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ABSTRACT

We use the APOSTLE suite of cosmological simulations to examine the role of

the cosmic ionizing background in regulating star formation (SF) in low-mass LCDM

halos. In agreement with earlier work, we find that, after reionization, SF can only

proceed in halos whose mass exceeds a redshift-dependent “critical” virial mass de-

termined by the structure of LCDM halos and the thermal pressure of UV-heated

gas. This critical mass increases from Mcrit ∼ 108M⊙ at z ∼ 11 to ∼ 109.7M⊙

at z = 0, roughly following the average mass growth history of halos in that mass

range. This implies that most halos above or below critical at present have remained

so since early times. In particular, the halos of most galaxies today were already

above-critical (and thus forming stars) at high redshift, providing a simple explana-

tion for the ubiquitous presence of ancient stellar populations in dwarfs, regardless

of luminosity. It also implies that Mcrit today represents a “threshold” mass below

which the fraction of “dark” halos increases steeply. Sub-critical halos may still host

luminous galaxies if they were above-critical at some point in the past. SF ceases if a

halo falls into the sub-critical regime; depending on each halo’s accretion history this

can occur over a wide range of times, explaining why SF in many dwarfs seems to

continue well past the reionization epoch. It also suggests a tantalizing explanation

for the episodic nature of SF in some dwarfs, which, in this interpretation, would be

linked to temporary halo excursions above and below the critical boundary. In the

simulations, Mcrit(z) cleanly separates star-forming from non-star-forming systems at

all redshifts, indicating that the ionizing UV background, and not stellar feedback, is

what regulates the beginning and the end of SF in the faintest dwarfs. Galaxies in

sub-critical halos should make up a sizable population of faint field dwarfs, distinct

from those in more massive halos because of their lack of ongoing star formation.

Although few such galaxies are known at present, the discovery of this population

would provide strong support for our results.
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Chapter 1

Introduction

1.1 The LCDM Universe

The standard model of cosmology is currently the Λ Cold Dark Matter model (hence-

forth LCDM), which describes a spatially flat universe with an accelerating rate of

expansion at present. Large scale observations of galaxy clustering (baryon acous-

tic oscillations, eg. Percival et al. 2010) and of the Cosmic-Microwave-Background

(CMB) have placed stringent constraints on the mass-energy composition of the uni-

verse. The latest Planck Collaboration et al. (2020) survey estimates that the Uni-

verse is composed of approximately 1/3 matter and 2/3 dark-energy. Dark-energy, or

Λ - Einstein’s cosmological constant - is needed to explain the universe’s increasing

rate of expansion. Of the Universe’s matter component, the vast majority (∼ 83%)

exists in the form of Cold Dark Matter (CDM), a non-luminous and collisionless type

of massive particle whose existence is not accounted for by the Standard Model of

Particle Physics. However, the existence of some invisible particle seems necessary to

explain the large, but otherwise unaccounted for, gravitational effect observed on all

galactic and cosmological scales. Some examples are the rotation curves and stellar

velocity dispersions of galaxies (eg. Rubin and Ford 1970), measurements of gravi-

tational lensing (eg. Clowe et al. 2006), and the presence of hot gas in clusters (eg.

Evrard et al. 1996), which all suggest the existence of dark matter.

In the LCDM paradigm, structure is formed from the gravitational collapse of

overdense regions. Structure formation is driven primarily by the collapse of dark

matter, which decoupled from radiation prior to baryonic matter due to its colli-

sionless nature, via the formation of dark matter halos. The gravitational potentials
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Figure 1.1: Stellar-mass and halo-mass functions. Halo mass function is shown as
solid-black line, with corresponding mass in baryon (assuming universal fraction, fb)
in doted-black line. Stellar mass functions from two sources shown as magenta stars
and cyan squares. Taken from Bullock and Boylan-Kolchin (2017).

formed by the early collapse of dark matter halos act as the “seeds” in which gas (ie.

baryons) would later collapse into and begin forming stars. It is expected that all

galaxies formed this way, at the centre of dark matter halos.

However, galaxies and their dark matter halos continue to grow, hierarchically,

merging and accreting smaller neighbours (see, eg. White and Rees 1978; White and

Frenk 1991; Bullock et al. 2001). The central regions of accreted dark matter halos,

and the stellar populations at their centre, are sufficiently bound to remain in orbit

within the larger halo. Evidence of this hierarchical growth is present in the rich

substructures observed on all scales today eg., the clustering of galaxies, and the

satellites of the Milky Way.

1.1.1 Stellar mass to halo mass relation

The shared growth history of dark matter halos and galaxies begets the existence

of a stellar mass-to-halo mass relation (SMHM). This relation can be probed via

observations, where the stellar mass may be calculated from the total light emitted

by a galaxy. However, it is particularly challenging to estimate the total mass of the



3

dark matter halo, which extends well beyond the region usually traced by baryons.

Observational techniques for the most massive halos can usually rely on gravitational

lensing, X-ray emission of hot intra-cluster gas, or the orbital dynamics of satellite

galaxies, which are used to infer the total enclosed mass in clusters of galaxies. For

lower mass structures, observations rely on the velocity dispersion of stars and rotation

curves of gas to estimate the enclosed mass, but these observations can only probe

the inner regions of the dark matter halo. In order to estimate the total dark matter

mass, some assumption is needed for the distribution of dark matter beyond that

region.

Given the observational difficulties in estimating the dark matter mass of the

majority of astronomical objects, a complete SMHM relation relies on a theoretical

halo-mass function to track the distribution and abundance of dark matter halos

down to very low masses. This halo mass function can be derived from cosmological

simulations (eg. Moster et al. 2010), or from the analytical Press and Schechter (1974)

formalism (eg. Murray et al. 2013). The typical method of relating the observed

stellar masses to the theoretical halo mass function is known as abundance matching,

whereby the most massive dark matter halos are assigned (on average) to the most

massive system in stellar mass. This abundance matching technique produces results

in line with observational evidence (eg. Behroozi et al. (2010) in the 1011 − 1015M⊙

mass range, and Read et al. (2017) in the low mass range ∼ 109M⊙).

In detail, the conversion between stellar mass and halo mass is non linear due to

the variation in efficiency with which halos transform their available gas into stars.

The stellar mass function (from observations; star and square symbols) and a halo

mass function (theoretical; solid black line) are shown in Fig. 1.1, taken from Bullock

and Boylan-Kolchin (2017). Star-formation efficiency peaks for galaxies of stellar

mass M∗ ∼ 1011M⊙, which, via abundance-matching, typically inhabit a dark matter

halo of ∼ 1012M⊙. For masses above this characteristic mass, supermassive black-hole

feedback (ie. active galactic nuclei; AGN) are expected to play an increasingly domi-

nant role at preventing further star-formation, and contribute to the sharp decline in

the stellar mass function. For lower masses, stellar feedback and the photo-ionizing

UV-background are the main processes reducing star-formation efficiency.

The diverging shapes of the stellar mass and halo mass functions towards lower

masses are in tension with the expectation that all dark matter halos should host a

galaxy (ie. abundance matching). The total number of low mass galaxies observed

does not match with the total number of dark matter halos expected. This problem



4

extends to the number of dark matter substructures expected in orbit around the

Milky Way galaxy, an issue commonly referred to as the “Missing Satellites” problem

(Klypin et al. 1999; Moore et al. 1999a).

The solution to this problem requires that dark matter halos become significantly

inefficient at forming stars towards lower masses, with the existence of a minimum

mass below which dark matter halos cannot host star-formation. The process gen-

erally understood to stop star-formation in halos below some minimum mass is the

photo-ionizing UV background (see, eg. Efstathiou 1992; Bullock et al. 2000; Benson

et al. 2002).

1.1.2 Cosmic timeline: the epoch of reionization

In the LCDM model of cosmology, the inter-galactic medium (IGM) underwent a

transition in its ionization state after the first galaxies formed. This transition, from

neutral to ionized, is understood to have had a significant impact on the process

of star-formation in the shallowest dark matter potentials (eg. Couchman and Rees

1986; Chiba and Nath 1994; Shapiro et al. 1994).

Neutral gas formed approximately ∼ 370, 000 yrs after the Big-Bang, around

redshift z ∼ 1100, when the Universe had expanded and cooled to ∼ 3, 000 K. The

formation of neutral atoms marks the decoupling of baryons from the radiation field

(known as the epoch of decoupling), which allowed for gas to cool radiatively and

begin accreting into dark matter halos. This also corresponds to the time when the

Cosmic Microwave Background (CMB) formed.

Star formation begins once gas inside dark matter halos reaches a high enough

density to become self-gravitating and collapse. For this, the gas needs to lose the

thermal energy it gained during its gravitational collapse via radiation (eg. Tegmark

et al. 1997). The properties of the first stars are still being debated (see, eg. Barkana

and Loeb 2001; Bromm and Yoshida 2011, for a review), but given that the cooling

mechanisms available for primordial gas were particularly inefficient, due to the lack

of elements heavier than Helium, it is expected that the first stars were quite massive,

∼ 100M⊙, and short lived (eg. Omukai and Palla 2003). Due to their size, and high

surface temperatures, they emitted large amounts of UV-radiation which were initially

absorbed by the neutral gas in the IGM, beginning the process of re-ionization of the

Universe (eg. Ricotti et al. 2001).

The Epoch of Reionization (EOR) in practice began as ionized bubbles of gas
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surrounding the first structures that assembled, around z ∼ 30, which grew over-

time and started overlapping with the ionized bubbles of other nearby structures (eg.

Dawoodbhoy et al. 2018). Eventually, the radiation of young blue stars, subsequent

supernovae, and quasars (black-hole accretion disk) ionized all the inter-galactic gas,

a process that is understood to have been complete by z ∼ 6 (eg. Mortlock et al.

2011). After reionization, the Universe is still permeated by a nearly spatially uni-

form photo-ionizing background.

The reionization of the Universe also heated the gas in the IGM to ∼ 104 K.

This heating increased the pressure of gas in the IGM, effectively preventing gas from

collapsing into the shallowest potential wells, and suppressing the accretion of gas

inflows to halos whose virial temperature1 is below that of the IGM (Quinn et al.

1996; Thoul and Weinberg 1996; Navarro and Steinmetz 1997). This process would

eventually stop halos below a certain mass from forming new stars, as they are cut-off

from new gas supplies. Additionally, it also prevented star formation from beginning

in low-mass halo that assembles after reionization, which why it is the commonly

proposed solution to the “Missing Satellites” problem. The exact details of this

minimum halo mass are the main focus of this thesis, and will be covered in more

detail in section 3.1.

1.2 Dwarf galaxies

Dwarf galaxies inhabit the lowest mass dark matter structures and sub-structures in

the Universe. They are the most numerous population of galaxies but, due to their

small size and luminosity, the catalog of dwarfs within the Local Group is likely still

incomplete (eg. Fattahi et al. 2016). However, as was hinted at in section 1.1.2, the

shallowness of their dark matter potentials make them particularly sensitive to the

baryonic processes that drive galaxy formation and evolution.

In their abundance and diversity, dwarf galaxies also probe a wide range of en-

vironmental factors. Some of them evolve in near isolation, making them ideal to

study the internal processes of star formation, stellar feedback, and the impact of the

photo-ionizing background. Others have been accreted into the potential well of more

1Temperature at the virial radius. We define the virial radius, r200, of each halo as that enclosing
a region of mean density equal to 200× the critical density for closure, ρcrit = 3H(z)2/8πG, where
H(z) is Hubble’s “constant”. We denote values computed within or at the virial boundary with a
“200” subscript.
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massive systems, such as the Milky Way or Andromeda, which can be used to study

the effects of tidal (Mayer et al. 2001; Kravtsov et al. 2004; Fattahi et al. 2018) and

ram-pressure (Gunn and Gott 1972; Abadi et al. 1999) forces.

Traditionally, dwarf galaxies have been classified based on their morphology, cur-

rent level of star-formation, and the presence of molecular gas. Broadly, the three

categories are: dwarf spheroidal (dSph) with no gas or recent star formation, dwarf Ir-

regular (dIrr) with some gas and new star-formation (Hodge 1971), and ‘transitional’

systems (dT), which have had recent star-formation, but no gas remaining (see the

review by Tolstoy et al. 2009, and references therein).

1.2.1 Star Formation in dwarfs

Dwarf galaxies show an astonishing variety of star-formation histories (Weisz et al.

2011, 2014a,b; Gallart et al. 2015; Skillman et al. 2017), which is broadly attributed to

the varying effects that the photo-ionizing background, stellar feedback, and environ-

mental factors can have on the cooling of gas in the shallow gravitational potentials

of low mass halos. However, the details of how these mechanisms come together to

produce the diversity of star-formation histories is still not fully understood.

A possible way to study the effects of reionization is by examining the imprint it

may have left on the star-formation history of galaxies (eg. Ricotti and Gnedin 2005).

It is expected that reionization sharply truncated the star-formation-history of the

faintest dwarfs, the most extreme of which may be identified today as “fossils”, having

formed their entire stellar population prior to reionization. Some fossil dwarfs, satel-

lites of the Milky Way, may have already been identified, supporting this hypothesis

(eg. Brown et al. 2014). However, recovering the halo masses of these galaxies, and

therefore the halo mass at which these processes become dominant, are significantly

more difficult, given that satellite galaxies have likely been tidally stripped.

There is also evidence that dwarf galaxies can have multiple phases of star for-

mation, intermediated by long periods of quiescence, suggesting that the impact of

reionization for some halo masses may be more nuanced than simple truncation (Weisz

et al. 2014b). For example, Ricotti (2009) propose that dark matter halos which stop

accreting gas at reionization may still host new star formation at later times, due

to the increase in concentration of dark matter halos and the evolution of the tem-

perature of intergalactic gas over cosmic time. Confirming that this regulation of

star formation in dwarf galaxies can be caused by the photo-ionizing background will
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require a more detailed understanding of the halo mass at which star formation can

occur.

Figure 1.2: Morphological classification of Local Group dwarf galaxies, as a function
of absolute V-band magnitude (MV ) and distance from nearest massive galaxy (An-
dromeda or Milky Way). Galaxies at distances smaller than 300 kpc to either the
Milky Way or Andromeda (Dhost < 300 kpc) are considered satellite galaxies, while
everything outside that radius is a field galaxy.

1.2.2 Environmental quenching

A complicating factor in disentangling the effect of reionization on the star formation

properties of dwarf galaxies is the effect that environment can play. Dwarf galaxies

within the virial radius of either the Milky Way or Andromeda galaxy are more likely

to be quiescent and lack the gas to form new stars (dE/dSph), compared to galaxies

in the field, the region of the Local Group outside the virial radii of the Milky Way

and Andromeda galaxies. This is because field galaxies are significantly less likely

to have been affected by tidal or ram-pressure forces, which typically strip gas from

galaxies and inhibit star-formation.



8

A simple picture of the cumulative effect that environment can have on the present

day star formation of dwarf galaxies can be gathered from their morphological classifi-

cation. This trend is shown in Fig. 1.2, with the morphological classification of Local

Group galaxies taken from the McConnachie (2012) catalog2. Galaxies within the

virial radii of their host, ∼ 300 kpc for the Milky Way or Andromeda (eg. Watkins

et al. 2010), are largely quiescent (dE/dSph). There are some exceptions to this

rule, particularly the most massive systems, with Triangulum, LMC, SMC, and IC10

(named in order of decreasing MV ) all hosting new star-formation today.

Beyond the virial radius, survey’s detection limits significantly reduce the number

of galaxies observed with lower luminosities. However, it is apparent that the majority

of field dwarf galaxies are currently experiencing new star-formation, in contrast to

satellite galaxies of the Milky Way and Andromeda in the same absolute magnitude

range (−15 < MV < −9). Early SDSS observations of isolated dwarf galaxies also

suggested that all field dwarf galaxies should be star forming (Geha et al. 2012).

However, there are some quiescent galaxies in the field as well, but it is not fully

understood how they became so. Cetus and Tucana, in particular, may have been

quenched environmentally on passage through the Milky Way halo, but then ejected

back into the field via a multiple-body interaction (Sales et al. 2007; Teyssier et al.

2012). The possibility remains that other quenched galaxies in the field have also been

quenched via this mechanism - so called back-splash galaxies (Balogh et al. 2000; Gill

et al. 2005).

Alternatively, a minimum halo mass that can host star-formation, imposed by

the hot IGM and photo-ionizing background, may also play a role in explaining the

diversity of star formation rates for dwarf galaxies in the field today, explaining why

only the lowest mass field dwarfs are quiescent. These quiescent field dwarfs are

therefore promising candidates for studying the photo-ionizing background, and the

structure of low-mass dark matter halos.

1.3 Thesis Outline

In this project we use an analytical model to describe the onset of star formation in

the lowest mass dark matter halos, and compare our results to the APOSTLE suite

of cosmological simulations (eg. Fattahi et al. 2016; Sawala et al. 2016). We use a

2https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/community/nearby/

https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/community/nearby/
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version of the “critical mass” model first described by Beńıtez-Llambay and Frenk

(2020), which assumes the gas in these halos is in hydrostatic equilibrium with the

dark matter potential and in thermal equilibrium with the photo-ionizing background.

We validate the critical mass predicted by the analytical model at present day with

the APOSTLE simulations and against other cosmological simulations.

This thesis is sectioned as follows: Chapter 2 provides a brief overview of cosmo-

logical simulations in general, and details about the APOSTLE simulation; Chapter

3 covers previous analytical models that attempted to describe the minimum mass

for star formation, and explain the hydrostatic equilibrium model used for this work.

Finally, Chapter 4 compares the analytical model results with the APOSTLE simula-

tion, and in Chapter 5 we summarize our conclusions. Most of the results presented

in Chapter 4 have also been submitted for publication.
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Chapter 2

Cosmological Simulations

Cosmological simulations have been essential for the development of the LCDM

model, and our understanding of how galaxies form and evolve within it (see, eg.

Frenk and White 2012, for a review). They currently allow us to follow the evolution

of the Universe from the initial density fluctuations of the early universe, until present

day, with remarkable observational agreement with the morphology, stellar mass, and

large-scale distribution of simulated galaxies (eg. Wang et al. 2015; Schaye et al. 2015;

Springel et al. 2018).

Simulations have achieved this by recreating the initial, scale-free, matter-density

fluctuations, typically around z ∼ 100, and forward modelling how these fluctuations

evolve via the force of gravity and gas hydro-dynamics. Due to the physical and

temporal scales involved, simulations are limited in their volume, resolution, and in

which physical processes can be directly modelled. For example, gas cooling, the

multi-phase inter-stellar medium, star-formation, stellar and black-hole feedback, are

all essential for the formation and evolution of galaxies, but since they occur on

a scale below the resolution of most simulations, their effects are modelled via the

inclusion of “subgrid models”. In practice, these “subgrid models” are implemented as

physically motivated semi-analytic models, which have a certain number of adjustable

parameters. Simulations of large volumes usually rely on a calibration procedure

to choose these parameters, via the exploration of the valid parameter space in an

attempt to best reproduce some observational constraint. Common observational

constraints for the calibration process are the star-formation rate density as a function

of cosmic time, the galaxy stellar mass or the stellar-to-halo mass relation at present

day. See Somerville and Davé (2015); Vogelsberger et al. (2020) for excellent reviews

of cosmological simulations.
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On the largest scales, the force of gravity is dominant over any of the baryonic

effects. Studies which focus on the distribution of matter, and which were essential

to demonstrate the properties of cold dark matter (eg. Springel et al. 2005), can

usually be done via N-body simulations, which solve exclusively for the effect of

gravity on otherwise collisionless particles. In order to model in detail how galaxies

form, it is necessary to include the behaviour of baryons. Unlike stars and dark

matter, which are collisionless and therefore affected only by gravity, gas behaves like

a collisional fluid, which significantly increases the number of equations, and therefore

the computational cost. Hydro simulations are run for smaller volumes than N-body

simulations, but with modern supercomputers, they can still model a statistically

significant volume, at the expense of either spatial or mass resolution. For example,

the EAGLE simulation (Schaye et al. 2015), which follows a volume of 1003 cMpc3

until present day, have a mass resolution of baryons and dark matter of ∼ 106M⊙.

At this resolution, dwarf galaxies of total mass ∼ 109M⊙ are sampled by 1000 dark

matter and at most 100 gas particles, which is insufficient to resolve their structure,

and the onset of star-formation in detail.

Zoom-in simulations can be employed in order to study the evolution of lower-mass

objects within a cosmological environment, by increasing the resolution of a simulated

region at the expense of reduced volume. The zoom-in region is usually selected from

a previously run N-body simulation, whose properties at present day resemble some

configuration of interest - eg. a cluster of galaxies with similar mass to the Coma

cluster (eg. Katz and White 1993), or the Local Group environment. The simulation

volume is then re-run, where only the region which collapsed to form the region of

interest, is initialized with baryons and at a higher resolution; the surrounding region

is run with N-body particles only, and at a low resolution. This method preserves

the gravitational effects of the cosmological environment, while adding the needed

resolution in the region of interest. The APOSTLE suite of simulations, described

in the following section, are a collection of zoom-in simulations selected to study the

properties of the Local Group today.
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2.1 The APOSTLE simulations

The APOSTLE1 simulation suite consists of a set of twelve zoom-in cosmological

hydrodynamical simulations. The volumes selected for re-simulation were taken from

the DOVE N-body simulation (Jenkins 2013), a 1003 cMpc3 box with a particle mass

resolution of 8.8× 106M⊙. The zoom-in regions fully enclose a volume of ∼ 33 cMpc3

and were chosen so as to recreate the Local Group environment at present day. In

particular, they each have a pair of halos with total mass, separation, and kinematic

properties similar to those of the Milky Way-Andromeda system. In detail, the main

pair had:

• a separation between 600 and 1000 kpc;

• relative radial velocity between −250 and 0 km s−1;

• relative tangential velocity less than 100 km s−1;

• total virial mass of the two main primaries is 1012.2 − 1012.6M⊙

and with field dwarfs galaxies with recession velocities similar to those observed for

the Local Group (see Fattahi et al. 2016, for full details of the selection procedure).

Fig.2.1 shows one of the APOSTLE volumes, V1, in its dark matter (left), gas

(middle), and stellar (right) components at present day. The same volume is viewed

from two angles, face-on (top), and an edge-on view (bottom), as most of the matter

has collapse into a 2-dimensional sheet. This sheet has linear structures of higher

density, called filaments, and at the intersection of multiple filaments we see dark

matter halos, the sites of galaxy formation. The Milky Way and Andromeda analogs

correspond to the central pair of massive halos, with a virial masses of M200 = 1.10×
1012M⊙, 1.66 × 1012M⊙ respectively, and a separation of 850 kpc. The surrounding

region extends out to 3 Mpc around the baryonic centre of the two primaries. In this

volume, there is a third massive galaxy to the left of the main pair, which has no

Local Group equivalent.

The effects of the heating of the IGM after the epoch of reionization are clearly

visible in the comparison between the dark matter and gas panels. The small-scale

structure of dark matter is significantly more pronounced than that of the gas, because

the hot IGM is unable to collapse into the shallow gravitational potential of the

1“A Project Of Simulating The Local Environment”
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Figure 2.1: Volume ’V1’ of the APOSTLE simulation in the highest resolution run
(L1), centered on the bary-centre of the Milky Way and Andromeda analogs, extend-
ing out to a distance of 3 Mpc. Top panels show the system face-on to the 2D, and
the bottom panel show the edge-on view. Dark matter (left), gas (middle) and stellar
(star) components were plotted with SPHViewer (Beńıtez-Llambay 2017).

smallest dark matter halos. This results in a “smoothing out” of overdensities in the

gas image, compared to the dark matter, which does not significantly affect the largest

dark matter halos; the Milky Way and Andromeda analogs are clear overdensities in

the gas and dark matter panels.

The region surrounding the two main primaries is therefore ideal for studying

the impact of reionization and the photo-ionizing background on star-formation in

shallow dark matter halos, and why the APOSTLE simulations were selected for this

study. Studies of the dwarf galaxy population in APOSTLE have been carried out

in the past with, for example, Fattahi et al. (2020) finding that the number of field

dwarf galaxies out to 3 Mpc may outnumber the number of satellites of the Milky

Way and Andromeda by 3:1 ratio, for galaxies with M∗ > 107M⊙. Digby et al. (2019)

found that the star formation histories of dwarf galaxies can have significant variation
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among galaxies, even if they have similar stellar mass and environment, and that on

average the smallest (105 < M∗/M⊙ < 106) field dwarf galaxies formed the majority

of their stellar populations at early times. These studies examined the overall effects

of reionization on the dwarf population, but the details of which halo mass scales

are directly affected by reionization, and whether a theoretical model can accurately

describe this halo mass have not been studied in detail.

2.1.1 Gravity and Hydrodynamics solvers

The APOSTLE simulations were performed using a modified version of the P-GADGET3

code (Springel et al. 2008), developed for the EAGLE cosmological simulation (Crain

et al. 2015; Schaye et al. 2015). This code uses particles to trace the otherwise contin-

uous distribution of matter (dark matter and gas) in the Universe, with the mass-size

of the particles varying as a function of resolution. All particles are affected by the

force of gravity, which the code uses a hybrid scheme of Tree and Potential Mesh

(TreePM) algorithms to solve for. In practice, this means that the force of gravity

near the particle of interest is calculated via direct summation of the short range

interactions, while the long range interactions are calculated by estimating the total

gravitational potential on a mesh/grid system, and interpolating the force to the exact

coordinates of the particle. This method combines the most important advantages of

the tree algorithm, which has a natural scaling with high density regions, giving it an

essentially unlimited dynamical range, and the significant computational efficiency

of the Fourier-based mesh grid approach for long distance interactions. In order to

avoid unphysical two-body scatterings between particles, gravitational interactions

are also softened on small scales by representing each particle as a distributed mass

with uniform density of physical size equivalent to the softening-length.

For modelling of the gas properties and pressure force, the P-GADGET3 code em-

ploys the Smoothed Particle Hydrodynamics (SPH) technique from Hopkins (2013).

This is a Lagrangian method in which the properties of a continuous, inviscid, ideal

gas can be described by its tracer gas particles. The fluids’ continuous properties,

such as density, temperature, and entropy, are calculated via a kernel-interpolation

technique, which averages the properties of different particles over a given smoothing

length. The Lagrangian method has the advantage over mesh-based methods (Eu-

lerian) of naturally scaling the resolution in high density regions, as they traced by

more particles. See Rosswog (2009); Springel (2010) for a more detailed review of the



15

SPH method in cosmological simulations.

2.2 APOSTLE parameters and Subgrid physics

The APOSTLE simulations adopted the WMAP-7 cosmological parameters (Ko-

matsu et al. 2011), and were performed at three mass resolution (L1, L2, and L3),

with particle mass of approximately 1.0×104, 1.2×105, and 1.5×106M⊙ for gas, and

5.0 × 104, 5.9 × 105, and 7.5 × 106M⊙ for dark matter. The gravitational softening

lengths used were of 134, 307, and 711 pc, respectively. For the analysis in Chapter

4, we focus only on the high resolution runs, which were only performed for five of

the twelve APOSTLE volumes.

As previously mentioned, there are a number of key physical processes that can-

not be directly modelled in cosmological simulations, but are nonetheless essential

for simulating the properties of galaxies. In this section, the subgrid prescriptions

relevant for the onset and regulation of star formation in APOSTLE are described,

namely, gas cooling and the UV-background, the interstellar medium and star for-

mation (ie. the conversion of gas to stellar particles), and stellar feedback. The

APOSTLE subgrid models use the same calibration as the EAGLE reference simu-

lation, which were chosen to reproduce the observed galaxy stellar mass function at

z = 0.1, and qualitatively reproduce the shape and size of galaxies (see Schaye et al.

2015; Crain et al. 2015, for the detailed methodology of the calibration process).

2.2.1 Radiative cooling, UV-background, and cosmic reion-

ization

Gas can dissipate its internal energy via several cooling processes, including collisional

excitation, recombination and free-free emission (Ferland et al. 1998). For APOSTLE,

the radiative cooling and photoheating rates are calculated following the procedure

outlined by Wiersma et al. (2009). The ionization state of the gas is calculated

using the CLOUDY code (Ferland et al. 1998), assuming that the gas is dust-free,

optically thin, and in ionization equilibrium with a photo-ionizing background. The

gas is exposed to the time evolving, but spatially uniform, cosmic microwave and

X-ray/UV-background from Haardt and Madau (2001).

The evolution of the background field is dependent on the parameterization of

the reionization epoch in the simulation, which occurs at zreion = 11.5 in APOSTLE.
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Before reionization, z > 11.5, the cosmic microwave background is modelled using the

Haardt and Madau (2001) spectrum at z = 9, cropping energies above 1 Ryd. For

z < 11.5, the full, time evolving, Haardt and Madau (2001) spectra is applied. To

account for the fact that the gas is not optically thin prior to reionization, an extra 2

eV per proton mass are added, which ensures intergalactic gas is quickly ionized and

heated to ≈ 104K. For hydrogen, this is done at z = 11.5, while for helium the extra

energy is distributed in redshift with a Gaussian centered at z = 3.5, of width 0.5.

2.2.2 Interstellar medium and star-formation

The APOSTLE simulations are not intended to resolve the multi-phase ISM or cold

molecular gas complexes (nH > 10 cm−3, T << 104K). In order to prevent numerical

instabilities on such small scales, the simulation imposes a minimum pressure floor

on the gas, which takes the form of a “polytropic equation of state” (PEoS),

PEoS = P0

(
ρg
ρ0

)Γ

, (2.1)

with Γ = 4/3 and where P0 = 1.1 g cm−1 s−2 and ρ0/mp = 0.1 cm−3. In practice, this

forces high-density gas to have a temperature that simply reflects the effective pressure

of the unresolved ISM, and cannot be trusted for other physical considerations, such

as calculating neutral hydrogen fractions in post-processing.

Given the limitations of modelling cold molecular gas, star formation is only al-

lowed to proceed at gas densities exceeding the threshold above which the cold molec-

ular phase is expected to form. This is chosen to be 10 cm−3 for primordial gas but

allowed to decrease with increasing metallicity, Z, in enriched gas regions (Schaye

2004);

nthr(Z) = min

[
10−1 cm−3

(
Z

0.002

)−0.64

, 10 cm−3

]
. (2.2)

For the systems we focus on in this paper, the fixed threshold is the more important

of the two, since it is the one applicable to primordial/low metalicity gas.

Finally, because gas density in the early universe was very high, a simple density

threshold would have allowed star formation at very high redshifts. For this reason,

an overdensity requirement is also imposed, with gas density having to exceed 57.7

times the cosmic mean. However, the choice of overdensity requirement does not

significantly affect the results (Schaye et al. 2015), largely due to the imposition of



17

the PEoS, which prevents gas from reaching high densities in low mass systems at

high redshift.

2.2.3 Stellar Feedback

Stars, over the course of their lifetime, will deposit significant amounts of energy

back into the inter-stellar-gas, via stellar winds, radiation, and supernovae. The

feedback from particularly massive blue stars can suppress new star formation and

its implementation in galaxy formation models is crucial for correctly reproducing

the galaxy stellar mass function and galaxy morphology in simulations; insufficient

stellar feedback has been shown to produce very compact disks (Crain et al. 2015).

In the APOSTLE simulation, stellar particles do not represent individual stars.

Instead, they represent a population of stars which formed from the same molecular

cloud, with the same age and metalicity. This is known as a simple stellar populations

(SSPs), which has a Chabrier (2003) initial mass function (IMF) in the mass range

0.1-100M⊙. The energy feedback released over a lifetime of the high-mass, blue, stars

is implemented following Dalla Vecchia and Schaye (2012), where stellar particles

will release their feedback energy in a stochastic manner to individual gas particles

nearby. The energy given to each gas particle is fixed such that ∆T = 107.5K, a

value calibrated in Schaye et al. (2015), with the probability that any gas particle be

heated proportionally to the total amount of energy released by the SSP. This energy

corresponds to the release of 1051 erg per supernova, and assumes that all stars with

masses 6-100M⊙ explode via this channel.

2.3 Halo finder

At any given snapshot, the simulation will simply output the location and velocity

of the different tracer particles of dark matter, gas, and stars. These particles may

have clumped into structures, such as halos and galaxies, with smaller bound objects

in orbit (substructures). Identifying which particles belong to which substructures

must be done algorithmically.

In APOSTLE, substructures are identified using the SUBFIND groupfinder (Springel

et al. 2001; Dolag et al. 2009). Halos (structures) are first identified by running a

friends-of-friends algorithm (FoF; Davis et al. 1985) on the dark matter particles,

with a linking length 0.2 times the mean interparticle separation. Gas and stellar
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particles are then assigned to the same FoF group as their nearest dark matter parti-

cle. SUBFIND, using all particles, then recovers gravitationally bound substructures

within each FoF group, which we refer to as subhaloes. In this work we only study

the properties of the main (“central”) subhalo of each FoF halo, which usually sits at

the bottom of the gravitational potential of the larger structure.

We use in our analysis all central halos found within a spherical volume with 3

cMpc radius, centered on the barycenter of the two main halos in each volume. The

barycenter is calculated for each snapshot, spanning the redshift range from 0 to 20.

We restrict our analysis to halos with M200 > 107M⊙, or the equivalent of about 200

dark matter particles. In practice, we shall see that no halos below 108M⊙ are able

to form stars in these APOSTLE runs, so our analysis concerns mainly halos resolved

with an equivalent of at least 2000 dark matter particles.
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Chapter 3

The minimum halo mass for the

onset of star formation

The effects of cosmological reionization on star formation in low mass halos have been

theorized for quite some time (Ikeuchi 1986; Rees 1986; Efstathiou 1992). Under the

presence of an external heating source, such as the cosmic UV background, gas is

prevented from cooling in the shallow potential wells of lowest-mass halos, in turn

preventing star formation (Couchman and Rees 1986; Chiba and Nath 1994; Quinn

et al. 1996; Thoul and Weinberg 1996; Navarro and Steinmetz 1997; Bullock et al.

2000; Somerville 2002). From this early work, it is understood that the photo-ionizing

background requires that halos exceed the atomic cooling limit by some factor in

order to continue forming stars after reionization, potentially resolving the “Missing

Satellites” problem in LCDM.

However, the exact value of this minimum mass is still under debate, as there

have been a diverse set of arguments proposed to define it. For example, the earliest

theoretical work used idealized Jeans mass arguments within the Press and Schechter

(1974) formalism (eg. Couchman and Rees 1986; Rees 1986; Gnedin 2000; Benson

et al. 2002) to find the characteristic mass scale below which the baryonic content of

a halo is suppressed by half of the universal baryon fraction. This characteristic mass

was later shown in Okamoto et al. (2008) to be significantly higher than that obtained

using cosmological simulations. Even so, exactly how the characteristic mass should

affect star formation is not clear. Star formation, which takes place at the bottom

of the gravitational potential, should depend mainly on the properties of gas in that

region, and only indirectly on the total baryonic fraction.
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Beńıtez-Llambay and Frenk (2020) (henceforth BLF20) have recently re-cast the

arguments for defining the minimum halo mass that can host star formation after

reionization, considering the non-linear evolution of dark matter halos and the well

described temperature-density relation of the inter-galactic-medium (IGM). Their

work, which is described in more detail in the following section, assumes that, after

reionization, gas in low-mass halos is in hydrostatic equilibrium with the dark matter

potential, and in thermal equilibrium with the photo-ionizing background, which were

shown to be good approximations in Beńıtez-Llambay et al. (2017).

3.1 Critical virial mass for star formation

We follow closely BLF20’s model for the minimum virial mass needed for the onset

of star formation in a halo.

After reionization, the photo-ionizing UV photons, together with gas cooling from

collisional excitation of H and He line emission, lead to a tight link between gas

density and temperature. This “equation of state” can be used, assuming hydrostatic

equilibrium and a given shape for the dark matter gravitational potential, to infer the

temperature profile of gas in halos of arbitrary mass. The resulting gas density profile

can enable simple assessments regarding which systems can start forming stars, and

when. The halo mass above which star formation can occur, which we term critical

mass (Mcrit), may be defined in function of some “threshold” reached by the properties

of the gas inside the halo.

3.1.1 Temperature-density relation

The temperature-density (T − ρ) relation of photoionized gas in the IGM is well

described by a single equation of state after reionization. This relation is charac-

terized by two equilibrium regimes, as is shown in Fig. 3.1 at z = 0, taken from

Beńıtez-Llambay et al. (2017). At low densities, the temperature rises steeply with

increasing density, as a result of photoheating. This rise tracks the density at which

the photoheating timescale equals the age of the Universe, shown by the green line.

The temperature begins to turn down when the photoheating and radiative cooling

timescales become comparable. At larger densities, the T -ρ curve drops from its

maximum and approaches roughly 104 K, the minimum temperature needed to colli-

sionally excite the Ly-α transition (see, e.g., Haehnelt et al. 1996; Theuns et al. 1998,
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and references therein). The black dots in the plot show all the gas particles grav-

itationally bound to starless halos in a volume of the APOSTLE simulation, which

track particularly well with the two equilibrium cooling curves.

In Fig 3.2, we show the T−ρ relation for other redshifts (solid lines; z < 11.5), with

data taken from Beńıtez-Llambay and Frenk (2020). Note that after reionization, the

photoheating curve shifts towards lower densities, as the heating timescale increases.

Additionally, the photoionizing background evolves in intensity over cosmic time,

and in fact peaks around z ∼ 1, after star formation in the universe also reached its

peak at z ∼ 2 (eg. Madau and Dickinson 2014). In this plot, we also include the

polytropic equation of state (PEoS) imposed in the APOSTLE simulations, which

results in the sharp upturn in temperature at high density (shown by dashed lines)

(see section 2.2.2). This PEoS is implemented as a single pressure-density relation,

Figure 3.1: The temperature density of starless halos in the APOSTLE simulation.
All bound gas particles to dark matter halos are shown as black dots. The green
curve shows the loci where the photoheating timescale equals the age of the Universe,
and the magenta line where photoheating and radiative cooling are in equilibrium.
Taken from Beńıtez-Llambay et al. (2017).
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but manifests itself as two different T -ρ relations, before and after zreion, because of

the change in molecular weight that occurs at reionization. As we shall see below, the

adoption of a PEoS curtails (artificially) the ability of low-mass halos to form stars

before reionization.

Prior to reionization (z > 11.5), we assume the gas is isothermal at 104 K within

the virial radius, for densities not affected by the PEoS. Recall that prior to reioniza-

tion, gas in the IGM is mostly neutral with an expected discontinuity in the T − ρ

relation at the virial boundary, inside which gas has been heated by its own gravita-

tional collapse. To highlight that the isothermal assumption does not apply outside

the virial radius, the line shown in Fig. 3.2 is truncated at nH = 10−3 cm−3. The

assumption that gas exists at 104 K is also only valid for halos whose gravitational

collapse can heat gas above that temperature, and therefore with virial mass with

T200 ≥ 104 K. Halos with virial temperature below ∼ 104 K should have isothermal

gas below ∼ 104 K, which cannot excite Lyα line emission, and are therefore inefficient

at cooling their gas (eg. Oh and Haiman 2002).

3.1.2 Structure of LCDM halos

In dark matter only simulations, the radial density profile of halos can be described

with an NFW profile (Navarro et al. 1996b, 1997),

ρ(r) =
ρ0

r
Rs

(
1 + r

Rs

)2 (3.1)

which approaches a slope ρ ∝ r−1 in the region within the “scale” radius, Rs, and

trends to ρ ∝ r−3 in the outer regions. When baryons are included, they can change

the shape of the dark matter profile. In large systems, which have central regions

dominated by baryons, the steepness of the dark matter halo in the inner regions is

expected to increase (see, eg. Gnedin et al. 2004).

For dwarf galaxies, which are less efficient at converting their baryonic matter

into stars than Milky Way sized galaxies, it could have been expected that their

dark matter distributions followed closely with this dark matter only profile. This is

generally not the case, as some dwarf galaxies are observed to lack dark matter in

their central regions, when compared to the NFW profile (eg. Carignan and Freeman

1988; Moore et al. 1999b; Read et al. 2017). In particular, their dark matter profiles

are flatter, ρ ∼ const., in the central regions, termed “cored” profiles.
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The sudden removal of material from the inner galaxy, via, for example, a burst of

star formation and subsequent ejection of a dense gas-disk, has been shown to affect

the distribution of dark matter in the halo (Navarro et al. 1996a). This can result in

cored dark matter profiles, which are observed in some (but not all) dwarf galaxies

(eg. Oman et al. 2015). Later work suggested that with more plausible parameters

for the initial system, a single powerful burst may not be sufficient to generate a

cored profile (Gnedin and Zhao 2002; Read and Gilmore 2005), but a less violent and

repeating mechanism could (Pontzen and Governato 2012; Governato et al. 2010).

At sufficiently low masses however, star formation efficiency is low enough that

dwarf galaxies are expected to have a dark matter profile that follows the “cuspy”

NFW profile (Di Cintio et al. 2014; Tollet et al. 2016). However, the dark matter

Figure 3.2: Gas temperature-density relation assumed in our modeling at different
redshifts. At high densities, dashed lines indicate the polytropic equation of state
(PEoS) adopted in the APOSTLE/EAGLE simulations. In that regime, solid lines
assume that the gas is isothermal. Prior to reionization, our model assumes that,
at low densities, the gas inside the virial radius of critical halos is isothermal at
104 K (thick red line). Densities above the APOSTLE star formation threshold
(nH = 10 cm−3) are highlighted in light blue.
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profiles of these systems have not been measured yet, since they have few stars and

no gas with which to measure a rotation curve. To illustrate the stellar mass range in

which the core - cusp transition is expected to occur, Fig. 3.3 shows the dark matter

profiles of three dwarfs galaxies simulated using the FIRE-2 code (Fitts et al. 2017).

The profile of the lowest mass dwarf galaxy (left panel) is identical, whether baryons

are included (HYDRO) or whether it is a dark matter only run (DMO). On the other

hand, the brighter dwarfs show a flattening of the dark matter profile when baryons

are included compared to the dark matter only run, particularly for the higher mass,

M∗ = 107M⊙, galaxy.

3.1.3 Hydrostatic Equilibrium model

The equation of hydrostatic equilibrium,

1

ρ

dP

dr
= −GM(r)

r2
(3.2)

can be combined with the equation for ideal gas, and re-written in terms of dimen-

sionless variables, (
T̃

ρ̃
+

dT̃

dρ̃

)
dρ̃

dr̃
= −2

M̃(r̃)

r̃2
, (3.3)

Figure 3.3: Comparison of dark matter radial density profiles using baryon only
simulation (HYDRO) or dark matter only runs (DMO). Taken from Fitts et al. (2017)



25

where ρ̃ = ρ/ρ̄bar, T̃ = T/T200, M̃ = M/M200, r̃ = r/r200, and ρ̄bar = ρcritΩbar
1.

Here the halo virial temperature is defined as T200 = (µmp/2kB)V
2
200, where µ, mp

and kB are the mean molecular weight2, the proton mass, and Boltzmann’s constant,

respectively. V200 is the halo circular velocity at r200, defined by V 2
200 = GM200/r200.

In practice, to solve for the spatial density of gas, we begin by writing the LHS

and RHS of eq. 3.3 in integral form,

F (ρ̃) =

∫ ρ̃

ρ̃n

(
T̃

ρ̃′
+
dT̃

dρ̃′

)∣∣∣∣
ρ̃′
dρ̃′ (3.4)

G(r̃) = −2

∫ r̃

r̃n

M̃(r̃′)

r̃′2
dr̃′ (3.5)

and from which the gas density is obtained numerically, by inverting F:

ρ(r̃) = F−1[G(r̃)]. (3.6)

In order to solve Eq. 3.5, we assume that the dark matter potential is dominant

over the baryonic matter, and for simplicity, that dark matter halos are spherically

symmetric and well approximated by NFW profiles (Navarro et al. 1996b). The va-

lidity of these assumptions has been tested by Beńıtez-Llambay et al. (2017); Beńıtez-

Llambay and Fumagalli (2021) using cosmological hydrodynamical simulations. The

total enclosed mass profile can then be written as,

M̃(r̃) =
ln (1 + cr̃)− cr̃/(1 + cr̃)

ln (1 + c)− c/(1 + c)
, (3.7)

where the c is the concentration parameter, c = r200/rs. BLF20 assumes a constant

concentration of c = 10 when modelling their critical mass. We choose to model the

concentration, c(M200, z), as a function of mass and redshift with the parameterization

proposed by Ludlow et al. (2016), valid for the WMAP-7 LCDM cosmology.

To solve Eq. 3.4 we require the temperature-density (T -ρ) relation for the inter-

galactic gas, described in the previous section 3.1.1, as well as a boundary condition

for the gas density. For the boundary condition, we assume two different behaviours

1Ωbar is the average density of baryonic matter as a fraction of the critical density, ρcrit,
needed for a flat Universe. ρcrit is defined as 3H2/8πG. In WMAP7, Ωbar = 0.0455 and
H0 = 70.4km s−1 Mpc−1 (Komatsu et al. 2011)

2Unless otherwise noted, we assume a constant µ = 0.6, as appropriate for a fully ionized gas of
primordial composition.
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prior to and after reionization. After reionization, we assume that the density of gas

at infinity (r → ∞) is equal to the average baryonic density of the Universe (ρ̄bar),

similar to BLF20.

Prior to reionization, the T − ρ relation for the inter-galactic medium is not well

constrained, and therefore the relation described in section 3.1.1 is not applicable

beyond the virial radius. To circumvent this, the boundary condition is defined at

the virial radius, such that the total enclosed gas-mass within r200 equals the universal

baryon fraction (i.e., Mgas(r < r200) = fbarM200 ).

3.1.4 Analytic gas density profiles

Using Eq. 3.6 we may now compute the gas density profile of a halo with gas in

hydrostatic equilibrium at any redshift, using the appropriate T -ρ relation, as shown

in Fig. 3.2. The population of dark matter halos which are expected to have gas in

hydrostatic equilibrium are primarily “dark” halos - ie. those that have not formed

any stars - which were coined in BL17 as RELHICs, for REionization Limited HI

Clouds.

We illustrate this point in Fig. 3.4, where we apply our hydrostatic equilibrium

model to an example halo from the APOSTLE simulation at z = 0, with virial mass

M200 = 109.65M⊙. The dashed curve in the top panel shows the total gravitational

acceleration profile, a(r) = GM(r)/r2, of the dark matter particles in the halo, and

the dots in the bottom panel indicate the gas profile of this RELHIC. The NFW

profiles of three halos with the same virial mass, but different concentrations (c = 5,

10, and 15), are also shown with thick colored lines. For the appropriate concentration

(c ≈ 10), the gas profile computed by solving Eq. 3.6 matches the density profile of

the simulation data remarkably well3.

The shaded region in the bottom panel of Fig. 3.4 highlights the densities above

the star formation threshold assumed for primordial gas in APOSTLE. At a fixed

halo mass, the resulting density profile is highly dependent on halo concentration.

For example, for the halos with concentration c = 5 and 10 the gas in the halo

would remain in hydrostatic equilibrium without forming stars, whereas for c = 15,

it would begin forming stars at its centre. This illustrates that not only halo mass,

but also concentration, determine which halos will host luminous galaxies and which

3In order to best fit the data of this example RELHIC, we set a boundary condition equal to the
RELHIC gas density at r = r200, instead of the condition at infinity which we use in the critical
mass modeling at this redshift
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will remain “dark”.

Figure 3.4: Top: Acceleration profile (a(r) = GM(r)/r2) of M200 = 109.65M⊙ NFW
halos of different concentration at z = 0 (solid colored lines). The dashed black curve
is the acceleration profile of an APOSTLE RELHIC of the same virial mass. Bottom:
Gas density profile of the RELHIC (black dots) as well as model density profiles
computed assuming hydrostatic equilibrium (Eq. 3.3; solid colored lines). Densities
above the APOSTLE star formation threshold are highlighted in blue.
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Figure 3.5: Model gas density profiles assuming that the gas remains isothermal
at high densities (solid curves) or that it follows the APOSTLE/EAGLE polytropic
equation of state (PEoS; dashed curves). Two NFW halos are shown, at z = 0 and
at z = 12, with masses and concentrations as listed in the legend. Densities above
the APOSTLE star formation threshold are highlighted in blue.

We examine next the role of the PEoS imposed on high-density gas in APOSTLE.

Fig. 3.5 shows the gas density profiles of two NFW halos at two different redshifts, with

virial masses selected such that their central density corresponds to the star formation

threshold nH = 10cm−3 when computed including the PEoS (dashed lines). The gas

density profile if the PEoS is not included, for the same halos, is shown as solid line.

Concentrations for each halo are computed from the average concentration expected

from the Ludlow et al. (2016) mass-concentration-redshift relation. The adoption of

a PEoS clearly depresses the central gas densities. This is true in particular prior

to reionization where the PEoS renders most halos below ∼ 108M⊙ (artificially)

ineligible for star formation. However, because of the lower NFW concentration and

the increased density of matter in the universe at high redshift, the imposition of the

PEoS also affects the gas density in the halo within a larger volume. As we shall see

below, all APOSTLE halos that begin forming stars at z > zreion exceed a virial mass

of ∼ 108M⊙, which is likely an artificial result of the imposed PEoS.
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3.1.5 Halo concentration and central gas density

To isolate the effects of concentration on the gas profile, we adopt the T -ρ relation

without a PEoS in this section. In Fig. 3.6 we summarise the effects of concentration

on gas properties. The top panel shows, as a function of halo mass at z = 0, the

impact on the central gas density (defined as nc, or the density at r = 0.01 r200) of

varying the average halo concentration about the value, c ≈ 13, expected for LCDM

(Ludlow et al. 2016). Average-concentration halos (solid black curve) are expected

to become eligible for star formation for virial masses exceeding 109.63M⊙, but this

boundary varies somewhat for lower or higher-than-average concentration halos.

The variation in terms of “critical” mass, however, is not large, only about a

factor of ∼ 2 for concentrations between 5 and 20. We conclude that, although halo

concentration plays a role in determining which halos are expected to remain “dark”

or to host luminous systems, it appears to be secondary compared with the role of

halo mass.

Indeed, this is shown in the bottom panel of Fig. 3.6, which is analogous to

the top, but plots the total gas mass expected within the virial radius, and how it

varies with halo concentration. For average-concentration halos (solid black curve)

the total gas mass is seen to match the expected total baryonic content of the halo at

M200 ∼ 109.65M⊙ and to diverge rapidly at higher masses: gas in such halos is unable

to stay in hydrostatic equilibrium and would collapse to the centre and trigger the

onset of star formation. This is the rationale for the “critical mass” for star formation

advocated by BLF20.

Comparing the top and bottom panels of Fig. 3.6 shows that defining the “critical

mass” either by total gas content or central gas density gives similar results (within

a factor of ∼ 2; note that none of these curves include the effects of the EAGLE

PEoS). This provides further evidence for the robustness of the concept of critical

mass. In addition, it explains the good agreement reported by BL21 between the

BLF20 critical mass (derived using total gas mass) and the results of cosmological

simulations using the EAGLE code, where star formation is triggered once gas density

goes above a minimum threshold value.

Finally, we explore in Fig. 3.7 how the central gas density varies as a function

of redshift for halos of fixed mass, as labeled. Solid curves use the T -ρ relations of

Fig. 3.2, while the dashed curves correspond to models that include the PEoS modifi-

cation at high gas densities, implemented in the APOSTLE simulation. Each of these
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Figure 3.6: Top: Central gas densities, nc (defined as nH at r = 0.01 r200), calculated
assuming hydrostatic equilibrium and the T -ρ relation without PEoS (solid curves in
Fig. 3.2). Four NFW profiles with different concentrations are shown, including one
(shown in black) that follows the average concentration of LCDM halos, which in this
mass range is c ∼ 13 (Ludlow et al. 2016). Bottom: Total gas mass within the virial
radius for halos shown in the top panel.

curves assumes the concentration-mass-redshift dependence of Ludlow et al. (2016).

For curves of the same mass, the epoch of reionization constitutes a discontinuity in

the curves which is caused by the changing boundary condition and T − ρ relation

across this redshift. The intersection of each curve with the central density threshold

of nc = 10cm−3 corresponds to the redshift at which that mass equals the ”critical”

mass in APOSTLE, and halos above this mass can host star formation. The critical
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Figure 3.7: Central gas densities, nc, computed assuming hydrostatic equilibrium
and that the gas is isothermal at high densities (solid curves) or that it follows the
APOSTLE/EAGLE PEoS (dashed curves). Each curve corresponds to halos of dif-
ferent virial mass, as listed in the legend. Each of these halos becomes “critical” at
the redshift where they cross the star formation threshold. The reionization redshift
is shown by the black vertical line. Densities above the star formation threshold of
APOSTLE are highlighted by the shaded blue region.

mass clearly decreases systematically with redshift, driven primarily by the increase

in gas density and the evolution of the T -ρ relation. The critical mass is also sensitive

to the PEoS assumption, particularly at high redshifts where the difference between

the two sets of lines grows.

3.1.6 Definition of Critical Mass

Once the gas density profile is known, a criterion for the onset of star formation

needs to be specified, which in turn sets the minimum value of the halo mass needed

for star formation to begin. After reionization, BLF20 adopted a criterion based on

the total gas content within the virial boundary of a halo, obtained by integrating
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ρgas(r). Above a redshift-dependent minimum mass, Mcrit(z), the gas content exceeds

fbarM200, the total baryonic mass expected within r200 according to the universal

baryon fraction, fbar = Ωbar/ΩM. The theoretical total gas mass quickly diverges for

masses greater than Mcrit, indicating that pressure alone cannot stop gas from flowing

to the centre of a halo, where it should turn into stars.

A different criterion is adopted for the APOSTLE simulation, based instead on the

central (maximum) density of the gas. This criterion is better suited to the choices

made in cosmological hydrodynamical simulations, which often rely on a minimum

“threshold” gas density for star formation to proceed. Although different, the two

criteria actually give similar results for Mcrit(z), as will be discussed in Sec. 3.1.7.

Prior to reionization, the APOSTLE fiducial and BLF20 critical mass models differ

substantially. BLF20 replace the hydrostatic equilibrium assumption, and instead

model the critical mass as the halo mass needed for atomic cooling. The reasoning

for this change is justified by the timescale constraint in which gas can cool sufficiently

to form stars, before the photo-ionizing background heats the gas in IGM. In order

to dissipate the thermal energy gained from the gravitational collapse of gas into the

halo, the halo needs to be massive enough to allow for gas to heat up to ∼ 104 K.

This is the lowest temperature which can excite atomic line emission. In practice, the

BLF20 requires that the virial temperature of the halo be higher than T200 = 7×103 K

to define the critical mass.

For the APOSTLE fiducial model proposed here, we attempt to extend the hy-

drostatic equilibrium formalism, in an attempt to preserve the critical mass definition

based on the central density “threshold” of the APOSTLE simulation, but also cru-

cially to include the effects that the PEoS has on the critical mass value. However,

recall from section 3.1.3, that the boundary condition is discontinuous at reionization.

Prior to reionization, we set the boundary condition such that the total enclosed gas

mass within r200 corresponds to the universal baryon fraction, instead of using a

fixed value at r → ∞.

3.1.7 Critical mass model comparison: BLF20 vs APOSTLE

We are now ready to compute a critical mass as a function of redshift that can be

compared directly with the results of the APOSTLE simulation. We shall refer to this

as the APOSTLE fiducial model, and it is shown by the black dashed curve in Fig. 3.8,

which traces the halo mass that hosts a system with nc = 10 cm−3, the APOSTLE
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primordial gas threshold for star formation. The black dashed curve assumes average

concentrations from the Ludlow et al. (2016) c(M, z) relation, and the T -ρ relations

(including the effects of EAGLE’s PEoS) shown in Fig. 3.2.

Figure 3.8: Critical mass curves as a function of redshift: solid purple curve uses
the Beńıtez-Llambay and Frenk (2020) definition. Our fiducial APOSTLE model is
shown in dashed-black, calculated with the T -ρ relations shown in Fig. 3.2, including
the PEoS. For reference, the magenta dotted line show the virial mass for a fixed
T200 = 7000 K, whereas the blue dotted line tracks, prior to reionization, the H2-
cooling critical mass from Tegmark et al. (1997).

We compare our APOSTLE fiducial model with the critical mass curve from

BLF20, shown by the thick magenta curve in Fig. 3.8. This curve is computed using

the total gas mass criterion illustrated in the bottom panel of Fig. 3.6. The BLF20

model adopts, for simplicity, a constant concentration of c = 10, and that the critical

mass is approximated by the atomic cooling mass, with T200 = 7 × 103 K, prior to

reionization.

The most notable change between the black and magenta lines is that the jump to

lower Mcrit at z > zreion expected from BLF20 is affected when introducing the PEoS.

The PEoS reduces substantially the central gas densities that the gas may reach in

halos near the critical boundary before reionization. Because of this, we expect only

APOSTLE halos that exceed 107.7-108.2M⊙ to be able to start forming stars before

reionization in our APOSTLE runs. Note that this is higher than either the critical
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boundary expected either from the H-cooling limit (set at 7000 K; magenta curve) or

from H2-cooling, indicated by the blue dotted line (Tegmark et al. 1997). H2-cooling

is the mechanism through which primordial gas is expected to cool to form the first

stars (Pop III). However, it should not be a dominant cooling mechanism for the

formation of Pop II stars, because any H2 would have been readily dissociated via

the Lyman-Werner radiation of the first stars (eg. Skinner and Wise 2020; Kulkarni

et al. 2021). It is simply included in this plot for reference.
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Chapter 4

Comparison to APOSTLE data

4.1 The onset of star formation

We begin by analysing how well the critical mass model presented in the previous

section describes the onset of star formation in the APOSTLE simulation. This is

shown in Fig. 4.1, where we plot the virial mass of a halo at the time it forms its

first star. Individual systems are shown with squares, colored by their concentration,

computed from the ratio between maximum circular velocity, Vmax, and V200, assuming

NFW profiles. The critical mass curves from BLF20 (solid magenta) and from our

APOSTLE fiducial model (black) are also shown.

Despite the simplicity of the critical mass model, it appears to capture well the

main trends highlighted in Figure 4.1. In particular, it is clear that the minimum

mass needed to ignite star formation increases steadily with decreasing redshift, and

that the boundary is well approximated by the dashed black line. There seems to

be no jump in the mass needed to start forming stars at reionization (as predicted

by the BLF20 model), but rather a fairly well-defined minimum of order 108M⊙ in

APOSTLE. As discussed in section 3.1.7, this is expected from the introduction of

a polytropic equation of state (PEoS) in APOSTLE. Indeed, the black curve model,

which includes the PEoS, is in much better agreement with the simulation data prior

to reionization. We therefore expect that APOSTLE systematically underestimates

the redshift at which early-collapsing halos may start forming stars before reioniza-

tion, and possibly also the total number of luminous systems formed.
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Figure 4.1: Squared symbols show the virial mass of APOSTLE halos at the time
when their first star is formed, colored by concentration. The magenta curve is the
BLF20 critical mass; the dashed black curve is the APOSTLE fiducial model from
Fig. 3.8. Grey circles indicate the redshift of formation of the oldest star as a function
of virial mass for APOSTLE centrals with M200 < 1011M⊙ at z = 0. The blue lines
show three example halo mass assembly histories. Two of the halos host luminous
galaxies at z = 0 (solid blue); the other hosts a star-less RELHIC (dashed blue).
The time at which the two luminous halos began star forming are highlighted by a
blue-circle. The histogram in the right panel shows the distribution of M200 for the
grey data points, with a clear peak near the critical mass at z = 0.

4.1.1 NFW concentration and scatter of virial masses

A few other points are worth noting in Fig. 4.1. One is that, at fixed redshift, the

scatter in halo mass at the time of first star formation correlates clearly with halo

concentration: the higher the concentration, the lower the mass needed to trigger

star formation, as expected from our discussion of Fig. 3.4. However, the scatter

of virial masses at a fixed redshift cannot be fully explained by the variation of

NFW concentrations in our critical mass model. This is shown in Fig. 4.2, where

the NFW concentration at the onset of star formation in now averaged over a hex-

bin area, to highlight the overall trend with concentration. Four critical-mass lines,

calculated using the same definition as the APOSTLE fiducial model, but assuming

fixed concentrations, c = 15, 10, 5, and 2, are also shown. The APOSTLE fiducial
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Figure 4.2: Hex-bin plot showing the averaged NFW concentration in a given virial
mass and redshift bin. Four critical-mass lines are shown using the same definition
as the APOSTLE fiducial model, except that they are calculated using fixed NFW
concentration, c=15 (navy blue), c=10 (turquoise), c=5 (orange), and c=2 (red).

model (dashed-back) is calculated with the mass and redshift dependent Ludlow

et al. (2016) concentration relation, which varies from c ∼ 3 for M200 ∼ 108M⊙ at

z = 11.5 to c ∼ 13 for M200 ∼ 109.7M⊙ at z = 0. The intersections of the APOSTLE

fiducial model with the different constant concentration lines correspond to the loci

where the concentration of the Ludlow et al. (2016) relation is the same as the fixed

concentration line.

The variation in virial masses predicted between the c = 15 and c = 2 lines,

which span the same range of concentrations as the APOSTLE data, do not cover

the same range of virial masses at any given redshift as the APOSTLE data. For

example, at z ∼ 4, where the highest concentration line c = 15 matches well with

the highest concentration halos forming stars in APOSTLE, there are halos forming

stars at M200 ∼ 109.4M⊙, which is 0.4 dex higher than that predicted by the lowest

concentration critical mass line, c = 2. Extending this analysis to other redshifts, it

appears that the higher concentration APOSTLE halos are better described by the

corresponding fixed concentration critical mass model, than the low concentration

halos. In other words, the blue lines describe the virial mass at the onset of star
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Figure 4.3: Normalized mass-assembly-history of all halos which begin forming stars
between 4 < z < 5, colored by NFW concentration at the onset of star formation.
Evolution of the APOSTLE critical mass is shown in the black-dashed line.

formation for blue (high-concentration) halos, while the low concentration halos (red)

are always above the expected critical mass line for their concentration (red line).

A full solution to this problem is not explored in this work. However, a possible

explanation for the excess virial mass of the low concentration halos is hinted at in

the halo mass assembly histories. Fig.4.3 shows the mass assembly history of all halos

which form their first star between 4 < z < 5, normalized by their virial mass at that

moment, and colored by their NFW concentration. The lowest concentration halos, on

average, grow faster than the APOSTLE critical mass (black-dashed) in this redshift

range, in contrast with the high concentration halos, which grow nearly parallel to

the critical mass line. If there exists some time interval between a halo exceeding

the critical mass value and the onset of star formation, such a “delay time” would

allow all halos to continue growing after they first exceed the critical mass value.

The difference in mass assembly histories as a function of NFW concentration would

cause low concentration halos to grow more than the critical mass before forming

stars, while high concentration halos grow by same amount as the the critical mass

and would therefore have a virial mass at the time of star formation similar to the

critical mass. Proving that such a “delay time” mechanism exists would significantly

improve our understanding of low-concentration halos and the critical mass model
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presented.

In Fig. 4.2, there are a few hex-bins which show some halos begin forming stars

below critical while also having low concentration, opposite to the trend just discussed.

This population is revisited in more detail in section 4.3.

4.1.2 When does star formation begin?

A robust result to glean from Fig. 4.1 is that very few systems form their first stars

after z ∼ 2 or so. We show this in detail in Fig. 4.4, where the grey histogram

corresponds to the distribution of ages of the oldest star in all APOSTLE luminous

systems with present-day virial masses M200 < 1011M⊙. Indeed, only 16 out of 279

field dwarfs at present day started forming stars after z = 2 (10 Gyr lookback time),

and no new galaxy has formed in the most recent 4 Gyrs. This trace population

corresponds to dwarfs with uncommon mass accretion histories, which first reached

the critical mass fairly recently. Such population has been more thoroughly analyzed

by Beńıtez-Llambay and Fumagalli (2021). On the other hand, the great majority of

z = 0 luminous systems date to lookback times at least as old as 12 Gyrs, which is in

line with observations that indicate that all dwarf galaxies in the Local Group host

some ancient stellar population (eg. Weisz et al. 2014a; Brown et al. 2014).

Figure 4.4: Age distribution of the oldest star particles in APOSTLE field dwarfs
identified at z = 0 (grey data points in Fig. 4.1).

It is also clear from the grey circles in Fig. 4.1, which show the virial mass of

central field dwarfs at z = 0, that more massive systems started forming their first
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stars before smaller halos. However, it is very difficult to discern the difference in

stellar age in these very old populations (the lookback time between z = 2 and

z = 11 only changes from 10.4 to 13.3 Gyrs), so this halo mass gradient would be

very difficult to confirm observationally.

The great majority of luminous dwarfs in APOSTLE start forming stars early on

(lookback time > 10 Gyr). The reason for this may be attributed to the mass growth

history of halos with masses close to the critical mass of ∼ 109.7M⊙ at present day.

We show three such mass accretion histories (i.e., the redshift evolution of the mass of

the most massive progenitor of a system identified at z = 0) with blue curves in Fig.

4.1. Two of these, shown in solid blue, correspond to halos hosting luminous dwarfs

at present, and they start forming stars roughly at the time (identified by open blue

circles) that their accretion histories intersect the critical mass curve: systems that

cross the critical mass boundary earlier also start forming stars earlier. Indeed, the

bottom (dashed) blue curve corresponds to a system that never crosses the critical

boundary and that remains “dark” at z = 0. This result echoes earlier analyses

reported by Fitts et al. (2017); Macciò et al. (2017); Beńıtez-Llambay and Fumagalli

(2021).

Halos near the critical mass today, on average, follow the mass evolution of the

critical mass. This implies that most halos that are today above critical have been so

since early times, and similarly, most sub-critical halos today have always been below

critical. The co-evolution of halo masses and the critical mass is also demonstrated

by the grey histogram in the right-hand panel of Fig. 4.1, which shows the z = 0 halo

mass distribution of all luminous galaxies in APOSTLE. The halo mass distribution

has a clear peak at the present day critical mass ∼ 109.7M⊙, and a sharp decline

towards lower masses. However, halos formed their stars in the past when the critical

mass was lower, which requires that halos in this mass range followed on average the

same mass-growth as the critical mass.

The decline in the number of halos hosting stellar populations below the critical

mass may be attributed to the atypical accretion histories of halos in this mass range.

In order for a halo to be luminous and sub-critical, it must have grown above critical

at some point in their past history, before their mass growth slowed enough to fall

under the critical boundary by the present time. One example of this is shown by

the bottom solid blue curve in Fig. 4.1.

Similarly, in Fig. 4.4 there is also a small population of dwarfs that first ignited

more recently, about 4-8 Gyrs ago.
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4.1.3 Halo mass growth history and the modulation of star

formation

The discussion of the previous section makes clear that the great majority of APOS-

TLE halos can only begin forming stars once their mass growth histories take them

into the “above-critical” regime. However, it is not clear what happens if they hap-

pen to fall below critical at later times. We explore this in Figure 4.5, where we plot

the mass accretion history of two illustrative examples. Blue solid curves indicate

the mass evolution of the most massive progenitor, whereas the black dashed curve

delineates the critical mass boundary. The orange curves track the gas content of

each halo.

The blue shaded region brackets the interval between the youngest and oldest star

formed in each system. The system on the left climbs above critical at z ∼ 7 and

remains so until the present. It starts forming stars soon after becoming critical and

is still forming stars at z = 0. On the other hand, the example on the right depicts

a halo that climbs above critical at z ∼ 6 but becomes sub-critical soon thereafter,

at z ∼ 2. As the shaded region indicates, this halo only forms stars for as long as its

mass remains above critical.

Note that the same process could, in principle, explain why some galaxies may

stop forming stars for a relatively long time before reigniting, or why some have

experienced several distinct episodes of star formation separated by quiescent periods.

These cases have been reported in simulations by, e.g., Beńıtez-Llambay et al. (2015,

2016) and Rey et al. (2020), although Wright et al. (2019) interpreted their results in

terms of environmental effects, rather than as a result of a critical mass imposed by

the ionizing background.

The discussion above suggests that it is the interplay between mass growth history

and the critical boundary that determines, to a large extent, the star formation

activity of a dwarf. Feedback may also play a role, as seen by the sudden decrease in

gas mass (orange line) that accompanies the onset of star formation (Fig. 4.5), but it

appears to be less important overall: despite continuously forming stars, the system

on the left-hand panel of Fig. 4.5 retains some gas (and forms stars) until today. This

result suggests that the critical mass should delineate, on average, a clear boundary

between star forming and quiescent systems.
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Figure 4.5: Mass assembly histories of two galaxies in the APOSTLE simulation,
with masses at present day near the critical mass. The mass of the most massive
progenitor is shown by the blue lines, and its gas mass in orange. The time interval
over which a galaxy forms stars is shaded in blue, and is seen to coincide with the
time the halo is above the critical boundary, shown by the dashed black curve.
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4.2 Star forming vs quiescent dwarfs

We now examine the star forming properties of the field dwarf population in the

APOSTLE simulation, which is shown in Fig. 4.6 at z = 0. The upper panel shows

the stellar mass-halo mass relation, colored blue (star forming) if star formation is

still ongoing and red (quiescent) if no stars have formed in the past 0.5 Gyrs. The

vertical dashed line indicates the critical mass, and clearly separates the two dwarf

populations: most halos above critical host galaxies where star formation is ongoing,

whereas sub-critical halos host almost exclusively quiescent dwarfs. The distinction

between these two populations is less clear using stellar mass, although there is a

clear trend for the faintest dwarfs to be quiescent.

There have been a number of suggestions for truncating star formation in field

dwarfs, notably the loss of its surrounding gaseous halo due to ram-pressure effects

from the cosmic web (Beńıtez-Llambay et al. 2013) or from potential grazing passages

through the virial radius of a more massive system (e.g., Teyssier et al. 2012). These

may be contrasted with our scenario by examining the gas content of the quiescent

population in APOSTLE, which would be largely absent if ram-pressure effects were

the dominant mechanism. We explore this in Fig. 4.7, where we plot the gas mass of

each APOSTLE central halo at z = 0 as a function of halo virial mass.

Blue and red circles indicate star forming and quiescent dwarfs, respectively, while

the semi-transparent light-blue symbols indicate the (more numerous) “dark” REL-

HIC systems. The green curve indicates, for reference, the total baryon mass of a

halo, fbarM200, whereas the cyan curve indicates the total gas mass expected by in-

tegrating eq. 3.3 for the gas density profile. As expected, the cyan curve tracks, on

average, the total gas mass of a halo in the sub-critical regime.

Note that most quiescent galaxies still retain a large amount of gas, typically

one or two orders of magnitude more than the stars they have been able to form.

These systems thus appear to be quiescent not because of gas removal by feedback or

environmental effects, but rather because their halo masses are below critical and thus

unable to compress the gas to high enough central densities to ignite star formation.

This constitutes a robust and simple prediction of our model that should be

testable by observations. In other words, our modeling predicts the existence of a

sizable population of quiescent field dwarfs at the faint-end of the luminosity func-

tion. Such dwarfs are quite rare in the Local Group, with few known examples:

the Cetus (Whiting et al. 1999) and Tucana (Lavery and Mighell 1992) dSphs, and
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Figure 4.6: Top: Stellar mass of star forming (blue) and quiescent (red) galaxies in
APOSTLE, as a function of virial mass at z = 0. For reference, the solid black curves
show the APOSTLE M∗-M200 relation fit by Fattahi et al. (2018). Bottom: As top
panel, but for recent cosmological hydrodynamical simulations of field dwarfs (Jeon
et al. 2017; Fitts et al. 2017; Wheeler et al. 2019; Wright et al. 2019; Rey et al. 2022).

the more distant dwarfs, KKR 25 (Karachentsev et al. 2001; Makarov et al. 2012),

KKs 3 (Karachentsev et al. 2015), and Andromeda XVIII (McConnachie et al. 2008;

Makarova et al. 2017). They also seem to be rare in the local Universe; Geha et al.

(2012) report the existence of a “threshold of M∗ < 109M⊙ below which quenched
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Figure 4.7: Gas mass within the virial radius of luminous dwarfs (star forming in
blue; quiescent in red) and star-less halos (RELHICs, light blue) as a function of M200

at z = 0. Masses corresponding to the universal baryon fraction are shown by the
green-line. The total gas mass expected for RELHICs from our modeling is shown by
the cyan curve (see also Fig. 3.6).

galaxies do not exist in the field”. Their survey, however, only extends down to

M∗ > 107M⊙ before becoming severely incomplete. As shown in Fig. 4.6, the pop-

ulation of quiescent field dwarfs predicted by our analysis is expected to become

prominent at much lower stellar masses.

APOSTLE is not the only simulation suite where these two populations of dwarfs

have been seen. The bottom panel of Fig. 4.6 is analogous to the top, but includes

results from five recent cosmological hydrodynamical simulations of dwarf galaxy

formation (Jeon et al. 2017; Fitts et al. 2017; Wheeler et al. 2019; Wright et al.

2019; Rey et al. 2022), where the methodology for classifying these galaxies as star

forming/quiescent classification is described in Appendix A. Remarkably, although

each of these simulations adopt different recipes for star formation/feedback and

disparate treatments of the interstellar medium, taken together they seem to agree

with our main conclusion: there is a critical halo mass that separates star forming

from quiescent dwarfs. Particularly, these simulations do not make use of the PEoS,

and instead model the physics of a multi-phased ISM. Note again that the separation
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is much less clear in M∗ than it is in virial mass, highlighting the fact that it is the

critical mass imposed by the ionizing UV background, and not stellar feedback, the

main culprit for the origin of these two populations.

The existence of a population of faint, quiescent dwarfs inhabiting sub-critical

halos is thus an intriguing prediction from our modeling that should be possible to

verify in the near future. The quiescent isolated dwarf (M∗ ≈ 2 × 106M⊙) recently

discovered by Polzin et al. (2021), together with the newly identified Tucana B ultra-

faint dwarf (Sand et al. 2022), could very well be the archetypes of a whole population

still awaiting discovery.

4.2.1 Star formation end times

As discussed in Sec. 1.1.2, cosmic reionization is often assumed to imply a sharp and

very early truncation of star formation in faint dwarfs. Although this description may

apply to low mass halos well below the critical boundary, we have seen that this is not

the case for most field dwarfs inhabiting near-critical halos at z = 0. In such systems,

the ionizing UV background seems to regulate the end of star formation somewhat

indirectly, and in conjunction with the accretion history of a halo. It is therefore

interesting to ask, for dwarfs that have ceased forming stars at present (i.e., those in

“sub-critical” halos), when they experienced the last episode of star formation.

We show this in Fig. 4.8, where the red and blue histograms delineate the distri-

bution of the youngest star particle in all APOSTLE galaxies with M200 < 1011M⊙

at z = 0. Those shaded in blue indicate star forming systems, whereas those in red

correspond to the quiescent population at the present time. Clearly, there is a large

diversity of “quenching” times, driven by the large diversity of individual halo mass

accretion histories at fixed halo mass. This is another robust prediction for the qui-

escent population of isolated dwarfs that could be addressed in future observational

studies.

4.2.2 Redshift dependence of the quiescent population

If our modeling is correct, then the quiescent population of dwarfs we discussed

above should exist at all redshifts, although the boundary between quiescent and star

forming should shift to lower masses at increasing redshift, tracking the evolution of

the critical mass. We explore this in Fig. 4.9, where we show the differential halo

mass function (averaged over the five APOSTLE volumes) at different redshifts. The
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Figure 4.8: Age distribution of the youngest star particles in APOSTLE field dwarfs
identified at z = 0 (grey data points in Fig. 4.1). Quiescent galaxies today (shaded
in red) ceased forming stars over a wide range of times in the past.

solid black lines indicate the dark halo mass function, and the cyan curve denotes

halos that have remained dark at each redshift. Green corresponds to all luminous

galaxies, split between star forming (blue) and quiescent (i.e., those that did not form

any stars in the most recent 0.5 Gyrs, in red) populations. The vertical dashed line

indicates the critical mass according to our model (black curve in Fig. 3.8).

The quiescent population is mostly contained below the critical mass threshold

at all redshifts, indicating that the critical mass model is still a valid threshold for

star formation at other redshifts. The differentiation between populations becomes

less neat at higher redshift, with an increasing function of sub-critical halos hosting

star forming dwarfs. This is most likely because our definition of “star forming” uses

a fixed time window of 0.5 Gyr to categorize systems, which represents a significant

fraction of the universe’s age at earlier times.

Another result illustrated by Fig. 4.9 is that, at all redshifts, Mcrit represents

a characteristic “threshold” for galaxy formation, in the sense that the fraction of

“dark” halos grows sharply below that mass. Indeed, the number density of lumi-

nous galaxies peaks at about the critical mass, so that, in terms of sheer numbers,

the majority of luminous field galaxies in any given volume should be faint dwarfs

inhabiting halos near the critical boundary.
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Figure 4.9: APOSTLE halo mass functions at different redshifts. Solid black lines
indicate the halo mass function, averaged over the five APOSTLE volumes considered
in this study. Star-less halos (RELHICs) are shown in light-blue, and galaxies in green.
Galaxies are further subdivided into star forming (blue) and quiescent (red), with the
critical mass at each redshift shown as a vertical dashed line.



49

4.3 Low-concentration Outliers

We return now to discuss the outlier population of low concentration halos which

formed stars below the critical mass. We focus specifically on the low-concentration

halos, because the existence of high-concentration halos forming stars below the crit-

ical mass line is not as unexpected, a result we demonstrated in section 4.1.1.

Fig. 4.10 shows a simplified version of Fig. 4.1, where only halos of concentration

c < 4 which formed stars below the APOSTLE critical mass line are shown. These

occurrences appear to be quite rare, with only 13 out of 2623 halos which started

forming stars in isolation within all five APOSTLE volumes inspected. These objects

were tracked individually, and they correspond to halos whose central gas densities are

temporarily enhanced by passage through denser regions of the cosmic web, such as a

filament or sheet of gas. This effect has already been noted by, eg. Beńıtez-Llambay

et al. (2013); Wright et al. (2019).

Figure 4.10: Simplified version of Fig. 4.1, where only halos with concentration c < 4
and which form stars below the APOSTLE critical mass (black-dashed) after reion-
ization are shown.

The history of one such object is shown in Fig.4.11, where we show three snapshots,

two preceding, and one immediately after the formation of the first star in the halo,

all centered on the low-mass halo we are tracking. There is no significant evolution

in the dark matter halo, shown in the left column, since its virial mass changes

from 108.41 to a maximum of 108.59M⊙, remaining below the critical mass at this

redshift (Mcrit ∼ 109.2M⊙). However, shown in the right-hand column, this object
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passes through a high density filament of gas, which is noticeable particularly in the

z = 3.98 panel. The passage of the halo through the filament leaves in its wake a

cometary tail of overdense gas. As the low-mass halo passes through the filament, its

central gas is compressed and enables stars to form in this otherwise sub-critical halo.

The evolution of the gas properties inside this halo are shown in Fig. 4.12, for the

same three snapshots. The left column shows the temperature and density of all the

gas particles in the volume shown as black-dots, and of the particles within the virial

radius of the low mass halo as blue-dots. The same blue-dots are shown in isolation in

the right-hand column. The main evolution over the three snapshots is the increase in

the maximum density reached by gas particles within the virial radius of the low-mass

halo. However, the snapshot in which a gas particle crossed the density threshold for

star formation was not recorded. This suggests that the increase in density above

critical occurred between two output snapshots of the APOSTLE simulation, which

were written 53 Myrs apart.

The other low-concentration outliers follow similar circumstances at the moment

they begin forming stars, while passing through a region of space with higher than

average gas density. This set of circumstances does not appear to be very common

in the Local Group field, as only 13 such objects were found in the five APOSTLE

volumes, but may be a more significant dynamic for halos that are being accreted onto

a more massive objects, such as the Milky Way and Andromeda. Satellite galaxies

were intentionally excluded from our analysis since we have restricted our analysis

to isolated dwarfs. However, it is conceivable that on the first pericentric passage

of a subhalo, prior to gas being completely removed via ram-pressure stripping, the

same force may compress the gas in the central region and allow for star formation

to briefly occur in a sub-critical halo (eg. Di Cintio et al. 2021). This mechanism

might have a significant effect on the distribution of star forming/quiescent predicted

by this work, particularly for the population of dwarf-galaxies at the boundary of the

Milky Way and the field.
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Figure 4.11: Evolution of a single low concentration halo from z = 4.36 until it formed
its first star, at z = 3.64. The left column shows the dark matter particle distribution,
and the right column the gas particles, both centered on the same halo. The blue
circle in the gas particle plot shows the virial radius of the halo, with its physical
extended labelled as R200 on the same plot.
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Figure 4.12: Temperature and density of gas particles from the snapshots shown in
Fig. 4.11 where black-dots represent any particle within the volume shown, and blue-
dots indicate that the particles are within the virial radius of the low-mass halo that
formed stars. The solid-red line shows the temperature-density relation at that red-
shift, and densities above the star formation threshold of APOSTLE are highlighted
by the blue-shaded region.
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Chapter 5

Summary

We have examined the onset of star formation in low-mass halos identified in the

APOSTLE cosmological hydrodynamical simulations. Star formation begins once

the mass of a halo reaches a characteristic “critical“ mass that may be derived us-

ing a simple model that combines the NFW mass profile of LCDM halos and the

thermodynamics of gas heated by the cosmic ionizing background.

The model assumes hydrostatic equilibrium to derive the gas density profile at

various redshifts, and identifies the critical mass where the central gas density equals

the gas density threshold for star formation adopted in the APOSTLE simulation.

This redshift-dependent critical mass, grows from ∼ 108 at z = 11.5 to ∼ 109.7M⊙

by present day, and describes quite accurately the minimum virial mass needed for a

halo to first ignite its star formation activity, especially after reionization.

The model predicts that star formation never takes place in halos that remain sub-

critical, and ceases if the halo mass drops below critical, in excellent agreement with

APOSTLE simulation results, as well as those of other recent cosmological hydrody-

namical simulations. The ionizing background thus seems to be the main mechanism

regulating star formation in field dwarf galaxies, through the interplay between the

critical mass boundary and the mass accretion history of a dwarf’s dark matter halo.

A few notable results of our analysis may be summarized as follows.

• The scatter in virial mass at the onset of star formation is tightly correlated

with halo concentration, as expected from our critical mass model. However,

the lowest concentration halos tend to exceed the virial mass predicted by the

critical mass model. This may be due to a “delay-time” between a halo crossing

the critical mass and the onset of star formation, which coupled with a concen-
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tration dependent mass assembly history, can result in the lowest concentration

halos growing well above the critical mass before forming their first star.

• The evolution of the critical mass with time is roughly parallel to the average

mass accretion history of halos near the critical regime, implying that, in gen-

eral, halos above- or sub-critical at present have remained so since early times.

This implies in a sharp decrease in the fraction of halos harboring luminous

systems below the critical mass at z = 0.

• For the same reason, dwarf galaxies at z = 0, regardless of their luminosity,

became able to form stars quite early, providing a simple and appealing expla-

nation for the ubiquitous presence of ancient stellar populations in all known

dwarfs.

• Sub-critical halos can still host luminous galaxies, but only if they were above

critical at some point in the past. However, they are expected to be quiescent,

forming a sizable population of non-star forming dwarfs at the very faint end

of the field galaxy stellar mass function. Very few such galaxies have been

discovered in the field so far, but the discovery of this population would provide

strong evidence in support of this scenario.

• Halos whose accretion histories cross the critical boundary several times during

their evolution may host several distinct episodes of star formation, without

need for environmental effects, a result that may help to explain the puzzlingly

episodic nature of star formation observed in some dwarfs.

Although this simple scenario accounts for the main features of the star formation

history of the faintest dwarfs in APOSTLE, it is important to note some of its caveats

and limitations as well. We have focused exclusively on isolated systems, mainly

because of simplicity, but note that environmental effects such as ram-pressure and

tidal stripping may dominate in dwarfs that are satellites of more massive systems.

Particularly, it was noted that systems interacting with high density filaments of

gas were capable of triggering star formation even if the halo was sub-critical. This

may have strong implications for the population of sub-critical halos interacting for

the first time with the high-density circum galactic medium of the Milky Way, and

their star formation properties. Therefore, it is important to exercise care when ap-

plying these results to the interpretation of the star formation histories of dwarfs in
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the Local Group, where satellites make up the majority of systems studied observa-

tionally in detail so far.

We also note that the use of a “polytropic equation of state” (PEoS) in APOSTLE

artificially reduces the ability of low-mass halos to form stars prior to reionization.

This rather crude numerical treatment of high-density gas means that our conclusions,

however appealing, must be treated with care, and should be scrutinized further in

future simulation work with more sophisticated treatments of the interstellar medium.

Nevertheless, we believe that many of the conclusions highlighted above will prove of

lasting value, and will provide a useful interpretive framework for future work.

5.1 Future Work

The analysis presented in this thesis provides an interesting framework with which to

study the population of star forming and quiescent field dwarf galaxies in the Local

Group.

A natural continuation of this work would be to study how the evolving critical

mass couples to the diversity of star formation histories observed for dwarf galaxies

of the Local Group. In particular, this model may be used to explain the episodic

star formation and some dwarf galaxies, in the context of excursions in the halo mass

above the critical regime.

However, there are some valid questions about whether the assumptions made for

starless dark matter halos, needed to calculate the critical mass, should also apply to

halos with stars - ie. galaxies. Two questions in particular stand out, 1) how signifi-

cant is the feedback from the stellar population in these low mass dark matter halos,

and therefore the deviation from hydrostatic equilibrium assumed, and 2) how signif-

icant is the metal enrichment of gas in these halos, and does it alter the T −ρ relation

which we used, from Fig. 3.2. These two mechanisms are included in the APOSTLE

simulation, and the simulation’s results appear to match very well with the critical

mass model. However, the deviation from hydrostatic equilibrium caused by stellar

feedback would work to increase the critical mass, while the metalicity enhancement,

by increasing radiative cooling, would decrease the critical mass. It remains a possi-

bility that these two mechanisms can, individually, have a non-negligible effect on the

critical mass, but when added together, they produce a critical mass in APOSTLE

that is similar to the one obtained under the assumption of hydrostatic equilibrium

and primordial gas composition.
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Additionally, the observed excess in virial mass of low-concentration halos in

APOSTLE compared to the critical mass raised the hypothesis of a “delay time”

between the moment a halo grows above critical and the onset of star formation.

The timescale of a “delay time” may be estimated using dynamical or sound-crossing

arguments, and be used to test if this hypothesis is valid. This would be easily imple-

mented within the mass assembly history analysis we provided (discussed in section

4.1.1).

With our analysis, it also appears that the critical mass value at present day is

applicable to a diverse set of cosmological simulations, which treated the multi-phase

ISM in more detail than APOSTLE. However, this agreement was only visible for the

aggregate of different cosmological simulations, each with differing treatments of the

ISM, with the possibility still existing that each simulation will have a slightly different

critical mass than the APOSTLE simulation. It is therefore a natural extension of

this work, to study the onset of star formation with other simulation codes, which

extend the T−ρ relation to higher densities and including the physics of self-shielding.

Additionally, a better understanding is also needed of the critical mass threshold

prior to reionization. In APOSTLE, the Polytropic Equation of State imposed on the

T − ρ relation appeared to suppress star formation by nearly 1 order of magnitude in

halo masses when compared to the atomic cooling limit.

Once the baryonic processes are more thoroughly understood, this model is ul-

timately also a test of LCDM cosmology and the structure of dark matter on the

smallest scales. In practice, the shape of the dark matter profile may be tested, be-

cause of changes expected for the critical mass if the profile is cored, as is the case

for self-interacting dark matter models, or if the average halo concentration is lower,

which is expected for warm dark matter.
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Beńıtez-Llambay, A., Navarro, J. F., Abadi, M. G., Gottlöber, S., Yepes, G., Hoffman,
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Chiti, A., Bennet, P., Crnojević, D., and Spekkens, K. (2022). Tucana B: An

Isolated and Quenched Ultra-faint Dwarf Galaxy at D=1.4 Mpc. arXiv e-prints,

page arXiv:2205.09129.



67

Sawala, T., Frenk, C. S., Fattahi, A., Navarro, J. F., Bower, R. G., Crain, R. A., Dalla

Vecchia, C., Furlong, M., Helly, J. C., Jenkins, A., Oman, K. A., Schaller, M.,

Schaye, J., Theuns, T., Trayford, J., and White, S. D. M. (2016). The APOSTLE

simulations: solutions to the Local Group’s cosmic puzzles. , 457(2):1931–1943.

Schaye, J. (2004). Star Formation Thresholds and Galaxy Edges: Why and Where.

, 609(2):667–682.

Schaye, J., Crain, R. A., Bower, R. G., Furlong, M., Schaller, M., Theuns, T., Dalla

Vecchia, C., Frenk, C. S., McCarthy, I. G., Helly, J. C., Jenkins, A., Rosas-Guevara,

Y. M., White, S. D. M., Baes, M., Booth, C. M., Camps, P., Navarro, J. F., Qu,

Y., Rahmati, A., Sawala, T., Thomas, P. A., and Trayford, J. (2015). The EAGLE

project: simulating the evolution and assembly of galaxies and their environments.

, 446(1):521–554.

Shapiro, P. R., Giroux, M. L., and Babul, A. (1994). Reionization in a Cold Dark

Matter Universe: The Feedback of Galaxy Formation on the Intergalactic Medium.

, 427:25.

Skillman, E. D., Monelli, M., Weisz, D. R., Hidalgo, S. L., Aparicio, A., Bernard,

E. J., Boylan-Kolchin, M., Cassisi, S., Cole, A. A., Dolphin, A. E., Ferguson,

H. C., Gallart, C., Irwin, M. J., Martin, N. F., Mart́ınez-Vázquez, C. E., Mayer,

L., McConnachie, A. W., McQuinn, K. B. W., Navarro, J. F., and Stetson, P. B.

(2017). The ISLAndS Project. II. The Lifetime Star Formation Histories of Six

Andomeda dSphS. , 837(2):102.

Skinner, D. and Wise, J. H. (2020). Cradles of the first stars: self-shielding, halo

masses, and multiplicity. , 492(3):4386–4397.

Somerville, R. S. (2002). Can Photoionization Squelching Resolve the Substructure

Crisis? , 572(1):L23–L26.
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Appendix A

Star-formation classification

This appendix describes how the star-formation/quiescent classification was recovered

from the different references used in producing the bottom panel of Fig. 4.6. The

classification consistent was consistent with the definition used for the APOSTLE

simulations, where any galaxy that showed evidence of star-formation within 0.5 Gyr

of present day were labelled as star-forming.

This was straightforward to implement for Jeon et al. (2017) and Wheeler et al.

(2019), which provided the star-formation histories of their simulated galaxies. See

Fig. A.1 for an example of the dwarf galaxy SFH provided, where the green and pink

galaxies were the only ones labeled star-forming.

For Rey et al. (2022), the star-forming classification were provided in the paper:

star-forming galaxies have SFR of ∼ 10−5M⊙yr
−1, and the quiescent galaxies have

not experience any star-formation since z ∼ 4. This classification is broadly in line

with the classification used for the APOSTLE simulation

For Fitts et al. (2017), the method employed was not as robust. Here we used

the cumulative stellar mass (CSM) history shown Fig. A.2. The CSM of two galaxies

reached the terminal value of 1 before z = 0, while all other galaxies continued forming

stars until present day. The corresponding halo and stellar mass of these quiescent

galaxies was recovered from their Table. 1, because only two of their galaxies had no

cold-gas remaining. The remaining galaxies were labeled star-forming.

For Wright et al. (2019), the CSM (shown in Fig. A.3) was used in conjunction with

their classification of star-formation histories (dead, stripped, gappy, and continuous).

Dead and stripped galaxies all reached the terminal value of 1 in their CSM prior to

z = 0, and are labelled quiescent. All continuous galaxies only reach CSM=1 at

present day, so they are labelled star-forming. Two of their gappy CSM are seen
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Figure A.1: Star-formation histories of dwarf galaxies from the Jeon et al. (2017)
cosmological simulation. Only the green and pink galaxies are labeled star-forming
under our classification scheme.



73

Figure A.2: Cumulative stellar mass formation history of dwarf galaxies form Fitts
et al. (2017).
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Figure A.3: Cumulative stellar mass formation history of dwarf galaxies form Wright
et al. (2019).

reaching the CSM=1 value prior to z = 0, so they are labelled quiescent, while the

remaining 4 of the same classification at labelled star-forming.
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