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ABSTRACT OF THE DISSERTATION

Formation of Galactic Components in Milky-Way-mass Galaxy Simulations

By

Sijie Yu

Doctor of Philosophy in Physics

University of California, Irvine, 2022

Professor James S. Bullock, Chair

This thesis presents a computational study of the formation and evolution of Milky-Way-mass

galaxies using FIRE-2 cosmological zoom-in simulations. All simulated galaxies experience

an early period of bursty star formation that transitions to a late-time steady phase of

near-constant star formation. Stars form at different time have very different kinematic

properties, morphologies, and chemical abundances. We classify stars in the central galaxy

as bulge, thick-disc, and thin-disc according to their orbital properties and discover that

these components are assembled in a time-sequence from early to late times, respectively.

Stars born during the early bursty phase have more radial orbits and they evolve into a

central spheroidal structure at z = 0, while stars form during the late-time steady phase

have more circular orbits and thin-disc-like morphology. Thick-disc stars form during a

transitional period, mostly before the star formation settles down. Thus, we find a strong

correlation between the age of thick-disc population at z = 0 and the transition time. We

also find that galaxies with earlier transition from bursty to steady star formation have

higher thin-disc fractions at z = 0. Bursty star formation at early time also triggers a

significant amount of strong outflow events. During starbursts, the instantaneous fraction

of stars born in outflows can be as high as ∼ 20 − 50%. These outflow stars contribute

substantially to the in-situ stellar halo. Statistically, stellar populations form at different

times tend to maintain their disc/bulge-like kinematics, with only moderate evolution over

xii



time. Mergers do alter kinematics, but play a secondary role in “disc-settling” process. They

do not destroy the thin disc nor change broad trend between star formation transition time

and thin/thick-disc/bulge properties. If our simulations are representative of the Universe,

then stellar archaeological studies of the Milky Way can provide a window into past star-

formation modes in the Galaxy. Current age estimates of the Galactic thick disc would

suggest that Milky Way transitioned from bursty to steady phase > 6.5 Gyr ago; prior to

that time the Milky Way likely lacked a stable thin disc and underwent intense outflow

activities.
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Chapter 1

Introduction

1.1 The Milky Way Disc

Many galaxies have been shown to have discs that are composed of two kinematically and

chemically different populations and they are often described as a thin disc embedded within

a thick disc. They were first identified in external galaxies [42, 223]. Later Gilmore & Reid

et al. 1983 [96] discovered that the Milky Way has a significant thick disc. They found an

excessive part in the stellar density profile perpendicular to the disc plane. When using scale

heights to characterizing the vertical distribution of the stars in the disc, there is a first deep

exponential component of thin disc with small scale height of ∼ 300 pc along with a thick

disc component that has scale height of ∼ 1 kpc in the tail.

Thin-disc stars are usually observed to be young, metal-rich, while thick-disc stars are older,

more metal-poor, and more alpha-enhanced [87, 27, 138, 110, 107, 151, 210]. There is a

clear dichotomy in the abundance of α elements relative to iron ([α/Fe]) - a high-α and

a low-α population. While it’s natural to associate this dichotomy with two distinct and

separate kinematic populations, it may also be explained without requiring a distinct thick
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disc component that emerged from a separate evolutionary path (e.g., Sharma et al. 2021

[209]).

When, why, and how thick and thin disc populations arise within the broader story of

galaxy formation remains a key question in galaxy formation from both theoretical and

observational perspectives. One of the most prevailing ideas is that thin discs are present

even at high redshift, with thick discs forming later as a result of the heating of thin discs

in mergers with small satellite galaxies [186, 130, 185]. Alternatively, stars could be born in

relatively thick discs at early times, with thin discs emerging only relatively recently. Many

recent cosmological simulations naturally produce z = 0 discs with young stars concentrated

in a thin component [146, 164, 98, 181, 29, 178, 100, 10] and these same simulations at

high redshift, however, produce discs that are systematically thicker and clumpier. Indeed,

modern observations demonstrate that the bulk of star-forming galaxies at higher redshift

have irregular morphologies, dominated by massive star-forming clumps [70, 72, 208, 177,

232, 102, 237]. Many of these systems are perturbed and turbulent, with low rotation-to-

dispersion ratios. Only at low redshift and in relatively massive galaxies does thin disc

start to emerge. This observed transition from irregular galaxies at high redshift to thin

rotation-dominated discs at low redshift is sometimes referred to as the era of “disc settling”

[128, 230, 222].

While “upside-down” disc formation is popular in simulations, the physical origin of this

transition remains undetermined. One possibility is that discs are born thick during the

early period of gas-rich mergers [34]. At high redshift, high star formation rate densities,

high gas fractions, and feedback-induced turbulence could contribute to an initially hot disc

[139]. An alternative possibility is that chaotic accretion of gas heat the pre-existing thin

disc [160]. In this thesis, we explore the transition from thick to thin disc formation using

FIRE-2 cosmological zoom-in simulations. The discs in our simulations tend to form upside-

down, with thick discs in place early and then thin disc forming at late time. We find

2



that the transition from thick-disc to thin-disc formation is associated with transitions in

multiple other properties. The onset of the formation of thin disc appears to be related to the

transition from bursty to steady star formation, the formation of a rotationally-supported

interstellar medium (ISM), and the virialisation of the inner circumgalactic medium (CGM).

If this is true in the real Universe, the stellar archaeological studies of the Milky Way could

provide a window into past star formation modes, as well as the build up of the Galactic

CGM.

1.2 Galactic Bulge

Baade 1946 [14] and Stebbins & Whitford 1947 [215] first identified the Galactic bulge as

a distinct component of our galaxy. It is the prominent over-density present in the inner

few kiloparsecs of the Galaxy. Central bulges are common among Milky-Way-mass galaxies

in the nearby universe and they can further be diagnosed into classical bulges and pseudo

bulges. Classical bulges are usually more spheroidal and similar to elliptical galaxies, while

pseudo bulges are flattened, mildly rotating, and appear more disc-like [135, 13, 82, 90].

Milky Way has been shown to have a small classical bulge and more dominant pseudo bulge

[97]. The majority of the stars in the bulge are old, typically ≳ 10 Gyr [220, 115, 175, 80,

238, 45, 37, 224].

One of the major questions in galaxy evolution is how bulges relate to disc formation – are

the processes connected or completely disjoint? While the traditional scenario is that bulges

form through violent processes, such as hierarchical clustering via mergers, in the early phase

of the Milky Way evolution [175, 225, 238, 37, 119, 127], there are growing indications that

bulges can form in multiple ways and bulge mass does not appear to be linked closely to

merger history [17]. Some bulge material may come from stars and gas with high initial

angular momentum support that is later scrambled by secular processes[46, 187, 169, 51,

3



149, 13, 61, 59, 166]. Another possibility is that bulges are formed directly from turbulently

supported gas or the migration of giant gaseous clumps at high redshifts [70, 161, 44]. Rapid

gas inflow to the galaxy center is another possibility [202].

The Milky Way bulge appears to have formed fairly early, with its chemical properties and

stellar populations consistent with a star-formation timescale within ∼ 2 Gyr [15]. These

properties are generally consistent with either the bulge forming early, prior to the disc

formation altogether or the merging of early thick-disc subclumps, which migrate to the

center to form the bulge. If the bulge formed from disc material through a bar instability

or a triggered event, such a process would have to happen quite early, though the expected

fraction of young stars and the detailed chemical patterns expected from disc-driven scenarios

would depend on the timescales of the secular processes.

In this thesis, we try to gain some insight into the process of bulge formation. All of our

Milky-Way-mass systems are shown to have a thin and thick disc with a central bulge. The

bulge stars appear to be the oldest population that formed first in the galaxies, before the

emergence of thin and thick discs. They were born when galaxies were very disordered

and clumpy. Due to stronger feedback and less constraint from the inner CGM, most of

bulge stars form on more radial and isotropic orbits and they remain in relatively spheroidal

configurations at z = 0.

1.3 Stellar Halo of the Milky Way

Stellar halo is the very outskirt of the galaxies. It contains only ∼ 1% of the stars in a

typical disc galaxy [56, 150] but spread out over volumes of ∼ 106 larger than the bulk

of other components. Although it contributes only a small fraction of total mass to the

galaxy, galactic stellar haloes are considered excellent repositories of fossil evidence from the
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epoch of star formation They are good laboratories for testing galaxy formation theories and

revealing the specific formation histories of individual galaxies.

The stellar halo of the Milky Way was first discovered and characterized by a bunch of

low-metallicity stars on elliptical orbits different from those of the Galactic disc [173, 144].

Johnston 2016 [123] proposed a classification system for stars in the stellar halo with three

categories associated with different dynamical origins. First, in-situ stars, which are formed

in orbits close to their current orbits. Second, kicked-out stars, which are formed in orbits

different from their current ones. And finally, accreted stars, which are formed in smaller

galaxies outdoes the dark matter halo they currently reside.

The classic model of the Milky Way stellar halo formation is that halo stars were born on

eccentric orbits from radially-infilling gas clouds and they preserve their eccentricities today.

This falls under the in-situ category. The kicked-out stellar halo stars are born within the

inner galaxy on orbits that initially confined them to the disc but become heated to eccentric

orbits by mergers [239, 183, 31, 111, 62, 23, 30] or by potential fluctuations from explosive

feedback events [69, 68].

Recent evidence seems to suggest that the third category — accreted stars — is responsible

for the majority of the stellar halo. Searle & Zinn 1978 [206] first discussed about this

idea in a scenario that the halo is built up entirely from independent infalling fragments.

Indeed, observations from large sky surveys confirm that the stellar halo has a complex

structure and that the accretion of smaller galaxies is still ongoing [122, 24, 203]. The

success of CDM/accretion-based models of stellar halo formation [41, 40, 54, 124, 50, 7, 77]

in predicting the structures observed in the outer stellar halos of the Milky Way and M31

[18, 158] is also considered as one of the strongest evidence in favor of hierarchical galaxy-

formation theory [112, 53, 21]. There is strong evidence that a significant amount of stars in

the central stellar halo of the Milky Way appear to originate from at least one such accretion

event [113, 152, 211, 52, 76, 163, 157, 165].
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In this thesis, however, we focus on the in-situ population in the stellar halo, especially

in the outer region. In stead of forming on eccentric orbits from infalling gas clouds, this

population we observed in the simulations are created in feedback-driven molecular outflows.

Star formation as a result of positive feedback has been reported in multiple recent obser-

vations [153, 88] but this is the first time it is connected with stellar halo formation. In

our simulations, strong outflows occur at early times when the star formation is bursty and

essentially disappear after disc settling. The contribution of this type of events to the stellar

halo will depend in detail on star formation and galaxy-formation physics and it may offer

a new way to test global galaxy formation models by local searches for such a population.
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Chapter 2

Stars made in outflows may populate

the stellar halo of the Milky Way

2.1 Introduction

Galactic outflows are common in the Universe and are crucial for understanding the enrich-

ment of the intergalactic medium and galaxy evolution in general [227]. Molecular outflows

with the densities required for star formation are common [1, 217, 196] and there is grow-

ing evidence that stars sometimes form in outflows. For example, Maiolino et al. 2017 [153]

reported spectroscopic evidence of star formation inside of a galactic outflow at a rate exceed-

ing 15M⊙ yr−1 in a z ≃ 0.05 galaxy. These authors go on to suggest that star formation may

be occurring commonly in galactic outflows but that it has been missed due to inadequate

diagnostics. Similarly, Gallagher et al. 2019 [88] have used the integral field spectroscopic

data from MaNGA-SDSS4 to show that prominent star formation is occurring inside 30%

of the galactic outflows in their sample. They also find that star formation inside outflows

accounts for 5−30% of the total star formation in the galaxy when detected, consistent with
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another independent analysis from Rodŕıguez del Pino et al. 2019 [195].

One important feature of these observed star-forming outflows is that they are fast (∼

100 − 250 km s−1) but not so fast that they are unbound to the halo potential. While the

outflow stars will not remain confined to the central galaxy, most will travel outward and

then return on plunging, stellar-halo like orbits. If only ∼ 1% of a M⋆ ≃ 5×1010M⊙ galaxy’s

stars are formed in (bound) radial outflows, this could contribute an appreciable fraction of

a ∼ 109 M⊙ stellar halo typical of a Milky Way-mass galaxy today. In this paper, we show

that stellar outflows do occur in FIRE-2 simulations1 of Milky Way-mass galaxies and that

they contribute to their stellar halos appreciably at z = 0, especially at large galacto-centric

radius. Searches for and detections of such stars could provide a new tool for near-field

cosmology to constrain feedback physics and to trace the outflow history of the Milky Way.

Galactic stellar halos are broadly understood to be good laboratories for testing ideas about

galaxy formation and for revealing the specific formation histories of individual galaxies. The

stellar halo of the Milky Way was first discovered and characterized by stars that exist on

plunging elliptical orbits distinct from those of the Galactic disc [173, 144]. Later, authors

such as Eggen, Lynden-Bell & Sandage [65, ELS hereafter] recognized that the timescales

for stars on such orbits to exchange energy and angular momentum are long compared to

the age of the universe, and used this as an opportunity to investigate the Galactic past.

Johnston 2016 [123] proposed a classification system for stars in the stellar halo with three

categories associated with dynamical origin. First, in-situ stars, which are formed in orbits

close to their current orbits. Second, kicked-out stars, which are formed in orbits unlike their

current ones. And finally, accreted stars, which are formed in smaller galaxies outside the

dark matter halo they currently occupy. The original proposal for the Milky Way’s stellar

halo formation by ELS falls into the in-situ category. ELS suggested that halo stars were

born on eccentric orbits from radially-infalling gas clouds and that these stars preserve their

1See the FIRE project web site at http://fire.northwestern.edu.
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eccentricity today. Stellar halo stars that are classified as kicked-out are born within the inner

galaxy on orbits that initially confine them to the disc but become heated to eccentric orbits

by mergers [239, 183] or by potential fluctuations from explosive feedback events [69, 68].

Kicked-out stars are usually envisioned to contribute to the inner stellar halo (≲ 50 kpc).

Today there is general agreement that the third category – accretion – is responsible for

much of the stellar halo. This idea was first discussed by Searle & Zinn [206] in a scenario

that bears strong anecdotal resemblance to the hierarchical galaxy formation prediction of

modern ΛCDM. Indeed, one of the strongest pieces of evidence that structure formation is

hierarchical on small scales is the success of CDM/accretion-based models of stellar halo

formation [41, 40, 54, 124, 50] in predicting the coherent structure observed in the outer

stellar halos of the Milky Way and M31 [18, 158]. It is likely that even the central stellar

halo of the Milky Way is significantly populated by at least one such accretion event [?

152, 211, 52, 76, 163, 157, 165].

While there is substantial theoretical motivation from a ΛCDM context to believe that both

accreted and kicked-out components populate the stellar halo, little work in the modern

framework has discussed the in-situ population advocated by ELS. As discussed above, if

star-forming outflows are indeed common, then there is good reason to think that in-situ stars

populate the stellar halo after all. However, unlike the classic ELS conjecture, where halo

stars are born on eccentric orbits from inflowing gas clouds, these in-situ halo stars are

created in feedback-driven molecular outflows. According to the classification of Johnston

2016 [123], these stars are in-situ because they were created on orbits that are similar to

those they inhabit today.

In what follows, we present an analysis of six high-resolution, ΛCDM cosmological zoom

simulations of Milky Way-mass galaxies [229, 92, 199] from the FIRE-2 collaboration [120].

In these simulations, clustered supernovae feedback events regularly drive outflows of com-

pressed shells of high-density gas. Occasionally, the accelerated regions are compressed to
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densities above our star-formation threshold of 1000 cm−3 and become self-gravitating such

that they trigger star formation within ∼ 1 Myr of the acceleration. Stars formed in these

outflows travel ballistically outward and eventually fall back into the halo on eccentric orbits.

As we show below, this in-situ population can contribute as much as 20− 40% of the stellar

halo at r > 250 kpc and may be distinguished from accreted stars based on their chemical

and spatial characteristics.

The outline of this chapter is as follows. §2.2 provides an overview of our simulations and

§2.3 details our method for identifying outflow stars, while §2.4 contains an investigation of

their origin. §2.5 covers properties of outflow stellar halo. §2.6 discusses some caveats, and

§2.7 provides our conclusions.

2.2 Simulations and Methods

The simulations that form the basis of our analysis are the hydrodynamic, cosmological

zoom-in simulations run with the multi-method gravity plus hydrodynamics code Gizmo

[116]. They utilize the FIRE-2 feedback implementation [120] and the mesh-free Lagrangian

Godunov (MFM) method that provides adaptive spatial resolution while maintaining conser-

vation of mass, energy, and momentum. The simulations include cooling, as well as heating

from an ionizing background and stellar sources, including stellar feedback from OB stars

and AGB mass-loss, type Ia and type II supernovae, and photo-heating and radiation pres-

sure, the inputs for which are taken directly from stellar evolution models. Subgrid turbulent

metal diffusion is also added, which can produce more realistic metallicity distributions in

dwarf galaxies [75] but does not significantly change other general properties of the galaxies

[118, 218]. Star formation occurs in molecular gas that is locally self-gravitating, sufficiently

dense (> 1000 cm−3) and Jeans unstable [137]. The default model requires that the thermal

Jeans mass is below the particle mass (∼ 7000 M⊙), which is necessarily satisfied with the
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Table 2.1: Simulations used in this work ordered by stellar mass. All simulations have
baryonic mass resolution mb = 7, 067M⊙

Name M200m R200m M⋆ R90 Vmax

[M⊙] [kpc] [M⊙] [kpc] [km·s−1]
m12m 1.3e12 342 1.1e11 11.3 184
m12f 1.4e12 355 8.6e10 11.0 183
m12b 1.2e12 335 8.1e10 9.8 181
m12i 9.8e11 314 6.4e10 9.2 161
m12c 1.1e12 328 6.0e10 9.7 156
m12w 9.1e11 301 5.8e10 8.7 156

Columns include: (1) M200m, R200m: Mass and radius of the halo at z = 0 defined at an
overdensity of 200 times the mean matter density. (2) M⋆: Stellar mass within 20 kpc of
the center of the halo at z = 0. (3) R90: radius enclosing 90% of Mstar. (4)Vmax: Maximum
circular velocity.

Table 2.2: Simulations used in this work ordered by stellar mass. All simulations have
baryonic mass resolution mb = 7, 067M⊙

Name M⋆>20 f20 M⋆>50 f50 M⋆>150 f150
[M⊙] [M⊙] [M⊙]

m12m 5.9e9 0.05 2.1e9 0.04 1.4e8 0.09
m12f 8.7e9 0.05 1.9e9 0.06 3.1e8 0.07
m12b 5.8e9 0.05 1.9e9 0.07 2.0e8 0.24
m12i 2.8e9 0.08 9.8e8 0.07 9.8e7 0.17
m12c 1.9e9 0.12 7.3e8 0.13 1.6e8 0.13
m12w 2.4e9 0.10 6.0e8 0.14 4.8e7 0.34

Columns include: (1) M>20/M>50/M>150: Mass of all the stars outside 20/50/150kpc from
the center of the galaxy. (2) f20/f50/f150: Mass fraction of stars outside of 20/50/150kpc
that were born within 20 kpc from the center of the galaxy with birth radial velocity
> 200km s−1.

virial criterion. We also explore a more conservative model where the thermal Jeans mass

is required to be below 1000 M⊙, the flow must be converging, and the virial criterion is

smoothed over time to eliminate spurious cases where the SF criteria is only met in a tran-

sient sense. The star formation efficiency of the molecular component of particles that satisfy

all star formation criteria is set to 100% per freefall time, ie. SFRparticle = mparticle · fmol / tff .

Gas particles are converted to stars at this rate probablistically [129]. Note that this does

not imply that the global efficiency of star formation (even on GMC-scales) is 100%. Self-

regulated feedback limits star formation to ∼ 1− 10% per free-fall time [118, 174].
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We focus on six Milky Way-mass galaxy simulations that are part of the “Latte Suite”

[229, 92, 199, 197]. These were all simulated with identical resolutions: initial baryonic

particle masses of mb = 7, 067M⊙, gas softening lengths fully adaptive down to ≃ 0.5 − 1

pc, star softening lengths to ≃ 4 pc, and a dark matter force softening of ≃ 40 pc. Table 4.1

summarizes the galaxy/halo properties. The galaxies are ordered by decreasing galaxy stellar

mass at z = 0, from M⋆ = 1.1× 1011M⊙ (m12m, top) to M⋆ = 5.8× 1010M⊙ (m12w, bottom).

2.3 Stellar Birth Velocities and Radii

In order to characterize the origin of stellar halo material, we use methods described in

Sanderson et al. 2018b [198] to trace all star particles back to their formation time. The

birth radius rbirth is defined as the distance of a star particle from the center of the main

progenitor host galaxy at the time of their formation.2 We also measure the radial velocity

at birth V birth
rad in order to roughly characterize the initial trajectory of stars at formation.

We begin by exploring the content of two of our halos (m12i and m12w).

Figure 2.1 shows the birth radii (rbirth) and current (z = 0) radii (r) for star particles in the

vicinity of two of our simulations m12i (left) and m12w (right). We have removed all stars

that are bound to satellite galaxies in the vicinity of the host, so only main-galaxy stars and

halo stars are shown here. The particles are color coded by their ages, as indicated by the

color bar, with the youngest stars in blue/purple and the oldest stars in yellow. The dashed

black line in each panel traces rbirth = r. This representation provides insight into the origin

of various populations of the stellar halo.

One clear population visible in each panel of Figure 2.1 consists of central galaxy (disc)

2Note that Sanderson et al. 2018b [198] were motivated to distinguish accreted stars from stars born
within the galaxy (they used rbirth < 30 kpc). For this reason they used the term “in-situ ” to include
all stars that were formed within or near the galaxy – this is different than our dynamical definition of
in-situ because it includes both stars that are “kicked-out” by mergers and those that we identify as forming
in outflows.
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Figure 2.1: Star particle birth radius vs. current radius color coded by stellar age for
m12i(left) and m12w (right). All the star particles that are bound to satellites have been
removed from our sample. The dashed black lines in each panel trace rnow = r. Three
populations are distinguishable here. 1) Accreted stars: these populations dominate at large
birth radii (≳ 30 kpc) and make thick horizontal bands that extend mostly to the left of
the one-to-one line (rbirth > r). There is a less dominant population of accreted stars that
are flung out after their birth galaxies are destroyed to present radii (r > rbirth). These
stars sometimes pile up in shells of constant r, which is the origin of vertical banding (e.g.
at r ≃ 200 kpc in m12i). 2) Heated/disc stars: these populations mix to create the dense
sequence of mostly young stars that is uniformly scattered about the one-to-one line at small
radii (r ≲ 30 kpc. Heated stars are perturbed to both smaller and larger radius. They sample
a continuous population of pre-heated disc stars and leave no horizontal bands. 3) in-situ halo
stars: this population is characterized by distinct horizontal bands with characteristic birth
radii within the main galaxy ( rbirth ≲ 10 kpc) that today have r > rbirth as large as ∼ 500
kpc. Unlike the accreted stars, the in-situ bands extend to the right of the one-to-one line,
which is indicative of an outflow.
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stars at r ≲ 20 kpc, which scatters about the r = rbirth line. Stellar migration and heating

processes have driven stars to exist at radii that are either smaller (to the left of the line) or

larger (to the right of the line) than their birth radii.

A second population is that of accreted stars (most visible at rbirth ≳ 30 kpc), which are

evident as horizontal bands that extend mainly to the left of the one-to-one lines. The

leftward extension means that they were born at a much greater galactocentric distance

from the radius where they currently reside. Stars in this population were formed in smaller

galaxies that were accreted and incorporated into the stellar halo of the main host. Note

that in some cases these horizontal bands have less-prominent extensions to the right of the

one-to-one line (with r > rbirth). These are stars flung out to large radii after their birth

galaxies are destroyed. In a few places we see vertical bands (e.g. at r ≃ 100 kpc and 200

kpc in m12i and at r ≃ 80 kpc in m12w). We have studied these bands and find that they

are “shells” left over from galaxy mergers that pile up at orbital apocenter.

Most relevant to this work is a third population of halo stars that can be seen as distinct

horizontal bands with characteristic birth radii within the main galaxy ( rbirth ≲ 20 kpc).

Unlike the accreted stars, these bands (labeled “in-situ ”) exist primarily to the right of

the one-to-one line (r > rbirth). This population is intriguing because it consists of star

particles that are now at much greater galactocentric distance relative to their birth places;

the banding at near-constant3 rbirth suggest multiple populations with unique episodes of

origin. Note that there are stars that were born within 20 kpc that now populate distances

out to r ∼ 500 kpc.

Figure 2.2 demonstrates that most of these in-situ stars that now exist at large radii were in-

deed born with large positive (outward) radial velocities ≳ 150 km s−1, indicative of outflow.

3Some of these bands show a slight slope towards larger rbirth at increasing z = 0 radius. As we discuss
below, these in-situ stars are born in dense, shell-like outflows. The stars that form last have emerged from
gas that has had more time to be accelerated and this pushes them towards slightly larger birth radii and
more extended orbits today.
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Figure 2.2: Radial velocities at birth (shaded) and at the present time (lines) of z = 0 for
outer stellar halo stars (with current radii r > 50 kpc) in m12i (left) and m12w (right). The
shaded magenta histograms show birth velocities of the subset of halo stars that were born
within the central galaxy (rbirth < 20 kpc) while the shaded cyan histograms show birth
radial velocities for accreted halo stars (rbirth > 200 kpc). We see that outer halo stars that
were born within the central galaxy tend to have been created with large positive radial
velocities, which means that they were born outflowing. The accreted halo stars have a bias
to have been born with negative radial velocity, consistent with an infalling population. The
radial velocities of these two groups are quite similar at z = 0 (open histograms). While the
accreted and in-situ populations have different origins, their kinematic properties today do
not readily reveal an observable difference.
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The shaded magenta histograms show V birth
rad for outer halo stars with r > 50 kpc that were

born within the central galaxy region rbirth < 20 kpc for both m12i (left) and m12w (right).

Compare these distributions to the shaded cyan histograms, which show birth radial veloci-

ties for stars at the same current radius (r > 50 kpc) that were born at large radii r > 200

kpc. These stars tend to be slightly infalling at birth, which is consistent with an accreted

population. Interestingly, these two populations, which had significantly different kinematic

properties at formation, today have radial velocity distributions that are very similar (open

histograms). This would be expected for stars that have similar apocenters orbiting in the

same potential for several dynamical times. §2.4.2 provides an exploration of the physical

origin of these stellar outflows and demonstrates that they tend to occur during bursty star

formation episodes, specifically in conjunction with super-bubble winds that accelerate dense

molecular gas that goes unstable to star formation after being accelerated outward.

The definition of “outflow” is inherently subjective. For the sake of concreteness, in what

follows we will identify stars that formed in outflows to be represented by star particles that

originated within the central galactic region, rbirth < 20 kpc, and that had large, positive

velocities at the time they were created: V birth
rad > VO. For most of our analysis will use

VO = 200 km s−1 as a conservative choice based on the results shown in Figure 2.2 and

similar analyses done for our other four halos. As we discuss in §2.5.3, more than 95% of

stars that exist in the central disc at z = 0 were born with velocities V birth
rad < 150 km s−1.

Based on this we also explore how our results change if we adopt VO = 150km s−1. Our

qualitative conclusions do not change with this choice, though the fraction of halo stars in

the inner halo identified as originating in outflows does increase as VO decreases.

We show below that our adopted strategy for identifying stars born in outflows – stars

with small birth radius and large positive birth velocity – seems to select stars that are born

within dense gas that has been accelerated in feedback-driven winds from the main galaxy. In

principle, however, the selection does not preclude other possibilities. For example, one could
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imagine stars born within a gas-rich satellite that experiences a starburst episode just after

pericenter crossing. On rare occasions, such stars could meet our selection criteria and then

become liberated into the stellar halo after the satellite is tidally disrupted. We have looked

for instances of these events and find them to be rare. As discussed in subsequent sections,

the outflow stars we identify tend to be metal-rich (like the central galaxy), with higher

metallicity than the vast majority of satellite galaxies, rendering this possibility statistically

unlikely.

With this definition of outflow stars in hand, we can ask how they populate the stellar halos

of our galaxies. Figure 2.3 shows that they contribute significantly, especially at large radius.

The solid black lines in each lower panel present the differential density profiles of all stars

in m12i (left) and m12w (right). Stars bound to satellite galaxies have been removed. For

reference, the black dashed lines are best-fit power-law slopes (ρ ∝ r−α) that fit the profile

of all the halo stars in each galaxy within r = 10 − 85 kpc. The solid blue lines show

the density profiles of stars born in outflows (using VO = 200km s−1), with corresponding

power-law fits within 10 − 85 kpc shown as dashed lines. We see that the outflow profiles

tend to be flatter than the total stars, such that the fraction of all stars born in stellar

outflows tends to rise with galacto-centric radius. The upper panels show the fraction of

stars identified as being born in outflows as the ratio of the two density profiles (solid blue).

We see that outflows contribute a substantial fraction to all the halo stars at large radius in

these two halos (∼ 10 − 50% beyond 50 kpc). The dotted lines show the fraction for halo

stars identified with VO = 150km s−1. With this selection, the fraction identified as outflow

is slightly higher within 50 kpc but remains similar at larger radius.

The solid lines in Figure 2.4 show the fraction of stars born in outflows for all six halos,

defined in the same way as the solid lines in the upper panels of Figure 2.3. The systems are

colored from lowest to highest in the stellar mass of the central galaxy, starting with m12w,

which has M⋆ = 5.6 × 1010M⊙ and proceeding to m12m with M⋆ = 1.1 × 1011M⊙. Four of
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Figure 2.3: Stellar density profiles for all stars (black) and for stars born in outflows (colored,
defined as V birth

rad > 200 km s−1 and rbirth < 20 kpc) as a function of radius for m12i (top) and
m12w (bottom). The dashed lines illustrate power-law fits (ρ ∝ r−α) done for r = 10 − 85
kpc in each component and then extrapolated. The top sections of each panel show the
fraction of stars born in outflows, ρoutflow(r)/ρtotal(r), as a function of present radius r for
two ways of identifying outflow: V birth

rad > 200 km s−1 (solid) and > 150 km s−1 (dotted), both
with rbirth < 20 kpc. The fraction of stars born in outflows can become quite substantial at
large radius, reaching ∼ 25− 50% of all stars at r > 250 kpc, while at 50 kpc the fraction is
fairly modest ∼ 5− 10%.
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Figure 2.4: The fraction of stars born in outflows as a function of present radius for all
six simulations color coded by central galaxy stellar mass. Outflow stars are defined to be
those with V birth

rad > 200 km s−1 and rbirth < 20 kpc. The solid lines show the result for all
stars while the dashed lines only calculate the ratio the density profiles of the metal-rich
([Fe/H] > −1.0) stars born in outflows to the density profile of all metal-rich. The fraction
of metal-rich stars born in outflows can reach > 50% at r > 150 kpc for many systems.
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the six have ≳ 20% of the stars in their outer (> 250 kpc) stellar halos composed of stars

that were formed in radial outflows from the main galaxy. The two lowest outflow fractions

happen to correspond to the two most massive galaxies m12m and m12f, but given the small

sample size is it not possible to say if this is representative of a mass trend or simply halo-

to-halo scatter. Both of these galaxies experience late-time mergers that help populate the

outer halo with accreted stars. This may be the reason why the outflow fraction is small

– it is that the accreted mass is larger than average, rather than the outflow mass being

smaller than average. The dip in outflow fraction at ∼ 100 kpc in m12m is associated with a

bump in the total stellar profile at that radius that comes from a remnant of a fairly large,

recently-accreted dwarf galaxy that has deposited stars in that area.

The dashed lines in Figure 2.4 show the fraction of metal rich ([Fe/H] > −1.0) halo stars

born in outflows as a function of radius. We see that among the most metal rich stars in

the outer stellar halo, outflows typically dominate. We discuss the origin of this difference

in §2.5.2 and §2.5.3.

Table 2.2 provides more detailed information on the stellar halos of each of our galaxies.

In the six columns we list the total stellar mass and fraction of that mass in outflow stars

outside of various radial cuts (r > 20, 50, and 150 kpc). Note that the total mass of outflow

stars outside of 20 kpc ranges from ∼ 108 − 109 M⊙ and that this makes up ∼ 5 − 10% of

all stars in the stellar halo beyond 20 kpc.

2.4 Origin of stellar outflows

In this section we discuss the identification of outflow stars in our simulations and provide a

brief exploration of their origin.

As seen in Figure 2.1, the in-situ component of outer (r > 50 kpc) halo stars in m12i and
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Figure 2.5: Star-forming outflows developing in halo m12w over a ∼ 40 Myr period around
redshift z ≃ 0.1 (from left). These are mock Hubble Space Telescope u/g/r composite images
created as described in Hopkins et al. 2018 [120] and span 80 kpc on a side. We see several
prominent plumes of young blue stars that were born in gas that was originally rotating and
then blown radially outward just prior to star formation. The bulk of these stars are bound
to the main halo and should eventually fall back on radial orbits indicative of halo stars.

m12w show multiple populations with narrow horizontal bands of roughly discrete birth radii.

This is consistent with distinct outflow events and would not be expected for stars that were

kicked out in merger events or heating. Figure 2.2 shows that these stars are born with large

positive radial velocities, which is again consistent with radial outflow and not stars that

were kicked out after formation. By examining the formation histories of our galaxies, we

find that these stars tend to be born in shells of gas compressed and accelerated in discrete

outflow events. We provide examples below. These events are quite obvious in visualizations

and movies. 4

2.4.1 Example Stellar Outflow Events

Figure 2.5 presents mock u/g/r composite images of a stellar outflow developing over 40

Myr in m12w. Note that this image shows stars and dust only (not gas). A stream of blue

(young) stars extends outward towards the lower right corner of the image as time progresses

from left to right. These stars were born in dense gas that was rotating within the disc and

subsequently accelerated in an outflow prior to star formation.

4For movies and images of Milky Way and Andromeda - like systems in FIRE2 simulations, see: http:
//www.tapir.caltech.edu/~phopkins/Site/animations/a-gallery-of-milky-way-/
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Figure 2.6: An outflow event in stars (upper) and gas (lower) developing in halo m12w over
a 10.4 Myr time period. The left most panel starts at time t0 (1,342.4 Myr before z = 0)
and progresses forward in time in steps of 2.6 Myr from left to right. Each image is 20 kpc
square. The upper panels are u/g/r composites as in Figure 2.5. In the lower panel, magenta
is cold molecular/atomic gas (< 1000 K) and green is warm ionized gas (104 − 105 K). We
see that stellar outflows develop along with cold-gas outflows, as stars form from compressed
gas that has been accelerated outward at the edges of evacuated super-bubbles.

Figure 2.6 shows a zoomed-in (20 kpc) region around m12w as this prominent outflow develops

over the first 10.4 Myr of its evolution. The upper panels show a false-color visualization

and lower panels present cold (pink) and warm (green) gas at the same epochs. Clustered

supernovae events are driving bubbles of cold-gas outflows in the bottom panels. Stellar

outflows are apparent at the edges of these bubbles where compressed, radially-accelerated

gas is converted into stars.

Figure 2.7 focuses on the beginning of same outflow event in m12w, with more information

provided. The panels are time-ordered from left to right, beginning at a time roughly 1 Myr

earlier than the first panel of Figure 2.6. The top row shows all gas particles within a 10 by

10 kpc region around the central galaxy, color coded by radial velocity, with red indicative

of radial gas outflow according to the color bar. The second row shows the surface density

of that gas color coded according to the bar on the right. The third row plots new stars that

were formed between the snapshots shown (i.e. those formed in the previous ∼ 3 Myr) color
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Figure 2.7: Development of a stellar outflow in m12w starting starts at time t1 (1,343.5 Myr
before z = 0) and progressing in ∼ 2.9 Myr timesteps from left to right. The top row shows
gas particles within a 10 kpc region of the galaxy color coded by radial velocity, with red
indicative of fast radial outflow. The second row shows gas surface density and the third
row shows new stars (formed within the previous 2.9 Myr) color coded by radial velocity.
The red regions in the third row are young stars that are outflowing, which overlap spatially
with high-density gas at the edges of expanding superbubbles. The lowest set of images
show color composite similar to those shown in Figure 2.5, now with pink overlaid to trace
star formation rate density. A clear pair of stellar outflow shells is being generated in the
white-boxed regions (enlarged in Figure 2.8) in the upper left portion of the galaxy.
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Figure 2.8: Zoomed-in mock Hubble Space Telescope u/g/r composite images of the first-two
panels in Figure 2.7, illustrating an expanding bubble of triggered star formation (pink).
Each image spans ∼ 3 kpc in width and ∼ 2 kpc in height.

coded by radial velocity, such that the red points are indicative of young stellar outflows.

The dense gas that spawns these stars accelerates over ∼ 1 Myr timescales just prior to star

formation. The stars then travel ballistically outward. The bottom row shows the galaxy as

a mock u/g/r composite image with the star formation rate density overlaid in pink. We see

star formation (pink) work to both drive outflows and generate new outflowing stars at the

edges of an expanding bubble. Figure 2.8 zooms in on the first two panels of this image to

show a particularly prominent stellar outflow shell developing. Stars are clearly forming at

the edge of a super bubble that is expanding at high radial velocity.

2.4.2 Stellar Outflows and Total Star Formation

Figure 2.9 provides a global view of how these stellar outflows track star formation with time.

The six panels show star formation rates averaged over 10 Myr as a function of lookback

time in each galaxy, presented in the order of increasing main-galaxy stellar mass from upper

left to lower right. The top panels give the total star formation rate of stars that born in

the main galaxy (rbirth < 20 kpc), while the bottom panels show the formation rate only of

stars that we identify as being created in outflows (rbirth < 20 kpc and V birth
rad > 200 km s−1).

Generally, our galaxies have bursty star-formation histories at early times and settle into
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Figure 2.9: Instantaneous star formation rates for the main galaxy (top panels) compared
to stellar outflow star formation rate (bottom panels) for all six of our simulated galaxies,
as indicated. Star formation rates are averaged over 10 Myr. Outflows are defined as stars
that were formed with rbirth < 20 kpc and V birth

rad > 200 km s−1. The galaxies are ordered
from lowest to highest in total stellar mass from upper left to bottom right. Stellar outflows
tend to correlate with bursty star formation and become rare at late time as star formation
becomes more constant. Overall, stars made in outflows account for only ∼ 1% of all stars
formed in the galaxy, but during some starbursts the instantaneous outflow fraction can be
as high as ∼ 20− 30%.
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more steady star formation over the last ∼ 4 Gyr. Stellar outflows are clearly correlated

with bursty star formation and become rare at late times when the main galaxy’s star

formation rate becomes less bursty. In the FIRE simulations, strong outflows occur during

the bursty phase, and essentially disappear after disc settling [162, 8, 216]. This suggest that

most of the stars born in outflows form before disc settling, which occurs at different times

for different galaxies. The outflow event we have chosen to show in the previous section is

fairly isolated, which provides us a particularly clean example. The other events that we see,

especially those during very bursty star formation episodes appear to be triggered by similar

feedback events. The few stellar outflow events that do occur at late times are correlated

with brief periods of elevated star formation in the main galaxy.

Surprisingly, while the fraction of all stars that form in outflows is small compared to the

total stellar mass of the system (∼ 1% overall), during starbursts, the instantaneous fraction

of stars born in outflows can be as high as ∼ 20− 50%. Interestingly, this result is broadly

consistent with the observations in Gallagher et al. 2019 [88], who find that star formation

inside outflows accounts for 5 − 30% of the total star formation when detected. Since the

focus of this paper is on the z = 0 stellar halos of Milky Way-mass galaxies, we defer a more

detailed comparison to observation for future work. 5

One thing worth noting here is that the discs in the runs we study here have “hotter” stellar

velocity dispersion than the Milky Way and are more comparable to M31 (Sanderson et al.

2018a, Figure 2[199]). Nevertheless, as we discuss below, outflow stars contribute only small

fractions to thick-disc type populations and negligibly to thin-disc stars, and therefore are

unlikely to have significant influence on, for example, the disc kinematics at z ∼ 0, especially

for young stars.

5We note that the z = 0 global star formation rates of our galaxies (4− 10M⊙/yr) are somewhat higher
than estimates for the Milky Way [1-4 M⊙/yr 143, 240]. However, most of them are relatively steady at late
times (like the Milky Way). These systems lack recent outflow activity, and we would expect that the Milky
Way would be similar.
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It is clear from Figure 2.9 that the bulk of stellar outflow activity happened at lookback

times greater than ∼ 4 − 8 Gyr ago. Since halo dynamical times are ∼ 2 Gyr at the virial

radius, there is ample time for most of these outflow stars to have traveled outward and

fallen back in to the main halo. We expect, therefore, that most of these stars will be fairly

uniformly distributed in the halo. However, the small number of late-time outflow events

(that occur within the last ∼ 2 Gyr) may preserve some spatially coherent structure. In

the following section we investigate these issues in more detail and explore observational

differences between outflow stars and other stellar halo material.

2.5 Outflow Stars in the Inner and Outer Halo

2.5.1 The Outer Stellar Halo: Phase Space Structure

Figure 2.10 presents orbit diagrams (Vrad vs. r) and face-on spatial distributions of halo

stars in m12i (top set) and m12w (bottom) at z=0. The color bars map to stellar age for

the radial velocity figures (top) and to metallicity for the spatial figures (bottom). The left

columns include all stellar particles, the middle columns include only in-situ stars that were

born within the central region of the galaxy (rbirth < 20 kpc) and with large positive radial

velocity (V birth
rad > 200 km s−1). The right panels include only accreted stars that were born

beyond 200 kpc of the central galaxy for comparison. We have removed all stars bound to

satellite galaxies in these diagrams.

There are significant differences between outflow stars and accreted stars in both the orbital

diagrams and spatial structures. While overall the velocity distributions are quite similar

at z = 0 (see the open histograms in Figure 2.2), the phase-space structure is different.

Substructures, visible both spatially and in the orbital diagrams in Figure 2.10, are dom-

inated by accreted stars born at large radius in distinct dwarf galaxies. These structures
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Figure 2.10: Phase space structure of m12i (top set) and m12w (bottom set). Top rows
depict stellar radial velocity vs. radius, color coded by age. Bottom rows show the spatial
distribution of star particles color coded by metallicity. Stars bound to satellite galaxies
have been removed. The left panels includes all star particles. The middle panels includes
only outflow stars identified to have rbirth < 20 kpc and V birth

rad > 200 km s−1. The right
panels include only stars with rbirth > 200 kpc (accreted). The in-situ stars tend to be more
metal-rich and more smoothly distributed in the stellar halo than accreted stars. A recent,
metal-rich stellar outflow is visible in purple in the bottom set of m12w.
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offer important constraints on the accretion history. The in-situ outflow population shows

many fewer structures and is much more smoothly distributed. While the orbital properties

of accreted and outflow halo stars are not particularly distinct, the phase-space structure

of the two populations is. Although one might have expected outflow stars to follow more

radial orbits, we find that by the time most of them have traveled out and fallen back in to

the stellar halo at z = 0, they end up on similar orbits as the rest of the stellar halo.

The main reason why outflow stars are more smoothly distributed is that the outflow events

tend to occur long enough ago (Figure 2.9) that they become well mixed in the halo potential.

One counter example to this trend is seen in m12w, which had an outflow event at z ≃ 0.1

that remains visible as a blue plume at z = 0. In the bottom middle panel of Figure 2.10,

we see this as an outflowing stream of metal-rich stars at Y ≃ 0 that extends from X ≃ 0

to 500 kpc. The same stars make up the young streak of particles that have increasing

radial velocity with distance in the panel above it. This behavior is characteristic of an

outflow because stars that are liberated from a tidally-destroyed galaxy will tend to trace

a characteristic orbital pattern, with radial velocity decreasing in magnitude with distance

from the main galaxy (as seen in the upper-right panels). Instead, the stars in this stream

are moving more quickly at larger radius, because of the birth velocity gradient6. They were

born within 20 kpc of the galaxy tage ≃ 1.34 Gyr ago and the most distant ones are still on

their way out. We find that < 10% of the stars in this young plume are unbound, so that

the bulk of these stars are destined to return and inhabit the stellar halo in the future. In

fact, the upper panels for m12w show that stars in the stream with r ≲ 150 kpc have already

started to fall back in with negative radial velocity.

Of the six halos in our simulation sample, m12w and to a lesser extend m12b and m12f have

visible outflow streams in phase space at z = 0. In both cases, the plumes are less prominent

6As we have discussed above, these stars are born in accelerated gas outflows. The stars that form last
have emerged from gas that has had more time to be accelerated and this creates a velocity gradient among
the stars that have formed.
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than the big plume in m12w. The vast majority of outflow stars in all six halos have smooth

phase-space structure.

Figure 2.10 also demonstrates that the outflow populations in m12i and m12w are both more

metal-rich and moderately younger than the bulk of the stellar halo at large radius. The age

difference is not systematic among our six runs. Halos m12b, m12c, and m12f all have outflow

halo populations that are slightly older than the accreted halo stars. This is perhaps not

unexpected since the outflow star formation rates shown in Figure 2.9 suggests that these

three galaxies have more early-time outflow star formation than the others. However, in

all six runs, outflow stars in the outer stellar halo are chemically distinct. We discuss this

difference in the next subsection.

2.5.2 The Outer Stellar Halo: Chemical Abundances

Figure 2.11 illustrates [Mg/Fe] versus [Fe/H] distributions for outer halo stars (r = 50− 200

kpc) for all six halos as indicated, ordered from upper left to bottom right with increasing

central galaxy stellar mass. The different colors are used to represent different populations,

with blue showing accreted stars with rbirth > 200 kpc and red showing outflow stars iden-

tified as stars born within 20 kpc of the main galaxy and with large positive radial velocity

(V birth
rad > 200 km s−1). The outflow population tends to be more alpha-enhanced at fixed

iron abundance, and typically more iron-rich than the accreted halo.

This difference may provide a way to distinguish outflow-produced halo stars from their

accreted counterparts. Specifically, outflow stars born within the main galaxy are inherently

metal-rich, unlike outer halo stars from accreted, low-mass dwarfs, which tend to be lower

metallicity [40, 124]. These outflow stars also form in bursts, which pushed them towards

higher α element abundance at fixed [Fe/H]. Elements like Mg are produced in core-collapse

supernovae on timescales that are significantly shorter than SNe Type Ia, which produce
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Figure 2.11: Kernel density estimate in [Mg/Fe] versus [Fe/H] for outer halo stars with
r = 50 − 200 kpc in each system. The galaxies are ordered from lowest to highest in total
galaxy stellar mass from upper left to bottom right. The red region shows the outflow
population and the blue one shows the distribution for accreted stars born outside of 200
kpc.
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the majority of iron [194, 154]. The accreted dwarfs that form the outer stellar halo tend to

have longer periods of star formation, and are less α enhanced at fixed iron abundance than

stars formed in bursts.

Note that, while stars from accreted dwarfs in the outer halo are mostly old, they were

typically born in low-mass dwarf galaxies that had star formation histories that are extended

enough (> 1 Gyr) to have some iron-rich Type-Ia enhancement (and thus Mg/Fe-depletion),

as expected from semi-analytic models [84, 124]. The outflow stars, on the other hand, were

born of gas that was recently enriched in a starburst (via short-lived massive stars with

high alpha yields) but liberated from the main galaxy prior to Type-Ia enrichment. This is

consistent with the notion that alpha-enhancement is indicative of short-lived star formation

rather than overall stellar age.

2.5.3 The Local Stellar Halo

Stars in the local stellar halo offer rich observable diagnostics and this motivates us to explore

the degree to which stars formed in outflows may contribute to the local stellar halo and

whether their presence might be discerned using observations.

Before summarizing results for all six of our halos, we use the m12i, the original Latte primary

halo [229], as an example to illustrate our approach.

The Local Hot Stellar Halo of the Latte Galaxy

In order to define local solar-like populations of stars we construct an ensemble of simulated

environments that mimic stellar observations within 5 kpc spheres around the sun. Specifi-

cally, we select all star particles that exist within a torus centered on a ring radius 8 kpc in

the disc plane from the center of each galaxy. The small radius of the torus is 5 kpc around
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Figure 2.12: Toomre diagram of stars in an ensemble of solar neighborhoods in m12i, specif-
ically all star particles within 5 kpc of an 8 kpc ring about the galactic center. We divide
the star particles into disc and halo components, based on their location in this diagram.
Halo stars have |V −VLSR| > 220 km s−1, as indicated by the black line.

the main ring.

Figure 2.12 shows the kinematic properties of star particles found in the solar neighborhood

torus in m12i. This is a Toomre diagram with the Galactocentric azimuthal component

of the velocity vector, Vϕ, on the horizontal axis and the perpendicular Toomre component,√
(V 2

R + V 2
Z ), on the vertical axis. Disc stars dominate a large overdensity at Vϕ ≈ 220 km s−1,

corresponding to the circular velocity of the Local Standard of Rest (LSR). Following the

selection method of Nissen & Schuster 2010 [168] and Bonaca et al. 2017 [31], we identify

halo stars with the velocity cut |V − VLSR| > 220 km s−1, where VLSR is defined to have

Vϕ = 220 km s−1, VR = 0, VZ = 0. The black line in Figure 2.12 marks the boundary where
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we divide the two populations, as labeled.

The left panel of Figure 2.13 shows the metallicity distribution for the two kinematic com-

ponents identified in Figure 2.12. The distribution of disc stars (cyan) is more metal-rich

than the halo (magenta) and peaks at approximately solar metallicity, [Fe/H] = 0. The halo

is comparatively metal-poor and shows a peak at [Fe/H] ∼ −0.5, which is higher than the

typical inner halo of the Milky Way [4]. Here we also show the sub-components of halo stars

with different birth radial velocities. The shaded yellow histogram shows the metallicity

distribution for the halos stars with V birth
rad > 150 km s−1 while the green one with a slightly

stricter criterion, with V birth
rad > 200 km s−1. These two components, which have birth ve-

locities indicative of outflows stars, are located in the metal-rich tail of the distribution of

halo stars. This region overlaps significantly with disc star metallicity distribution, which is

consistent with the idea that these stars were initially born within the disc but now have a

hotter velocity distribution than present-day disc stars.

We have examined the chemical abundances of local halo stars as a function of birth velocity

and birth radius and find no trend that differentiates outflow stars from heated disc stars

in this space (see Figure A.2). They also show no significant difference in z = 0 kinematics

from other halo stars (see Figure A.3).

The right panel of Figure 2.13 presents the distribution of radial birth velocities of local

stars divided in the same way between disc and halo. Disc stars show a symmetric distribu-

tion about the V birth
rad ≃ 0 km s−1, whereas halo stars show a significant asymmetry towards

positive birth radial velocities, which suggests that some fraction of these stars were born in

outflows. We have argued earlier that outflow stars contribute a significant amount to the

outer stellar halo, is is therefore natural to suspect that a fraction of high-velocity halo stars

in the solar neighborhood were also born this way. As the energy required to put stars on

plunging orbits in the solar neighborhood is potentially lower than that required to make

them orbit to the outer stellar halo, we might even expect to see more of these stars in the
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Figure 2.13: Top: Metallicity distributions of local kinematically-identified disc stars (cyan)
and halo stars (magenta) in m12i. Disc stars are more metal-rich, as expected. Halo stars
that had radial velocities at birth indicative of outflows (> 150 km s−1 and > 200 km s−1,
green and yellow) are shown within the halo distributions. Outflow-identified stars prefer-
entially inhabit the high-[Fe/H] tail of the local stellar halo. Bottom: Radial velocities at
birth for local disc (cyan) and halo (magenta) stars. Disc stars were born with a symmetric
distribution of radial velocities, with a 98% width spanning ±150 km s−1. Halo stars show a
significant asymmetry towards positive birth velocities, indicative of an outflow contribution.
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area around the Sun.

We now focus on kinematically identified halo stars and divide them into a metal-rich com-

ponent with [Fe/H] > −1.0, and a metal-poor one with [Fe/H] ≤ −1.0, in a similar manner

as Bonaca et al. 2017 [31]. Approximately 80% of the halo sample in m12i is metal-rich

by this definition, which is comparable to the ∼ 50% metal-rich fraction of local halo stars

identified by Bonaca et al. 2017 [31] for the Milky Way.

The left panel of Figure 2.14 demonstrate that almost all these metal-rich local halo stars

were born within ∼ 15 kpc of the center of the galaxy, with the median of the distribution

at 6 kpc. These stars were either born in the central disc/galaxy and subsequently heated

or they were born in outflows. The metal poor halo stars, by contrast, shows a significant

contribution from stars born at large distances. We find ∼ 40% of the metal-poor stars

formed with rbirth > 20 kpc, suggesting that many of these stars were formed inside dwarf

galaxies that later merged with the host galaxy.

The right panel of Figure 2.14 shows the birth radial velocity distributions for each of these

two populations. The local metal poor halo in m12i has a roughly symmetric birth velocity

distribution (cyan), with a slight preference for infall velocities at birth. This is again

consistent with a significant contribution from accreted dwarfs galaxies. The metal-rich

population, shown in magenta, is significantly skewed towards positive birth velocity. It

is clear that the asymmetry in halo star birth velocities seen in the right panel of Figure

2.13 mainly comes from metal-rich halo stars. The dashed line shows a Gaussian fit to the

negative portion of the metal-poor distribution, which is remarkably similar to the birth

velocity distribution of disc stars shown by the cyan line in the right panel of Figure 2.13. If

we interpret this part of the distribution as the heated-disc contribution to the stellar halo,

the remaining shaded region can be interpreted as coming from outflow stars. If we do so,

we find that these stars contributes approximately 27% of metal-rich halo stars locally.

36



Figure 2.14: Top: Birth radii distributions of local kinematically-identified halo stars in
m12i split into two groups of metal-rich ([Fe/H] > −1.0, magenta) and metal poor ([Fe/H]
< −1.0, cyan) stars. A significant fraction of local metal-poor halo stars formed at large
distances, suggesting that accretion events contributed a major portion of this population.
In contrast, metal-rich local halo stars formed primarily inside the central galaxy. Bottom:
Radial velocities at birth for the same two populations of local halo stars. Vertical dashed
lines at ±150 km s−1 are shown for reference. The metal-poor halo stars have a roughly
symmetric birth velocity distribution. The metal-rich halo stars, on the other hand, show
a strong asymmetry towards positive birth velocities. The dashed line shows a Gaussian
fit to the negative part of the metal-rich V birth

rad distribution. If we treat the full Gaussian
distribution as the heated-disc contribution to the metal-rich stellar halo, the remaining
shaded region can be interpreted as coming from outflow stars (27%).
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Figure 2.15: Radial velocities at birth for solar neighborhood halo stars in different metallicity
bins as indicated. The most metal poor local halo stars have birth velocity distributions that
are biased towards negative values, indicative of a large contribution from accreted stars
that were born within infalling dwarf galaxies. As metallicity increases, the birth velocity
distributions shift towards positive values, as would be expected if outflows make up an
increasing fraction of the local stellar halo at higher metallicities.
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In Figure 2.15, we further explore this asymmetry by looking at the differences in the birth

radial velocity distribution for halo stars with different metallicities. The most metal-rich

stars (yellow) are strongly skewed towards being born with large, positive (outflow) velocities.

The most metal-poor stars (purple) tend to have been born with negative radial velocities,

indicative of infall inside of accreting dwarf galaxies. If we fit a Gaussian to the negative

side of the [Fe/H] > −0.5 distribution (as we did in the right-panel of Figure 2.14) we find

that the excess outflow fraction is ∼ 40% in this case.

Local Phase-space Structures in the Latte Galaxy

Recently, Belokurov et al. 2019 [23] presented an analysis of Solar neighborhood stars that

used Gaia data to identify a population of metal-rich halo-like stars, dubbed “the Splash”.

These stars are on eccentric orbits and many are counter-rotating with respect to the disc.

While Belokurov et al. 2019 [23] suggested that the Splash may be associated with a proto-

disc-heating event [62, 152, 89], they did not rule out other alternatives, including the role

of outflows. Here we show that stars born in outflows could contribute to Splash-like phase-

space structure and use m12i as an example case.

The top row of Figure 2.16 is similar to Figure 1 of Belokurov et al. 2019 [23] in that

it shows distributions of solar neighborhood stars in the space of Vϕ vs. [Fe/H] for m12i.

Unlike the figures in the previous sub-section, we have restricted ourselves to stars in the

upper disc plane (2 < |z| (kpc) < 3) in order to mimic the cuts in Belokurov et al. 2019 [23].

The upper left panel shows log-density. Of particular interest is the upper right panel of

Figure 2.16, which shows row-normalized [Fe/H] distributions at fixed Vϕ. Several features

are boxed and numbered. Box 1 corresponds to a metal-rich thin-disc component. At slightly

lower metallicity, box 2 identifies slowly-rotating thick-disc stars. Box 3 highlights a feature

that has strong qualitative similarity to the Milky Way Splash [23]: a significant retrograde

contribution at metallicities higher than the traditional stellar halo. Box 4 is reminiscent
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Figure 2.16: Phase-space signatures of stellar origins for stars within 2 < |z|(kpc) < 3 of
sun-like neighborhoods in m12i. The top row presents stars in the plane of Vϕ -[Fe/H],
mimicking Figure 1 of Belokurov et al. 2019 [23]. The left panel shows the logarithm of the
stellar density. The right panel shows the row-normalized stellar density – that is, the [Fe/H]
distribution at fixed Vϕ. Note the four boxed regions here : Boxes 1 & 2 identify very metal-
rich thin/thick disc components; Box 3 highlights a Splash-like metal-rich population with
low and/or negative vϕ; Box 4 shows a highly retrograde Sequoia-like feature. The bottom
row illustrates the distributions of birth radial velocities (left) and birth radii (right) of
stars in different boxed regions. The Splash-like stars (3, blue) have birth velocities that are
skewed positive and birth radii mostly confined to the central galaxy, indicative of an outflow
contribution. Box 4 (purple) shows indications of an accreted population: birth velocities
that are skewed negative and birth radii that extend well outside the central galaxy.
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of the strongly retrograde Milky Way feature known as Sequoia [163], though its retrograde

speed is faster.

The bottom row of Figure 2.16 presents information on the birth radial velocities (left) and

birth radii (right) for stars associated with each of the four features (boxes) numbered in the

upper-right panel. We see that the Sequoia-like retrograde feature (box 4, purple) contains

stars that are indicative of accretion: a birth-velocity distribution that is skewed negative

and birth radius distribution that extends well beyond the central galaxy. The thin-disc

region (box 1, yellow) also looks as expected: a symmetric birth radial velocity distribution

and birth radii that are all confined to the disc region (rbirth ≲ 20 kpc).

Now consider the birth properties of the Splash-like stars (box 3, blue). The birth radial-

velocity distribution is skewed positive, indicative of a significant contribution from stars

born in outflows. The birth radius distribution is also largely confined to the central galaxy.

Overall, this mock-Splash feature appears to be made of both a heated disc component and

a stellar outflow component. The disc-thickening event that created this feature involved

starburst activity that included stellar outflows. The more traditionally identified thick-disc

region (box 2, green) is similar, though the birth radial-velocity distribution is less skewed,

and appears to be predominantly heated disc. Though not shown, the age distributions of

stars in each of these four boxes is monotonic in metallicity. Box 4 stars are the oldest (9-12

Gyr), with box 3 (Splash-like) stars slightly younger (∼ 8 Gyr). Our thin-disc (box 1) has

a less extended star-formation history than that of the Milky way, spanning ages 0-5 Gyr,

while the thick-disc feature (box 2) dates back to the end of the thin-disc phase (5-7 Gyr).

The above exercise illustrates the power of combining numerical simulations with high-

dimensional phase-space data to provide insight into formation history of the Milky Way

[6, 99]. More work in this direction is certainly warranted.
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Summary of Outflow Fractions in Solar Neighborhoods

Figure 2.17 provides a summary of local kinematically-identified stellar halo outflow stars

for all six of our host halos. We are specifically quoting the fraction of the local stellar halo

identified as being born in stellar outflows, Moutflow(> X)/Mtotal(> X), plotted as a function

of X = [Fe/H] of the stars. We have adopted two methods for identifying stars as being

born in outflows. First, the solid lines show the fraction calculated using the excess positive

portion of the birth velocity distribution as illustrated in the right panel of Figure 2.14.

The dashed lines adopt a simpler choice, which defines outflow stars to be those born with

radial velocities greater than 150 km s−1. In most cases the results are similar, with rising

outflow fractions towards increasing metallicity. However, the exact fraction does depends

on the accretion history of the main galaxies. One of the exceptions is halo m12b, which

has undergone a recent merger. The resultant birth-velocity distribution of kinematically-

identified halo stars has very little skewness and produces a near-zero outflow fraction via

the first definition.

How might we distinguish outflow stars from other stars in the local stellar halo? While

Figure 2.14 demonstrates that the outflow fraction rises with increasing metallicity, stars

born in outflows remain minority populations even at the highest metallicities. In Appendix

A.2 we show that neither the z = 0 kinematics of halo stars nor chemical abundances

alone provide a strong discriminant, mainly because the overall fraction of outflow stars is

small enough that small differences in underlying distributions are washed out. A better

determination can be made by exploring the joint distribution of metallicity and radial

velocity. Figure 2.18 shows the fraction of stars born in outflows (color bar, using V birth
rad >

150 km s−1) as a function of both [Fe/H] and absolute value of current radial velocity. We see

that the outflow fraction dominates for stars that are both fast and metal-rich. Metal-rich

retrograde stars are also potential candidates (Figure 2.16).
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Figure 2.17: Fraction of the local stellar halo identified as being formed in outflows as a
function of stellar metallicity in each of our simulations. Fractions include stars more metal-
rich than the value of [Fe/H] shown on the horizontal axis. We have identified outflow
fractions using two definitions. First, we associate the outflow fraction with the excess above
a symmetric birth velocity distribution as illustrated in the right panel of Figure 2.15. Solid
lines use this definition. In the second case (dashed) we use the fraction of stars born with
radial velocities > 150 km s−1. In most cases, the fraction rises towards higher metallicity,
with as much as ∼ 40% of the most metal-rich local stellar halo coming from outflows by
this definition.
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Figure 2.18: Fraction of local halo stars that were born in outflows (color bar) as a function
of stellar current radial velocity and metallicity. We assume stars with V birth

rad > 150 km s−1

were born in outflows. We see that the majority of stars with both the highest velocities
(|Vrad| ≳ 300 km s−1) and highest metallicities ([Fe/H] ≳ −0.5) were created in outflows.
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2.6 Discussion

This paper introduces the possibility that galactic stellar halos may be populated by stars

born in dense-gas outflows driven by feedback events. The idea that expanding supershells

can trigger star formation has been with us for more than thirty years [159]. Recent obser-

vations have confirmed the existence of star formation triggered in expanding superbubbles

[233, 140, 43, 66, 67], but to our knowledge ours is the first to explicitly connect this possibil-

ity with stellar halo formation. Our proposal is motivated both by an analysis of simulations

and by spectroscopic evidence for star formation in outflows [153, 88]. Specifically, these

outflow stars are born with velocities fast enough to take them far from galactic discs but

slow enough that they remain bound to galactic halos. Anecdotally, the outflow scenario

bares resemblance to the classic idea of [ELS 65], who suggested that halo stars formed in

rapidly infalling gas clouds. Here we posit a phase-reversal of ELS: some fraction halo stars

formed in rapidly outflowing gas.

Before summarizing our quantitative conclusions, it is important to qualify our results given

the difficulty of the numerical problem we are considering. Accelerated cold clouds are

subject to hydrodynamical instabilities that could destroy them on timescales shorter than

those required for star formation [39, 204], though rapid re-cooling as outflows expand [221]

or radiative shocks with the ambient medium [241, 191] can help explain the prevalence of

cold, dense outflow material as observed. As discussed by Ferrara & Scannapieco 2016 [81],

the degree to which dust grains survive and mix into the cool phase affects rapid molecule

formation. Simple estimates of the timescales needed to grow dust grains by accretion of

metals from the ISM suggest that dust destruction may not be a major problem in the

dense gas that ends up forming stars [190]. Schneider et al. 2018[205] have used the Cholla

Galactic Outflow Simulations to show that the highest velocity cool outflowing gas observed

in starburst systems may have a dual origin, where clustered supernova feedback ejects gas

out of the disc where it is subsequently accelerated by a hot wind. Though the episodes they
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explore correspond to more extreme, high star-formation cases than our systems experience,

this picture is qualitatively consistent what we see in our simulations.

With baryonic particle masses of ∼ 7000 M⊙ and adaptive force softening down to ∼ 1 pc,

our simulations do seem to robustly predict the existence of outflows that consist of dense,

relatively cold gas. This gas occasionally goes unstable for star formation after acceleration,

resulting in stellar outflows. Star formation in our simulations requires gas to be sufficiently

dense and Jeans unstable. Importantly, we find that stellar outflows are robust in our simu-

lations for re-runs that require more stringent star formation criteria (see Appendix A.1 and

Grudić et al. 2018[101]). It is worth noting that (although we do not quantitatively analyze

these runs here) the qualitative phenomenon of star formation in outflows also appears across

our previous FIRE-2 and FIRE-1 simulations using different numerical resolutions, including

or excluding magnetic fields, changing the star formation criteria more broadly, and using

an entirely different hydrodynamic method (SPH, in FIRE-1). Given this, we believe that

our conclusions are physically plausible (and consistent with observed stellar outflow mea-

surements). However, much higher resolution simulations that include a fair treatment of

conduction and other micro-physics will be needed to test for robustness.

The broadest contribution of this work is in positing the possibility that outflow stars may

populate the stellar halos of Milky Way-mass galaxies. The degree to which this happens

will depend in detail on star formation and galaxy-formation physics; this means that local

searches for such a population may offer a new way to test global galaxy formation models.

One thing worth noting here is that the simulation presented here do not include systems that

perfectly match the Milky Way in their non-axisymmetric mode or in their accretion history.

This suggest that more simulations, including those that are targeted to reproduce known

aspects of the Milky Way’s merger and settling history (see e.g. Purcell et al. 2011 [184], for

an example that neglects hydrodynamics) will be required to fully exploit this possibility.

However, the results presented here do provide a starting point for such an endeavor. With
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these caveats in mind, we can move on to conclude and summarize.

2.7 Conclusions

Using six zoom simulations of Milky Way-mass galaxies, we have found that stellar outflows

associated with starburst activity contribute a significant fraction to the stellar halo of each

galaxy. These stars form with large positive radial velocities (≳ 150 km s−1, Figure 2.2)

inside powerful galactic outflows (Figure 2.8). As shown in Figure 2.9, stellar outflows are

more common during the early, bursty star formation phases of our galaxies (z ≳ 0.3). While

the overall fraction of stars formed in outflows is small (∼ 1%), during starbursts the outflow

fraction ranges from ∼ 1− 50% of the overall star formation rate.

The majority of outflow stars fall back in on radial orbits that are similar to the bulk of the

stellar halo at z = 0. Though the fraction varies from halo to halo, we find that 5 − 40%

of outer stellar halos (r > 50 kpc) of our galaxies formed in radial outflows (Figure 2.4).

The rest of the outer halo is dominated by stars from accreted, disrupted satellites, which

tend to be metal poor. If we restrict to the most metal rich ([Fe/H] > −1) outer-halo stars,

an even higher fractions were born in outflows (∼ 30 − 80%) owing to the fact that these

outflow stars originated from the more metal rich gas in the massive central galaxy.

In the inner halo (r ∼ 8 kpc), we find that outflows contribute substantially only the the

most metal-rich portion, making up ∼ 10 − 40% of [Fe/H] > −0.5 stellar halo material in

the solar neighborhood (Figure 2.17). The lowest metallicity component of the local stellar

halo in our simulations tends to be dominated by accretions, while the metal-rich portion

is made of a combination of accreted stars, kicked-out (heated disc) stars, and in-situ stars

born in outflows (Figure 2.14). As shown in Figure 2.16, outflow stars may provide a non-

trivial contribution to high-metallicity retrograde stars, such as those identified in the Splash
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feature by Belokurov et al. 2019 [23].

The outer stellar halo of the Milky Way and M31 hold some promise for finding evidence for

outflow stars. Not only are the outflow stars more metal rich than the dominant, accreted

stellar halo, they tend to be more smoothly distributed (Figure 2.10) and α-enhanced. They

stand out clearly in [Mg/Fe]-[Fe/H] diagrams (Figure 2.11). Efforts such as the H3 Spec-

troscopic Survey for the Milky Way [48] and ongoing work using resolved stars around M31

from Keck [73, 74] may enable direct comparisons to these predictions.

Distinguishing between outflow stars and other halo components in the local stellar halo

(r ∼ 8 kpc) may be more difficult. The distributions of their current tangential velocities

are almost identical. We find only small differences in the z = 0 velocity distributions or

the chemical properties of outflow stars (see Appendix A.2). Indeed, outflow stars that have

remained bound to the inner stellar halo appear to be quite similar to heated disc stars in

everything other than their birth velocities. We find that outflow stars dominate the local

halo population only among stars that are both high in radial velocity and high in metallicity

(see Figure 2.18). This may be the space where outflow stars are most easily identified in

the stellar halo.

Could an outflow event be directly observed? At least one of our six galaxies has a prominent

visible plume of young stars born in an outflow that is visible at z = 0 (halo m12w). A stream

of this kind could be observable in imaging of the nearby universe as a blue stream of young

stars (see Figure 2.5, for example). A potential avenue of future work is to make predictions

on the detection probability of such events and the expectations for the surface brightness

of young plumes of outflow stars.

Stellar outflows may also provide a potential source for extreme-velocity or hypervelocity

stars [38, 106]. The radius-velocity diagram of m12w shows that some outflow stars could

have radial velocities as high as ∼ 300 km s−1 (Figure 2.10). We also find that a small
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fraction (∼ 5%) of outflow stars generated in outflow events are unbound. While most HVS

discoveries are are metal-poor (and therefore are not good matches for the stellar outflows

we predict in this scenario), there are HVS candidates that have metallicity higher than

expected in the stellar halo [63]. These high-metallicity HVSs could potentially be sourced

by outflows.

A related observational constraint will be to consider the direct rates of outflows predicted

in our simulations compared to ongoing efforts to detect stellar outflows in spectroscopic

surveys. As discussed in the introduction, Gallagher et al. 2019 [88] have used integral field

MaNGA data to show that star formation inside outflows accounts for 5− 30% of the total

star formation in their galaxies when detected. This is consistent with the rough estimate

presented in Figure 2.9, but direct mock observations of the simulations would be required

for accurate comparisons.

In work related to ours, Ma et al. 2019[145] have used FIRE-2 simulations of high-redshift

galaxies to study star formation in clusters. They find star formation at the edges of shells

in high density gas clouds, compressed by feedback-driven winds, which is quite similar to

the physical conditions we find fundamental to launching outflow stars in this paper. It

is encouraging that Ma et al. 2019[145] find similar results using a simulation suite that

includes a run with ∼ 70 times better mass resolution than our own.

Another implication for bubble-driven star formation outflow is that it may enable higher

ionizing photon escape fractions than might otherwise be possible. Ma et al. 2020[148] have

studied this effect in detail using FIRE-2 simulations to estimate the escape fraction of stars

formed in this manner and find a large time-average escape fraction (≳ 10%), for several

different star formation models. Specifically, stars formed at the edges of evacuated shells

have much larger escape fractions. They also find age gradients for stars born at the shell

front, which is again in agreement with the idea of an accelerating shell of star formation,

consistent with the outflow picture presented here.
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In summary, we have introduced the possibility that stellar outflows contribute a non-

negligible fraction of stars to the hot, extended stellar halos of Milky Way-mass galaxies.

Such a population is plausible given the evidence that dense molecular outflows and stellar

outflows exist in nature [153, 88]. The characteristics of such a halo population are likely

sensitive to the nature of feedback and star-formation physics (Section 2.6). Given this,

we believe that local observational searches for stellar-halo outflow stars may provide yet

another place where near-field cosmological probes can begin to test global models of galaxy

formation.

50



Chapter 3

The bursty origin of the Milky Way

thick disc

3.1 Introduction

Milky-Way-mass disc galaxies in the local Universe, including our own, are often char-

acterised by a thin disc component embedded within a thicker disc, which accounts for

∼10−15% of total disc luminosity [226]. The Milky Way itself has a distribution of disc

stars that can be decomposed into thin and thick components spatially [96, 126, 26, 32].

Thicker-disc stars tend to be older, more metal poor, and more alpha-enhanced [87, 27,

182, 138, 110, 188, 107, 151, 108, 210]. These characteristics may be loosely interpreted as

evidence that thick disc stars formed early and rapidly, perhaps in a series of bursts [226].

Snaith et al. 2014[212] use elemental abundances of long-lived stars to derive a star-formation

history a Milky Way thick disc population and conclude that these stars emerged during an

early, elevated period of star formation, and that the Galactic thick disc may be comparable

in mass (not luminosity) to the young (< 8 Gyr old) thin disc.
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While it is natural to think of the thin/thick disc dichotomy as reflecting the existence of two

distinct and separate kinematic populations, the Milky Way appears to have a continuous

distribution of disc thicknesses that vary smoothly with fixed abundance [33]. There is

certainly a dichotomy in the the ratio of alpha to iron (at low iron) in the solar vicinity,

though the relative distributions of high and low alpha elements vary smoothly with location

in the disc [107, 228]. These trends may be explained without requiring a distinct thick disc

component that emerged from a separate evolutionary path [209]. Nevertheless, it is useful

to use the terms “thick disc” and “thin disc” as a shorthand classification to help us compare

and contrast stars with more eccentric orbits that take them farther from the disc plane to

those with more circular orbits that align tightly within it.

Despite years of study, an understanding of how thick and thin populations arise within the

broader story of galaxy formation remains a key question. One of the most enduring ideas

is that pre-existing thin discs are heated in mergers with small satellite galaxies to create

a vertically extended component [186, 130, 185]. In fact, the phase-space structure of stars

in the solar neighborhood provides some evidence that such a event – the Gaia-Enceladus

Sausage merger – may have been significant enough to heat a proto Milky Way disc, under

the assumption that a thin disc existed at this early time [20, 113].

However, the chemical abundance structure of the Milky Way disfavours the idea that thick-

disc formation is associated with a single discrete event [86]. Rather, these data favour an

“upside down” formation scenario – first predicted by cosmological simulations [34, 35, 36, 28]

– where stars are born in relatively thick discs at early times, and only later form in thin

discs.

Many recent cosmological simulations naturally produce z = 0 discs with young stars con-

centrated in a thinner component than old stars [147, 164, 98, 181, 29, 178]. These same

simulations at high redshift produce discs that are systematically thicker and clumpier than

those at low redshift, as observed in nearly all deep, high-resolution imaging studies of galax-
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ies [70, 72, 208, 95, 177, 71]. The observed transition from thick irregular galaxies at high

redshift to thin rotation-dominated discs at low redshift is well established, and often referred

to as “disc settling” [128].

Whilst upside-down disc formation is seen regularly in simulations, the physical origin of this

thick-to-thin transition has been hard to distill. One idea is that discs are born thick during

an early period of gas-rich mergers [34]. At high redshift, high star-formation rate densities,

high gas fractions, and feedback-induced turbulence can also contribute to an initially hot

disc [139]. An alternative possibility is that stars are initially born in thin discs, but are

quickly and continuously heated owing to chaotic accretion of gas [160]. In some simulations,

most stars are born kinematically hotter at early times and subsequently heated after birth

on a short timescale [147, 29].

In this paper, we explore the transition from thick to thin disc formation in twelve Milky-

way-mass galaxies drawn from FIRE-2 cosmological zoom-in simulations. As seen in previous

work [34, 28, 147, 164, 29, 178], our discs tend to form upside down, with the thick discs in

place early and the thin disc forming at late times. One new finding in our work is that the

transition from thick to thin-disc formation correlates with a transition in star formation

mode, from an early, elevated bursty phase with highly time-variable star formation rate,

to a late-time steady phase of near-constant star formation rate. Thin-disc stars tend to

be born during the late-time steady phase, whilst thick-disc stars are associated with the

latter part of the bursty phase. Galaxies with older thick-disc populations have an earlier

transition from bursty to steady star formation. The earlier the transition time, the more

dominant the thin disc is at z = 0.

A transition from bursty to steady star formation has been reported previously in the FIRE

simulations, at z = 0.5 − 1.5 in Milky-Way-mass haloes [162, 213, 8, 9, 78]. In particular,

Stern et al. 2021 [216] show that the transition to steady star formation coincides with the

virialisation of the inner circumgalactic medium (CGM). Specifically, when haloes in FIRE
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cross a characteristic mass scale (∼ 1012 M⊙), the cooling time of shocked gas in the inner

halo (0.1 Rvir) exceeds the local free-fall time. This creates a hot confining medium, with high

and nearly uniform thermal pressure. After this time, Stern et al. 2021 [216] observes that

star formation becomes less bursty and gaseous discs become more rotationally supported.

This steady, settled disc phase may be enabled by the hot, pressurised inner CGM itself,

which may prevent supernova-driven outflows from repeatedly blowing out the interstellar

medium (ISM) in a way that would otherwise might perturb disc structure [156].

Of particular relevance is work by Ma et al. 2017 [147], who used a slightly lower resolution

FIRE-1 zoom-in simulation to show that disc stars at large scale-height (thick disc stars)

form primarily during an early chaotic bursty mode, whilst younger stars were formed in

a more stable disc. In what follows, we perform a more systematic analysis using a larger,

higher resolution sample of FIRE-2 haloes and confirm that this result is more general. This

motivates us to suggest that the physical transition from bursty to steady star formation also

coincides with a shift from thick-disc to thin-disc formation in Milky-Way-mass galaxies. If

this is true in the real Universe, then stellar archaeological studies of the Milky Way could

provide a window into past star-formation modes, as well as the build-up of the Galactic

CGM.

The outline of this chapter is as follows. In §3.2 we provide an overview of our simulations and

present our kinematic definition of thin and thick disc stars. §3.3 presents results focusing

for two illustrative cases (§3.3.1) and then on to explore general trends for all galaxies in

our sample (§3.3.3). We conclude and discuss our results in the context of the Milky Way

in §3.4.
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3.2 Simulations and methods

3.2.1 FIRE-2 simulations of Milky-Way-mass galaxies

Our analysis utilises cosmological zoom-in simulations performed with the multi-method

gravity plus hydrodynamics code GIZMO [116] from the Feedback In Realistic Environments

(FIRE) project1. We rely on the FIRE-2 feedback implementation [120] and the mesh-

free Lagrangian Godunov (MFM) method. The MFM approach provides adaptive spatial

resolution and maintains conservation of mass, energy, and momentum. FIRE-2 includes

radiative heating and cooling for gas across a temperature range of 10 − 1010K. Heating

sources include an ionising background [79], stellar feedback from OB stars, AGB mass-loss,

type Ia and type II supernovae, photoelectric heating, and radiation pressure – with inputs

taken directly from stellar evolution models. The simulations self-consistently generate and

track 11 elemental abundances (H, HE, C, N, O, Ne, Mg, Si, S, Ca, and Fe), and include sub-

grid diffusion of these elements in gas via turbulence [117, 218, 75]. Star formation occurs

in gas that is locally self-gravitating, sufficiently dense (> 1000 cm−3), Jeans unstable and

molecular (following Krumholz & Gnedin 2011 [137]). Locally, star formation efficiency is

set to 100% per free-fall time; i.e., SFRparticle = mparticle · fmol / tff , where fmol is the self-

shielded molecular fraction of each gas particle and tff is the free-fall time. Gas particles

are converted to stars at this rate stochastically [129]. Note that this does not imply that

the global efficiency of star formation is 100% within a giant-molecular cloud (or across

larger scales). Self-regulated feedback limits star formation to ∼1-10% per free-fall time

[79, 118, 174].

In this work, we analyse 12 Milky-Way-mass galaxies (Table 3.1 and Table 3.2). These zoom

simulations are initialised following Oñorbe et al. 2014[170]. Six of these galaxies (with

names following the convention m12*) are isolated and part of the Latte suite [229, 93, 118,

1https://fire.northwestern.edu/
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92]. Six, with names associated with famous duos (e.g. Romeo and Juliet), are part of

the ELVIS on FIRE project [92, 94] and are set in Local-Group-like configurations, as in

the ELVIS suite [91]. This suite includes three simulations, containing two MW/M31-mass

galaxies each. The main haloes were selected so that they have similar relative separations

and velocities as of the MW-M31 pair in the Local Group (LG). Table 3.1 lists the initial

baryonic particle masses for each simulation. Latte gas and star particles have initial masses

of 7070M⊙, whilst ELVIS on FIRE has ≈ 2× better mass resolution (mi = 3500−4000M⊙).

Gas softening lengths are fully adaptive down to ≃0.5−1 pc. Star particle softening lengths

are ≃4 pc physical and a dark matter force softening is ≃40 pc physical.

3.2.2 Defining thin and thick discs

There are multiple ways to separate a “thick disc” from a “thin disc” population in observa-

tions [155]. The physical characteristics authors use to define the thick disc include geomet-

ric morphology, kinematics, chemical abundances, and age. The geometric/morphological

definition is the natural choice for distant galaxies, where detailed chemical and/or age in-

formation is harder to extract.

In this theoretical analysis, we elect to define thick and thin disc populations using a purely

kinematic definition based on each star particle’s circularity [2], which also produces disc

populations that follow the qualitative geometric expectations for thin and thick discs (see

below). Whilst it is common in Milky Way studies to use elemental abundances to divide

thin and thick disc populations, we adopt this kinematic definition in order to fully decouple

our selection from the nature of star formation. Specifically, alpha enhancement correlates

with starburst activity, so we would like to avoid using abundance ratios when looking for

distinct correlations related to the star formation history. The fact that we find correlations

between kinetically-defined thick-disc populations and the mode of star formation suggests
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Table 3.1: The simulations we employ in this work. We list the following: the name of the
zoom-in target halo, the stellar mass (M⋆) within the central 20 kpc of the halo at z = 0, the
radius (R90) enclosing 90% of M⋆, the halo virial mass (Mhalo), the halo virial radius (Rhalo),
the resolution of each simulation quantified by the initial baryonic particle mass (mi), and
the reference that first introduced each halo at the quoted targeted resolution. We also list
the lookback time to the end of the bursty phase/onset of the steady phase (tB). Hosts with
names starting with ‘m12’ are isolated configurations selected from the Latte suite, whilst
the rest are in LG-like pairs from the ELVIS on FIRE suite. The four galaxies marked with
an asterisk correspond to short-lived, late-time bursts of star formation taking place after
the onset of the steady phase. Three of these four bursts appear to be triggered by minor
mergers. The exception is Thelma, which has late-time star formation in the “steady” regime
(by our formal definition), but is still experiencing fairly variable star formation compared
to most of our galaxies at late times. These bursts and/or mergers tend to influence t90 but
do not significantly affect t50 nor fthin disc. The haloes are ordered by decreasing tB, from tB
= 6.52 Gyr (Romeo, top) to tB = 0.0 Gyr (m12w, bottom).

Name M⋆ R90 Mhalo Rhalo mi tB Reference
[M⊙] [kpc] [M⊙] [kpc] [M⊙] [Gyr]

Romeo 7.4×1010 13.3 1.0×1012 317 3500 6.52 A
m12b* 8.1×1010 9.8 1.1×1012 335 7070 6.32 A
Remus 5.1×1010 12.3 9.7×1011 320 4000 5.88 B
Louise 2.9×1010 12.0 8.5×1011 310 4000 5.56 A
m12f* 8.6×1010 11.0 1.3×1012 355 7070 5.01 C
Romulus 1.0×1011 14.2 1.5×1012 375 4000 4.90 B
Juliet 4.2×1010 9.6 8.5×1011 302 3500 4.40 A
m12m 1.1×1011 11.3 1.2×1012 342 7070 3.81 E
m12c* 6.0×1010 9.7 1.1×1012 328 7070 3.70 A
m12i 6.4×1010 9.2 9.0×1011 314 7070 3.14 D
Thelma* 7.9×1010 12.4 1.1×1012 332 4000 2.57 A
m12w 5.8×1010 8.7 8.3×1011 301 7070 0.0 F

Note: The references are: A: [92], B: [94] C: [93], D: [229], E: [120], F: [197].
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Table 3.2: The simulations we employ in this work. We present derived quantities here:
the lookback time to the end of the bursty phase/onset of the steady phase (tB), the mass-
weighted thin-disc fraction (fthin discm), the luminosity-weighted thin-disc fraction (fthin disc l),
the median thick-disc age (t50), and the 90% oldest star of the thick disc (t90). The haloes
are in the same order as in Table 3.1.

Name tB fthin disc m fthin disc l thick disc t50 thick disc t90
[Gyr] (M weighted) (L weighted) [Gyr] [Gyr]

Romeo 6.52 0.45 0.70 8.96 6.16
m12b* 6.32 0.37 0.64 7.34 2.72
Remus 5.88 0.36 0.62 8.22 4.88
Louise 5.56 0.32 0.65 8.11 4.06
m12f* 5.01 0.38 0.65 6.28 2.62
Romulus 4.90 0.37 0.69 7.37 4.92
Juliet 4.40 0.30 0.62 6.74 4.66
m12m 3.81 0.34 0.58 6.07 3.24
m12c* 3.70 0.32 0.62 5.39 2.30
m12i 3.14 0.32 0.59 6.18 3.50
Thelma* 2.57 0.27 0.57 4.73 1.95
m12w 0.0 0.24 0.43 4.38 1.13

that the correlation between thick disc formation and star formation activity is non-trivial.

Previous work by Ma et al. 2017 [147] finds qualitatively similar results using more tradi-

tional observationally-oriented definitions of the thick disc based on a vertical density profile,

suggesting that the result is insensitive to the precise definition.

Our categorisation is based on each star particle’s circularity, ϵ = jz/jc(E), defined as the

ratio of each particle’s angular momentum to that of a circular orbit with the same energy

[2]. The angular momentum direction ẑ is set by total stellar angular momentum within

10 kpc of each galaxy’s center. We categorise star particles with ϵ = 0.8 − 1 as thin disc

stars, and those with ϵ = 0.2 − 0.8 as thick disc stars. Our classification is motivated by

past explorations [2, 172, 133], which find that the circularity correlates well with standard

morphological definitions of thin and thick disc populations.

The left and middle panels of Figure 3.1 illustrate our circularity-based definitions for two

specific simulations: Romeo (top) and Juliet (bottom). The left panels show the mass-
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Figure 3.1: Circularity and spatial distributions of stars in Romeo (top set) and Juliet

(bottom set). The left panels show the mass-weighted distribution of circularities ϵ of all
the stars within R90 in the galaxies (13.3 kpc and 9.6 kpc, respectively). See §?? for a
description of ϵ. The magenta blocks mark thin disc stars, which we define as the stars
with ϵ ≥ 0.8. The cyan blocks mark thick disc stars, which we define to be those with
0.8 > ϵ ≥ 0.2. The fraction of stars in each block is shown in the legend. The middle
panels show the same distributions but now weighted by the Sloan r band luminosity of
each star particle. The luminosity-weighted distributions generally give a much higher thin-
disc fraction. The percentages indicate mass- and luminosity-weighted fractions for each
component. The right panels display z = 0 edge-on views (2D density weighted by Sloan
r band luminosity) of the thin (upper) and thick (lower) disc stars. We see that these
definitions produce disc components that qualitatively resemble geometrically-defined thin
and thick discs.
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weighted circularity distributions and the middle panels show the luminosity-weighted cir-

cularity distributions for each galaxy. By our definitions, the magenta regions correspond to

thin-disc stars, whilst the cyan regions correspond to thick-disc stars. Note that whilst the

mass-weighted distributions yield approximately equal thin and thick disc populations, the

luminosity-weighted distributions assign ∼60−70% to the thin disc. The right panels show

luminosity-weighted images of the thin and thick disc populations for each galaxy, which

illustrate that our orbit-based definitions yield spatial distributions that look qualitatively

like discs that are indeed thin and thick.

We find that our ϵ-based classification scheme results in thin and thick disc populations with

vertical density profiles (in the z direction) resembling those of traditional morphologically

identified thin and thick discs. Whilst some of our galaxies have vertical profiles better fit

by exponential forms, the majority prefers sech2 fits. At mock solar locations (8 kpc from

the galactic centre), fits to the resultant thin-disc populations yield scale heights for our

12 galaxies that range from ∼250 pc to ∼800 pc for luminosity-density profiles (in Sloan r

band); and from ∼500 pc to ∼950 pc for mass-density profiles. Similar fits to our thick-disc

populations have scale heights that range from ∼1.2−1.5 kpc for luminosity-density profiles.

These results are consistent with previous analyses of FIRE simulations [147, 200]. We find

that dividing populations in this manner yields scale-height results in line with those we

obtain with more traditional (purely spatially-based) two-component fits. We also find that

our simple ϵ-based classification yields thick disc populations that are older, more metal

poor, and more alpha enhanced than the thin discs we identify (not shown).

We note that there can be a non-trivial fraction of stars that exist at very low or negative

circularities (ϵ < 0.2), which would naturally be associated with a spheroidal component.

For example, in Figure 3.1, for Romeo (Juliet), this component represents 17% (37%) of

the mass and 6.8% (13%) of the light. We generally find that these spheroidal stars tend

to form in the earliest periods of galaxy assembly, whilst thick-disc stars form later. Since
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the focus of this paper is on thin/thick disc formation, we have largely ignored low/negative

angular momentum stars in what follows, though further investigation into the origin of

the inner spheroid as it relates to star formation in the early galaxy is warranted. Such an

exploration would require a more sophisticated kinematic disc/spheroidal classifications of

stars with overlapping ϵ ranges. We have performed a simple check of the sensitivity of our

main results to the presence of bulge stars by neglecting all stars that sit within 1 kpc of the

galactic center of each galaxy and find that this does not change our results substantially.

The fraction of stars that have ϵ > 0.2 and that sit within 1 kpc is relatively small in all

of our galaxies and, when either excluded or included, have only a minor effect on the age

distributions of our ”thick disc” stars.

3.3 Results

3.3.1 Two Illustrative Cases: Romeo and Juliet

The top panels in Figure 3.2 show the star formation histories of Romeo (left) and Juliet (right)

as a function of lookback time. The star formation rate 2 (SFR) displayed is averaged over

both a short timescale of 10 Myr (SFR10, blue) and a longer timescale of 500 Myr (SFR500,

red). The middle panel shows the variance in “instantaneous” SFR, σ10, divided by the

average SFR500 as a function of lookback time. We define σ10(t) as the variance in SFR10

over a time range spanning t ± 250 Myr. We see that the relative variance is much larger

at early times than at late times, consistent with previous studies [216, 83] that have shown

that star formation in massive FIRE-2 galaxies tends to transition from bursty to steady as

we approach the present day.

2These star formation histories are measured for all particles that were born within 20 kpc of the most
massive progenitor.
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Figure 3.2: Star formation histories and thin/thick disc stellar age distributions for Romeo
(left) and Juliet (right). The top panels show the star formation rate in the galaxy as
a function of lookback time. The blue lines show the “instantaneous” star formation rate
averaged over 10 Myr bins, while the red lines show the “smoothed” star formation rate
averaged over 500 Myr bins. The middle panels shows the variance in instantaneous star
formation rate divided by the smoothed star formation rate as a function of time. We see
that the SFR variance in each galaxy generally decreases with time, from bursty to steady,
as we approach the present day. For ease of description, we divide the star formation history
of each galaxy into two distinct phases – an early bursty phase and a late steady phase
– delineated a time tB where the SFR variance falls below 0.2 times the smoothed star
formation rate. This ”bursty-phase lookback time” is marked by the vertical red dashed line
in each upper panel. The bottom panels shows the age distribution of z = 0 stars that
belong to the thick disc (cyan) and thin disc (magenta) in each galaxy. We see that thick-disc
stars have ages that track closely the bursty period of star formation while thin-disc stellar
ages correspond more closely to the steady phase.
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While the transition from bursty to steady is not always sharp, the trend is quasi-monotonic,

with the the ratio σ10/SFR500 generally decreasing with time. For the sake of simplicity in

this analysis, we find it useful to divide the star formation history of each galaxy into two

distinct phases: an early bursty phase and a late-time steady phase. We define the bursty

phase to end at a lookback time tB when the variance in “instantaneous” star-formation rate

first falls below B = 0.2 times the time-averaged star formation rate:

σ10(tB)

SFR500(tB)
≡ B. (3.1)

We use this definition to assign a specific bursty-phase timescale to each galaxy’s star for-

mation history. Our qualitative results are not sensitive to the precise choice of B = 0.2

on the right-hand side of Equation 3.1. Larger choices (B > 0.2) tend to push the bursty

phase slightly earlier and smaller choices (B < 0.2) tend to push the burst phase slightly

later. By our adopted definition, Romeo has a bursty-phase lookback time of tB = 6.5 Gyr

and Juliet has a bursty phase that ends more recently at tB = 4.4 Gyr. The vertical, red-

dashed lines in Figure 3.2 mark these times. Table 3.1 and Table 3.2 provide bursty-phase

lookback times tB for our simulated galaxies.

The bottom panels in Figure 3.2 show the age distributions of thick-disc stars (cyan) and

thin-disc stars (magenta). Thick-disc ages tend to track the bursty-phase star formation,

whilst the thin disc stars closely track the steady phase in each case. We emphasize again

that in defining a specific value for tB we do not mean to suggest that there is always a razor-

sharp phase-change in star formation activity (or in disc thickness) but rather to assign a

specific timescale to each galaxy that reasonably marks a qualitative transition. We note

that age-overlap of thick and thin disc stars in Romeo is much more significant than it is in

Juliet. This mirrors the more gradual decrease in relative SFR variance in Romeo, compared

to the sharp transition near tB seen in Juliet. Nevertheless, the broad tendency for typical
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thick disc stellar ages to correlate with bursty-phase lookback times is seen for every galaxy

in our sample (as we show in §3.3.3 below).

Morphology with time

Figure 3.3 and 3.4 show images of Romeo and Juliet at three specific times in the past:

8.4, 4.7, and 2.7 Gyr ago, which also illustrate how stars that formed at these epochs are

spatially distributed today. The top row (a) shows the star formation rate versus time. The

arrow symbols on the time axis indicate the specific lookback times visualized beneath. Row

(b) shows luminosity-weighted images of the main progenitor of each galaxy at the specified

times. Each snapshot is viewed edge-on with respect to the stellar angular momentum axis

at that time. Row (c) includes images of the young stellar populations, corresponding to

stars born within the last 100 Myr of the indicated times. Lastly, row (d) shows the current

location (z = 0) of the young stars shown in (c). Note that rows (c) and (d) are similar to

Figure 1 in Ma et al. 2017 [147].

Figure 3.3 shows that, 8.4 Gyr ago (prior to the end of the bursty phase) Romeo resembled

a thick disc embedded within a significant spheroid. The stars forming at this time (panel

c, far left) are not very well ordered into a thin disc, but do exhibit some coherence. Those

stars today are arranged in a thick-disc like configuration (d, far left). Conversely, at 4.7 Gyr

and 2.7 Gyr (after the steady phase has commenced) Romeo’s thin disc has fully emerged.

Young stars at those times are situated in thin discs (c, middle and right) and remain in

relatively thin configurations at z = 0 (d, middle and right).

Figure 3.4 shows that Juliet exhibits a transition from thick to thin, which happens later

than Romeo’s. Concretely, whilst Romeo had a pronounced thin disc component 4.7 Gyr

ago, Juliet had no thin disc at that time. Only in the most recent image (2.7 Gyr) does

Juliet begin to resemble a thin disc. This difference in morphological structure with time
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Figure 3.3: (a) Instantaneous (blue) and smoothed (red) star formation rate for Romeo plotted
as a function of lookback time. The vertical red dashed line shows our adopted time that
separates the bursty phase from the steady phase according to Equation 4.1. (b) Edge-on,
luminosity-weighted images for Romeo at three different lookback times – from left to right:
8.4 Gyr, 4.7 Gyr, and 2.7 Gyr. The arrows along the time axis in top panel indicate these
times. (c) Edge-on, luminosity-weighted images for the youngest population (formed within
100 Myr) at the same times. (d) Edge-on, luminosity-weighted images at z = 0 for the
same stars shown in row c. Note that 8.4 Gyr ago, when the star formation was still bursty,
the galaxy resembles a thick disc. At the later two times, in the steady phase, a thin-disc
component emerges.
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Figure 3.4: Same as Figure 3.3, now for Juliet. At 8.4 Gyr and 4.7 Gyr ago, when Juliet’s
star formation was still bursty, there is no visible thin disc. Only in the 2.7 Gyr images,
after the steady phase has started, is thin-disc morphology apparent.
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mirrors the difference we see in the transition to steady star formation. Juliet has a bursty

phase that ends only at a lookback time of tB = 4.2 Gyr, compared to Romeo, which ended

its bursty phase tB = 6.7 Gyr ago. At 4.2 Gyr, Juliet happens to have just experienced a

rapid inflow of cool gas, some of which has formed stars in the thick, rotating structure we

see in row (c), middle panel. Those stars end up in a thick disc component at z = 0 (row d,

bottom).

The 8.4 Gyr and 4.7 Gyr panels in Figure 3.4 for Juliet show differences in morphology with

time that are representative across our larger simulated sample. Specifically, we find that the

bursty phase itself can be further divided into two periods of morphological development: 1)

a very early, chaotic bursty phase, where even the youngest stars (< 50 Myr) have angular

momenta that are misaligned with the existing stars in the galaxy; and 2) a later, quasi-

stable “bursty-disc” phase, where some short-lived angular momentum cohesion exists. As

shown with an example in the next section, we find that stars that are born very early on,

when the SFR is very bursty, tend to be born with spheroidal-type orbits (with peaks in

the ϵ distribution ranging from 0− 0.3). Stars that are made during the later, quasi-stable

bursty-disc phase, tend to be fairly coherent for a short period of time, with circularity

distributions within ∼50 Myr of their birth that straddle thin/thick disc characteristics

(peaking with ϵ ∼ 0.6 − 0.8). These bursty-disc stars are quickly heated to thicker-disc

orbits within ∼100 Myr (similar to the behavior reported by Meng & Gnedin 2021[160]).

This later heating appears to be a result of bursty feedback and chaotic accretion. Similar

components could also be found based on stellar populations at z = 0 using a Gaussian

mixture model [167].

Because this paper focuses on thin- and thick-disc formation, we have refrained from pre-

senting results on early in-situ spheroid formation, though this would be an interesting

topic for future work. It is worth noting that, when weighted by luminosity, the spheroidal

components contribute minimally to the total light in our galaxies at z = 0.
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Figure 3.5: Circularity distributions for stars in Romeo (left) and Juliet (right). The solid
black lines in each case show the mass-weighted distribution of stellar circularities (ϵ) for
all stars within R90 of each galaxy (13.3 kpc and 9.6 kpc, respectively) at z = 0. The solid
red and blue lines correspond to stars formed in the steady star formation phase and the
bursty phase, respectively. In each galaxy, stars that formed during the steady phase have
high circularities, peaked near ϵ = 1. Stars formed during the bursty phase are much less
ordered, with a coherent rotation peak at ϵ ≲ 0.8, indicative of thick-disc kinematics. The
gray solid and dashed lines show total mass-weighted star-particle distributions for the main
progenitors of each galaxy 8.4 Gyr ago and 4.7 Gyr ago, respectively. Romeo (left), which
ended its bursty phase 6.5 Gyr ago, had already developed a fairly substantial high-angular
momentum peak 4.7 Gyr ago (dashed line), whilst Juliet (right), which ended its bursty
phase only 4.4 Gyr ago, had only a modest thick-disc like peak at the same time. Further
back in time, 8.4 Gyr ago, Romeo was much less ordered than it is today, but still had a
thick-disc-like peak in stellar circularity. Juliet, on the other hand, had mostly spheroid-
like kinematics, with a circularity distribution centred on ϵ ∼ 0, at this time.

Kinematic classification with time

Figure 3.5 shows mass-weighted circularity distributions for star particles in Romeo (left)

and Juliet (right). The black solid lines indicate distributions for all stars within R90 of

each galaxy at z = 0. The blue lines indicate the z = 0 circularities for stars that formed

during the early, bursty phase (tbirth < tB), whilst the red lines refer to those formed during

the later steady phase. Stars that formed during the steady phase are much more circular

(thin-disc like) in each case, peaking close to ϵ = 1. The stars that formed during the early
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bursty phase show much less coherence in angular momentum, with high-ϵ peaks closer to

ϵ ∼ 0.8, indicative of thick-disc kinematics. Note that the distributions are normalised such

that the sum of the red and blue lines equals the black lines.

The gray curves in Figure 3.5 show the ϵ distributions for all stars in the main progenitor

of each galaxy at two different lookback times: 8.4 Gyr ago (gray solid) and 4.7 Gyr ago

(gray dashed). These are the same times visualised in the lower left and lower middle

panels of Figures 3.3 and 3.4. Romeo, which had just finished its bursty phase by 4.7 Gyr

ago, had a fairly prominent peak at high circularity at that time. Juliet, which was still

in its bursty phase at that time, had a less well-ordered angular momentum distribution.

Both galaxies were systematically less well-ordered 8.4 Gyr ago than they were 4.7 Gyr ago.

Whilst Romeo had a small peak near ϵ ∼ 0.8, more characteristic of a thick disc component,

Juliet had a distribution peaked near ϵ = 0, as expected for a spheroidal system. These

differences in angular momentum structure mirror the morphological differences between

these two galaxies at the same times shown in Figures 3.3 and 3.4.

3.3.2 Late-time mergers and starbursts

Three of our twelve galaxies (m12b, m12c, and m12f) experience late-time mergers after the

steady phase has commenced (see Appendix A.3 for details). We define a merger to be an

event that impacts the central galaxy (< 20 kpc) with a satellite that had a total mass

(baryons and dark matter) greater than 5 × 1010M⊙ when it crossed the inner 50 kpc. We

record this as the merger time. Additionally, seven of our other galaxies have mergers of

comparable sizes during the bursty phase, but these mergers do not correlate with disc

properties in significant ways (see Appendix A.3).

Figure 3.6 illustrates the star formation histories (top panels), total mass (dark matter

3The fall-in directions are confirmed with the visualizations of the two simulations.
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Figure 3.6: Star formation histories, mass assembly histories and thin/thick disc stellar age
distributions for m12b (left) and m12f (right). These are examples of galaxies with late-
time bursts triggered by minor mergers (shaded gray bars). The top panels show the
star formation rate in each galaxy as a function of lookback time. The blue lines show the
“instantaneous” star formation rated averaged over 10 Myr bins, while the red lines show
the “smoothed” star formation rate averaged over 500 Myr bins. There are two distinct
phases in the star formation history for each galaxy, an early bursty phase and a late steady
phase. We divide the two at a time tB, which we define as the time when the variance in
instantaneous star formation rate falls below 0.2 times the smoothed star-formation rate.
This ”bursty-phase lookback time” is marked by the vertical red dashed line in each upper
panel. The gray bands indicate late-time bursts of star formation that occur during the
steady phase. The middle panels show the total mass of central galaxies within 50kpc
(grey dotted) and 20kpc (grey solid), respectively, as a function of lookback time. From the
mass assembly history, we see that the fairly significant burst in m12f was triggered by a
late-time, prograde, LMC-size merger. The smaller burst in m12b was also triggered by the
final coalescence of a merger, of similar size, but this time on a polar orbit3. We record the
first central impact time of this type of mergers and mark with grey dashed lines in the plot.
The bottom panels show the age distribution of z = 0 stars that belong to the thick disc
(cyan) and thin disc (magenta) in each galaxy. We see that thick disc stars have ages that
track closely the bursty period of star formation while thin-disc stellar ages correspond more
closely to the steady phase. Stars made in the late-time bursts appear to populate the thin
disc primarily, but some stars end up in the thick disc as well. The burst age is proceeded
by an enhanced tail of slightly older thick-disc stars, which is consistent with what would be
expected from disc heating. These events do not change appreciably the median age of thick
disc stars but do enhance the post-steady-phase tail of the thick-disc stellar age distributions
compared to cases without late bursts (compare to Figure 3.2).

70



plus baryons within 50 kpc and 20 kpc) evolution (middle panels), and disc component age

distributions (bottom panels) associated with m12b (left) and m12f (right). The bottom panel

splits the age distribution into thin (cyan) and thick (magenta) disc stars. m12b experiences

a polar-orbit merger with a gas-rich, LMC-size satellite (∼ 109.5 M⊙ in baryons, ∼ 1011 M⊙

in dark matter) that coalesces at the time of the late-burst marked. The more prominent

late-burst in m12f is associated with a merger with a satellite of a similar mass, but this

time on a prograde orbit.

These late-time mergers and associated bursts do not change broad correlations we find

between bursty-phase lookback time and thin-disc fractions and median thick-disc ages.

However, they do enhance the age distribution of the youngest thick-disc stars. The lower

panels of Figure 3.6 include examples of this effect, where the thick-disc age distributions

are not as sharply truncated after the bursty phase as they are in Figure 3.2. This seems

mostly to arise from heating associated with the merger, but feedback from the burst could

also contribute. Interestingly, the burst also coincides with a peak in the thin-disc stellar

age distribution. Many of the stars that form in these bursts apparently retain thin-disc

orbits. That gas-rich mergers can promote stellar-disc formation is a well-known phenomenon

[193, 142, 141]. Santistevan et al. 2021 [201] use the same simulations we analyze here to

show that existing metal-poor stars and low-metallicity gas deposited in LMC-size mergers

can explain the existence of low-metallicity prograde stars in the Milky Way [207].

One of our twelve galaxies (Thelma) experiences a late-time burst (∼1 Gyr lookback time)

that is not associated with a merger. This appears to be a stochastic event associated with

the fact that Thelma has only recently settled down to σ10/SFR500 < 0.2 at tB = 2.6 Gyr.

Unlike the majority of our galaxies, Thelma does not settle down to a variance much smaller

than 0.2; so the “burst” by our formal definition looks more like a stochastic event. Only one

other galaxy in ours sample, m12w, never really settles down (tB = 0.0 Gyr) – its variance in

instantaneous SFR around z = 0 is still ∼ 0.3.
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Figure 3.7: Correlation between the bursty-phase lookback time and thick disc age for our
entire sample. The gray points correspond to galaxies that experience late-time minor merg-
ers after the steady phase has begun. Left:. Median thick-disc age (t50) versus the lookback
time to the end of the bursty phase. The legend (far right) displays a unique symbol type
per galaxy. The dashed-red line shows a linear fit to the relation. The Pearson correlation
coefficient (r = 0.89) is boxed in the upper left. The typical age of a thick-disc star correlates
quite strongly with the end of the bursty phase. Right: Age of ninetieth percentile youngest
thick-disc star (t90) versus the lookback time to the end of the bursty phase (solid points).
The solid gray points – those with late-time mergers – clearly lie on a different relation than
the coloured points, suggesting that the late bursts influence and populate the young-star
tail of the thick disc population. The open points are the same galaxies, now depicted at
the lookback time when the late-time merger occurred. These seem to align fairly closely to
a one-to-one line (gray dotted), along with the coloured points. The red dashed line shows
a linear fit to the open gray and coloured points.

3.3.3 Sample-wide trends

Thick disc age

Using four illustrative examples, Figures 3.2 and 3.6 suggest that the ages of kinematically-

identified thick-disc stars at z = 0 tend to track the period of bursty star formation in

these galaxies. The left panel of Figure 3.7 demonstrates that these trends hold for our

entire sample. Displayed is the median age of thick-disc stars (t50) versus the bursty-phase

lookback time (tB) for each galaxy. The correlation is quite tight, with more recent bursty

phases associated with younger thick-disc ages. Note that tB along the horizontal axis is
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determined entirely from the star formation history of the galaxy and includes no dynamical

information whatsoever, and thus the observed correlation is nontrivial. For example, if

thick discs were formed primarily from initially thin discs that were heated by mergers, we

would expect no such correlation.

The typical (median) thick-disc star was formed approximately 3 Gyr prior to the end of the

bursty phase. The red-dashed line shows the best-fit linear relation:

t50 = 3.7 + 0.69tB, (3.2)

where times are assumed to be in units of Gyr. The Pearson correlation coefficient for the

points in the left panel is r = 0.89 with p-value = 9.0× 10−5. Although not shown, we find

that that the average age of thick disc stars produces a very similar trend with bursty-phase

lookback time as the median age displayed here. Given that the thick-disc population is

primarily born during the bursty phase, it is natural to ask if the youngest thick-disc stars

allow us to age-date the end of the bursty phase in a one-to-one way. We find that this is

true only for the nine of our twelve galaxies that do not have a late-time merger during the

steady phase.

The right panel of Figure 3.7 shows the age of the ninetieth percentile youngest thick-disc star

(t90) versus the bursty-phase lookback time (solid points). The dotted gray line shows the

one-to-one relation for reference. The gray symbols refer to galaxies with late-time mergers,

which clearly deviate from the trend. The one galaxy in our sample that experiences a

late-time burst not triggered by a merger (Thelma, coloured pentagon) does not deviate

significantly. The open gray symbols use the lookback time to the late-time merger as the

horizontal coordinate. With this choice, the points fall along a fairly tight relation (with

Pearson correlation coefficient of r = 0.91 and p-value = 3.0 × 10−5). The dashed red line
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shows a linear fit to the coloured and open points (with solid gray points ignored):

t90 = 1.2 + 0.65tB, (3.3)

where times are assumed to be in unites of Gyr.

The gray points in the left panel of Figure 3.7 represent galaxies with late-time mergers.

This group tends to track the relation, but also tend to lie systematically below the average

trend with respect to median age. This is consistent with the interpretation that the young-

star tail of the thick-disc population has been populated by stars formed after the end of

the bursty phase. Nevertheless, the fraction of stars populated in this way is small enough

(≲ 10%) that the broad trend with median age and bursty phase lookback time is preserved.

Given that the youngest thick-disc stars may be associated with either the end of the bursty

phase or a late-time merger, it maybe be difficult to use the age of the youngest stars to

easily date the end of the bursty phase. In principle, one could look for features in the

age distribution of thick-disc stars to gain insight on these questions (see Figure 3.6 where

the bursty lookback time does seem to imprint a feature in the age distribution of thick-

disc stars). However, it will likely be more straightforward to use the typical age (median

or average) of thick-disc stars to estimate the lookback time corresponding to the end of

the bursty phase and the beginning of the steady phase (independent of the recent merger

activities).

Thin disc fraction

Figure 3.8 shows the correlation between bursty-phase lookback time and thin-disc frac-

tion, with each symbol type mapped to a specific galaxy name (far-right legend). The left

panel employs a mass-weighted thin-disc fraction, whilst the right panel uses as luminosity-

74



Figure 3.8: Correlations between the bursty-phase lookback time and the thin-disc fraction.
Left: Mass-weighted thin-disc fraction versus bursty-phase lookback time for each run. The
legend on the far-right relates each symbol to a unique galaxy in our sample, in the same
manner as Figure 3.7. Right: Luminosity-weighted thin-disc fraction versus bursty-phase
lookback time. In both panels, galaxies with longer lookback times to the bursty phases (and
hence the longer-lasting steady phases) have more pronounced thin disc. The red-dashed
line in each panel shows a linear fit to the points. The corresponding Pearson correlation
coefficient is listed. The correlation is significant (r > 0.8) in each case, even though we
have included no information on the relative average rate of star formation in the bursty
(thick-disc) phase compared to the steady (thin-disc) phase. As in Figure 3.7, we present
the runs that have a recent minor mergers in gray. There is no significant difference between
these runs and the others in the thin-disc fraction at fixed bursty-phase lookback time.
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weighted thin-disc fraction. The red lines show linear fits to the data points. In each case, the

correlation is strong, but with scatter, with Pearson correlation coefficients of r = 0.86 (mass

weighted) and r = 0.88 (luminosity weighted). Both p-values (3.9 × 10−4 and 1.6 × 10−4,

respectively) are much less than the significance level.

We see that the earlier the lookback time to the transition, the more prominent the thin disc

is. It makes qualitative sense that the longer stars are created in the “settled” phase, the

larger the fraction of thin disc stars we would see. At fixed thin-disc fraction, we see 2 − 3

Gyr scatter in the lookback time to the bursty phase. It would be surprising, however, if this

relation were any tighter, as it contains no information on the absolute star formation rates

in either phase. Specifically, at fixed lookback time to the transition, the higher the average

star formation rate during the thin-disc/steady phase compared to the thick-disc/bursty

phase, the more prominent the thin disc would be. We see that this trend generally holds

for our galaxies. For example, if we examine the star formation histories in Figure 3.6 for

galaxies m12b and m12f, we see that m12b has a higher smoothed-average star formation

rate during the bursty phase than it does during the steady phase. Conversely, m12f has a

similar smoothed-average star formation rate before and after the transition. This means

that m12b will be making fewer thin-disc stars per unit time during the steady phase than

m12f. This explains why m12b has a thin-disc fraction (0.64 in luminosity) that is slightly

lower than m12f (0.65), even though its steady phase lasts more than one billion years longer

(7.34 Gyr vs. 6.28 Gyr).

CGM virialisation and steady star formation

The physical origin of the progression from early, bursty and less kinematically-ordered star

formation to late-time, steady star formation in thin discs is not clear. An important clue

comes from the work of Stern et al. 2021 [216], who used FIRE-2 simulations to show that

the bursty to steady transition in galaxy star formation coincides with virialisation of the
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inner CGM. They quantify inner CGM virialisation using the ratio of the cooling time of

shocked gas t
(s)
cool to the free-fall time tff at an inner radius r = 0.1Rvir. When t

(s)
cool/tff ≳ 1

the inner CGM is smooth and largely supported by thermal pressure. In contrast, when

t
(s)
cool/tff ≲ 1, the inner CGM has large pressure fluctuations and is highly dynamic. Using

a sample of sixteen zoom simulations with halo masses ranging from Mhalo = 1010.6 − 1013

M⊙, Stern et al. 2021 [216] shows that gaseous discs become rotationally supported and star

formation transitions from bursty to steady at roughly the time when the ratio first becomes

t
(s)
cool/tff > 2. Their sample included four of the twelve galaxies we consider here.

In this brief subsection, we extend the Stern et al. 2021 [216] analysis to the additional

haloes in our sample and confirm their reported trends. Using the same definitions of free-

fall time and cooling time described in section 2.1 of their paper, we show that inner CGM

virialisation at the time when t
(s)
cool/tff = 2 generally coincides with our bursty to steady SFR

transition at σ10/SFR500 = 0.2 (Eq. 3.1). This is demonstrated in Figure 3.9, where we show

the evolution of the inner virialisation parameter (right axis, orange line) and the burstiness

parameter (left axis, blue line) as functions of lookback time for six example haloes. Not

only do the transition timescales coincide in each case, but the monotonic progressions of

each parameter tends to evolve inversely with the other in time. At early times, when gas

flows are prone to cooling instabilities and clumpy accretion, the star formation is more

bursty. At late times, when cooling times are long and the flow can be relatively smooth

and well-mixed, star formation tends to be more constant. We find similar behaviors hold

for every halo in our sample.

The proceeding analysis demonstrates that as the inner CGM of our galaxies virialises, the

star formation becomes less bursty (Fig. 3.9). This is also the time when stars tend to be

formed with thin-disc kinematics (Fig. 3.7). One hypothesis that explains this, suggested

by Stern et al. 2021[216], is that a virialised inner CGM enables the formation of stable

discs because a hot and uniform halo can pressure-confine disruptive superbubbles driven by
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Figure 3.9: Parameters that track star-formation burstiness (blue) and inner CGM viriali-
sation propensity (orange) as functions of lookback time for six of our haloes. As described
in §3.3.3, the orange lines (right axis) show the cooling time to free-fall time ratio measured
at 0.1Rvir as a function of lookback time. The blue lines (left axis) shows the variance in
instantaneous star formation rate divided by the smoothed star formation rate as a function
of time. The horizontal red dashed line marks the threshold above which the inner CGM
virialises, t

(s)
cool/tff ≈ 2.0, as defined in Stern et al. 2021 [216]. The axes are set so that the

same line corresponds to σ10/SFR500 = 0.2, which we have adopted in this paper to define
the end of the bursty phase. The bursty-phase lookback time tB defined in this paper is
marked by the vertical red dashed line. Note that the same time roughly corresponds to the
time when the inner CGM becomes virialised.
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clustered supernovae. Another possibility is that smooth and well-mixed accretion enables

more coherently aligned angular momentum at the time of accretion onto the galaxy [104].

These issues are important topics for further exploration.

3.4 Discussion and Conclusions

We investigate the formation of the stellar thin and thick disc components using twelve

FIRE-2 zoom-in simulations of Milky-Way-mass galaxies. Our main findings include the

following:

• Each galaxy experiences an early period of bursty star formation that transitions into

a steady phase, with a relatively constant star formation rate at late times. The

transition time corresponds to the time when the inner CGM becomes sub-sonic and

virialises (Figure 3.9).

• The transition from bursty to steady star formation correlates with a shift in the

formation of stars with thick-disc kinematics to thin-disc kinematics (Figures 3.2, 3.3,

and 3.4).

• The lookback time to the end of bursty phase ranges from tB = 0.0 − 6.5 Gyr in our

sample. This time correlates strongly with the median age of thick disc stars at z = 0

(Figure 3.7).

• Galaxies with longer steady phases (larger tB) tend to have higher thin-disc fractions

(Figure 3.8).

Three of our twelve simulations have appreciable late-time mergers that occur after the

steady (thin-disc) phase has commenced. These mergers are not responsible for the bulk of
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thick-disc stars, though they do heat some disc stars and populate the young-star tail of the

thick disc population demonstrated in Figure 3.6 and the right panel of Figure 3.7.

The fact that our discs emerge thick and become thinner over cosmic time is consistent with

previous findings of “upside-down” disc formation [34, 36, 28, 164, 29, 147, 178]. However,

our result that the transition is associated with a transition in star formation activity –

from bursty to steady – adds a new element to this discussion. That FIRE simulations

of Milky-Way-mass haloes experience such a transition in star formation activity is not a

new result [162, 213, 9, 78]. The onset of the steady phase appears to be related to the

virialisation of the inner CGM [216, and Figure 3.9]. A hot, pressurised CGM may stabilise

the disc against supernovae-driven outflows and enable thin-disc formation [216]. If correct,

this interpretation opens the possibility of using stellar archaeology to learn about the origin

of the Milky Way’s CGM and its associated history of star-formation modes.

Whilst a more observationally-oriented comparison is required to interpret our results for

the Milky Way confidently, it is tempting to explore some potential implications based on

näıve comparisons to published estimates of the Galactic thick-disc age distribution [110,

212, 155, 108, 210]. Most estimates suggest that the Milky Way thick-disc has a median age

of ∼ 9 Gyr, with few stars younger than 6 Gyr. Such an age distribution is most similar to

our Romeo simulation (Figure 3.2), which transitioned from bursty to steady star formation

∼ 6.5 Gyr ago. This simple comparison would suggest that the Milky Way transitioned at

a similar time, commensurate with the virialisation of its inner hot halo. If this is the case,

then prior to that time, the Milky Way lacked a dominant thin disc component, was forming

stars in a bursty manner, and had non-virialised inner CGM.

Related to our analysis, Bellardini et al. 2021 [19], using the same set of simulations, finds

that gas disc metallicity in-homogeneity was dominated by azimuthal variations at high

redshift but then transitioned to being dominated by radial gradients at lower redshifts,

which has also been reported in the previous analysis in the FIRE-1 simulations across a much
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wider galaxy mass range [146]. The transition epochs after which radial variations dominate

over azimuthal scatter agree broadly well with our measurement of the transitions from

bursty to steady phase. Although there is significant scatter and some time delay between

the measurements of two transition times, it shows some potential observable implications

of the bursty/steady transition for galactic archaeology.

Some cosmological galaxy formation simulations, including those that demonstrate upside-

down disc formation [178], do not have early bursty star formation phases of the kind we

witness in our models. This may partially be due to star formation threshold employed.

Burstiness is suppressed in simulations with modest threshold densities (∼ 10 cm−3) for star

formation, whereas our simulations require ∼ 1000 cm−3 (see Beńıtez-Llambay et al. 2019

[25]; Dutton et al. 2019 [64] for a related discussion). Given this, chemical tracers among

the various Galactic kinematic components may provide a means to test star formation

prescriptions. Other factors like the ISM model, local star formation efficiency and the stellar

feedback model might also play a role. Future work in this direction will be illuminating.
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Chapter 4

Born this way: thin disc, thick disc,

and classical bulge formation in

Milky-Way-mass galaxy simulations

4.1 Introduction

Why some stars in galaxies are arranged in discs while others inhabit more spheroidal dis-

tributions stands among the most basic questions in galaxy formation. Remarkably, while

easily formulated, a definitive answer to this question remains elusive. The Milky-Way (MW)

mass scale is of particular interest: M⋆ ≃ 5 × 1010M⊙ sits near the crossover point, above

which massive galaxies are typically early-type and spheroidal, and below which galaxies

become more disc-dominated and late-type [16]. Indeed, the MW-mass regime demonstrate

significant variance in morphological structure [85, 132, 3, 17].

Three broad morphological components of galaxies are thin discs, thick discs, and central

bulges [55, 223, 42, 234, 226]. Bulges can be further delineated into flattened, mildly rotating

82



pseudo bulges or more spheroidal classical bulges [135, 90]. Most stars in classical bulges

appear to be formed at high redshift, with only minor growth at late times [189]. Thin discs

are systematically younger and more metal rich than both bulges and thick discs [235, 47].

One popular idea for explaining galaxy morphology is to posit that rotationally-supported

disc galaxies emerge early in cosmic evolution [114, 192, 219, 136] and act as a universal

starting point for subsequent morphological evolution. In this scenario, thick discs and

bulges arise both from secular evolution and from mergers. A second possibility is that

highly-ordered, thin-disc galaxies arise late in cosmic assembly, an “inside-out/upside-down”

formation scenario [36, 28, 231, 236]. Here, discs first emerge thick and clumpy [72, 208, 95,

177, 71] and only later does star formation begin to occur primarily in extended thin discs

[128]. Bulge formation in such a picture could arise from an early, turbulent phase of galaxy

assembly [e.g., 70].

The rotational and structural properties of pseudo bulges are strongly indicative of a forma-

tion channel linked closely to disc formation and/or disc/bar evolution [58, 214, 134, 171].

Classical bulges, on the other hand, appear to be less connected to disc properties and it

remains unclear if their formation is connected or completely disjoint from disc assembly.

Specifically, while traditional scenarios posit that classical bulges emerge from the mergers

of discs [225, 119, 127], there are growing indications that bulges can form in multiple ways

and bulge mass does not appear to be linked closely to galaxy merger history [17]. Rapid

gas inflow to the galaxy center could fuel classical bulge formation [202] directly, as could

the migration of giant gaseous clumps at high redshifts [161, 44].

The Milky Way provides a detailed touchstone for testing these ideas. It has both thin and

thick disc components [96, 126, 26, 32, 107] in addition to a small classical bulge and a more

dominant pseudo bulges [97], which appears to resemble the thick disc in chemical properties

and formation time [5, 109, 60]. Recently, chemo-dynamical data sets have started uncover

exciting clues to the origin of the rotating components of the Galactic disk. Belokurov &
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Kravtsov 2022 [22] used APOGEE and Gaia data to identify a characteristic “spin up”

metallicity for Milky Way stars. Specifically, as a function of metallicity, in-situ stars show

a rapid increase in rotation from a median tangential velocity of ∼ 0km s−1 (typical of a

spheroid) to ∼ 100km s−1 (typical of a thick disk) at [Fe/H] ≃ −1. This feature may point

to transition epoch from disordered kinematics to increasingly coherent rotation. Similarly,

Conroy et al. 2022 [49] have used H3 Survey spectroscopy and Gaia astrometry to identify a

transition time where star formation efficiency rapidly increased while simultaneously stellar

kinematics become more disc-like.

The present work explores the formation and evolution of stellar disc (thin and thick) classical

bulge populations using FIRE-2 zoom simulations of Milky Way size galaxies. It builds

upon a series of papers examining the relationship between star formation burstiness, stellar

kinematics, and the development of a hot gaseous halos in FIRE-2 simulations of galaxy

formation [216, 236, 103, 104]. One striking discovery has been a connection between internal

galaxy properties and the mode of gas deposition from the circum-galactic medium (CGM)

into the interstellar medium (ISM) [216]. As galaxy halos evolve from low mass to high, the

inner CGM virialises, star formation transitions from “bursty” to “steady”, and stellar-driven

galaxy-scale outflows are suppressed. The bulk of thick disc material forms prior to this

transition, and this gives rise to a tight correlation between the ages of thick disk stars and the

end of the bursty phase [236]. CGM virialisation also drives an abrupt change in the angular

momentum coherence of accreting gas [104]. Only after this time do stars form along a single

long-lived plane in circular orbits, making possible the formation of a thin disc [236, 104].

Conversely, during the earliest epochs, the ISM has a quasi-spheroidal morphology, and

negligible rotation support [103]. Internal dynamics of this kind may naturally give rise to

classical bulge formation.
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4.2 Simulations and methods

4.2.1 FIRE-2 simulations of Milky-Way-mass galaxies

Our analysis utilises cosmological zoom-in simulations performed with the multi-method

gravity plus hydrodynamics code GIZMO [116] from the Feedback In Realistic Environments

(FIRE) project1. We rely on the FIRE-2 feedback implementation [120] and the mesh-

free Lagrangian Godunov (MFM) method. The MFM approach provides adaptive spatial

resolution and maintains conservation of mass, energy, and momentum. FIRE-2 includes

radiative heating and cooling for gas across a temperature range of 10 − 1010K. Heating

sources include an ionising background [79], stellar feedback from OB stars, AGB mass-loss,

type Ia and type II supernovae, photoelectric heating, and radiation pressure – with inputs

taken directly from stellar evolution models. The simulations self-consistently generate and

track 11 elemental abundances (H, HE, C, N, O, Ne, Mg, Si, S, Ca, and Fe), and include sub-

grid diffusion of these elements in gas via turbulence [117, 218, 75]. Star formation occurs

in gas that is locally self-gravitating, sufficiently dense (> 1000 cm−3), Jeans unstable and

molecular (following Krumholz & Gnedin 2011 [137]). Locally, star formation efficiency is set

to 100% per free-fall time; i.e., SFRparticle = mparticle · fmol / tff . Gas particles are converted

to stars at this rate stochastically [129]. Note that this does not imply that the global

efficiency of star formation is 100% within a giant-molecular cloud (or across larger scales).

Self-regulated feedback limits star formation to ∼1-10% per free-fall time [79, 118, 174].

In this work, we analyse 5 Milky-Way-mass galaxies (Table 4.1) in detail. These zoom simu-

lations are initialised following Oñorbe et al. 2014[170]. Three of these galaxies (with names

following the convention m12*) are isolated and part of the Latte suite [229, 93, 118, 92].

Two, with names associated with the famous duo (Romeo and Juliet), are part of the ELVIS

on FIRE project [92, 94] and are set in Local-Group-like configurations, as in the ELVIS suite

1https://fire.northwestern.edu/
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Table 4.1: The simulations we employ in this work. We list the following: the name of the
zoom-in target halo, the stellar mass (M⋆) within the central 20 kpc of the halo at z = 0,
the radius (R90) enclosing 90% of M⋆, the halo virial mass (Mhalo), the halo virial radius
(Rhalo), the resolution of each simulation quantified by the initial baryonic particle mass
(mi), and the reference that first introduced each halo at the quoted targeted resolution. We
also present the derived quantity: the lookback time to the end of the bursty phase/onset
of the steady phase (tB). Hosts with names starting with ‘m12’ are isolated configurations
selected from the Latte suite, whilst the rest are in LG-like pairs from the ELVIS on FIRE
suite. The two galaxies marked with an asterisk correspond to minor mergers taking place
after the onset of the steady phase. The haloes are ordered by decreasing tB, from tB = 6.52
Gyr (Romeo, top) to tB = 4.40 Gyr (Juliet, bottom).

Simulation M⋆ R90 Mhalo Rhalo mi tB Reference
Name [M⊙] [kpc] [M⊙] [kpc] [M⊙] [Gyr]
Romeo 7.4×1010 13.3 1.0×1012 317 3500 6.52 A
m12b* 8.1×1010 9.8 1.1×1012 335 7070 6.32 A
m12i 6.1×1010 12.8 9.2×1011 318 7070 5.11 C
m12f* 8.6×1010 11.0 1.3×1012 357 7070 4.36 B
Juliet 4.2×1010 9.6 8.5×1011 302 3500 4.40 A

Note: The references are: A: [92], B: [93], C: [229].

[91]. This suite includes three simulations in total, containing two MW/M31-mass galax-

ies each. The main haloes were selected so that they have similar relative separations and

velocities as of the MW-M31 pair in the Local Group (LG). Table 4.1 lists the initial bary-

onic particle masses for each simulation. Latte gas and star particles have initial masses of

7070M⊙, whilst ELVIS on FIRE has ≈ 2× better mass resolution (mi = 3500M⊙). Gas

softening lengths are fully adaptive down to ≃0.5−1 pc. Star particle softening lengths are

≃4 pc physical and a dark matter force softening is ≃40 pc physical. This enables us to

study the dense, multi-phase ISM gas in galaxies in a fully cosmological context.

4.2.2 Define Basic Parameters

Similar to Yu et al. 2021 ([236], hereafter Y21), we classify star particles into different

categories using orbital circularity, ϵ = jz/jc(E), defined as the ratio of each particle’s

angular momentum in the ẑ direction to that of a circular orbit with the same energy [2].
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Figure 4.1: Definition and morphology of different components of m12i at z = 0. Left four
panels show the edge-on (top) and face-on (bottom) views (2D density weighted by Sloan
r band luminosity) of the thin disc, thick disc, bulge and all stars. Right panel shows the
mass-weighted distribution of stellar circularities (ϵ) for all stars within R90 (12.8 kpc) at
z = 0. The magenta block marks thin disc stars, which we define as the stars with ϵ ≥ 0.8.
The cyan block marks thick disc stars, which we define to be those with 0.8 > ϵ ≥ 0.2. The
yellow block marks bulge stars with ϵ < 0.2. The fraction of stars in each block is shown
in the legend. We see that these definitions produce components that qualitatively resemble
geometrically-defined discs and bulge.

The angular momentum direction ẑ is set by total stellar angular momentum within 10 kpc

of each galaxy’s center. Stars with ϵ = 1 are on a circular orbit in the plane of the disc; ϵ < 0

implies counter-rotation. We categorise star particles with ϵ = 0.8 − 1 as thin disc stars,

those with ϵ = 0.2− 0.8 as thick disc stars, and those with ϵ = −1.0− 0.2 as bulge stars. As

we show below, we find that circularity appears to be a useful parameter for keeping track

of the dynamical evolution of stars over time.

The images shown in Figure 4.1 illustrate how these classifications manifest morphologically.

While we have chosen to classify these components using familiar names, it is important to

emphasize that those names are traditionally assigned to populations using morphological

decomposition rather than dynamical assignment. Nevertheless, as can be seen in the left-

most image, our thin disc component does indeed resemble thin discs as usually conceived

(see Y21 [236] where we discuss scale heights, etc.). Our thick disc component consists of a

clear vertically-extended disc-like structure, again in keeping with traditional expectations

for that name. However, it also contains a central, bright, and mildly rotating distribution

of stars that qualitatively resembles the observed characteristics of pseudo bulges [135]. Our
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Figure 4.2: Different properties of m12i as functions of lookback time. A: Star formation
rate in the galaxy as a function of lookback time. The blue lines show the “instantaneous”
star formation rate averaged over 10 Myr bins, while the red lines show the “smoothed”
star formation rate averaged over 500 Myr bins. B: The median of 3D orbital circularities
j/jc(E) of stars younger than 100 Myr as a function of lookback time. The shaded region
plots the 16th to 84th percentile range. C: the cooling time to free-fall time ratio measured
at 0.1Rvir. D: Age distribution of stars that belong to the thin disc (magenta), thick disc
(cyan) and bulge (yellow). Solid lines show the distribution of stars classified by circularity
ϵbirth = jz/jc(E) measured at birth while dashed lines show the distribution of stars classified
by circularity jz/jc measured at z = 0.
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bulge classification (third from left image) resembles more closely a classical bulge, in that it

is not flattened and has a spheroidal morphology (e.g., Gao et al. 2020 [90] and references

therein). While we make no direct comparisons to observations in what follows, it is worth

keeping in mind that our bulge component is most aptly associated with a classical bulge.

In order to make detail analysis on the evolution of the kinematics, we break down orbital

circularity ϵ further into 3D orbital circularity, ϵ3D = j/jc(E), and alignment angle, θ =

arccos(jz/j). Similar to circularity ϵ, 3D circularity ϵ3D is defined as the ratio of each

particle’s total angular momentum to that of a circular orbit with the same energy. Since a

circular orbit has maximal angular momentum for a given energy, 3D circularity ϵ3D ranges

between 0 and 1, with ϵ3D = 1 corresponding to perfectly circular orbits, and ϵ3D = 0

to purely radial orbits. Alignment angle θ is defined as the angle between each particle’s

angular momentum to the rotation axis of the galaxy. It describes how aligned the orbit is

with respect to the galactic disc. θ = 0◦ corresponds to orbit that lies perfectly in the disc

plane. θ = 90◦ means that star has a orbit perpendicular to the disc plane. And θ = 180◦

indicates that it is counter rotating. While orbital circularity ϵ works decently as a parameter

for classification, in order to understand how different aspects of the kinematics change over

time, we need the two supplementary parameters as well.

Figure 4.2 shows the evolution of m12i for example. The top panel tracks the star formation

history of m12i as a function of lookback time. The star formation rate 2 (SFR) displayed

is averaged over both a short timescale of 10 Myr (SFR10, blue) and a longer timescale of

500 Myr (SFR500, red). Similar to the middle panels in Figure 2 of Y21 [236], the relative

variance is much larger at early times than at late times. This is consistent with many

previous studies (e.g., [216, 83, 104, 103]) that have shown that star formation in massive

FIRE-2 galaxies tends to transition from bursty to steady as we approach the present day.

For the purpose of consistency, we use the same parameter, as described in Y21 [236], to

2These star formation histories are measured for all particles that were born within 20 kpc of the most
massive progenitor.
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evaluate the burstiness of the star formation and adopt the same threshold to divide the star

formation history of each galaxy into an early bursty phase and a late-time steady phase.

We mark the transition time from bursty star formation to steady star formation tB with a

vertical dashed red line in the plot.

We define the bursty phase to end at a lookback time tB when the variance in “instantaneous”

star-formation rate first falls below B = 0.2 times the time-averaged star formation rate:

σ10(tB)

SFR500(tB)
≡ B. (4.1)

We use this definition to assign a specific bursty-phase timescale to each galaxy’s star for-

mation history. Gurvich et al. 2022 [103] uses the running scatter in the SFH in 300 Myr

windows, σ300 Myr(log(SFR)), to quantify the fluctuations and define tB as the time after

which this quantity remains below 0.3 dex. The difference between different definitions of

burstiness results in variations in tB of a few hundreds of Myr. The discrepancy is relatively

small compared to the cosmological timescales of the transition, hence we adopt the same

method as described in Y21 [236].

The second panel in Figure 4.2 shows the 3D circularity ϵ3D of newly-formed stars (ages

< 100 Myr) as a function of lookback time. The black line marks the median value while

the shaded region shows the 16th to 84th percentile range. Before the star formation settles

down, stars form in relatively more radial orbits with large scatter. When star formation

becomes steady, those young stars now are born in extremely circular orbit (ϵ3D ∼ 1) with

very little scatter.

The third panel in Figure 4.2 shows the inner CGM virialisation t
(s)
cool/tff propensity, defined

in Stern et al. 2021 [216], as a function of lookback time. Using the same FIRE-2 simulations,

Stern et al. 2021 [216] shows that when t
(s)
cool/tff is small, cooling time of the shocked gas

is much smaller than free-fall time. Thus, shocked gas will cool immediately, lost pressure
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support and free fall towards the galaxy. The inner CGM is highly dynamic and has large

pressure fluctuations. When cooling time gets larger, compressional heating from the inflows

could compensate their radiative losses. Therefore, the shocked gas would remain hot and

the inner CGM becomes this smooth “hot halo”. The inner CGM virialisation at the time

when t
(s)
cool/tff = 2 generally coincides with our bursty to steady SFR transition. At early

time, when gas flows are dominated by different turbulence and clumpy accretion, the star

formation is more bursty. Later over time, star formation settles down and gas flows also

become relatively smooth and well-mixed.

The bottom panel in Figure 4.2 presents the age distributions of different components iden-

tified using circularity ϵ = jz/jc(E). The solid line shows the distribution for the stars

classified using birth circularity ϵbirth. We track the approximate birth circularity of each

star particle in the simulated galaxy at the time of formation, by post-processing the snap-

shots saved from the simulation. We define ϵbirth as the circularity of the star particle in

the host galaxy in the first snapshot after it is born. Note that, the angular momentum

direction ẑ of the galaxy at each snapshot is set by total stellar angular momentum within

0.1Rvir of each galaxy’s center at the time of the snapshot instead of z = 0. This method

has been verified to produce a steadily evolving reference frame that changes from snapshot-

to-snapshot typically on the order of a degree or less in orientation [103]. Using ϵbirth, we

find that almost all the thick-disc and bulge stars form in earliest periods of galaxy assem-

bly, whilst thin-disc stars form later after the star formation settles down. The difference

between thick-disc and bulge stars is subtle and overall bulge stars identified this way are

a bit older than the thick-disc stars as we can see the distribution of thick-disc stars peaks

around the time of transition. The dashed lines show the distribution of different populations

classified using the circularity ϵ measured at z = 0, similar to the method adopted in Y21

[236]. The distributions of bulge stars are almost the same with slight difference in weight.

For thick-disc stars, the truncation of the age distribution is more abrupt when using ϵbirth

while there is an extended tail towards younger age for population classified by ϵ. This could
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be potentially due to the disc heating effect that heats some thin-disc stars, and thus some

stars born with thin-disc like orbits (ϵbirth > 0.8) would end up be in the thick disc regime

with ϵ = 0.2− 0.8. The overall trend from bulge formation to thick-disc formation to thin-

disc formation stays the same. There is certain contribution from disk heating or torquing

to change the kinematics of the newly-formed stars. But the effect is pretty minimal and

negligible, as we quantity it later in §4.3.2.

4.3 Results

4.3.1 Morphology with time

In this section, we show how the morphologies of the simulated galaxies evolve with time

and how it is connected to the transition in star formation mode.

Deep-field studies have revealed that galaxies formed at high redshift tend to have irregular

morphologies and clumpy discs [70, 177, 176]. At z = 0 the vast majority of massive star-

forming galaxies show dynamically cool discs, while at higher redshift, those star-forming

galaxies are mostly clumpy and irregular. Similar to Figure 3 and Figure 4 in Y21 [236],

Figure 4.3 and Figure 4.4 show images of Romeo and Juliet at five specific times in the

past: 2.7, 4.7, 6.3, 8.4 and 10.3 Gyr ago, illustrating how stars that formed at these epochs

are spatially distributed today. The top panels show 3D orbital circularity, ϵ3D, of young

stars (ages < 100 Myr) as a function of lookback time. The red lines show the median value

of ϵ3D when stars form and the black lines show for the same quantity at z = 0. Shaded

regions plot the 16th to 84th percentile range. The arrows indicate the specific lookback

times visualized below and the vertical red dashed line marks the bursty phase lookback

time tB. The middle and bottom panels display edge-on and face-on images (2D density

weighted by Sloan r band luminosity) of the young stellar populations, corresponding to
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stars born within the last 100 Myr of the indicated times. While the middle panels show

where they were born, the bottom panels show where they are now.

Figure 4.3 shows that, 10.3 Gyr ago (far before the end of the bursty phase), young stars

in Romeo resembled a significant spheroid. The stars forming at this time (middle panel, far

right) are not well ordered and show little coherence, with median 3D circularity ϵ3D ∼ 0.6

with large scatter. Those stars today are arranged in a bulge-like configuration (bottom

panel, far right). And∼ 2 Gyr later, stars are still forming in a not very ordered way but start

to exhibit some coherence. Their morphology today looks more like a thick disc, with median

3D circularity increasing to ∼ 0.8. Furthermore, at 6.3 Gyr, 4.7 Gyr, and 2.7 Gyr (after

the steady phase has commenced) Romeo’s thin disc now has fully developed. Young stars

at those times are situated in very thin discs (middle, left three panels) and with extremely

high 3D circularity (ϵ3D ∼ 1.0). These stars remain in relatively thin configurations at z = 0.

Their morphology looks like the classic thin disc and 3D circularities are still relatively high

but do experience some drop, which we explore later in §4.3.2.

Figure 4.4 shows similar plots for Juliet. Juliet has experienced a longer bursty phase

(tB = 4.40 Gyr) compared to Romeo’s (tB = 6.52 Gyr), and it results in the later emergence

of the thin disc. While Romeo had a pronounced thin disc component already 6.3 Gyr ago,

Juliet has no thin disc at that time. Only in the most recent snapshot (2.7 Gyr) does

Juliet start to have young stars forming in a thin-disc like configuration.

The two sample galaxies we show here are representative across our larger simulated samples.

We find that there are three stages in the evolution of the FIRE-2 Milky-Way-mass systems

over time: 1) a very early, chaotic bursty phase; 2) a later quasi-stable “bursty-disc” phase;

and 3) a stable thin-disc phase. The three stages are also marked in the bottom of Figure

4.3 and Figure 4.4. Stage 1 happens at the very early time of the galaxy evolution. Star

formation is very bursty and most stars form in radial orbits. Their morphology resembles

more a spheroidal system. Those stars now are in a classical-bulge-like configuration. Later,
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as it gets more massive with deeper potential well, the host galaxy enters stage 2, where some

short-lived angular momentum cohesion exists. Stars born at this stage have more circular

orbits and we can see some coherence starting to build up. These stars today make up the

thick disc. As star formation settles down, thin disc formation starts to dominate. In the

stage 3, young stars are forming in extremely circular orbits (ϵ3D ∼ 1.0) and in extremely thin

disc. Their morphology today also looks much thinner than stage 2 and stage 3. Because of

the longer steady star formation phase in Romeo, it also experiences a much shorter stage 3

and stage 2, resulting in a older thick disc and also a higher thin-disc fraction [236]. Juliet,

instead, stays in stage 3 and stage 2 for a much longer time. Thus, it has a smaller thin disc

fraction and a younger thick disc as well.

4.3.2 Kinematics with time

In this section, we quantify the change in the kinematics by tracking the newly-formed stars

over time.

Figure 4.5 shows the median and 16th to 84th percentile range of orbital circularity ϵ of

the newly-formed stars (ages < 100Myr) as a function of lookback time for m12i. The red

lines show the median values of ϵ when stars form and the black lines show for the same

quantity at z = 0. Shaded regions plot the 16th to 84th percentile range. The grey horizontal

dashed lines marks the threshold we adopt to identify thin-disc stars. At early times, stars

were born with low circularities with large fluctuations, which could be due to both the

chaotic, bursty nature of star formation and the swift change in the galaxy’s orientation [57].

And their current circularity distribution, after a long time of interaction and evolution,

becomes centered around ϵ ∼ 0, similar to the distribution of a spheroidal component. This

corresponds to the stage 1 of the early chaotic bursty phase discussed earlier in §4.3.1. And

approximately 2 Gyr before star formation settles down, the coherence starts to build up
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Figure 4.3: Young-star orbits and morphologies across cosmic time for Romeo. Top: The
median and one-sigma range of 3D orbital circularities ϵ3D = j/jc of stars younger than
100 Myr as a function of lookback time. The vertical red dashed line shows the bursty
phase lookback time. The solid red line and corresponding shaded area are showing for the
distributions when they were born while the black line and the grey area are showing for
their current distributions. 3D orbital circularities ϵ3D is the ratio of the total specific angular
momentum in units of the circular angular momentum at the same energy: 0 is purely radial
and 1 is perfectly circular. Middle: Luminosity-weighted images, both edge-on (top) and
face-on (bottom), for the youngest population (formed within 100 Myr) at five different
lookback times - from left to right: 2.7 Gyr, 4.7 Gyr, 6.3 Gyr, 8.4 Gyr, and 10.3 Gyr. The
arrows in the top panel indicates these times. Bottom: Luminosity-weighted images, both
edge-on (top) and face-on (bottom), at z = 0 for the same stars shown in the middle panels.
At early times, stars form on more radial orbits and show clumpy/disordered structures.
Their spatial distribution today resembles more like the bulge component. At late times,
stars form on circular orbits and show strong coherence. They remain in relatively thin
configurations at z = 0 as well.
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Figure 4.4: Same as Figure 4.3, now for Juliet. Note that Juliet’s star formation settled
down much later than Romeo’s. Only in the 2.7 Gyr images, after the steady phase has
started, do young stars show thin-disc like morphology.
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and the median value of ϵ goes up with some of the stars already surpass our threshold for

thin-disc component. The majority of the stars born during this period still fall under the

categories of thick disc and central bulge. After the star formation becomes very steady, all

the young stars are born in an extremely coherent manner with ϵ ∼ 1. The distribution of

their current circularity drops a little in value and has larger scatter that straddles thin/thick

disc characteristics. This later “thickening” appears to be a result of a combination of both

dynamical heating and vertical torquing, which we illustrate later in Figure 4.7, 4.8, and 4.9.

Figure 4.6 shows how the evolution in circularity ϵ affects the classification of different

structure components in the galaxy. The left panel is similar to the most right panel of

Figure 4.1 but shows for birth circularity ϵbirth instead. Using the same threshold, stars are

classified as thin-disc (magenta), thick-disc (cyan), and bulge (yellow) stars. The fractions

of different components are listed in the plot and there are more stars identified as thin-disc

when using ϵbirth. In the right panels, we show the distribution of their circularities ϵ now.

Stars that are born with high circularities (ϵ > 0.8) tend to maintain their thin configurations

today. Their circularity ϵ distribution today still peaks around 0.9 but has a more extended

tail towards lower values, which could be due to heating or torquing effect after birth, which

we explore more later. For stars identified as thick-disc, their current circularity distribution

resembles more like a combination of thick disc and bulge with two peaks around 0.6 and 0.

Ideally, bulge population would have symmetric circularity distribution around 0 (marked

by grey dashed line in left panel). For the simplicity of this work, we have adopted the

straightforward cut in circularity ϵ and it inevitably introduces some uncertainty in our

sample classification. A fraction of stars identified as thick disc could actually be part of

the bulge and thus contribute to this peak around ϵ = 0. Bulge population has current

circularity distribution symmetric around ϵ = 0 and has almost 0 net rotation in the disc

plane, which matches the expectation for a spheroidal component. The difference between

including the stars with ϵ = 0.0− 0.2 is minimal since statistically only a very small fraction

of stars fall in this region (yellow block above the grey dashed line) would be thick-disc stars.
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Figure 4.5: The median and one-sigma range of orbital circularities ϵ = jz/jc(E) of stars
younger than 100 Myr as a function of lookback time for m12i. The vertical red dashed line
shows the bursty phase lookback time. The solid red line and corresponding shaded area are
showing for the distributions when they were born while the black line and the grey area are
showing for their current distributions. The horizontal grey dashed line marks the threshold
above which stars are classified as thin-disc stars. At early times, stars tend to be born with
spheroidal-type orbits and stay in the same type of orbits with the median value of both
birth and current circularity centered around 0. At late times, stars form on more thin-disc
like orbits. Subsequently, some stars get heated, as we can see the black line locates a little
lower than the red line and the grey bands are also wider than the red bands.

Overall, we observed the trend that stars born with bulge-like orbits tends to stay in the

spheroidal configuration with little net rotation. And most of the thin-disc stars today, they

were very likely born with even “thinner” orbits.

Figure 4.7 shows the evolution of circularity ϵ of different mono-age stellar populations in

Romeo, m12b, m12i, and m12f. We trace star particles born within 100 Myr range and

calculate the median value of circularity ϵ. Lines are coloured by the stellar age of the

population and the dashed parts indicate that the host galaxy was still in its bursty phase

at that time while solid parts show for the steady phase. The colorbars are set that all the

populations formed during the bursty phase are colored red while the populations formed

during the steady phase are colored blue. The two grey dashed lines mark our thresholds for
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Figure 4.6: Left: Birth circularity ϵbirth distribution for stars within R90 (12.8kpc) for m12i.
The magenta block marks thin disc stars, which we define as the stars with ϵbirth ≥ 0.8. The
cyan block marks thick disc stars, which we define to be those with 0.8 > ϵbirth ≥ 0.2. The
yellow block marks bulge stars with ϵbirth < 0.2. The fraction of stars in each block is shown
in the legend. Right: Circularity ϵ distribution for different populations marked in the left
panel. Most of the stars born with thin-disc like orbits stay thin. The distribution (magenta
block) does have a longer tail towards lower circularity, which is possibly due to the disc
heating effect but 65.8% of the stars still have current circularity greater than 0.8. The
distribution of the stars identified as thick disc (cyan block) in the left panel resembles more
of a combination of thin disc and bulge population. And the distribution of identified bulge
stars is a nearly symmetric distribution around ϵ = 0 with a slight preference on prograde
orbits.
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Figure 4.7: Left: Evolution of the population-median circularity ϵ = jz/jc(E) of all mono-
age stellar populations for Romeo, m12b, m12i, and m12f. Each curve is coloured by stellar age
of the population. The colorbars are set so that all the populations form during the bursty
phase are colored red while the populations form during the steady phase are colored blue.
Older populations (red lines) tend to settle down to more bulge-like orbits while younger
populations (blue lines) form with much higher circularities. Right: Zoomed-in plots for
only the populations form during the steady phase for each host galaxy. All the curves lie
above the 0.8 thin-disc threshold, suggesting most stars form during this period show thin-
disc like orbital properties. Note that, for Romeo and m12i, all populations form during the
steady phase experience a drop in jz/jc but later plateau at a nearly constant value. For both
m12b and m12f that have undergone recent merger events during the steady phase, there is
an obvious dip during the time of merger, indicated by the arrows in the right panels.
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the classification of three components. We observe this general trend in all four galaxies that

most populations form during bursty phase (red lines) lie below our threshold of stellar bulge

while populations born during steady phase (blue lines) are above the thin-disc threshold.

We observe larger fluctuations for old populations at early times but later they all plateau

at a nearly constant value around ϵ ∼ 0, making up the bulge component we see today.

We show a more zoomed-in version in the right panels of Figure 4.7, where we only select

populations that form during the steady phase. The lines are coloured by the stellar age.

Stars form during this period with extremely high circularity (ϵ ∼ 1). Then they slowly

drops down but most of the stars still have fairly high circularity (ϵ ≳ 0.8) at z = 0. We

further explore the change in the circularity in Figure 4.10, where we try quantifying the

change for populations form at different times.

Similar to Figure 4.7, Figure 4.8 shows the evolution of 3D circularity ϵ3D and Figure 4.9

shows for alignment angle θ. These two figures complements Figure 4.7 in a way that breaks

down the contribution to the change in circularity ϵ further into two aspects: dynamical

heating and vertical torquing. 3D circularity ϵ3D quantifies how circular the orbits are and

the alignment angle θ quantifies the level of alignment of angular momentum in the stars

with respect to the rotation axis of the galaxy disc. For stellar populations born during

the bursty phase, their orbits are more radial-like with smaller ϵ3D and the distribution of

the alignment angle centered around 90◦, indicating that their orbits are more isotropically

distributed.

In the zoom-in panels for both 3D circularity ϵ3D and alignment angle θ, we see that the value

drops after birth, indicating that the change in orbital circularity ϵ is a result of both the

introduction of non-circular motion from dynamical heating and the change of orientation

of the orbits from vertical torquing. A more detailed analysis of possible mechanisms for the

heating/torquing is deferred for future work.
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Figure 4.8: Left: Evolution of the population-median circularity ϵ3D = j/jc(E) of all mono-
age stellar populations for Romeo, m12b, m12i, and m12f. Each curve is coloured by stellar age
of the population. The colorbars are set so that all the populations form during the bursty
phase are colored red while the populations form during the steady phase are colored blue.
Younger populations (blue lines) tend to form in very circular orbits while older populations
(red lines) are born in more radial orbits and stay in similar configuration. Right: Zoomed-
in plots for only the populations form during the steady phase for each host galaxy. Most
stars form during this period have very circular orbits and stay circular afterwards. Note
that, all populations form during the steady phase do experience a drop in ϵ3D but later
plateau at a nearly constant value. Similar to before, the arrows in m12b and m12f indicate
mergers.
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Figure 4.9: Left: Evolution of the population-median alignment angle θ = jz/j of all mono-
age stellar populations for Romeo, m12b, m12i, and m12f. Each curve is coloured by stellar
age of the population. The colorbars are set so that all the populations form during the
bursty phase are colored red while the populations form during the steady phase are colored
blue. Orbits of older populations (red lines) tend to be in random directions with respect to
the orientation of the galaxy while younger populations (blue lines) form more aligned with
the disc. Right: Zoomed-in plots for only the populations form during the steady phase
for each host galaxy. All populations form fairly aligned with the disc (θ ≲ 10◦). They do
experience a drop in θ but later plateau at a nearly constant value. Similar to before, the
arrows in m12b and m12f indicate mergers.
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Figure 4.10 explores the average change in these orbital properties of all mono-age stellar

populations. The left panels show the average change in circularity ϵ per Gyr (calculated

by dividing ϵnow − ϵbirth by the stellar age). Red dots represent the populations form during

bursty phase and blue dots show the ones born in steady phase. We estimate the amount

of “thickening” needed for different populations that are born perfectly thin (ϵ = 1.0) to

become thick (ϵ ≲ 0.8) and draw the grey bands in the panels. However when interpreting

this result, we need to remember that this estimation only makes sense when compared with

stars born in steady phase since stars born during bursty phase are born with more thick-disc

or even bulge-like orbits. Thus, the basic assumption of this estimation does not hold for

these populations. And for most populations born in steady phase, the average “thickening”

effect is simply not enough to turn stars born in thin disc into thick-disc like orbits (most

blue dots lie below the grey bands). And we further explore the change in 3D circularity ϵ3D

and alignment angle θ to disentangle the effect from dynamical heating and vertical torquing.

As we can see both mechanisms work to thicken the newly-born stars but the amount of

heating and torquing is pretty minimal. The change in ϵ3D is smaller than 0.05 per Gyr and

the change in θ is smaller than 5◦ per Gyr. We do note that the average change is a little

higher for the really young populations as we see the upticks around stellar age ∼ 0 Gyr.

This is probably because all the heating/torquing happens at the very beginning right after

they form, which we further explore in details in Figure A.8 and Figure A.9 in §A.5.

The overall trend here is that stars that are born on elliptical orbits are still living in a bulge

today and stars that are born as a thin disk are mostly today still in a thin disk. Broadly

speaking, stars in different component are simply “born that way”. There is dynamical

heating and torquing but they are not necessary things to have to form the thick disc or

bulge. The thick disc and bulge formed in-situ at high redshift. These two components were

already in place before the thin disc even started forming. And the amount of heating and

torquing is simply not enough to completely change the kinematic status of the majority of

the stars.
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In §3.3.2, we have briefly explored the importance of mergers in shaping thin/thick disc

formation in the simulations. In this analysis, we also include the two galaxies, m12b, and

m12f, that have undergone recent merger events after star formation settles down. In Figure

4.7, Figure 4.8, and Figure 4.9, we mark the merger events with black arrows in the zoom-in

panels. When a merger happens, we can see that there is a dip in all three parameters.

This could be due to the way we calculate these parameters. When the merger happens,

the satellite galaxy gets close to the host galaxy. And when we calculate the ẑ direction

(also the rotation axis) of the galaxy, since we simply include all the stars within 0.1Rvir of

each galaxy’s center at the time of the snapshot, we inevitably also include the stars of the

satellite galaxy in the calculation. Thus, it would change the ẑ direction at that snapshot.

And after the merger, it would go back to normal if the host galaxy is not disrupted. Another

influence posted by the merger is the temporary change of the potential profile. It is not

that the real potential of the galaxy changes. But when we calculate the potential energy

of a particle, we simply sum up the total mass within certain radius. Thus, similarly, the

existence of the satellite galaxy would change the potential energy by a comparably large

amount compared to the natural mass growth. And after the interaction, the value would

go back to normal. Therefore it would result in the dips we see in all three figures.

Although we cannot draw a conclusion here about whether mergers would drastically change

the kinematics of newly-formed stars because of the caveats in our calculation. It not very

likely that they would do so based on the fact that these parameters only get disturbed very

shortly and then go back to steady afterwards. These mergers do not destroy or disrupt the

disc. Again, this is consistent with our result in §3.3.2. These mergers are not responsible

for the bulk of thick-disc or bulge stars. They may heat up some thin disc stars but even if

they do so, it is not significant and only plays a secondary role in the formation of thick-disc

and central bulge populations.
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Figure 4.10: Average change in circularity ϵ per Gyr (left), 3D circularity ϵ3D per Gyr
(middle), and alignment angle θ per Gyr (right) of all mono-age stellar populations for
Romeo, m12b, m12i, and m12f. It explores the average thickening effect for different stellar
populations born at different times. The red dots represent populations born during bursty
phase (stellar age¿tb) while blue dots show stars born after the star formation settles down.
The grey bands in the left panel estimate the amount of “thickening” needed for stars born
thin (ϵbirth = 1.0) to become thick (ϵnow ≤ 0.8). Note that, this estimation only makes sense
when compared with the population born in steady phase since stars born in bursty phase
are already thick-disc/bulge like when they form. Middle panels and right panels show the
kinematic heating and vertical torquing respectively. The changes in both quantities are
minimal.
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4.3.3 Sample-wide trend

In this section, we briefly explore the trend of the formation of different components among

all of the simulated galaxies we have now.

Figure 4.11 illustrates kernel density estimate of stellar age distribution of different com-

ponents when classified by circularity ϵ at z = 0 for all 12 galaxies. Curves are coloured

by the bursty-phase lookback time tb. We smooth all lines with a Gaussian filter (using

kalepy.density [131] with bandwidth = 0.2). The top, middle and bottom panel are showing

thin-disc stars, thick-disc stars and bulge stars respectively. We plot quantities as a function

of stellar age - tb instead of stellar age, in order to highlight the correspondence between the

transition from bursty to steady star formation and the formation of different components

in the galaxy.

When offset by tb, the 12 different galaxies show remarkable overlap in the relative age

distribution, especially for the bulge population. Almost all the bulge stars formed during

the bursty phase (stellar age - tb > 0), while thin-disc stars dominate after star formation has

settled down (stellar age - tb < 0). One galaxy in our sample, m12w, never really settles down

(tb = 0.0 Gyr), and thus its thin disc also formed during the bursty phase. Its morphology

also shows that its disc is thicker than all the other runs with a smaller thin-disc fraction as

well [236].

Again, this agrees with our broad picture. The Milky-Way-mass galaxies start off first

building the bulge structure and then forming the thick disc. Only later over time, the disc

gets thinner and thinner and really dominates the structure formation.
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Figure 4.11: Kernel density estimate of ages of z = 0 stars that belong to different compo-
nents in all 12 sample galaxies. The top, middle and bottom panel are showing thin disc
stars, thick disc stars and bulge stars respectively. Different lines correspond to different
host galaxies and are color coded by the bursty-phase lookback time tb. When offset by tb,
the 12 different simulations show some overlap in the relative age distributions, especially
for the bulge populations, whose formation almost completely shut down after tb ( stellar
age - tb < 0).
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4.4 Discussion and Conclusions

We dive deep into the evolution of the Milky-way-mass galaxies using five FIRE-2 zoom-in

simulations. Our main findings include the following:

• Each galaxy experiences three different stages in the evolution: 1) a very early, chaotic

bursty phase; 2) a later quasi-stable “bursty-disc” phase; and 3) a stable thin-disc

phase.

• At high redshift, galaxies tend to exhibit clumpy, irregular morphologies and have

bursty star formation with large temporal fluctuations about mean star formation rate

while the inner CGM has not virialized yet. Stars are initially born in more radial

orbits and form the central bulge component we see in the galaxy today.

• At low redshift, stars tend to form on extremely circular orbits when SFR is steady

and the inner CGM is virialized. Galaxies are more rotationally-supported and exhibit

morphologically thin discs.

All five simulations exhibit sufficient thin disk morphology embedded within a thick disc at

z = 0. And our discs first emerge thick and become thinner over cosmic time. The central

bulges in the galaxies appear to form first and consist of some of the oldest populations.

Two of our five simulations experience substantial late-time mergers during the steady phase.

However, these mergers neither destroy the discs nor significantly alter the way how young

stars form. This result is consistent with what we have discussed in §3.3.2. Mergers may

heat the thin-disc stars and contribute to thick-disc populations but only play a secondary

role in the formation of thick-disc and central bulge populations.

In addition to mergers, we also briefly explore the “thickening” effect. According to our

analysis, most of the stars experience certain amount of heating/torquing right after they
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form. But this turns out to be more of a temporary effect which eventually dies down and

the kinematics of those stars become very stable. It is very unlikely that this kind of disc

heating/torquing is capable of building up the whole thick-disc or bulge components.

We observe that the transition time of the inner CGM becoming virialised coincides with

the transition time from bursty to steady star formation. And based on recent studies (e.g.,

[216, 103, 104]), we believe that these changes are tightly correlated. However, it is extremely

difficult to disentangle the causal role of all of these different processes, as pointed out in

Hopkins et al. in prep. They conduct a series of controlled studies designed to isolate different

mechanisms and explore their effects on the disc formation. Their results suggest that one

key condition for disk to form is to have a sufficiently centrally-concentrated potential profile,

while the smooth star formation is more likely to be the result of the potential or escape

velocity scale crossing a critical threshold. However, there is still no complete cosmological

explanation for the whole set of transitions. This is important for not only understanding

the galaxies, but also for constraining the physics models used in simulations. Future work

in this direction will be exciting and inspiring.
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Metal-rich, in situ Component of the Local Stellar Halo. , 845(2):101, Aug 2017.

[32] J. Bovy and H.-W. Rix. A Direct Dynamical Measurement of the Milky Way’s Disk
Surface Density Profile, Disk Scale Length, and Dark Matter Profile at 4 kpc <˜R <˜9
kpc. , 779(2):115, Dec. 2013.

[33] J. Bovy, H.-W. Rix, and D. W. Hogg. The Milky Way Has No Distinct Thick Disk. ,
751(2):131, June 2012.

[34] C. B. Brook, D. Kawata, B. K. Gibson, and K. C. Freeman. The Emergence of the
Thick Disk in a Cold Dark Matter Universe. , 612(2):894–899, Sept. 2004.

[35] C. B. Brook, D. Kawata, H. Martel, B. K. Gibson, and J. Bailin. Disk Evolution since
z˜1 in a CDM Universe. , 639(1):126–135, Mar. 2006.

[36] C. B. Brook, G. S. Stinson, B. K. Gibson, D. Kawata, E. L. House, M. S. Miranda,
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Trincado, D. A. Garćıa-Hernández, R. R. Lane, R. R. Munoz, C. Nitschelm, A. Roman-
Lopes, and O. Zamora. The age-chemical abundance structure of the Galactic disc -
II. α-dichotomy and thick disc formation. , 497(2):2371–2384, Sept. 2020.

[142] J. Lian, D. Thomas, C. Maraston, O. Zamora, J. Tayar, K. Pan, P. Tissera, J. G.
Fernández-Trincado, and D. A. Garcia-Hernandez. The age-chemical abundance struc-
ture of the Galaxy I: evidence for a late-accretion event in the outer disc at z ∼ 0.6. ,
494(2):2561–2575, May 2020.

[143] T. C. Licquia and J. A. Newman. Improved Estimates of the Milky Way’s Stellar Mass
and Star Formation Rate from Hierarchical Bayesian Meta-Analysis. , 806(1):96, Jun
2015.

[144] B. Lindblad. On the Cause of Star-Streaming. , 62:191, Oct. 1925.
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Hernández, V. Hill, P. Jablonka, G. Kordopatis, K. Malhan, J. F. Navarro, R. Sánchez-
Janssen, G. Thomas, E. Tolstoy, T. G. Wilson, P. A. Palicio, S. Bialek, R. Garcia-Dias,
R. Lucchesi, P. North, Y. Osorio, L. R. Patrick, and L. Peralta de Arriba. The Pristine
survey - X. A large population of low-metallicity stars permeates the Galactic disc. ,
497(1):L7–L12, Sept. 2020.

[208] K. L. Shapiro, R. Genzel, N. M. Förster Schreiber, L. J. Tacconi, N. Bouché, G. Cresci,
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A. Gómez. The Dominant Epoch of Star Formation in the Milky Way Formed the
Thick Disk. , 781(2):L31, Feb. 2014.

[213] M. Sparre, C. C. Hayward, R. Feldmann, C.-A. Faucher-Giguère, A. L. Muratov,
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Appendix A

Appendix

A.1 Outflow stars with more conservative star forma-

tion criteria

In order to test the robustness of our stellar outflow predictions to star formation recipe, we

have rerun simulation m12w over a period spanning a lookback time from 1.4 to 1.25 Gyr

using stricter star formation criteria. The results are shown in Figure A.1, which shows the

star formation histories as in Figure 2.9 with global star formation rate vs. time on top and

outflow star formation rate on the bottom.

The standard FIRE-2 star formation criterion (labeled “SF = 0”) demands that star forma-

tion occurs within gas clouds that are locally self-gravitating. In our re-runs, we also require

that the thermal Jeans mass be below 1000M⊙ , that the gas be part of a convergent flow,

and that the gas be gravitationally bound as evaluated from the usual virial parameter, but

smoothed over 0.125 local freefall times (labeled “SF = 3” [101]). The top panel shows the

total star formation rate averaged over 2.8 Myr for the two runs and the bottom panels show
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the stellar outflow star formation rate. Here outflows are defined as stars that were formed

with V birth
rad > 150 km s−1.

The number of total new stars and outflow stars formed during this period is approximately

the same for the two criterion. The difference between global and outflow star formation

is smaller than 2%. Although the detailed star formation histories for the two runs are

different, the general trend seems very similar. The outflow events correlate with starburst

activity in the main galaxy. This is consistent with the idea that these events are triggered

by clustered supernova feedback.

A.2 Observable properties of inner stellar halo stars:

outflow stars vs. bulk

In §2.5.3, we discussed the contribution of stars made in outflows to the kinematically-

identified local stellar halos of our simulated galaxies. We found that the bulk of the local

halo was comprised of heated stars and accreted stars, with a minority coming from stars

born in outflows. Here we show that it may be difficult to distinguish between outflow

stars and other local halo stars using either chemical properties (Figure A.2) or kinematic

properties (Figure A.3) separately. In §2.5.3, we showed that the joint combination of high

metallicty and high radial velocity helps to single out stars that were born in outflows.

Figure A.2 shows the densities of stars in m12i identified as being born in outflows (right,

defined as V birth
rad > 150 km s−1) and other stars (left) in the space of [Mg/Fe] versus [Fe/H].

Note that the number of stars made in outflows is relatively small compared to the other

stars. There are no obvious differences between the two population.

In Figure A.3, we make similar comparison between the same population for their current
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Figure A.1: Instantaneous star formation rates for total stars (top panels) compared to
stellar outflow star formation rate (bottom panels) for two reruns of m12w with different star
formation criterion. Star formation rates are averaged over 2.8 Myr. Outflows are defined
as stars that were formed with V birth

rad > 150 km s−1. Lines labeled “SF=0” use the standard
FIRE-2 star formation criteria. Lines labeled “SF=3” are more conservative, demanding
convergent flow, completely zero star formation in any unbound regions and that the thermal
Jeans mass be below 1000M⊙ (see Grudić et al. 2018 [101]).

134



Figure A.2: Chemical abundances for the local stellar halo in m12i split by birth radial
velocity, with stars identified as being born in outflows shown on the right and other stars
shown on the left. At fixed [Fe/H], differences are not substantial.

radial (left) and tangential (right) velocities. The two populations are virtually identical in

tangential velocity space. In radial velocity, the distributions show some differences (with

outflow material peaked towards both high and low velocities). The dotted lines show the

distribution of stars born in outflows scaled relative to the other stars based on the numbers

of the two population. Given the relatively small number of outflow stars, it would be

difficult to distinguish any individual stars based on kinematics alone.

A.3 Merger histories

As discussed in §3.3.2, we have explored the importance of mergers in shaping thin/thick

disc formation in our simulations. In particular, we focus on merging events that perturb

the total mass content within 20 kpc by more than 2 × 1010M⊙ in the final coalescence of

a satellite and that the merging satellite crossed within the 50 kpc sphere for the first time

with more than 5×1010M⊙ of total mass (which includes both dark matter and baryons). We

have made these choices because only above these thresholds do we discern any correlated

activity that influences star formation or disc structure.
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Figure A.3: Current radial and tangential velocity distribution for the local stellar halo in
m12i split by birth radial velocity. Dotted lines in both plots show the distribution of the
outflow stars set to the same scale as the other stars. No substantial differences spotted in
both distribution.

Figure 3.6 shows the mass assembly histories (middle panels) for two galaxies that experience

late-time mergers by this definition. These mergers happened after the steady phase has

commenced and appear to trigger late-time starbursts and also to add to the young-start tail

of the age distribution of thick-disc stars. Figure A.5 shows example mass growth histories

for two galaxies without such mergers. They also show star formation histories, specifically

for Romeo (left) and Juliet (right). The lower panels show total mass within 50 kpc

(dotted) and 20 kpc (solid) for each galaxy. We see that the central galaxies themselves

experience little in the way of merger activity that perturbs their overall masses going back

prior to the time the steady phase began (red dashed lines). Nevertheless the transition

from bursty to steady phase is sharp, and these transition times correlate with thick-disc

ages (Fig. 3.7) and thin-disc fractions (Fig. 3.8).

We have tabulated the lookback times of the last Mtot > ×1010M⊙ mergers in each of our

simulated galaxies. Figure A.4 shows these times plotted against the bursty-phase lookback

time, thick disc age, and thin-disc fraction for our galaxies. Four galaxies, Romeo, Juliet,

m12i, and m12m, experience no such merger over their lifetimes and are not plotted. We find

no correlation between the last merger time and bursty-phase lookback time (left panel).

We find, at best, weak correlations with thick disc age. A more detailed analysis of possible
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Figure A.4: Star formation histories and mass assembly histories for Romeo (left) and Juliet

(right). The solid and dotted lines in the lower panel show the total mass within 20 kpc and
50 kpc of the main galaxy, respectively, as a function of time. We see that the mass growth
is quite steady within 20 kpc, as expected for galaxies without significant merger activities.

correlations between mergers and bursty/steady transition is deferred for future work.

A.4 Properties of all halos

Similar to Figure 4.2, Figure A.6 shows for other four galaxies we have analyzed. Although

they have different bursty phase lookback time tB, the general trend holds true for all the

sample galaxies – at early times, galaxies experience an period of bursty star formation that

later transitions into a steady phase with a relatively constant star formation rate. And the

transition coincides with the transition of young stars’ orbits from radial to more circular

and the time when the inner CGM becomes sub-sonic and virialises.

Figure A.7 shows the chemical abundance patterns for stars in different structures classified

by circularity ϵ. From left to right, we show the mass-weighted [Mg/Fe] versus [Fe/H]

distributions for thin-disc, thick-disc, bulge, and all stars for all five halos as indicated,
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Figure A.5: Correlations between the bursty-phase lookback time, thick-disc age, thin-disc
fraction and the last merger lookback time. (a) Bursty-phase lookback time versus the last
merger lookback time for each run. We record the merger time as the first central impact time
as indicated by the grey dashed line in the middle panel of Figure 3.6. (b) Median thick-disc
age (t50) versus the last merger lookback time. (c) Ninetieth percentile youngest thick-disc
stars (t90) versus the last merger lookback time. (d) Mass-weighted thin-disc fraction versus
the last merger lookback time. The legend (far right) shows the unique symbol type per
galaxy similar to Figure 3.7 and Figure 3.8. Note that, colored open markers are not plotted
and they correspond to the galaxies that we do not identify any recent mergers from the
mass assembly histories. In all panels, we see no significant correlations.

ordered from top to bottom with decreasing bursty phase lookback time tB. The thin-disc

populations tend to be metal-rich and the thick-disc populations are more alpha-enhanced

at fixed iron abundance. The bulge populations are typically more metal-poor and alpha-

enhanced. These differences may be loosely interpreted as evidence that thick-disc and bulge

stars formed early and rapidly. They formed when the galaxies were less massive, which tend

to have lower metallicity. Elements like Mg are produced in core-collapse supernovae (CCSN)

on timescales that are significantly shorter than supernovae of Type Ia (SNIa), which produce

the majority of iron [194, 154]. The majority of thick-disc and bulge stars form in bursts,

which pushed them towards higher α element abundance at fixed [Fe/H].

Parul et al. in prep further explores the chemical abundance patterns in FIRE-2 and finds

a tight correlation between the scatter in the alpha abundance and the burstiness in star

formation. The transition time derived from the scatter of [O/Fe] agrees well with that

calculated directly from the star formation history, providing the possibility of utilizing the

abundances of Milky-Way stars to infer the history of its star formation.

138



Figure A.6: Similar to Figure 4.2, star formation history, young stars orbital property and
CGM virialisation propensity as functions of lookback time for Romeo, Juliet, m12b, and
m12f.
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Figure A.7: Chemical abundances for different components identified in the center galaxy.
From left to right, we show the 2D density weighted by stellar mass in [Mg/Fe] versus [Fe/H]
for thin-disc, thick-disc, bulge, and all stars. Stars classified as thin disc are more metal-rich
while thick-disc and bulge stars tend to be more metal-poor and alpha-enhanced.
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A.5 Thickening Effect Breakdown

We have briefly explore the “thickening” effect by calculating the average change over time in

§4.3.2. Figure A.8 and Figure A.9 here show the “instantenous” effect in all three quantities.

Instead of averaging over the entire time period, we select 500-Myr time windows right after

stars form and right before z = 0. And then we calculate the change in all three quantities

over this short period of time. Since the time period we choose is relatively small compared

to the cosmological timescale of the transition in the galaxy evolution, it is reasonable to use

these two values to quantify the “instantaneous” thickening/heating/torquing effect.

Red dots represent stellar populations born during the bursty phase and blue dots show

for stars that form after star formation settles down. The grey dashed lines mark the 0

value. Dots that lie on this line indicate that the corresponding stellar populations have

0 change in ϵ, ϵ3D, or θ during this time period. As we can see, in Figure A.8, ∆ϵ/Gyr,

∆ϵ3D/Gyr and ∆θ/Gyr right before z = 0 in both Romeo and m12b are almost 0 for most

stellar populations, especially stars born during the steady phase. Most of the blue dots

lie on the grey dashed line. Similar behavior could be seen in Figure A.8 for m12i. m12f,

however, is a little different. The recent merger in m12f, as indicated by the black arrows

in Figure 4.7, Figure 4.8, and Figure 4.9, would affect the calculation for the orientation of

the disc as well as the mass profile of the central galaxy, as discussed in §4.3.2. Therefore,

the change around z = 0 would still be large compared to Romeo, m12b, and m12i. Overall,

stars are getting heated/torqued after they form. But it is more likely to be very temporary

and this effect eventually dies down. We did not observe any secular evolution in the stellar

populations form after star formation settles down. Combined with the result from §4.3.2,

this suggests that disk heating/torquing is too minor to turn thin-disc stars into thick disc

and thus is unlikely to be the primary formation mechanism for the bulk of the thick disc

stars in the Milky-Way-mass systems.
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Figure A.8: “Instantaneous” thickening/heating/torquing effect for different stellar popula-
tions born at different times in Romeo (left) and m12b (right). Similar to Figure 4.10, here we
quantify the amount of thickening/heating/torquing happening for different populations at
birth and now by calculating the change in circularity ϵ, 3D circularity ϵ3D, and alignment
angle θ 500 Myr after alignment angle r birth and 500 Myr before z = 0. For all three
quantities, the change happens mostly right after birth while for the period of time before
z = 0, the change for all populations, especially the ones born in steady phase, is almost
zero. This could also be seen in Figure 4.10 as the lines are getting flatter around 0 Gyr.
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Figure A.9: Same as Figure A.8, now for m12i (left) and m12f (right). Note that, for
m12f, the change around z = 0 is still large and this is due to the fact that m12f has recently
undergone a merger (as indicated by the arrow in Figure 4.7, Figure 4.8, and Figure 4.9). The
recent merger would perturb the orientation and total mass of the central galaxy, resulting
in fluctuation in all three quantities.

143


	LIST OF FIGURES
	LIST OF TABLES
	ACKNOWLEDGMENTS
	VITA
	ABSTRACT OF THE Dissertation
	Introduction
	The Milky Way Disc
	Galactic Bulge
	Stellar Halo of the Milky Way

	Stars made in outflows may populate the stellar halo of the Milky Way
	Introduction
	Simulations and Methods
	Stellar Birth Velocities and Radii
	Origin of stellar outflows
	Example Stellar Outflow Events
	Stellar Outflows and Total Star Formation

	Outflow Stars in the Inner and Outer Halo
	The Outer Stellar Halo: Phase Space Structure
	The Outer Stellar Halo: Chemical Abundances
	The Local Stellar Halo

	Discussion
	Conclusions

	The bursty origin of the Milky Way thick disc
	Introduction
	Simulations and methods
	FIRE-2 simulations of Milky-Way-mass galaxies
	Defining thin and thick discs

	Results
	Two Illustrative Cases: Romeo and Juliet
	Late-time mergers and starbursts
	Sample-wide trends

	Discussion and Conclusions

	Born this way: thin disc, thick disc, and classical bulge formation in Milky-Way-mass galaxy simulations
	Introduction
	Simulations and methods
	FIRE-2 simulations of Milky-Way-mass galaxies
	Define Basic Parameters

	Results
	Morphology with time
	Kinematics with time
	Sample-wide trend

	Discussion and Conclusions

	Bibliography
	Appendix Appendix
	Outflow stars with more conservative star formation criteria
	Observable properties of inner stellar halo stars: outflow stars vs. bulk
	Merger histories
	Properties of all halos
	Thickening Effect Breakdown




