.g. Yu et al., 2021; Hafen et al., 2022). In the inner
galaxy the ratio skews lower likely because of bulge kinematics.

The results of McCluskey et al. (2023) indicate stars can experience a large amount of
dynamical processing in the first Gyr following their birth. So, we also tested the sensitivity
of these results to the size of our age bin by selecting stars with ages < 50 Myr and < 1 Gyr.
Selecting stars with ages < 50 Myr leads to generally larger ratios of j©™ /j.. than selecting
stars with ages < 200 Myr and < 1 Gyr. However, the difference for the different metrics of
radii are quite small, typically less than ~ 0.03.

Fig. 4.2 (center) shows the ratio of the median stellar angular momentum to the angular
momentum of a circular orbit as a function of Ry, for stars with ages 10 — 11 Gyr at

z = 0. Unlike the youngest stars, this fraction increases with increasing radius. This is likely

because older stars at large radii were scattered to larger values of angular momentum.
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F1GURE 4.3. Dynamical changes to stars from birth to today across
the galaxy. The change in specific angular momentum j (left), physical radius
Ryhys (middle), and azimuthal velocity vy (right), for all stars at Ripy. =
2 — 12kpc (excluding the bulge region). The solid line shows the mean and
the dark and light shaded regions show the 68th percentile and full scatter
across 11 galaxies. The fuchsia line shows Romeo, which has the earliest-
forming disk that started to form ~ 11 Gyr ago. The vertical bands separate
the pre-disk, early-disk, and late-disk eras. Top row: The median change.
Stars that formed during the pre-disk era generally gained 7, while stars that
formed during the late-disk era generally lost it. Stars that gained j typically
did so through an increase in both Ry and vy, and vice versa. Bottom row:
Same, but for the median fractional change, relative to the value at formation,
which shows more distinctive behavior in each of the eras and diminishes in
magnitude over cosmic time, being negative but near zero during the late-
disk era. Stars that formed in the pre-disk and early-disk eras generally ‘spun
up’, often significantly, while stars that formed in the late-disk era generally
‘spun down’, though more modestly. Romeo shows weaker changes at old ages,
given its early-forming disk, though it experiences a stronger reduction in j
and Ry during the early- and late-disk eras.

Exploring this ratio for other ages shows that, for all radii, this fraction tends to decrease
with increasing stellar age. This shows that younger stars tend to be on more circular orbits

than older stars. This may largely be driven by younger stars forming on more circular orbits.
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FiGURE 4.4. Changes to orbital angular momentum of stars from
birth to today versus age. The fractional change in specific angular mo-
mentum, relative to its value today, for stars versus age. The columns show

stars at different Rogv, (£0.25kpc), and for each line we select stars using a

different metric for R, . The vertical bands separate the pre-disk, early-disk,
and late-disk eras. Top: The median fractional change. Older stars gener-
ally experienced the most significant change, which is systematically positive,
and (except for Reyc(j)) is generally stronger at larger R:Y.. The youngest
stars generally experienced a modest decrease in 7, except at large radii. The
transition age, when changes to j transitioned from positive to negative, is
younger for stars at smaller ;Y . Bottom: Same, but for the half width of
the 68th percentile scatter of the fractional change. For all metrics of RoGy,
except Reirc(7), the scatter increases strongly with age. For stars younger
than ~ 2 Gyr, all metrics of Roqy, yield similar results, but for older stars,
measuring orbits using Re..(j) generally leads to a more positive change in
the median j (top) but also the smallest scatter in j (bottom).

However, perturbations to the orbits of older stars could also play a role (e.g. McCluskey
et al., 2023).
Fig. 4.2 (right) shows the ratio of median stellar angular momentum to the angular

momentum of a circular orbit as a function stellar age for stars with R}V between 2 and

now

12 kpe. We select a minimum Rjpe

of 2 kpc because the leftmost panel shows that j/jeirc is
essentially constant for young stars forming beyond ~ 2 kpc (however, we explore the impact

of our selection radii further in Appendix. C.1). The blue and green lines roughly correspond
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Fi1GURE 4.5. Radial redistribution of stellar orbits. Normalized distri-
bution of the change in R, between formation and today, for stars near
the Solar annulus today (RXY, = 8 + 0.25kpc), averaged across 11 galaxies
(9 for Repe(E) and Reic(j)). The panels show stars of different ages today,
which, from left to right, formed during the late-disk, early-disk, and pre-disk
eras. The different colored lines show results using different metrics for Rg;t
(at both formation and today), which yield similar results, except using Rpphys
leads to a larger scatter for the youngest stars. The median ARy ~ 0 for
young stars, but older stars experienced more systematic outward redistribu-
tion. The width of the distribution is smaller for younger stars and increases
to intermediate ages but is essentially unchanged for older stars.

the epochs discussed in Section. 4.3.3. The black line shows the mean across the simulations
with the dark shaded region showing the 68th percentile scatter and the light shaded region
showing the full range of the distribution. The fuchsia line shows the trends for Romeo, the
earliest settling disk in FIRE simulations (McCluskey et al., 2023).

There appear to be transitions in j/je. that roughly correlate with the transition epochs.
Stars which formed prior to 8 Gyr ago tend to have very low angular momentum relative
to the angular momentum they would have if they were on a perfectly circular orbit. Stars
that formed between 4 and 8 Gyr ago show the steepest increase in j/je, with age. This
early-disk era corresponds to the rapid spin up of the disk and as such stars tend to form on
more circular orbits. Stars which formed in the last 4 Gyr show a less steep trend with age.
At this point, most of the galaxies have a well defined thin disk, and newly formed stars

form primarily on circular orbits.
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There is no notable difference between the behavior of Romeo and the behavior of the
mean galaxy trend in Fig. 4.2 (right), although Romeo is the earliest settling disk.

Fig. 4.3 (top) shows the median change:
(4.5) AX = Xmov — xorm

in stellar angular momentum (left), physical radius (center), and azimuthal velocity (right)
of the 11 simulations as a function of stellar age. The dark shaded region shows the 68th
percentile scatter across the hosts, and the light shaded region shows the full scatter. The
fuchsia line shows the trends specifically for Romeo.

Stars which were born prior to ~ 5.5 Gyr ago show a net increase in angular momentum
in addition to a net increase in Rphys and vg. The radial trend is partially influenced by
our in-situ cut; older stars necessarily formed at smaller radii and are more likely to have
scattered to larger radii. The velocity trend is likely a result of disk-spin up; during the
pre-disk era stars formed with no coherent rotational velocity, as the disk settled older stars
are almost exclusively scattered to larger rotational velocities.

Stars with ages < 5.5 Gyr generally decreased their angular momentum, Ry, and vg.
The onset of a galactic disk likely drives these trends. Stars form on generally circular orbits
after the formation of a coherently rotating disk (see Fig. 4.2). Thus, perturbations to stellar
orbits will generally drive them away from circular orbits, reducing their angular momentum.

Fig. 4.3 (middle) shows the fractional change in the quantities plotted in the top panel,
with respect to their absolute values at formation. There is a clear correlation between
the fractional change in these quantities and the different galaxy formation epochs. Stars
which formed in the pre-disk era generally have very large fractional changes in j, Rpnys,
and vg4. These stars formed with such small initial values of all of these quantities, that even
small perturbations lead to large fractional changes. During the early-disk era, as the disk is

settling, stars form with increasing angular momentum and increasing vy, so they generally
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experience smaller fractional changes. Finally, in the late-disk era, stars form on nearly
circular orbits (Faucher-Giguere, 2018; Hafen et al., 2022; Gurvich et al., 2023; McCluskey
et al., 2023) and experience very evolution to their orbits. Additionally, the host-to-host
scatter essentially goes away in the late-disk era.

The fractional change in angular momentum of stars in Romeo goes to approximately
zero earlier than the simulation average. This, in conjunction with Fig. 4.2 (right) implies
that stars generally form on more circular orbits after disk settling. Interestingly, the older
stars in the later settling galaxies typically experience increases to their angular momentum
that drives them towards orbital circularities comparable to Romeo.

Fig. 4.3 (right) shows a sharp dip to ~ 0 in both Av, and Avg/ |vj;°rm at approximately
9Gyr. This manifests itself in the left column as well, although to a lesser extent. This
is likely not a physically meaningful trend. Rather, it highlights that in the pre-disk era
there is no well defined disk. We define the cylindrical coordinate system of the galaxy with
respect to the moment of inertia tensor of the galaxy. The principal axes of rotation of our
galaxies are not reflective of a typical disk galaxy until the disk has settled.

Fig. 4.4 (top) is similar to Fig. 4.3 (left column, bottom row), except it shows the me-
dian fractional change in the angular momentum of stars as a function of stellar age for
stars currently located at R2Y, = 4, 8, and 12kpc (£250 pc). Also, the fractional change is
normalized to the present-day angular momentum, rather than the formation angular mo-
mentum. So a value of 1 means all of the present-day angular momentum a star has was
gained after birth. The different colored lines show the effect of using the different metrics of
radius to select stars. The figures are smoothed using scipy.ndimage.gaussian_filterld with
o=1.5.

Independent of radius, older stars typically experienced the larger fractional change to

their angular momentum, presumably because they formed with the smaller initial angular
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momentum. The youngest stars at each radius typically experienced a net decrease in an-
gular momentum. However, the age marking the transition between stars typically gaining
angular momentum and stars typically losing angular momentum is radially dependent. The
transition occurs at older ages in the inner disk and younger ages in the outer disk.

For all radial bins, the similarity between the different metrics of radius, seen for young
stars, is explained by Fig. 4.1. The difference between the physical radius of stars and the
different metrics of radius increases with increasing stellar age. Thus the stellar populations
included in the youngest age bins in Fig. 4.4 are almost identical. The older age bins
sample different populations of stars, mixing stars of various Rpnys. For the oldest stars
there is qualitative agreement between the different metrics of radius. There is quantitative
agreement between all metrics of radius too, the exception being stars selected via Reirc(7),
which show a systematically larger fractional change in angular momentum.

Fig. 4.4 (bottom) shows the 1 — o scatter of The fractional change in angular momentum
as a function of age, for the radial bins specified in the top row. At all radii the scatter is
consistent between the different radial metrics for stars younger than ~ 3 Gyr. For a given
radial region, the scatter generally increases with increasing stellar age, the exception being
for stars selected via Rei(j), which show decreasing scatter with increasing stellar age for
all stars older than a few Gyr. The scatter is also radially dependent, for a given age stellar

population, the scatter is typically largest at the smallest radii.

4.4.3. Distributions of delta R. Fig. 4.5 shows the normalized distribution of Ry, —
Rfom for 3 different age (0—1, 5—6, and 10— 11 Gyr) stellar populations located in the solar
neighborhood (R, = 8 £ 0.25kpc). The different colored lines represent the distribution,
averaged across the 11 hosts (9 hosts for Rg(j) and Re(E)), when defining the present-
day radius and the change in radius via different orbital radii.

Fig 4.5 (left) shows the distribution for the youngest subset of stars. The shape of the

distribution is qualitatively similar regardless of the chosen metric of radius. Generally,
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stars younger than 1 Gyr have a peak redistribution of ~ 0 kpc. The different radial metrics
generally show the same scatter (= 2.6kpc), however the scatter in Ry is systematically
larger than all other metrics (by a factor of ~ 2. Thus, most of the change in radius the
youngest stars have experienced must result from blurring/kinematic heating rather than
churning/cold torquing (Sellwood & Binney, 2002; Daniel et al., 2019). This agrees with the

results in Fig. 4.4, which shows stars younger than a few Gyr have experienced little to no
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FI1GURE 4.6. Radial redistribution of stellar orbits versus radius. The
change in the R of stars from formation to today versus R.%y,. The panels
show stars of different ages today, which, from left to right, formed during the
late-disk, early-disk, and pre-disk eras. The lines show results using different
metrics for Ropie (at both formation and today). Top: The median change in
the Romit. Similar to Figure 4.7, stars of increasing age experienced increas-
ingly positive redistribution, and young stars generally experienced negative
redistribution, with a transition radius that is smaller for older ages. Bottom:
Same, but for the half width of the 68th percentile scatter. At all ages, the
scatter initially increases with Ry, but tends to saturate, especially for older
stars. When self-consistently using the same metric of Ry to measure redis-
tribution and radius today, the different metrics yield similar results (unlike

for using RpY.), though the scatter in Ry is generally the largest.

fractional changes in angular momentum.
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FiGURE 4.7. Radial redistribution of stellar orbits versus age. Similar

to Figure 4.6, but showing trends versus age in bins of Roqy,. The vertical
bands separate the pre-disk, early-disk, and late-disk eras. Top: The median
change in the Rypiy of stars from formation to today. In general, R, —

Rl hecomes increasingly positive with age. The youngest stars generally
redistributed slightly inward, while older stars systematically redistributed
outward, quite significantly for the oldest stars. This transition occurs earlier

for stars at smaller R53Y,. Bottom: Same, but for the half width of the 68th
percentile scatter. The scatter initially increases with age up to ~ 2 Gyr, after

which the scatter in radial redistribution is approximately constant with age,

with a slight decrease. When self-consistently using the same metric of Roppit

to measure redistribution and radius today, the different metrics yield similar
results (unlike for using RIPY, see Figure C.2), though the scatter in Rppys is
generally the largest.

Fig 4.5 (middle and right) shows the distribution for older stellar populations. Stars have
generally redistributed toward larger radii, and the oldest stars have redistributed the largest
amount. This follows in part from our definition of in-situ stars. Stars must have formed
within R, which decreases with increasing lookback time (see Bellardini et al., 2022). Older
in-situ stars necessarily formed in a more compact region and are thus more likely to have

redistributed outwards.
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We also measure the radial redistribution of stars in different bins of R, (not shown).
For the youngest stars, the median of the distribution, averaged across the different radial
metrics ranges from ~ —0.06kpc at Ryqy, = 4kpc to ~ 0.1kpc at RS, = 12kpc. The
width of the distribution shows more dependence on radius, with ¢ ranging from ~ 0.8 kpc
to ~ 1.7kpc at Ro, = 4 and 12 kpc, respectively.

Although not apparent in the youngest stars, the peak of the distribution exhibits a
dependence on R, for older stellar populations. For stars aged 5 — 6 Gyr the median of
the distribution is ~# —0.57kpc at RiGY, = 4kpce, and it is =~ 2.1 kpc for stars at 12 kpc. This
evolution with radius is even more pronounced for stars with ages 10 — 11 Gyr; the median is
~ 0.12kpc at Royy, = 4kpe and ~ 4.9kpc at Rogy, = 12kpe. We expect a positive shift in
the median of the distribution with increasing radius, because the maximum redistribution
stars experience depends on 5, .

Similar to the trends seen in the young stars, the scatter of the distributions increases
with increasing radius for the older stars. For stars with ages 5— 10 Gyr the scatter increases

from ~ 2.1kpc to = 3.1kpc with increasing radius. For stars with ages 10 — 11 Gyr the

scatter increases from = 2kpc to ~ 3kpc.

4.4.4. Radial redistribution by location. Fig. 4.6 (top) shows the median RIS, —
R of young, intermediate, and old stars as a function of their present-day orbital radii.
We present the stars plotted as a function of their physical radii in Appendix. C.2. There
is generally qualitative and quantitative agreement between the different metrics of stellar
radius. However, for the oldest stellar population RMGY, — RM of R..(j) is an outlier. It
is systematically more positive than the other orbital metrics.

For all ages, stars presently in the innermost region of galaxies have, on average, re-
distributed inwards, and stars in the outer regions of galaxies have redistributed outwards.

The orbital radius at which stars transition from an average inward redistribution to an

average outward redistribution changes with increasing stellar. Stars younger than ~ 1 Gyr
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and with R, < 11kpc have on average redistributed inward. In contrast, older stars (age

10 — 11 Gyr) with R*9%. < 3kpc redistributed inward on average. This is in part a result of

orbit ~S
our in-situ criteria for stars.

While similar for different age stellar populations, the shape of RS, — RM as a function
of radius changes with increasing stellar age. For the oldest stars the relationship is nearly
linear. For younger stars the relationship is approximately constant with radius, out to
~ 11kpc. Whereas the redistribution of intermediate and older stars typically decreases
with increasing Ry, for stars in the inner disk and increases with increasing Rgyy, for stars
beyond a few kpc of the galactic center.

The results for intermediate and old age stars make sense given the growth of the galaxy
with time. Our in-situ selection criteria necessarily means that for each age there is maximum
radius Rg, within which all stars must have formed. For all R"*" beyond this stars necessarily
have a positive radial redistribution which goes approximately as RpY — Rg.

Fig. 4.6 (bottom) shows the median 1 — o scatter in RUY, — R as a function of

- The 1 — o scatter generally increases with increasing stellar age. The exception is
for the oldest stars, where the scatter plateaus at &~ 4kpc. The scatter for the oldest stars
is essentially set by R§, of the disk when they formed. Old stars at sufficiently large radii
all have nearly the same value of R'SY, — R where the only variation is at what radius
within Rg, they formed. This is also true for the younger stellar populations, but the Ry,
value of the disk at their time of formation is sufficiently large as to not result in this trend.

Fig. 4.6 (bottom) also shows that for a given stellar age, the 1 — o scatter in radial
redistribution generally increases with increasing present-day radius. This is largest when
looking at radial redistribution of Rpys and is generally consistent for all other metrics of

radius. However, intermediate and old age stars show more similarity between the different

metrics of radius than young stars.
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In Appendix. C.3 we present a results similar to Fig. 4.6, but for stars binned by their
formation radii, rather than their present radii. The trends host averaged results are generally
opposite the results presented in Fig. 4.6 (top). The youngest stellar populations generally
show positive radial redistribution and older stellar populations generally show negative
radial redistribution, except in the inner disk. The reason for the differences is likely due
to the negative density profile of the galaxies. Although, most stars born at a given radius
systematically redistribute to smaller radii some redistribute to larger radii. Thus, when
selecting stars by present-day radii, most stars will have redistributed outwards to that

radius rather than inwards because stellar densities are largest at small radii.

4.4.5. Radial redistribution versus age. Fig. 4.7 (top) shows the median change in
radius of stars, averaged across the simulations, as a function of age for stars selected in bins
of Ronvy (width of 0.5kpc). To see the stars selected in bins of RIPY see Appendix. C.2.
Additionally, we show the stars selected in bins of R in Appendix: C.3. The vertical
shaded bands show the times roughly corresponding to the pre-disk to early-disk transition
and the early-disk to late-disk transition.

For all radii, R, — R tends to be positive and to increase with increasing age.
However, for the youngest stars RIS, — R is negative and decreases with increasing age
until ~ 4 Gyr for RyqY, = 4kpc and until = 2 Gyr for RI3, = 8kpc. The generally positive
redistribution of stars makes sense in the simplified case of Gaussian redistribution of stars.
The FIRE galaxies have a negative density gradient (e.g Bellardini et al., 2022), so in the
event of random redistribution of stars more stars at a given radius will have redistributed
outward than inward.

For all metrics of radius, R™SY, — R tends to increase with increasing R*S% . This is in
part driven by the asymmetry of the problem. We analyze only stars which formed in-situ,

so there is a maximum inward redistribution stars can experience and a maximum outward

redistribution, set by R"Y. Stars presently at larger radii necessarily have a larger possible
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FiGURE 4.8. Comparing our results with previous works. Left: The
half width of the 68th percent scatter of Rij¥. — lejoﬁ;;, as a measure of 1 —
o, for stars with Rp¥ = 4, 8, and 12 kpc (+1kpe) versus age. The solid
lines show the mean at each radius, and the shaded regions show the 68th
percentile and full scatter across 11 galaxies (for stars at RipY. = 8kpc). The
fuschia line shows Romeo, our earliest-forming disk (=~ 11 Gyr ago), at 8 kpc,
which shows a similar trend. The amount of radial redistribution increases
moderately with radius, and it increases with age up to ~ 2 — 3Gyr, but
it is flat or decreasing with age for earlier-forming stars. For comparison,
the black line shows the (radially independent) model from Frankel et al.
(2020). The FIRE-2 simulations show substantially less age dependence: the
amount of redistribution is larger for young stars and smaller for older stars.
Right: Same, but comparing against the results from the Auriga simulations
in Okalidis et al. (2022), matching their selection in RJP¥ via multiples of
R, (see Bellardini et al., 2021, for additional details). Radial redistribution
in the FIRE-2 simulations follows similar qualitative trends as Okalidis et al.
(2022), though the normalization is lower (less redistribution) and the radial
dependence is weaker, especially for older stars.

Nnow

range of positive RIGY, — R than stars at smaller radii. Stars at smaller radii have a
larger possible range of negative RIS, — R™M than stars at larger radii.
The different metrics of radius are generally consistent when the stars are selected in a

self-consistent manner, however this is not the case when stars are selected based on R},
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i.e. the stellar populations plotted for each metric of radius are consistent (see Appen-
dix. C.2). Critically, this implies that the precise definition of radius does not systematically
skew conclusions about radial redistribution. The exception to this consistency is the ra-
dial redistribution in Re..(j) which skews systematically more negative at young ages and
systematically more positive at old ages.

There is no clear correlation between RIGY, — R and the transition from the pre-disk
to the early-disk era or the transition from the early-disk to late-disk era. However, there is
a minor correlation seen at Ry = 4kpe. The age dependence of RMGY, — R ghifts from
a negative slope with increasing stellar age for stars which formed during the late-disk era to
a positive slope with increasing stellar age for stars which formed during the earl-disk and
pre-disk eras. The reason for this and the lack of this correlation at larger Rpys warrants
further investigation beyond the scope of this paper.

Fig. 4.7 (bottom) shows the 1—o scatter of RS, —R™ from the middle panel of Fig. 4.7.
Stars younger than ~ 2 Gyr have the smallest scatter in their redistribution. After ~ 2 Gyr
the scatter is relatively constant with increasing age, except for Rpnys which decreases with
increasing age. The decrease in scatter with increasing stellar age for Rpuys follows from
our in-situ selection. Older stars necessarily formed in a smaller region of the disk, so they
have a smaller range of Rio™ from which to redistribute. Indeed, the scatter for the oldest
age stars is =~ 3 — 4kpc and the average I, of the simulations at a lookback time of 12
Gyr is &~ 4 kpc (Bellardini et al., 2022). The scatter slightly increases for the different radial
metrics with increasing RoGY,. However the increase is small, generally less than ~ 2kpc for
all radial metrics compared at Ry, = 4kpc and RoGy, = 12 kpe.

Following Okalidis et al. (2022), Fig. 4.8 shows the dependence of scatter in stellar redis-
tribution as a function of stellar age, for different radii. We make 2 different cuts to our data

to explore the radial redistribution. The different colored lines show our results at different

radii, except the fuchsia line which shows our results for Romeo. The dark shaded region and
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the light shaded region show the 68th percentile and the full distribution of our simulations
at Rjpvs = 8kpe, respectively. The solid black line shows the radially-independent model of
stellar redistribution from Frankel et al. (2020). Fig. 4.8 (left) shows our fiducial cut, i.e.
in-situ stars (Rfﬂf;sl less than 30 kpc comoving and vertical height < 3kpc. These results are
the same as the results presented for Ry in Fig. 4.7 (bottom).

Compared to the model of Frankel et al. (2020), the FIRE simulations show less age
dependence in o (R{Y. — R;‘{g’;). For young stellar ages, (age < 1.5 Gyr) the age dependence
of our results and the model of Frankel et al. (2020) are qualitatively similar. However, for
older ages, the scatter is essentially invariant with age. The absolute o (R pv, — R;O}f;g) in the

FIRE simulations is larger than that of Frankel et al. (2020) for stars younger than ~ 6 Gyr

and smaller for stars older than ~ 6 Gyr.

now __

In Fig. 4.8 (left) we show the results for our earliest settling galaxy (Romeo) at RIo™

8kpc as its settling time most closely mirrors that of the MW. Even for the case of our
earliest settling galaxy we find significant disagreement with the model of Frankel et al.
(2020). Romeo shows larger redistribution in young stars and smaller redistribution in old
stars. Additionally, Romeo also shows weaker age dependence than the model from Frankel
et al. (2020).

Fig. 4.8 (right) shows our data approximately matching the selection criteria from Oka-
lidis et al. (2022). The dashed lines show the values from Okalidis et al. (2022) Fig. 7.
The solid lines show the median results from this work, the error bars show +10. We select
stars with a vertical height |Z| < 2kpc, a formation radius within the halo, and a circularity
e > 0.7. The stars are binned in age bins 3 Gyr in width.

The normalization in the FIRE simulations is slightly smaller than that of Okalidis et al.
(2022). The average Rso of the simulations we analyze is ~ 25% smaller than the hosts

in Okalidis et al. (2022) (=~ 3kpc compared to ~ 4kpc). The normalization of the scatter
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increases with increasing radius, so this at least partially explains the discrepancies between
our results.

Qualitatively, the trends in this work and in Okalidis et al. (2022) are similar, o(Rpv, —

lef}f;g) tends to increase with increasing stellar age and the normalization increases with

increasing radius. However, the age dependence in our results is less pronounced than in

Okalidis et al. (2022).
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4.4.6. Radial redistribution correlations. In this section we test for correlations be-
tween the strength of radial redistribution and galaxy properties. Correlations with different
galaxy properties inform us about potential mechanisms driving radial redistribution as well
as helping to constrain radial redistribution in the MW.

We measure Spearman rank correlations of the mean radial redistribution of all stars with
an orbital radius currently in the solar neighborhood (7 < R2%%. < 9kpc and all stars in the
disk (2 < R, < 12kpc) with the transition lookback time from McCluskey et al. (2023),
when galaxies transition from the pre-disk era to the early disk era (t1[(vp/Ttot)form > 1]), as
well as the galaxy size (R,) and mass (Mg,) from Bellardini et al. (2021) . We also measure
correlations against the same variables for the half widht of the 68th percentile scatter of
the radial redistribution of the stars. We measure correlations for each metric of radius
and present them in Table. 4.1. Across all correlations we explore the most statistically
significant trends observed are correlations of o(A Reirc(j)) and o(A Rppys) with galaxy size
for stars in the solar neighborhood and mean A (Rg) with galaxy size for all stars in the
disk.

In general, the mean radial redistribution of stars correlates significantly (p-value < 0.05)
with the the transition from the pre-disk to early-disk era, with Re.(j) being the exception.
The correlation coefficient is negative, meaning galaxies which transitioned to a disk later
show stronger radial redistribution than galaxies which transitioned earlier. A potential
cause of this is the breathing mode undergone by galaxies, in which stars are born on
outflows due to strong feedback events (e.g. El-Badry et al., 2016; Yu et al., 2020). This is
further supported by the lack of correlation seen for R.(j), as the breathing modes heat
stellar orbits rather than torquing them.

Interestingly there is also a significant negative correlation between the mean radial redis-
tribution and the galaxy size. The exception being for both Rec(E) and Rei(7). Smaller

galaxies tend to show statistically larger, although still relatively small radial redistribution,
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FIGURE 4.9. Top: Mean radial redistribution of all stars with Rpqy, =
7 — 9kpc as a function of the lookback time of disk onset (from McCluskey
et al., 2023), t1,[(vs/0tot)form > 1] (left), and the radius that encompasses
90% of the stellar mass, Ry, (as in Bellardini et al., 2021). Table 4.1 shows
the correlations for all metrics of orbital radius; here we show only Rppys
and Rei(j). Correlations with Ry are generally representative of corre-
lations with all other radial metrics except Rei(j7). For all radial metrics,
except Reire(J), there is a statistically significant negative correlation between
the mean ARqbie and i, [(ve/0tot)form > 1]; galaxies that settled later show
stronger outward redistribution. There is also a negative correlation between
the mean AR and R, (except for Reic(j)), so smaller galaxies have ex-
perienced more positive radial redistribution than larger galaxies. Bottom:
Similar, except for the half width of the 68th percentile of radial redistribu-
tion. Now, in general, there are no significant correlations with when the disk
started to settle and the amount of radial redistribution. However, there are
statistically significant positive correlations between the o(ARqmi) and R,
larger galaxies have slightly broader distributions of A Rps.

in the solar neighborhood than larger galaxies. This same trend is also true for correlations
with galaxy stellar mass. Stars presently in the solar neighborhood in less massive galaxies
tend to have experienced more positive radial redistribution than the stars in less massive

galaxies. However the mechanism driving this is beyond the scope of this paper, and warrants

future investigation.
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Table. 4.1 shows that regardless of the metric of radius chosen, for stars in the solar
neighborhood, there is no significant correlations between the 68th percentile scatter in
AR, and the transition from the pre-disk to early-disk era. This is also true for correlations
with galaxy stellar mass. However, there is a statistically significant correlation between
the scatter in ARy and the galaxy size. Larger galaxies show a larger spread in radial
redistribution for all metrics of radius, aside from Re.(E).

In addition to correlations for stars in the solar neighborhood, Table. 4.1, tests the sensi-
tivity of our results to our radial selection by showing trends for stars across the entire disk
(2 < RAw < 12kpc). Generally, for all metrics of radius, the correlations with the transition
lookback time tend to decrease in statistical significance when selecting all stars rather than
just stars in the solar neighborhood. Trends between mean radial change and galaxy size
increase in statistical significance when selecting all stars rather than just solar neighbor-
hood stars. However, trends between the 68th percentile scatter and galaxy size decrease
in statistical significance when selecting all disk stars. Correlations between mean radial
redistribution and galaxy stellar mass are generally slightly less statistically significant when
selecting all stars, and the correlations with the 68th percentile scatter are generally more
statistically significant when selecting all stars. The radial metric which exhibits the most
dependence on our selection criteria is Re(j). The mean radial change was uncorrelated
with galaxy size and mass for stars in the solar neighborhood, but is strongly correlated for
all disk stars.

Additionally, although not shown here, we test correlations of mean ARqwi/Rg, and
(A Rowit/ Ryy) with Rg,. The correlations between find the correlations AR/ Ry, and
galaxy size are essentially the same as the correlations between the mean radial change and
Ry. The correlations between o(ARomir/Ry,) and galaxy size tend to be weaker than the

correlations between o(ARymit) and galaxy size.
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We show a representative sample of the correlations in Fig. 4.9. The top row shows mean
ARqbit as a function of t,[(vs/0tot )form > 1] and R§,. The bottom row shows o (A Rombit)

VS tp[(Ve/Otot )form > 1] and R§,. The circles show trends for Ry and the triangles for

Rcirc(j)'
4.5. Summary and Discussion

4.5.1. Summary. In this paper we characterized the radial redistribution of stars in
11 MW /M31-mass cosmological zoom-in simulations from the FIRE-2 suite. We explore
the results defining stellar radius using 5 different metrics: the instantaneous position of
the star, 2 radii based on the galactic potential, and 2 radii based on orbit tracking. We
measured the typical change in angular momentum of stars as a function of stellar age. We
also subdivided stars based on age and measured the radial redistribution as a function of
present-day and birth radius, and we subdivided stars into different present-day radii and
measured radial redistribution as a function of stellar age.

Our key results are as follows:

e Stars prior to the late-disk era typically gain angular momentum and stars born dur-
ing the late-disk era typically lose angular momentum (see Figs. 4.3 and 4.4). Both
old and young stars experience similar absolute changes to their angular momentum,
but older stars experience larger fractional changes to their angular momentum.

e Stars currently in the outer disk experienced more radial redistribution than stars in
the inner disk (see Figs. 4.7 and 4.6). Stars currently in the inner few kpc of the
disk have experienced near 0 kpc of radial redistribution on average. Stars presently
in the outermost region of the galaxy typically experienced large positive radial
redistribution.

e The oldest stars have experienced the most significant radial redistribution (see
Figs. 4.6 and 4.7). Across nearly all radii, the youngest stars experienced little

to no radial redistribution < 1kpc. Intermediate and old stars in the inner disk
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experienced radial redistribution that scales nearly linearly with R"" because the
oldest stars formed in the central few kpc of the disk.
The 68th percentile of RS, — R s radially dependent (see Fig. 4.8. A simplified
model in which o( R™SY, — R is radially independent does not accurately reflect
stellar radial redistribution. Especially for younger stars, the 68th percentile scatter
is smaller at smaller radii than at larger radii.
The mean radial redistribution and the scatter in radial redistribution correlated with
galaxy properties (see Table. 4.1). Galaxies which established a disk earlier show
less positive mean radial redistribution than galaxies which formed a disk later.
However, o(ARqmit) shows no significant correlation with when the galactic disk
settled. The mean radial redistribution in larger galaxies is less positive than in
smaller galaxies, however o (AR ) is larger for larger galaxies.
Self-consistency in radial redistribution analysis yields consistent results across all
metrics of radius (see Figs. 4.5, 4.6, and 4.7). The scale of stellar redistribution
is independent of definition of stellar radius, whether that be some measure of the
now _ pform

guiding center radius or the physical radius, as long as the R"" and Ry3, ntien

are measured self-consistently.

4.5.2. Discussion. In this paper we explore radial redistribution of stars in 11 simulated

galaxies taken from the Latte (Wetzel et al., 2016) and ELVIS (Garrison-Kimmel et al.,

2019a,b) suites. We compare these results for 5 different methods of defining radius: Rppys,

(RR), (Rt), Reic(F), and Reirc(j) (defined in Section. 4.3.2).

In Section. 4.4.1 we show that, young stars are generally on circular orbits. This agrees

with results from Yu et al. (2021, 2022); Hafen et al. (2022) which show that, after disk

settling, stars form in a thin-disk on circular orbits. Our results imply that stars do not

form on circular orbits throughout the lifetime of a galaxy.

141



Older stars are generally on less circular orbits than young stars, in agreement with obser-
vations (e.g. Dehnen & Binney, 1998). Importantly, this is not a result of older stars forming
on circular orbits and being scattered to non-circular orbits. As shown in Section. 4.4.2,
older stars typically experience a ‘spin-up’ in their angular momentum. Thus, the lower
circularity of the orbits of older stars reflects the birth conditions of these stars rather than
dynamical heating of their orbits. This agrees with other analyses from FIRE (e.g. Yu et al.,
2022; McCluskey et al., 2023) as well as other simulations (e.g. Pillepich et al., 2019) and
observations (e.g. Wisnioski et al., 2015; Swinbank et al., 2017).

Given that Romeo is the earliest settling disk in the suite of simulations we explore
(McCluskey et al., 2023), in Section. 4.4.2 we compare trends in Romeo to the average
trends in our simulations. The median fractional change in angular momentum as a function
of stellar age is approximately 0 for Romeo for all stars which formed after the onset of
the early-disk era (= 11 Gyr ago). Additionally, the scatter in the fractional change to
angular momentum, radius, and circular velocity is smallest for stars which formed in Romeo
for nearly all ages. This supports our conclusion that stars which form in a rotationally
supported disk generally experience fractionally less significant changes to their angular
momentum, radius, and circular velocity.

Although stars which form in rotationally supported disks generally experience minimal
fractional changes to their angular momentum, stars which formed prior to disk settling ex-
perienced large fractional changes to angular momentum. This contrasts with assumptions
of Hu et al. (2023) based on Sanders & Binney (2016). Under the assumption of radial migra-
tion, the median angular momentum of stars born at a given radius will remain unchanged
while the distribution broadens. Figure. 4.4 shows that the median angular momentum of
stellar populations can vary drastically between birth and present-day for sufficiently old

stellar population, and that the dependence varies on the present-day radial location of
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stars. This suggests there are other important dynamical processes which change the orbits
of stars.

Similar to the results of Okalidis et al. (2022), we find that the youngest stars in FIRE,
regardless of their z = 0 radius have generally experienced the smallest redistribution (top
row of Fig. 4.5) and the oldest stars have experienced the most radial redistribution (bottom
row of Fig. 4.5). Additionally, the width of the distribution increases with increasing age for
a given radius, and the width of the distribution increases with increasing radius for a given
age.

Further analysis of the of radial redistribution (see Fig. 4.7) shows that the radial re-
distribution experienced by stars is strongly correlated with their present-day radius. Stars
presently at large radii, regardless of the chosen metric of radius, have typically increased
their radius relative to their birth radius, which agrees with the analysis of Halle et al. (2015).
Additionally, as with Halle et al. (2015), stars that are in the inner disk have typically redis-
tributed inwards. Interestingly Halle et al. (2015) find that the number of extreme outward

migrators ( R, — R > 6kpc) decreases in the outer disk when excluding blurring. This

is consistent with our findings that RIS, — RPM is systematically largest for Ry and
smaller for all metrics of orbital radii.

In Section. 4.4.5 we explore radial redistribution of stars as a function of stellar age.
Specifically in Fig. 4.8 we compare 68th percentile scatter in R — R™M for stars at
different radii as a function of age to results presented in Okalidis et al. (2022) and the
model from Frankel et al. (2020). The model proposed by Frankel et al. (2020) suggests no
radial dependence to this scatter. However, in agreement with the results of Auriga (Okalidis
et al., 2022), we find there is a radial dependence.

For our fiducial selection criteria, binning stars by Rpnys, there is a minor radial depen-

now _ pform

dence to o( R2Y, omt) which is most extreme in the youngest stars. For no radius do

we find consistency between measured scatter in radial redistribution of the oldest stars in
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our simulations and the model of Frankel et al. (2020). Even for our earliest settling disk,
Romeo, the scatter is systematically smaller in FIRE at large ages and systematically larger
for small ages.

The scatter measured in FIRE is also systematically lower than the scatter measured in
Okalidis et al. (2022), however this is true across all ages and across all radii. A potential
cause of this is that the Auriga simulations have systematically larger disks than the FIRE
simulations, and there is a radial dependence to the scatter. So, for a given fraction of Rs
the selection radius in FIRE is systematically smaller than in Auriga.

In Section. 4.4.6, we look at correlations of the mean radial redistribution of stars and
of the half width of the 68th percentile scatter in the radial redistribution of stars with the
time at which galaxies transitioned from the pre-disk to the early-disk era and the size of
the galaxies. Surprisingly, there is no significant correlation between the disk settling time
and o(ARymit). This suggests that the primary driver of radial redistribution of stars in
the FIRE simulations is not radial migration/resonant scattering. That mechanism of radial
redistribution only occurs in galaxies with established disks and non-axisymmetric structures
like spiral arms. Thus, if it were the dominant mechanism of radial redistribution one would
expect a strong correlation with disk settling time. Stars in larger galaxies tend to experience
less positive radial redistribution than stars in smaller galaxies, which is potentially a result
of strong feedback episodes leading to stars being born on outflowing gas (e.g. El-Badry
et al., 2016; Yu et al., 2020). However, this trend warrants future investigation.

Additionally, the mean radial redistribution in galaxies correlates negatively with the
lookback time at which galaxies transitioned from the pre-disk era to the early-disk era. This
hints at the influence of different mechanisms of radial redistribution in different epochs. It
further supports the idea that in the pre-disk era stars are being born on outflows. Also, it

implies that the mechanisms driving radial redistribution in the early- and late-disk eras do
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not preferentially redistribute stars inwards or outwards. The galaxies that have had a disk
the longest show the least amount of radial redistribution, on average.

Perhaps the most important finding in this paper is the quantitative consistency of stellar
radial redistribution between all metrics of radii, when performing analysis in a self-consistent
manner. This is emphasized in Figs. 4.5, 4.6, and 4.7. In other words, when measuring the
radial redistribution on stars, the result is agnostic to the definition of stellar radius. This
suggests, for studies of radial redistribution a preference should be given to whatever method

of measuring stellar radius is easiest and most accurate.
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CHAPTER 5

Conclusion

5.1. Summary

In this dissertation I made use of 11 MW /M31 mass hydrodynamic cosmological zoom-in
simulations from the Latte and ‘Elvis’ simulation suites of FIRE to explore the feasibility
of chemically-tagging MW stars. I first used these simulations to characterize and quantify
the scale of elemental abundance homogeneity in galaxies across cosmic time. To help with
chemically tagging stars born in more homogeneous environments, I then quantified the
radial redistribution of stellar populations in these simulations at redshift 0. I summarize
the main results and the implications of each chapter in the subsequent paragraphs.

Chapter 2 is one of the first studies of cosmological simulations to characterize the full
3-D evolution of gas-phase elemental abundances. Given the relative difficulty of taking
spatially resolved measurements of high redshift galaxies, simulations are currently one of
the best methods to characterize the spatial distribution of elemental abundances in early
universe galaxies. In fact, the question of the time evolution of galactic radial abundance
gradients is still contested, with some groups claiming a shallowing of the profile with time,
other groups claiming a steepening, and some groups claiming a steepening followed by a
shallowing. I found that galaxies generally show disks which are well mixed radially at
high redshifts, in fact the dominant source of elemental abundance variation comes from
azimuthal abundance fluctuations. This complicates the work of chemically tagging stars, as
stellar birth locations are not uniquely defined in elemental abundance space. This chapter
also presented results which challenged a standard assumption of galactic chemical evolution

models: elemental abundances are well mixed at a given radius across time, such that all
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stars born at a given location will have roughly the same elemental abundances. Crucially,
in this chapter I presented a characterization of the transition lookback time at which simple
one dimensional chemical evolution models breakdown, essentially the time at which the
main source of elemental abundance variations in galaxies shifts from azimuthal to radial
variations.

Chapter 3 expands upon the results of Chapter 2 by quantifying the 3-D evolution of
elemental abundances in newly formed stars, which does not necessarily trace the trends see
in all gas. However, the evolution of radial and azimuthal fluctuations of stellar elemental
abundances in galaxies generally follows the trends of the gas. One crucial result presented in
Chapter 3 is the scatter in [Fe/H] as a function of stellar age, which reflects the competition
between azimuthal scatter and radial gradients across the history of a galaxy. The age at
which scatter is minimized roughly correlates with the time at which galaxies transitioned
from abundance variations being dominated by azimuthal fluctuations to being dominated by
radial variations. The most important results presented in Chapter 3 are the functional forms
and best fits to the average stellar abundance, radial abundance gradient, and azimuthal
scatter of stellar abundances as a function of cosmic time. The fits to the spatial distribution
of elemental abundances are invaluable to researchers working on chemical tagging as they are
in essence a cosmologically motivated galactic chemical evolution model. Additionally, with
the advent of newer telescopes and observational surveys focusing on high redshift galaxies
these functional forms provide a prediction for the expected observed spatial distribution of
elemental abundances. Whether there is or is not agreement between these predictions and
observations the field of galactic archaeology will improve. Agreement with these predictions
would further validate the physics implementation in cosmological simulations and increase
their usefulness as tools for galactic archaeologists. Disagreement between these predictions

and observations will spur an improvement in cosmological simulations.
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Chapter 4 explores the typical scale of radial redistribution of stars. This is especially
important to quantify for older populations of stars as I previously laid out the relative ho-
mogeneity of elemental abundances in the galactic disk at early times. Careful quantification
of the radial redistribution of stars can break degeneracies of birth locations for older stars,
strengthening the predictive power of chemical tagging. I find that the amount of radial
redistribution stars have experienced depends strongly both on their present-day radius and
their age. This is in agreement with the results presented in other simulation groups, but
contrasts with the observation-based models currently being used by some theorists. Cru-
cially, in Chapter 4, I also explored the different metrics by which observers and theorists
typically define the radius of a star. I found that regardless of the definition of radius used,
as long as stars are radially binned using the same definition, there are no appreciable dif-
ferences in the radial redistribution of stars as a function of present-day radius, formation
radius, and age. This is the first robust comparison of these different definitions of radius.
Thus observers and theorists can freely use their preferred method of measuring stellar radii

when chemically tagging stars and reach similar conclusions.

5.2. Future Work

The work I did in this dissertation has set the stage for a multitude of future projects
to further explore the viability of chemically tagging stars. Most recently Graf et al. (in
preparation) has characterized the present-day 3D spatial distribution of stellar elemental
abundances as a function of stellar age. They compare the strength of radial gradients,
vertical gradients, and azimuthal abundance of stars at formation and at z = 0 in the FIRE
simulations to quantify the impact of stellar radial redistribution on the distribution of
elemental abundances at present-day. While I quantified the evolutionary history of several
MW-mass galaxies, this work allows us to better understand the specific history of the MW.

Additionally, future work should look to quantify the origins of the radial redistribution

I characterized in Chapter 4. Understanding the extent to which stars move is important for
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chemically tagging stars, but it is also important to quantify the role of different physical
drivers of stellar radial redistribution. A more in depth analysis of radial redistribution in
cosmological simulations can be done by simply tracking the time evolution of stellar angular
momentum, orbital energy, orbital eccentricity, and radius across time. Blurring/kinematic
heating of stars would show that stellar guiding radii, defined by their angular momenta,
are essentially constant with time while their guiding radius defined via their orbital energy
grows with time and their physical radius oscillates with time. Radial migration or churning
of stars would show rapid changes to the guiding radii of stars defined by their angular
momenta as they experience corotation resonance with galactic bars or spiral arms or radial
redistribution due to Lindblad resonances (e.g. Minchev & Famaey, 2010; Minchev et al.,
2011, 2012). Characterization of stellar kinematics across time is currently being explored
by McCluskey et al. (in preparation).

Yet another direction in which future work can go is understanding the origin of the
spatial abundance variations observed in galaxies, particularly azimuthal abundance fluctu-
ations. This has already been explored in part by Khoperskov et al. (2023); Orr et al. (2023).
They have found that azimuthal elemental abundance fluctuations are intrinsically linked
to spiral structure in galaxies. Using hydrodynamic simulations, both groups showed that
the azimuthal abundance fluctuations seen in disk galaxies as present-day appear to be a
result of gas funneling along spiral structure in galaxies with pre-existing radial abundance
gradients. In effect metal rich gas is moved to larger radii and metal poor gas is moved to
smaller radii inducing abundance fluctuations at a given radius. Khoperskov et al. (2023);
Orr et al. (2023) also find that local enrichment alone is insufficient to produce the abundance
fluctuations observed in galaxies at present-day. Graf et al. (in preparation) also test corre-
lations between the strength of azimuthal abundance fluctuations and the strength of radial

gradients for young stars at present-day in the FIRE simulations, finding that galaxies with
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the strongest radial gradients show the largest azimuthal fluctuations. This further supports
the notion of radial redistribution driving present-day azimuthal abundance fluctuations.

However, the mechanism responsible for azimuthal abundance fluctuations across cosmic
time is not well understood. The work of Khoperskov et al. (2023); Orr et al. (2023); Graf et
al. (in preparation) provide a reasonable explanation for the presence of azimuthal fluctua-
tions at z = 0, but azimuthal fluctuations induced via radial redistribution in the presence
of a pre-existing radial gradient does not explain the high redshift azimuthal abundance
fluctuations we present in Chapters 2 and 3. At large redshift galaxies exhibit essentially
no radial gradient yet large variations in azimuthal scatter. A careful analysis of the merger
histories, local enrichment, and mixing timescales at these redshifts must be done to better
understand the physical origin of these fluctuations.

Another important future step is building a model to apply chemical tagging to stars
in the FIRE simulations. This model should incorporate all the information from this dis-
sertation on the time evolution of the spatial distribution of elemental abundances as well
as the typical radial redistribution experienced by stars outlined in Chapter 4. Assuming
the accuracy of the FIRE simulations, this is a means to test the best case scenario for
chemically tagging stars. Using an accurate model for the scale of radial redistribution of
stars and galactic chemical evolution, we can essentially place an upper limit on the expected
precision of chemical tagging.

Galactic archaeology has quickly progressed in popularity, leading to entire surveys ded-
icated to better understanding the formation and evolution of the MW, like the GALactic
Archaeology with HERMES survey. Knowing the discriminating power of chemical tagging
is crucial to surveys like this, as it plays an important role in their selection function and
their desired measurement precision of elemental abundances. As such, predictions of the
spatial distributions of elemental abundances from cosmological simulations is crucial to our

understanding of the homogeneity of star forming sites which feeds into galactic chemical
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evolution models. Despite the massive investment into observations, spatially resolved el-
emental abundance maps of high redshift galaxies is still exceedingly difficult. As such,
at present, our best understanding of the initial conditions from which stars form at high
redshift must come from simulations. However, it is important to continually benchmark
simulations against future observations, as observations are the ground truth of the universe.
Crucially, simulations must also provide predictions of the time evolution of the spatial dis-
tribution of elemental abundances, so that they can continually be tested against constantly
improving observations. While we may not be able to exactly simulate the conditions of
the proto-MW, continually expanding the number of high-resolution simulations sampling
a diverse range of evolutionary histories provides us with the best chance of understanding

the evolutionary history of our own galaxy.
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APPENDIX A

Chapter 2 Appendices

A.1. Scaled radial profiles

Fig. A.1 compares the host-to-host scatter in radial gradients of [O/H] in gas in our
simulated galaxies when scaling these gradients to various galaxy scale radii at z = 0. We
scale each galaxy’s profile using: Rss, Rs9, and Rgy for the gas and the stars, along with
the exponential scale length, Ry, from a 2-component (sérsic plus exponential) fit to the

surface density. Table 2.1 lists the values for each galaxy. We also compare these scaled
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FiGURE A.1. The 1-0 host-to-host scatter of the scaled radial gradients for
different scale radii at z = 0. We define Ry5, R5o, and Ry for the gas and stars
in Table 2.1. Rgs is the exponential scale length of the stellar disk determined
via a 2-component fit to the surface density, and Ry is the physical radial
coordinates of the disk, i.e. unscaled coordinates. For each scale radius, we
measure the gradient of all galaxies across an equal radial range that corre-
sponds to 4 — 12 kpc physical for the galaxy with the median scale length. The
1-0 host-to-host scatter is smallest when measuring the gradients in physical

space, which motivates our choice for our analysis in this paper.
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gradients to the gradients in physical radii (as measured in Section. 2.4.2. We bin each
profile equally in scaled radius, defining the bin width such that the galaxy with the median
scale length has a binwidth of 0.25kpc physical. We measure the radial gradient of each
galaxy across an equal radial range for each scale radius. We define this radial range such
that we measure the galaxy with the median scale length across a physical range 4 — 12 kpc.
This range corresponds to: &~ 3.3—9.8R5¥" ~ 1.4—4. 1R ~ 0.4—1.1R§™, ~ 0.5—1.6R5;,
~ 0.3 - 1.0R:"°, ~ 0.2 — 0.7R5;’, and ~ 1.0 — 3.1 Rgsk.

Measuring the gas abundance radial gradient (from 4—12kpc) in physical space minimizes
the host-to-host scatter, to o ~ 0.005dex. R5® has the next smallest 1-0 scatter with
o ~ 0.009dex. The gradients are the least self-similar when scaled by RSy®, for which the
1-0 scatter is &~ 0.1. The self-similarity of the radial profiles in physical space motivates
our choice in this paper, because there is no compelling reason to scale the profiles of our
galaxies. We emphasize, though, that this may be a result of the small mass range of our

suite (halo masses are My, = 1 — 3 x 10'M, stellar masses are in Table 2.1) and may

not be generalizable to galaxies across a wider mass range.

A.2. All gas versus star-forming gas

In this paper, we examine elemental abundances in all gas, as initial conditions for
chemical tagging of stars. We choose to measure all gas in part because star-forming gas
represents only a small fraction of all gas elements at a given snapshot, leading to significant
Poisson noise. In principal, we could attempt to identify photo-ionized (HII) regions near
young star particles to compare with gas-phase measurements via nebular emission lines,
but doing this correctly requires generating synthetic observations via ray-tracing, which is
beyond the scope of our analysis. In future work (Bellardini et al., in prep.) we will compare
in detail the spatial variations in abundance of star particles that form out of this gas to the

gas itself. Here, we explore the impact of measuring only star-forming gas instead of all gas.
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FIGURE A.2. A comparison of [O/H] measured in all gas versus only star-
forming gas, at 4 < R < 12kpc and |Z| < 1 kpe. For each host, we measure the
mean and standard deviation of its [O/H] (stacking 10 consecutive snapshot
across ~ 200 Myr to boost the number of star-forming gas elements), and we
compute the galaxy-wide difference between star-forming gas and all gas. Top
panels show histograms of the difference in the mean [O/H], while bottom
panels show histograms of the difference in the standard deviation of [O/H].
Left panels show z = 0 and right panels show z = 1 (tj00kback = 7-8 Gyr). The
solid vertical lines show the mean of each difference. Star-forming gas is on
average more metal rich than all gas by ~ 0.04dex at z = 1 and =~ 0.01 dex
at z = 0. Furthermore, star-forming gas is slightly better mixed (with less
scatter), with ojo i ~ 0.05dex smaller at z = 1 and ~ 0.008 dex smaller at
z=0.

Fig. A.2 compares measuring [O/H]| in star-forming versus all gas at z = 1 ({0kback =
7.8Gyr) and z = 0. For each galaxy, we select gas elements at 4 < R < 12kpc and
|Z] < 1kpc, and we stack this measurement across 10 snapshots (=~ 200 Myr), because

at any single snapshot there are few star-forming gas elements. For reference, for these
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same simulations at z = 0, Benincasa et al. (2020) find typical GMC lifetimes, and hence
lifetimes of star-forming regions, of 5 —7 Myr. We first measure the difference in the average
abundance between star-forming and all gas for each galaxy. Fig. A.2 (top row) shows a
histogram of this offset in the mean [O/H]. A positive value means star-forming gas has a
higher [O/H] than all gas for that galaxy. The black vertical line shows the mean value
of the histogram. On average, star-forming gas has modestly higher [O/H]| than all gas by
~ 0.04dex at z =1 and ~ 0.01 dex at z = 0. The difference in [O/H] is typically < 0.02dex
for z = 0 and always less than 0.03dex. The discrepancy is larger at higher redshift, the
difference is typically < 0.04 dex and always less than 0.13 dex. This is likely because cosmic
accretion and star-formation rates are higher at earlier times, leading to less efficient small-
scale mixing of gas. Of course, a simple offset in the [O/H] normalization does not alone
mean that spatial variations are different.

Fig. A.2 (bottom row) shows the difference in the standard deviation of star-forming
versus all gas. Again, the black line shows the mean value. On average, [O/H] for star-
forming gas has slightly smaller standard deviation than for all gas. This difference is larger
at z = 1 than at z = 0. However, the difference is typically small, < 0.05dex. This
suggests that the azimuthal variations of star-forming gas may be smaller than that of all
gas, especially if the scatter is driven primarily by radial variations in abundance. Thus,
chemically tagging the birth radii of stars may may be complicated by azimuthal variations
for redshifts higher than we show in Sec. 2.4.5, which we will explore further in Bellardini et
al. in prep.

We also explore the differences in the radial gradients for star-forming versus all gas (not
shown). At z = 0 the radial gradients of star-forming and all gas are consistent to within
+0.005 dex kpe ™, less than the host-to-host scatter in Fig. 2.5. At z = 1, for the galaxies
with sufficient star-forming gas to measure a reliable radial gradient, they agree with the

gradients for all gas to within 4-0.002 dex kpc™'. We also compare compare the radial profiles
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of [O/H] for newly formed stars (in age bins of 200 Myr) with that of all gas at the same
snapshots. For z < 0.5, these profiles overlap to within uncertainty. For z 2 0.5, the stellar
and gas abundance profiles start to diverge, such that the young stars tend to have higher
[O/H] and flatter gradients than all gas, which we will explore further in Bellardini et al., in
prep.

In summary, while analyzing all gas is a reasonable, if not perfect, proxy for star-forming
gas in our simulations. Given the short lifetimes of star-forming gas clouds (Benincasa et al.,
2020) and the strict conditions for particles to be star-forming (Hopkins et al., 2018), only a
small fraction of gas elements are star-forming at a given snapshot (< 1% of gas particles at
the redshifts we observe), so analyzing all gas greatly reduces the statistical uncertainty. In
the future we will study the abundances of star particles that form from this gas, to compare

with these results in detail.

A.3. Impact of diffusion coefficient

Our FIRE-2 simulations model the sub-grid diffusion/mixing of metals in gas via unre-
solved turbulent eddies (Su et al., 2017; Escala et al., 2018; Hopkins et al., 2018):

0Z;

(A1) o

+V - (DVZ)=0

where Z; is the mass fraction of a metal in gas element i, and D is the diffusion coefficient.
While there is some uncertainty in the exact value to choose for this coefficient, our fiducial
value is physically motivated based on tests of the metal diffusion implementation in FIRE-2
on idealized, converged turbulent box simulations by Colbrook et al. (2017) and other more
extensive studies by Rennehan et al. (2019). Here, we compare our key results using our
fiducial diffusion coefficient D in m12i against a re-simulations of m12i with all identical
physics/parameters, except one has a diffusion coefficient that is 10 times higher (that is,

faster mixing) and the other includes no subgrid mixing.
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A[O/H] [dex]

shows the vertical gradient in gas [O/H], similar to Fig. 2.6. At z = 0, we find no differences
within 200 pc and at most ~ 0.015 dex difference at 1kpc. The differences are stronger at
z = 1 for 10x higher diffusion and stronger at z = 0 for the simulation with no diffusion,

though again, not at a significant level to change our interpretations, especially within 200 pc.

at R = 4kpc (given a strong upturn at smaller R). The radial gradients, measured over
our fiducial radial ranges, vary by < 0.005dexkpc™ between the 10x diffusion simulation

and the fiducial simulation. The gradients vary by less than 0.014 dex between the fiducial
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Fig. A.3 compares the vertical, radial, and azimuthal variations for m12i. The left panel

Fig. A.3 (center) shows the radial profile in gas [O/H], normalized to the abundance
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FIGURE A.3. Vertical (left), radial (middle), and azimuthal variations (right)
in [O/H] between our fiducial simulation of m12i, a version with no subgrid
metal diffusion, and a re-simulation increasing the diffusion coefficient by 10
times. The vertical profiles show no clear systematic variations at a level
important for our analysis. We normalize the radial profiles to 4kpc (the
approximate edge of the bulge) for clarity in comparison. The radial gradients
(measured from 4 — 12 kpc for z = 0, 2—8 kpc for z = 1) vary by no more than
~ 0.005 dex kpc ™! between our fiducial simulation and the simulation with 10
times higher metal diffusion, while the simulation with no metal diffusion has a
~ 0.13dexkpc ™! steeper gradient at z = 0. In the right panel, we scaled down
the azimuthal scatter in the simulation with no metal diffusion by a factor
of 10, for comparison. Thus, neglecting metal diffusion/mixing leads to 10x
higher azimuthal scatter, and moreover, this scatter does not depend much
on azimuthal scale. The enhanced metal diffusion re-simulation shows smaller
azimuthal scatter at small azimuthal scales, given the enhanced mixing rate
on these small scales. However, that simulation shows similar scatter at large
azimuthal scales, indicating that disk-wide azimuthal scatter is not sensitive
to the detailed choice of diffusion coefficient.
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simulation and the one with no metal diffusion at z = 0. The simulation with no subgrid
diffusion has a steeper gradient at z = 0, potentially because the metals are less efficient
at spreading from a given radius, in the absence of subgrid diffusion, once the disk has
become rotationally dominated and radial turbulence is no longer efficient at moving the gas
particles. We thus conclude that the radial gradients are reasonably robust to choices of the
strength of the diffusion coefficient, however, in the unphysical case of no subgrid diffusion,
the gradient can be (unphysically) steeper.

Fig. A.3 (right) compares the azimuthal variations versus angular bin width, at R = 8 kpc.
The simulation with no subgrid diffusion has 10x higher azimuthal scatter, so we scale down
its values in Fig. A.3 by 10x for visual comparison. Using no subgrid diffusion leads to
scatter that is largely independent of azimuthal scale at high z, but that increases with
azimuthal scale at low z. Without subgrid diffusion, a small number of gas elements can
absorb most of the metals, while a significant number of (neighboring) elements can remain
nearly un-enriched. This is a patently unphysical scenario, and it yields azimuthal scatter
that disagrees with observations by an order of magnitude. At both redshifts, using a higher
diffusion coefficient leads to smaller azimuthal variations at small scales, because diffusion
smooths variations between nearby gas elements on scales approaching the resolution (Escala
et al., 2018). However, the azimuthal variations are nearly unchanged on large azimuthal
scales. Therefore, our results on small azimuthal scales are likely sensitive to the exact choice
of diffusion coefficient, but the large-scale azimuthal variations are robust. An important
caveat to this comparison is that it is only one simulated galaxy, and individual simulations
with the same initial conditions and physics can show non-trivial stochastic variations from
random number generators, floating-point roundoff, and chaotic behavior (e.g. Keller et al.,
2019). Indeed, we find minor fluctuations between these simulations, for example, in the

exact timing of mergers, which can affect all panels in Fig. A.3. We consider it likely that
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the differences in azimuthal variations on small scales are robust, but any other differences

in Fig. A.3 are potentially stochastic.
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APPENDIX B

Chapter 3 Appendices

B.1. Shapes of abundance profiles

We investigate the cause of the break in the radial abundance profiles (see Fig. 3.3) by
exploring the profiles of surface density. We fit a two-component linear profile to the log
of the young stellar to gas surface ratio in Fig. 3.4 (bottom) and plot the transition radii
in Fig. B.1 in green. In principal, the ratio of surface density of stars to gas should be
approximately proportional to the abundance profile, in the limit of local metal deposition.

The blue points in Fig. B.1 show the transition from the steep inner radial abundance
profile to the flatter outer abundance profile for each galaxy as a function of M (see
Table 3.1 for masses), and the horizontal line shows the average of 5.8 kpc across all 11
galaxies. The orange points show the radius at which the overall stellar surface density
transitions from being dominated by a sérsic profile to being dominated by an exponential
profile, which we presented in B21, and which reflects the transition to a bulge-like component
in each galaxy. We found this by simultaneously fitting an exponential plus sérseic profile
to the overall stellar surface density at z = 0, where we fixed the sérsic index at n = 1.3.

Fig. B.1 shows no clear stellar mass dependence to these transition radii. The transition
radius in [Fe/H] for young stars is always larger than the transition radius in the surface
density, typically by ~ 2.6 kpc. Additionally, the transition radius of the ratio of stellar to
gas surface density is, on average, larger than transition radius of the abundance profile by
~ 1.3 kpc.

We thus conclude that the transition radius in the abundance profile for young stars in

our simulation is not related to the onset of a bulge-like component. Instead, it coincides
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FIGURE B.1. Various transition (break) radii (Ryansition) for each galaxy as a
function of stellar mass. The orange points show R ansition Of the stellar surface
density profile, caused by the steeper bulge-like region, as defined in B21. The
blue points show Ryiyansition from a 2-component linear fit to the [Fe/H] profiles,
as in Fig. 3.3. The green points show Rj,ansition from a 2-component linear fit
(measured from R = 3 — 12kpc) to ratio of the stellar surface density to gas
surface density for stars younger than 1Gyr old. The horizontal lines show
the mean of each Riansition- Ftransition @S defined by the stellar iron abundance
is always larger than Riansition @s defined by the surface density of all stars.
We expect a correlation between Riansition fOr the stellar surface density and
Riransition for the stellar [Fe/H] because the [Fe/H| abundance of the youngest
stars is a result of the supernovae from previous stellar generations.

better with the transition radius in the stellar to gas ratio of surface densities, and its shape
(break) is at least partially set by the shape of that ratio. However, we do not find perfect
agreement. More work is needed to understand the full shape of the abundance gradient in

the context of complex metal injection, mixing, outflows, and stellar redistribution.
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FiGURE B.2. Similar to Fig. 3.11, comparing the results for elemental abun-
dance variations in gas versus young (age < 500 Myr) stars. We generate the
profiles in the same way as in Fig. 9 of B21 and we smooth all profiles with a
Gaussian filter. In general, both the azimuthal scatter and the radial change

are smaller for newly formed stars than for all gas. Also, the transition time
(see Section 3.4.7) is generally earlier for young stars than for all gas.
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N

B.2. Stars at formation versus gas

We compare the 360° azimuthal scatter and the strength of the radial gradient of newly
formed stars (age < 500 Myr) to that of all gas, as we presented in B21. For consistency with
B21, instead of examining the radial change in [Fe/H] from R = Okpc to Rg,, we measure
the radial gradient as a linear profile from R = 4kpc out to R = 12kpc and multiply by
8kpc to define a radial change in [Fe/H].

Fig. B.2 shows the mean radial change (green) and the 360° scatter at R = 4kpc (blue)

and 8 kpc (orange) for young stars (solid) and gas (dashed). We find excellent agreement at
162



z ~ 0, which we confirm by comparing the radial profiles of young stars and gas directly.
However, young stars show systematically lower variations, both radial and azimuthal, at all
lookback times. The largest discrepancy in the radial gradient is ~ 0.009 dex kpc ™' ~ 9.5 Gyr
ago. We believe this is because the stellar gradients are ill defined in this radial range for
young stars at this lookback time. As Fig. 3.1 shows, Rg, is only ~ 5.5 kpc on average. The
greater agreement between azimuthal scatter for gas and stars at 4 kpc compared to 8 kpc also
supports this. As mentioned in Section 3.4.6, we think that clustered star formation drives
smaller azimuthal scatter in young stars than in all gas. B21 showed that star-forming gas in
general has a smaller disk-wide scatter in abundance (median of ~ 0.05dex at z = 1). This

agrees with the typical difference in azimuthal scatter at large lookback times in Fig. B.2.

B.3. Measurable homogeneity

Following B21, we define ARequality, the ratio of the (radially averaged) 360° azimuthal

scatter to the overall radial gradient:

O[X/H]
X/Hl, /T

(Bl) AFiequadity - A[

A Requaiity in effect defines the minimum radial scale over which radial variations domi-
nate over azimuthal variations in abundance. This sets a maximum precision that chemical
tagging neglecting azimuthal scatter can place on the birth radius of a star using a given
abundance measurement of the star.

Fig. B.3 shows the median ARequaiity s a function of lookback time. The blue line shows
the median ratio for [Fe/H], the orange line shows the median ratio for [Mg/H], and the black
line shows the average Rj, of newly formed stars, from Section 3.4.1. The shaded region
shows the 1 — o scatter for [Fe/H]. ARequality in general decreases with decreasing lookback
time (=~ 1.2kpc at present day and ~ 11.2kpc 12 Gyr ago), meaning that the most precision

can be placed on the birth radii of stars formed within the last ~ 2 Gyr.
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FI1GURE B.3. The lines show the median A Requaiity s a function of lookback
time for [Fe/H] (blue) and [Mg/H]| (orange) and the shaded region shows the
68th percentile for [Fe/H]. For comparison, the black line shows the average
Ry, of newly formed stars at each lookback time. We define AReqyality as the
ratio of the 360° azimuthal scatter to the radial gradient. This ratio gives a
radial scale over which azimuthal variations dominate over radial variations for
[Fe/H] (blue) and [Mg/H] (orange). ARequaity effectively sets the precision to
which birth radii of stars can be measured if azimuthal scatter is neglected. For
stars that formed prior to & 7.5 Gyr ago (right of the gray line), the azimuthal
scatter dominated over radial variations across the entire galaxy. However, for
stars that formed within the past ~ 6 Gyr, azimuthal scatter only dominates
on scales < 3kpe, less than half of Rj.

We can, in principal, infer the birth radii of all stars born at ¢, < 6 Gyr to within 3kpec.
For stars born at ¢, < 500 Myr, the uncertainty is ~ 1.1kpc using just measured [Fe/H] or
[Mg/H]. For stars born at ¢, 2 7.5 Gyr (right of the gray line), A Requaiity Was larger than the

size of the galaxy. This is effectively another way to define the transition age in Fig. 3.11.
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FIGURE B.4. ARhomogenous as a function of lookback time. A Rpomogenous is the
ratio of assumed measurement uncertainties (taken as representative of typical
observational uncertainties) to the fiducial radial gradients in our 11 simulated
galaxies. The solid (dashed) line shows the median value for the simulations
for [Fe/H] ([Mg/H]). The orange shaded region shows the full distribution for
a fiducial scatter of 0.05dex. This ratio predicts the precision to which the
radial birth location of a star is definable, for a given measurement precision,
assuming the radial abundance gradient is primarily responsible for setting
the abundance of a star. In the simplified case of no azimuthal scatter, mea-
surement uncertainty sets the precision of inferred stellar birth radii. Which,
for our fiducial uncertainty of d,, = 0.05dex, is ARhomogeneous S 2.7 kpc for
tlb S 8.7 Gyr.

Of course, one may be able to improve on this precision using multiple abundances at
once, which we will explore in future work.

Additionally, we examine the effect of observational measurement uncertainty on the
precision with which chemical tagging can indicate stellar birth radius. We present results

for several measurement uncertainties 6, = 0.1, 0.05, and 0.01 dex, representative of low-,
165



medium-, and high-resolution spectroscopic surveys, for example, GALAH (Buder et al.,
2021). We define ARpomogeneous as the ratio of the measurement uncertainty to the radial
gradient:

Om
ALK/, /R

(B 2) A}%homogeneous -

This ratio defines the radial scale over which the stellar disk is measurably homogeneous,
assuming only a radial abundance gradient. Thus, it defines the measurement-limited preci-
sion on the birth radius of a star born in a disk dominated by a radial abundance gradient.

Fig. B.4 shows ARpomogencous @S a function of lookback time. The solid lines show the
median for [Fe/H|, and the dashed lines show the median for [Mg/H]. We show the full
distribution for our fiducial uncertainty of o, = 0.05dex. For all lookback times, medium-
resolution surveys give A Rpomogeneous S 4.4 kpc, with all stars formed at ¢y, < 8.7 Gyr having
A Rhomogeneous S 2.7 kpe.

Fig. B.4 and Fig. B.3 show that ARecquaiity S ARhomogeneous f0r all lookback times <
6.7 Gyr for our fiducial measurement uncertainty of 0.05 dex. Thus, measurement uncertainty
is the limiting factor in setting the precision of birth radii for stars born less than ~ 5 Gyr
ago. However, for stars born at ty, 2 6.7 Gyr, ARequality Was 2 — 3x larger, so the azimuthal

scatter then was more important in setting the precision of stellar birth location.
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APPENDIX C

Chapter 4 Appendices

C.1. Effect of Radial Selection

The selection criterion we use in this paper, when plotting radially averaged trends (right

panel of Fig. 4.2 and Fig. 4.3), is 2 < RV

phys < 12kpe. The upper bound is well justified by

the scale radii of the disks (see Bellardini et al., 2021, Table. 1). However, the lower bound

is less well defined. We select a lower bound in this paper based on the radii at which stars
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Fi1GURE C.1. The same as Figure 4.3, except the different lines show trends
selecting stars across different radii; the solid lines show our fiducial selection.
Because of the declining density profile of stars in the galaxy, excluding smaller
radii (including the bulge region) significantly changes the population of stars
included. In general, the absolute and fractional change of angular momen-
tum, radius, and azimuthal velocity for older stars is significantly larger when
excluding stars in the inner galaxy, while this radial selection has a weaker
effect for younger stars.
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generally form on circular orbits, but here we test the robustness of our results to that choice
by redoing our analysis including stars from 0 — 12 kpc and from 4 — 12 kpc.

We do not show the results of this analysis for Fig. 4.2 (right) as we find essentially no
change to the figure when varying our selection region. Selecting all stars in the disk skews
the trend line down by an average of ~ 5% and selecting stars from 4 —12 kpc skews the trend
line up by ~ 3%. The shape of the trend is unchanged. The variation is most noticeable
in stars older than ~ 8 Gyr as there is a strong radial dependence to the circularity of the
oldest stars in the disk.

In Fig. C.1 we recreate Fig. 4.3 using our different selection regions. The solid black
line is our fiducial selection region, the dashed black line shows the trends for stars with
0< Rgﬁvyvs < 12kpec, and the dotted black lines shows the trends for stars with 4 < Rgﬁvyvs <
12 kpc.

The most important takeaway from Fig. C.1 is the qualitative similarity of all of the
results regardless of our radial selection. The only qualitative difference we see is in the
change in radius and the fractional change in radius for stars from 0 — 12kpc. There is
little to no radial redistribution when including all stars, whereas the radial redistribution
increases with age when excising the inner disk. The negative density gradient of galaxies
results in properties of the inner galaxy biasing results presented as a disk-wide average.
This, coupled with a predominantly older stellar population in the galactic center and our
scalefactor dependent in-situ cut leads to a net decrease in the average radial redistribution
of the oldest stars when including stars presently in the innermost galaxy. Our selection
criterion guarantees that the oldest stars presently near the center of the galaxy necessarily

formed there.

C.2. Binning stars by physical radius

Fig. C.2, is the same as Fig. 4.7 except the stars are binned by R pv. (width of 0.5kpc).

Thus, the stellar populations are consistent for each metric of radius.
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Ficure C.2. Similar to Figure 4.7, the median change in radius from birth

to today versus stellar age, using different metrics of orbital radius to measure

radial redistribution, but in all cases electing stars via Rpnys at 2 = 0. When
selecting stars today using a different radius metric than for measuring radial
redistribution, we find significantly less agreement between the radius metrics.

This motivates the importance of both selecting stars today and measuring
radial redistribution self-consistently.

The trends in Fig. C.2 (top) are qualitatively consistent with Fig. 4.7 (top). However,
the results are quantitatively inconsistent. R, — R tends to decrease for all ages and
radial metrics when selecting stars based on their physical radii. This makes sense given the
results of Fig. 4.1 as the physical radii are systematically larger than R for nearly all
radii.

For all radii and for all ages R, — R tends to be most positive for Rpnys and most
negative for Re(7). The trends with other radial metrics are all in good agreement with

one another, and fall between these two extrema.

The scatter in RS, — R for stars binned by Rphys 1s qualitatively similar to that of

stars binned by R{3, . However, the scatter is generally larger for the stars binned by Rphys.
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Ficure C.3. Similar to Figure 4.4, but selecting stars based on formation
radius. In general, stars that formed at a given radius have lost orbital angular
momentum. The fractional change is approximately constant with age for stars
that formed in the inner galaxy, but it grows in magnitude with age for stars
that formed at larger radii.

The difference is typically less than ~ 1kpc. However, the difference is larger for Re..(j) at
phys = 12kpc, reaching as large as ~ 5kpc for the oldest stars.

C.3. Selecting by Formation Radius

As a test of the similarity between our different metrics of orbital radii and the physical
radii of stars, we compare R to R;O}f;rsl for different age stars as a function of le:fif;rs‘ (not
shown). The results are qualitatively similar to the results presented in Fig. 4.1.

Stars currently at larger radii show less similarity between their orbital radii and their
physical radius, with their orbital radii being systematically smaller than their physical radii.
This is also true at formation. Stars which formed at larger radii have larger differences

between their orbital radii and their physical radius. Additionally, the physical radius of

stars is systematically larger than their orbital radii at formation. The youngest stars show
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Ficure C.4. Same as Figure 4.7, but selecting stars in bins of orbital radius

at formation R™™. Now, the median change in orbital radius (top) is almost
always negative, with stronger inward redistribution for older stars. But as in

Figure 4.7, the scatter (bottom) increases with age to 2 — 3 Gyr then becomes
nearly independent of age for older stars.
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Ficure C.5. Same as Figure 4.6, but selecting stars in bins of orbital radius
at formation R™. Now, the median change in orbital radius (top) is generally
always negative, with stronger inward redistribution for stars that formed at
larger radii. But as in Figure 4.6, the scatter (bottom) increases only mildly
with formation radius.
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the most similarity between their orbital radii and their physical radii. This reinforces the
idea that as disks settle stars form on increasingly circular orbit.

Similar to Fig. 4.4, in Fig. C.3 we measure the fractional change in angular momentum
of stars as a function of age, but for stars selected by their formation radii. The different
colored lines show the impact of binning by different radial metrics.

Fig. C.3 shows that regardless of formation radius, the median change in angular mo-
mentum of stars is negative. Regardless of formation radius, the fractional change in angu-
lar momentum is systematically smaller for younger stars. This agrees with the results of
Fig. 4.4, and is consistent with disk settling and stars forming on preferentially more circular
orbits.

The dependence of the fractional change in angular momentum on age depends on the
formation radius. There is little to no dependence on age for stars born in the inner disk;
the dependence on age is stronger for stars born at larger radii. The oldest stars born at the
largest radii experience the largest fractional changes to their angular momentum.

Regardless of the metric of radius used to select stars, the qualitative changes to the
fractional angular momentum with age are consistent. However, the quantitative trends are
inconsistent with stars selected via Re..(j) systematically showing larger fractional changes
to their angular momentum.

Fig. C.4 is the same as Fig. 4.7, except the stars are selected via their orbital formation
radii, as opposed to their orbital radii at z = 0. The different colored lines are the simulation
averaged median change in radius (top) and the simulation averaged scatter in radial change
(bottom) as a function of stellar age for stars selected via different metrics of radius.

Regardless of the chosen metric of radius, the qualitative trends are similar. The absolute
radial change of stars tends to increase with increasing formation radius and with increasing
stellar age. However, where stars selected by radii at z = 0 tend to show positive changes

to their radii, stars selected by radii at formation tend to show negative changes to their
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radii. The youngest stars show near zero or slightly positive changes to their radii, but for
all stars older than a few Gyr, the median change in radius is systematically negative. Thus
stars typically redistribute inward, so the positive redistribution of stars seen when selecting
them by RIGY, in Fig. 4.7 stems from the density profile of the galaxies.

Stars selected by Reirc(j) show the largest systematic change in radius, which is consistent
with Fig. 4.7. Stars selected via the other radial metrics generally show qualitative agreement
with one another.

Fig. C.4 (bottom) shows the age dependence of the scatter in the radial change of stars.
The scatter generally increases with age for stars younger than ~ 4 Gyr, and is roughly
constant with age for stars older than ~ 4 Gyr. This may be tied to the different epochs of
disk formation, stars born during the late-disk era generally show less radial redistribution
and less scatter to their radial redistribution. Stars born prior to the late disk era are subject
to different mechanisms of radial redistribution and thus experience more redistribution and
more scatter in their redistribution.

The scatter also shows a radial dependence. For a given age stellar population, the scatter
tends to be largest for stars born at the largest radii.

Fig. C.5 is similar to Fig. 4.6, except R, — R is plotted as a function of Rf™.
Fig. C.5 (top) shows that young stars (ages < 1 Gyr) typically experience little to no radial
redistribution, regardless of their birth radii. However, intermediate and old age stars typ-
ically experienced inward redistribution. The magnitude of radial redistribution for older
stellar populations increases with increasing formation radius. Additionally, the magnitude of
radial redistribution increases with increasing stellar age, the oldest stars have redistributed
the most.

The negative radial redistribution typically seen in older stellar populations is not con-

sistent across all radii. Stars born in the inner 1 — 2kpc of the galaxy show positive radial
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redistribution on average. This makes sense given they have a vast range of larger radii to
which they can be scattered to and essentially no smaller radii to which they can redistribute.

Fig. C.5 (top) also shows that there is qualitative consistency between the trends for the

form

different radial metrics. While not shown here, we also test the trends as a function of R0

The trends are qualitatively consistent with those present here, however there is much less
quantitative agreement between the different radial metrics.

While we do not present results in the same way, the results of Fig. C.5 show qualitative
agreement with Okalidis et al. (2022) (Fig. 6). They find that, for a given birth radius,
the peak present-day radius of stars decreases with increasing stellar age, i.e. older stars
redistribute inward more than younger stars. Fig. C.5 shows that for a given formation
radius, older stars experienced more negative redistribution than younger stars.

Fig. C.5 (bottom) shows the 68th percentile scatter in the radial redistribution of the top
panel, as a function of orbital formation radius. There is generally quantitative consistency
between the different radial metrics, however the scatter in Ry is systematically larger
than the scatter in the other radial metrics.

For all metrics of radius, the scatter tends to increase with increasing formation radius.
This increase is less significant for the youngest stars and the oldest stars. Interestingly the

intermediate age stars show the largest scatter in their radial redistribution.
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