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ABSTRACT

I use cosmological hydrodynamic simulations to investigate different aspects of the

evolution of galaxies and massive black holes across cosmic time. First, I present high

resolution “zoom-in” simulations including various prescriptions for galactic outflows

designed to explore the impact of star-formation driven winds on the morphological,

dynamical, and structural properties of individual galaxies from early times down

to z = 2. Simulations without winds produce massive, compact galaxies with low

gas fractions, super-solar metallicities, high bulge fractions, and much of the star

formation concentrated within the inner kpc. I show that strong winds are required to

suppress early star formation, maintain high gas fractions, redistribute star-forming

gas and metals over larger scales, and increase the velocity dispersion of simulated

galaxies, more in agreement with the large, extended, turbulent disks typical of high-

redshift star-forming galaxies.

Next, I combine cosmological simulations with analytic models of black hole

growth to investigate the physical mechanisms driving the observed connection be-

tween massive black holes and their host galaxies. I describe a plausible model consis-

tent with available observations in which black hole growth is limited by galaxy-scale

torques. In this torque-limited growth scenario, black holes and host galaxies evolve

on average toward the observed scaling relations, regardless of the initial conditions,

and with no need for mass averaging through mergers or additional self-regulation

processes. Outflows from the accretion disk play a key role by providing significant

mass loss, but there is no need for strong interaction with the inflowing gas in order

to regulate black holes in a non-linear feedback loop. I discuss some of the main

implications of this scenario in the context of current observations, including the dis-

tribution and evolution of Eddington ratios, the connection between major galaxy

mergers, star formation, and nuclear activity, and the rapid growth of the first black

holes in the early universe.

Finally, I present preliminary results from simulations including a fully consistent

treatment of black hole accretion and feedback indicating that the effects of powerful

accretion-driven outflows on black hole growth itself may have a more limited impact

than previously thought.
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Chapter 1

INTRODUCTION

1.1 Cosmological framework

In the currently favored paradigm for the formation of cosmic structure, based on

the ΛCDM concordance cosmology and the theory of cosmic inflation, the collapse of

primordial density fluctuations by gravitational instability in the early universe and

the subsequent hierarchical build-up of structure give rise to the galaxy population

that we see today. The geometry of space-time in the standard cosmological model

is related to the matter-energy distribution in the universe according to Einstein’s

theory of general relativity. Precise observations of the Cosmic Microwave Back-

ground (CMB) by the Wilkinson Microwave Anisotropy Probe (WMAP; Hinshaw et

al., 2013), Plank (Ade et al., 2013), and other CMB experiments have shown that the

universe was extremely uniform early after the Big Bang, when electrons and protons

first combined to form neutral hydrogen and matter and radiation decoupled. The

observed CMB temperature map reveals a highly isotropic universe on large scales,

after removing the emission from our Galaxy and the dipolar component due to its

peculiar motion, with temperature fluctuations with an amplitude of only ∼ 10−5 —

these anisotropies represent the density fluctuations the would become the seeds for

the later growth of cosmic structure. The large-scale spatial distribution of galaxies

revealed by surveys such as the 2dF Galaxy Redshift Survey (Colless et al., 2001)

and the Sloan Digital Sky Survey (York et al., 2000) provides further support for

the spatial isotropy of the universe on large scales. The additional assumption of

spatial homogeneity (our location in the universe is not to be special), leads to the

Friedmann-Robertson-Walker (FRW) metric as the simplest preferred description of

the large-scale averaged geometry of the universe.

The dynamics of the FRW metric is contained in the scale factor, which describes

the physical distance between any two points relative to their positions in the cos-

mological background, and its evolution depends on the matter-energy content of

the universe and the properties of its different components. The existence of dark

matter was first proposed to account for the missing luminous mass inferred from
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the orbital velocities of galaxies in clusters (Zwicky, 1933) and their rotational veloc-

ities (Rubin, 1983), and later indicated by other independent observations including

gravitational lensing (Wittman et al., 2000), baryon acoustic oscillations (Percival

et al., 2010), and the angular spectrum of the CMB temperature fluctuations (Hin-

shaw et al., 2013). Besides being non-luminous, dark matter is well constrained to

be non-baryonic by, e.g., Big Bang nucleosynthesis, which sets an upper limit for the

abundance of baryonic matter in the universe well below the total matter density

required by independent estimates (Burles et al., 2001). While its composition re-

mains unknown, a significant amount of non-baryonic Cold Dark Matter (CDM; i.e.,

non-relativistic before decoupling) is required to enhance the formation of large-scale

structure in the universe. On the other hand, with the expansion of the universe

known since the early measurements of galaxy receding velocities and distance es-

timates based on the relation between luminosity and pulsation period of Cepheid

stars (Hubble, 1929), measurements of the light curves of Type Ia supernovae led to

the discovery of the accelerated expansion of the Universe and the need for another

exotic component to the total matter-energy density (Perlmutter et al., 1999; Riess

et al., 1998). This accelerated expansion is attributed to a dark energy field which,

in its simplest version, takes the form of a cosmological constant “Λ”.

During the last two decades, a wealth of data from CMB detection experiments,

Type Ia supernovae, baryon acoustic oscillations, and many other independent obser-

vations have converged to and continued to validate the now standard cosmological

model. According to the currently measured “ΛCDM” cosmology, the universe is

nearly flat, the cosmological constant is responsible for ∼ 70% of the present day

matter-energy density, cold dark matter accounts for ∼ 25%, and only the remaining

∼ 5% of the total matter-energy content of the universe is made of normal baryonic

matter out of which stars and galaxies form. This standard cosmology is comple-

mented by the theory of cosmic inflation (Fang, 1980; Guth, 1981; Linde, 1982),

which postulates that the universe underwent a period of exponential expansion at

very early times, explaining the observed degree of isotropy in the CMB and pro-

viding the initial conditions for the perturbations around the background metric by

amplification of quantum fluctuations to macroscopic scales. In most of its variants,

cosmic inflation predicts a universe with negligible curvature seeded with nearly scale-

invariant Gaussian perturbations, in agreement with CMB and other constraints.
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1.2 Galaxy formation in modern cosmology

ΛCDM together with inflation provide the framework as well as the initial con-

ditions for galaxy formation. The galaxy population today represents an extremely

diverse group of objects, from the faintest dwarf galaxies with irregular shapes, to the

extended disks of spiral galaxies, to the biggest ellipticals at the centers of clusters.

In the nearby universe, observations across the spectrum are providing increasingly

detailed information about the sizes and stellar masses of galaxies, their structural

and kinematic properties, their molecular, neutral atomic and ionized gas compo-

nents, the age and metallicity of their stellar populations, the current and past rates

of star formation, and the level of activity of their central nuclei, associated with

gas accretion onto a central supermassive black hole. Most notably, the advent of 8–

10m class ground-based telescopes as well as space-based observatories have enabled

the study of distant galaxies at progressively higher redshifts with an unprecedented

level of detail, allowing the characterization of not only the properties of the galaxy

population at the present time but also its evolution across cosmic time. Unsurpris-

ingly, understanding the physical origin of such rich phenomenology from the tiny

density fluctuations in the early universe has become a major challenge in modern

astrophysics.

The initial growth of density perturbations can be calculated analytically through

linear perturbation theory (e.g., Press & Schechter, 1974), but it fails once a given

overdensity decouples from the expansion of the universe and collapses to form a

virialized dark matter halo. Further progress into the non-linear regime and the sub-

sequent hierarchical build-up of structure requires direct numerical modeling. Large

N-body computer simulations following the evolution of the dark matter component

in the framework of ΛCDM (e.g., Klypin et al., 2011; Springel et al., 2006) have been

very successful in reproducing the large scale structures inferred from large galaxy

surveys and observations of the Lyman-alpha forest (the numerous absorption lines in

the spectrum of distant quasars arising from the absorption of Lyman-alpha emission

by clouds of neutral hydrogen in the intergalactic medium at different redshifts). It is

clear, however, that a detailed understanding of galaxy formation requires modeling

the physics of the baryonic component as well, which, after all, makes the visible

universe and provides the link between the underlying large scale structure and the

galaxies that we observe. Indeed, a comparison between the mass distribution of

dark matter halos in simulations and the observed distribution of stellar mass for
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a galaxy population (known as the halo mass function and stellar mass function,

respectively) reveals that the luminous matter is a biased tracer of total mass (Ben-

son et al., 2003). Furthermore, observations of the abundance of satellite galaxies

and the kinematics of dwarf galaxies appear to be in tension with direct predictions

of dark matter simulations in the context of ΛCDM, which require the addition of

known baryonic physics or, perhaps, even a modification of the standard cosmological

model (Primack, 2009).

Semi-analytic models take a step further by linking galaxy evolution with the

hierarchical growth of dark matter halos extracted from N-body simulations (or gen-

erated by Monte Carlo methods) by using simple analytic parameterizations of bary-

onic physics combined with ad-hoc assumptions about the effects of halo mergers on

the efficiency of star formation, the morphological transformation of galaxies, and

other relevant processes (Benson et al., 2003; Bower et al., 2006; Croton et al., 2006;

Somerville et al., 2008). While very successful in describing the observed galaxy

population and a valuable tool for the identification of key feedback processes oper-

ating in galaxies, semi-analytic models provide only limited insight into the complex

hydrodynamical processes that shape galaxies in connection with the intergalactic

medium. Improving our fundamental understanding of galaxy formation and testing

the currently favored ΛCDM paradigm against competing cosmological models re-

quire the comparison of precise measurements provided by current and future galaxy

surveys with equally precise and robust theoretical models.

Full cosmological hydrodynamic simulations attempt to increase the predictive

power of theoretical models by direct computation of baryonic physics, from the col-

lapse of density fluctuations in the early universe, to the shock heating and radiative

cooling of gas within hierarchically-growing dark matter halos, the subsequent for-

mation of stars from the cold gas, and the effects of eventual galaxy interactions

and mergers in an otherwise expanding universe. The significant increase in com-

plexity of this approach naturally translates into being substantially more expensive

computationally than, e.g., semi-analytic models, which, in practice, results in ei-

ther limited spatial resolution or limited size of the simulated volume (or both).

Nonetheless, cosmological hydrodynamic simulations have now matured to the point

that they yield galaxy populations broadly in agreement with observations across a

range of redshifts (e.g., Davé et al., 2011a,b; Kannan et al., 2013; McCarthy et al.,

2012; Torrey et al., 2013). While there are still many discrepancies with even the

latest models (e.g., Weinmann et al., 2012), overall it appears that the galaxy popu-
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lation is in general agreement with expectations from a ΛCDM cosmology, combined

with numerous feedback mechanisms from star formation, photo-ionizing radiation,

and active galactic nuclei that help establish the properties of galaxies assembling

within hierarchically-growing halos. The emerging paradigm is that galaxy evolution

is governed by a balance between inflows from the intergalactic medium and power-

ful, ubiquitous outflows that intimately connect galaxies and their surroundings in a

“baryon cycle” of exchanging mass, energy, and metals (Davé et al., 2012; Lilly et

al., 2013).

Much of the recent work in galaxy formation modeling has focused on extending

and improving sub-grid physics in simulations, including star formation, black hole

growth, and related feedback mechanisms. This dissertation explores several aspects

of galaxy formation and evolution of much current activity, focusing on two of the

main ingredients of modern cosmological hydrodynamic simulations. Section 1.3

briefly introduces the concept and importance of galactic winds, which will be the

focus of Chapter 2, and Section 1.4 introduces the connection between central massive

black holes and their host galaxies, which is explored in detail in Chapters 3, 4, and 5.

Most of the work presented here is based on cosmological hydrodynamic simulations

performed with a significantly extended version of the Gadget-2 code (Springel,

2005), which is described in Section 1.5.

1.3 Galactic winds

Large-scale galactic winds are observed from the local to the high redshift universe

and likely play a central role in the evolution of galaxies and the intergalactic medium

(Veilleux et al., 2005). In the low-redshift universe, powerful winds appear to be

linked to periods of intense star formation in starbursts and luminous infrared galaxies

(Martin, 2005; Rupke et al., 2005). With a significant increase in the average star

formation activity at earlier times, it is now becoming evident that strong galactic

outflows are ubiquitous in high-redshift galaxies, as suggested by the high frequency

of blue-shifted rest-frame UV absorption lines (e.g., Weiner et al., 2009) and broad Hα

emission-line profiles (e.g., Genzel et al., 2011). Measurements of mass outflow rates

indicate that these winds may carry out masses comparable to the star formation

rates in galaxies (Genzel et al., 2011; Steidel et al., 2010).

In galaxy formation modeling, outflows are the primary candidate for regulating

the gas content in galaxies as well as its metallicity, while also explaining the enrich-
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ment of the intergalactic medium with metals produced through star formation in

galaxies. The physical origin and launching mechanism of galactic winds is still in de-

bate (e.g., Dekel & Krumholz, 2013), but it is most commonly attributed to energy

and/or momentum input from supernovae and/or radiation pressure from massive

stars (Murray et al., 2005). Idealized galaxy scale simulations (Springel & Hernquist,

2003a) and cosmological simulations (Oppenheimer & Davé, 2006) have shown that

the injection of energy from supernova explosions in the form of kinetic outflows can

be effective in removing gas from galaxies and regulating star formation, potentially

solving some long-standing issues in galaxy formation modeling.

In Chapter 2, I use high resolution cosmological hydrodynamic simulations to

investigate the impact of galactic winds on the morphological, dynamical, and struc-

tural properties of high-redshift galaxies. Specifically, I evaluate the effects of various

prescriptions for galactic outflows at the level of individual galaxies, including an ob-

servationally and theoretically motivated parameterization of momentum-conserving

winds, where radiation from massive stars is absorbed by dust that collisionally cou-

ples to the gas, resulting in winds with outflowing masses and velocities that depend

on the circular velocity of galaxies. Building on the success of previous large-scale

simulations (Davé et al., 2011a,b; Oppenheimer & Davé, 2008, 2010), I show that high

resolution simulations including momentum-driven winds can produce disk galaxies

similar to those observed during the peak epoch of cosmic galaxy growth.

1.4 Massive black holes and galaxies

There is by now ample evidence that supermassive black holes reside at the center

of most sizeable galaxies (e.g., Ferrarese & Ford, 2005). During the last two decades,

observations of local galaxies have established a number of well-defined relationships

between the mass of the central black hole and stellar properties of the host galaxy

such as the mass of the central bulge (MBH–Mbulge relation; Häring & Rix, 2004;

Magorrian et al., 1998), the concentration or Sérsic index (Graham et al., 2001),

the bulge velocity dispersion (MBH–σ relation; Ferrarese & Merritt, 2000; Gültekin

et al., 2009; McConnell et al., 2011; Tremaine et al., 2002), the virial bulge mass

(Marconi & Hunt, 2003), the spheroid binding energy (Aller & Richstone, 2007),

and even the mass of the dark matter halo (Ferrarese, 2002). The tightness of these

correlations suggests that there is a close connection between the formation and

evolution of galaxies and their central black holes. Moreover, the similarity between
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the global cosmic star formation history (Madau et al., 1996) and the evolution of

quasar abundances (Boyle & Terlevich, 1998), as well as the apparent connection of

starburst events and active galactic nuclei (AGNs) in individual objects (Kauffmann

et al., 2003) provide further support for a link between galaxy formation and accretion

onto a central black hole. Understanding this connection can have broad implications

in galaxy evolution and the formation of massive black holes in the early universe.

Analytic arguments suggest that the observed black hole–galaxy correlations might

arise from the coupling of energy and/or momentum from radiation emitted by the

black hole accretion process to the surrounding galaxy (a process known as black hole

or AGN feedback), leading to the idea of self-regulated growth and the co-evolution

of black holes and galaxies (Begelman & Nath, 2005; Fabian, 1999; King, 2003; Mc-

Quillin & McLaughlin, 2012; Murray et al., 2005; Silk & Rees, 1998). The energy

produced by accretion onto the black hole can easily exceed the binding energy of its

parent galaxy and, therefore, even if a small fraction of this energy is transferred to

the surrounding gas, black hole feedback can have a profound effect on the evolution

of its host galaxy (Fabian, 2012). This interpretation has been particularly attrac-

tive for galaxy formation models since both semianalytic models and cosmological

hydrodynamic simulations require the injection of additional energy to prevent the

overcooling of gas and the subsequent runaway formation of stars (e.g., Croton et al.,

2006; Gabor et al., 2011; Somerville et al., 2008; Teyssier et al., 2011). AGN feedback

is often invoked as the source of this energy.

Motivated by these ideas, an increasing number of studies have now incorporated

models for black hole growth and feedback into idealized galaxy scale simulations as

well as full cosmological simulations (e.g., Booth & Schaye, 2009; Choi et al., 2012;

Debuhr et al., 2011; Di Matteo et al., 2008; Dubois et al., 2012; Kim et al., 2011;

Power et al., 2011; Springel et al., 2005b). Since the numerical resolution required

to self-consistently follow gas inflows from ∼ 10 kpc host-galaxy scales down to the

central black hole (∼ 10−6 pc for the Schwarzschild radius of a 107M⊙ black hole)

is out of reach for current computers, simulations must rely on “sub-grid” models

to infer black hole accretion rates based on the physical properties of the surround-

ing gas at the scales resolved in the simulation. Likewise, feedback models must

be introduced in order to parameterize the effects of energy released at unresolved

scales on the typically much larger resolved scales. Recent cosmological simulations

including coupled black hole accretion-feedback models have contributed to establish

a paradigm in which black hole growth is self-regulated by feedback from the black



21

hole itself (e.g., Di Matteo et al., 2005).

While successful in explaining a number of observations, most popular accretion-

feedback models remain tied to a variety of assumptions that may be poorly justified

in real systems. Importantly, the transport of angular momentum of the inflowing gas

from galactic scales down to the accretion disk around the central black hole, arguably

the primary limiting factor for fueling active galactic nuclei (Jogee, 2006), is usually

poorly treated or even neglected in simulations. Furthermore, there are significant

concerns related to the overall efficiency of feedback required by self-regulated mod-

els (Cen, 2012; Silk & Nusser, 2010) and the intrinsic degeneracy often suffered by

coupled accretion-feedback models (Newton & Kay, 2013; Wurster & Thacker, 2013).

In Chapters 3 and 4, I investigate the physical mechanisms driving the observed con-

nection between massive black holes and galaxies critically evaluating the recurrent

assumptions implied by feedback-regulated models. By combining high resolution

cosmological simulations of galaxy formation together with analytic models of black

hole growth, I show that such strong self-regulation is not required in a plausible

alternative model in which black hole growth is limited by galaxy-scale torques. In

Chapter 5, I present preliminary results from the first cosmological hydrodynamic

simulations including fully-consistent models of torque-limited black hole growth and

outflows.

1.5 Cosmological simulations with Gadget-2

Cosmological hydrodynamic simulations have become a powerful tool to investi-

gate the formation and evolution of galaxies, making a direct link between basic ana-

lytic theory and observations. Unlike semi-analytic models, the dynamics of the dark

matter and baryonic components, as well as their interaction, is computed explicitly

from the tiny primordial density fluctuations to the collapse of virialized structures

and the subsequent formation of galaxies. While cosmological hydrodynamic simula-

tions still depend on sub-grid models to parameterized a variety of physical processes,

the number of assumptions and free parameters are greatly diminished relative to

semi-analytic models, approaching the final goal of reducing galaxy formation to an

initial value problem.

The simulations presented in this dissertation were run with an extended version

of the N -body + smoothed particle hydrodynamics (SPH) cosmological galaxy for-

mation code Gadget-2 (Springel, 2005). Significant additions to the public version
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of the code have been described in Oppenheimer & Davé (2008) and include models

for gas cooling, star formation, chemical enrichment, and galactic outflows. This

section summarizes the main features of Gadget-2.

The computation of gravitational forces represents the basis for any cosmological

galaxy formation code. The dark matter and gas mass distributions are discretized

into particles in Gadget-2, which allows the use of N-body methods for the grav-

ity computation. Gadget-2 employs a Tree-Particle-Mesh (TPM) algorithm (e.g.,

Bode & Ostriker, 2003) in order to achieve the high dynamic range and performance

require by cosmological structure formation. A clouds-in-cell assignment is used to

project the particle mass distribution onto a three-dimensional mesh (Hockney &

Eastwood, 1981), which allows the efficient computation of long-range gravitational

accelerations by means of a Fast Fourier Transform (FFT), incorporating quite nat-

urally the contribution from periodic boundary conditions. This is combined with

a hierarchical multipole expansion (“tree algorithm”; e.g., Barnes & Hut, 1986) to

compute the short-range forces efficiently even when the particle distribution becomes

highly clustered. The tree is only walked in a small region around each particle and,

therefore, does not require corrections for periodic boundary conditions. The same

tree is also used in the neighbor search for computing hydrodynamic forces (see be-

low). In addition to the traditional TPM method, Gadget-2 allows the use of a

second, non-periodic mesh that may cover a high resolution region such that the

long-range forces are calculated in two steps. This approach is particularly efficient

for cosmological “zoom-in” simulations, where most resolution elements are located

within a small fraction of the full computational volume.

The large dynamic range in time-scales encountered in cosmological structure

formation represents a significant challenge to simulations, where the timesteps re-

quired in high-density regions in galaxies can be orders of magnitude smaller than the

timesteps required in the low-density intergalactic medium. Gadget-2 deals with

this by implementing temporal adaptivity using a power-of-two timestep binning,

where particle accelerations are computed only for “active” particles according to

their individual time steps, with the rest being evolved in longer timesteps. Despite

having particles at a large range of timesteps, this algorithm is nearly symplectic

(Quinn et al., 1997; Springel, 2005), which is crucial when evolving particles over the

many orbital times over the age of the Universe.

The force exerted by thermal pressure on fluid elements is computed in Gadget-

2 using an entropy-conservative formulation of SPH (Springel & Hernquist, 2002).
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SPH is a Lagrangian hydrodynamics scheme optimal for studying galaxy formation

because it is fully adaptive in space and time. For a given computational expense,

SPH generally achieves higher dynamic range than adaptive-mesh grid codes (Kang

et al., 1994), since it naturally concentrates the work on the dense regions of in-

terest. SPH is entirely particle-based, making it intuitively easy to combine with

particle-based gravity codes such as tree codes (Hernquist & Katz, 1989). SPH uses

kernel-smoothed estimates of the density and pressure gradient to determine the hy-

drodynamic acceleration. The pressure is obtained using an ideal gas equation of

state and the thermal energy is evolved including the effects of shocks via a curl-free

artificial viscosity (Balsara, 1995) and photoionization heating (starting at z = 9)

via a spatially uniform, optically thin UV background (Haardt & Madau, 2001). Ra-

diative cooling from primordial gas assuming ionization equilibrium as in Katz et al.

(1996) is complemented by metal-line cooling using the collisional ionization equilib-

rium tables of Sutherland & Dopita (1993). The production of four metal species

(carbon, oxygen, silicon, and iron) from Type Ia and Type II supernovae (SNe) and

asymptotic giant branch (AGB) stars is computed using metallicity-dependent yields

as described in Oppenheimer & Davé (2008). Delayed energy feedback from Type Ia

SNe and mass loss from AGB stars are included explicitly, while thermal feedback

from Type II SNe is included implicitly in the star formation model.

Star formation is modeled using the sub-grid prescription of Springel & Hernquist

(2003a). Gas particles that are sufficiently dense to become Jeans unstable (n >

0.13 cm−3) are treated as a two-phase interstellar medium (ISM) consisting of hot

gas that condenses into cold star-forming clouds via a thermal instability (McKee &

Ostriker, 1977). Stars form from the cold phase and thermal feedback from Type II

SNe causes the evaporation of cold clumps into the hot medium. Star formation is

implemented probabilistically, such that at any given step, a sufficiently dense gas

particle can spawn a star based on a Schmidt law (Schmidt, 1959). The star particle’s

mass is half the original gas particle mass. The resulting SFRs are tuned to be in

accord with the observed Kennicutt (1998a) relation.

The simulations presented in this dissertation include a galactic outflow mech-

anism that imparts kinetic energy to gas particles, which is identical to that used

in large-scale simulations of, e.g., Davé et al. (2011a,b). The outflow is described

by two parameters, the wind speed vw and the mass loading factor η, which is the

mass outflow rate in units of the SFR. If a particle is eligible to form stars, it is

likewise eligible to be kicked into an outflow, with a probability given by η times the
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star formation probability. If selected, the gas particle is kicked with a velocity vw

in the direction v × a, where v and a are the particle’s instantaneous velocity and

acceleration. Hydrodynamic forces are turned off until the particle reaches a density

of 0.013 cm−3, or a time of 20 kpc/vw has passed (Oppenheimer & Davé, 2008). De-

coupling from hydrodynamics allows outflowing gas to escape from the galactic ISM

and travel to large distances as observed in z ≈ 2 galaxies (Steidel et al., 2010), a

process not properly captured at the resolution of our simulations, and also yields

results that are less sensitive to numerical resolution (Springel & Hernquist, 2003b).

Similar implementations of galactic outflows have been used in recent zoom simula-

tions (Genel et al., 2012b) as well as full cosmological simulations (Barai et al., 2013;

Puchwein & Springel, 2013).

Choices for the outflow velocity, vw, and the mass loading factor, η, define the

different “wind models” that are used throughout this dissertation:

• No wind model (nw): Galactic winds are turned off (η = 0).

• Constant wind model (cw): vw = 680 km s−1 and η = 2 for all galaxies at all

times.

• Momentum-driven wind model (vzw): The kick velocity scales with galactic

velocity dispersion, σ, and the mass loading factor scales as 1/σ, as in the

momentum-conserving case (Murray et al., 2005). Following Oppenheimer &

Davé (2008), vw = 3σ
√
fL − 1 and η = σ0/σ, where fL is the (metallicity

dependent) critical luminosity necessary to expel gas from the galaxy and σ0 =

150 km s−1. An on-the-fly galaxy finder is used to calculate galaxy masses that

are then converted to σ using standard relations (Mo et al., 1998).

Overall, this treatment of metal production and galactic winds has been successful

in reproducing a broad range of observations including the chemical enrichment of

the intergalactic medium at z > 2 (Oppenheimer & Davé, 2006, 2008), the luminosity

function of high-redshift galaxies (Davé et al., 2006; Finlator et al., 2007), and the

galaxy mass–metallicity relation (Davé et al., 2011b; Finlator & Davé, 2008). In addi-

tion, as shown in Chapter 2, high-resolution simulations including momentum-driven

winds have been successful in reproducing many of the star formation, morphological,

and kinematic properties of z = 2 galaxies (Anglés-Alcázar et al., 2014). Figures 1.1

and 1.2 illustrate the complexity and potential of data obtained by means of these

cosmological hydrodynamic simulations.
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Throughout this dissertation, I assume a Chabrier (2003) initial mass function

(IMF) and a ΛCDM concordance cosmology with parameters ΩΛ = 0.72, ΩM = 0.28,

Ωb = 0.046, h = 0.7, σ8 = 0.82, and n = 0.96, consistent with five-year WMAP

data combined with baryon acoustic oscillations and SNe constraints (Komatsu et

al., 2009) as well as the final nine-year WMAP data (Hinshaw et al., 2013).
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Figure 1.1 Face-on (top) and edge-on (bottom) views of a simulated galaxy at z = 2. We show the distribution of dark

matter (left), the projected gas surface density color-coded by temperature (middle), and the projected stellar mass

surface density. The region shown is ∼ 200 kpc (physical) across.
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Figure 1.2 Edge-on projected gas surface density for the z = 2 simulated galaxy shown in Figure 1.1. The color scale

in the left panel indicates the mass-weighted radial velocity with respect to the center of the galaxy, highlighting the

spatial distribution of inflowing and outflowing gas in blue and red colors, respectively. The color scale in the right panel

is proportional to the gas-phase metallicity, illustrating the connection between galactic outflows and metal enrichment.
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Chapter 2

COSMOLOGICAL ZOOM SIMULATIONS OF z = 2

GALAXIES: THE IMPACT OF GALACTIC OUTFLOWS

2.1 Introduction

The epoch around redshift z ∼ 2 is the most active period of cosmic star forma-

tion (Hopkins & Beacom, 2006; Madau et al., 1996), and appears to be the period

when the familiar Hubble sequence first began to emerge. It is thus a critical epoch for

understanding how galaxies form, grow, and evolve into the populations we see today.

The advent of near-infrared integral field spectrometers on 8–10m class ground-based

telescopes has enabled spatially and spectrally resolved observations of an increasing

number of galaxies at this epoch (e.g., Alaghband-Zadeh et al., 2012; Cresci et al.,

2009; Förster Schreiber et al., 2009, 2006; Law et al., 2009; Swinbank et al., 2012b;

Wright et al., 2009). These studies are complemented by space-based observations

with Hubble, enabling a detailed study of the distributions of star formation and stel-

lar populations (e.g., Elmegreen et al., 2009, 2004; Wuyts et al., 2012), and Spitzer

and Herschel, providing infrared data that better constrains the total stellar mass

and bolometric emission of these galaxies (e.g., Nordon et al., 2010; Rodighiero et

al., 2010; Wuyts et al., 2011). Such data are providing a comprehensive view of the

structure, kinematics, and star formation properties of galaxies at early stages of

their evolution.

These observations provide new and unexplored avenues with which to constrain

models of galaxy formation and evolution. In particular, the resolved (both spatially

and spectrally) information that is now available provides detailed constraints on

the assembly of galaxies at z ∼ 2. The galaxy population at this epoch displays

a remarkable level of diversity, with many properties unlike anything seen locally,

from extremely compact and (relatively) quiescent ellipticals (Barro et al., 2013; van

Dokkum et al., 2008), to extended turbulent and clumpy disks (Förster Schreiber et

al., 2009; Genzel et al., 2011), to galaxies forming stars at hundreds to thousands of

solar masses per year (Alaghband-Zadeh et al., 2012; Chapman et al., 2010; Targett

et al., 2013). Capturing this diversity, both qualitatively and quantitatively, presents
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an enormous challenge for galaxy formation models, one that is only now beginning

to be addressed using the latest computational tools.

Resolved studies of distant galaxies present a new challenge to such models. In

order to meet this challenge, numericists have begun to employ the “zoom” technique

to expand the dynamic range sufficiently to model such observations. In zoom simu-

lations, a sub-volume extracted from a larger volume is re-simulated at significantly

higher resolution, providing a substantial increase in resolution at a manageable com-

putational cost. Such simulations can simultaneously capture the crucial baryon cycle

on larger scales, while still achieving sufficiently high enough resolution to robustly

model the internal structure and dynamics of galaxies.

While inflows are generally well-predicted within the ΛCDM paradigm (albeit

difficult to detect), galactic outflows remain a highly uncertain and poorly constrained

ingredient in galaxy formation models. It is now evident that powerful galactic

outflows are ubiquitous in high-redshift galaxies, as indicated by the high frequency

of blue-shifted rest-frame UV absorption lines (e.g., Kornei et al., 2012; Martin et al.,

2012; Steidel et al., 2010; Weiner et al., 2009) and broad Hα emission-line profiles (e.g.,

Genzel et al., 2011; Newman et al., 2012). These winds carry out masses comparable

to the star formation rates (SFRs; Genzel et al., 2011; Steidel et al., 2010), though

these estimates can be uncertain by an order of magnitude. Hence outflows are likely

to play a central role in the evolution of galaxies and the IGM.

Theoretically, outflows are the primary candidate for regulating the baryon and

metal content of galaxies, while concurrently explaining the enrichment of the IGM.

The physical origin and launching mechanism of such outflows is still in debate,

and it is usually attributed to energy and/or momentum input from supernovae

(SNe) and/or radiation pressure from massive stars (Krumholz & Thompson, 2013;

Murray et al., 2005, 2010). Galaxy scale and cosmological simulations by Springel

& Hernquist (2003a,b) showed that the injection of energy from SNe in the form of

kinetic outflows with constant velocity can be effective in removing gas from galaxies,

potentially solving the overcooling problem by regulating SFRs and enriching the

IGM.

However, observations of dwarf starbursts and low-redshift luminous infrared

galaxies (Martin, 2005; Rupke et al., 2005) as well as higher redshift galaxies (Weiner

et al., 2009) suggest that the properties of galactic outflows scale with galaxy properties—

galaxies with higher masses and SFRs drive faster and more energetic winds—in broad

agreement with predictions of momentum-driven models (Murray et al., 2005). In
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the momentum-driven wind scenario, radiation from massive stars is absorbed by

dust that collisionally couples to the gas, resulting in galactic outflows for which the

velocity and mass loading factor (i.e., the mass loss rate relative to the SFR) scale lin-

early and inversely, respectively, with the circular velocity of galaxies. These scalings

are also favored by recent high-resolution galaxy-scale simulations including explicit

stellar feedback models (Hopkins et al., 2012), though there are concerns regarding

the efficiency of radiative momentum coupling required to drive sufficiently strong

outflows (Dekel & Krumholz, 2013; Krumholz & Thompson, 2013).

Oppenheimer & Davé (2006, 2008) implemented a variety of outflow models into

cosmological hydrodynamic simulations of galaxy formation, and found that the scal-

ings arising for momentum-driven winds yielded a significant improvement over the

original Springel & Hernquist (2003b) “constant wind” models toward matching a

wide range of observables, including (1) the chemical enrichment of the IGM at z > 2

(Oppenheimer & Davé, 2006, 2008), (2) the luminosity function of high-redshift galax-

ies (Davé et al., 2006; Davé et al., 2011b; Finlator et al., 2007), and (3) the galaxy

mass–metallicity relation (Davé et al., 2011a; Finlator & Davé, 2008). However, with

spatial resolution of typically several kpc, these simulations were unable to examine

the internal structural properties of galaxies on sub-kpc scales.

Here, we use cosmological hydrodynamic zoom simulations including galactic out-

flows using the exact same prescriptions as in Davé et al. (2011a) to make predictions

for internal structure and dynamics of eight re-simulated galaxies (Anglés-Alcázar et

al., 2014). Our modeling is similar to that used in Genel et al. (2012b), who focused

on studying the properties of star-forming clumps (Förster Schreiber et al., 2011;

Genzel et al., 2011) in models with and without winds, finding that a similar wind

prescription provided both realistic suppression of star formation while disrupting

clumps on short timescales. Here, we examine the impact of galactic outflows on

the morphological, dynamical, and star formation properties in a sample of eight

re-simulated central galaxies in two re-simulated regions, and compare these proper-

ties to observations from various surveys, focusing particularly on the Spectroscopic

Imaging survey in the Near-infrared with SINFONI (SINS) Survey of z ∼ 2 galaxies

(Förster Schreiber et al., 2009).

We begin by describing our simulations in Section 2.2 and present and overview

of the sample of simulated galaxies in Section 2.3. We analyze the impact of galac-

tic outflows on the time evolution and radial structure of three example galaxies in

Section 2.4, where we also evaluate the effects of different wind models on global
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properties of galaxies such as halo baryonic fractions and cosmic star formation effi-

ciencies, and their rotation curves. In Section 2.5 we compare the properties of our

simulated galaxies to available spatially and spectrally resolved observations of z ∼ 2

galaxies. We present resolution convergence tests of our key results in Section 2.6

and we summarize our results in Section 2.7.

2.2 Simulation runs and analysis

Our simulations were run with the extended version of the N -body + SPH cosmo-

logical galaxy formation code Gadget-2 (Springel, 2005) described in Section 1.5.

Current high-resolution near-infrared observations being carried out by adaptive

optics-assisted 10m class telescopes as well as the Hubble Space Telescope are able to

resolve ∼ 1 kpc scales at z ∼ 2 (e.g., Förster Schreiber et al., 2011; Kartaltepe et al.,

2012). In order to get full advantage of these observations, we used the “zoom-in”

technique (e.g., Navarro & White, 1994) to carry out cosmological simulations that

follow the evolution of galaxies down to z ∼ 2 with sub-kiloparsec spatial resolution.

The simulations presented here are used in Chapter 3 in a different context, where

we constrain the growth of massive black holes at the centers of galaxies on cosmo-

logical time scales and discuss the implications of the observed black hole–galaxy

correlations.

We selected two ∼ [5 h−1Mpc]3 regions for re-simulation from an intermediate-

resolution full cosmological simulation surrounding two central galaxies characterized

by similar stellar masses (∼ 3×1010M⊙) but different morphologies and merger histo-

ries. The parent simulation had 2×2563 gas+dark matter particles in a [24 h−1Mpc]3

box and was run including momentum-driven winds. Zoom initial conditions were

generated by identifying all dark matter particles within the virial radius of each se-

lected z = 2 galaxy, tracing their positions back to their locations on the initial grid.

Refinement regions were initially defined by the grid cells containing these particles

and, subsequently, significantly enlarged by an iterative cleaning procedure incor-

porating an increasing number of neighboring cells. High-resolution regions were

populated with a large number of lower mass particles (yielding ×64 mass resolu-

tion increase for our highest resolution simulations) and small-scale power spectrum

fluctuations were applied according to the spatial resolution of the refined grid. Ad-

ditionally, two nested concentric layers of progressively lower resolution were defined

surrounding the high-resolution regions in order to reduce numerical artifacts due
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to the difference in particle masses and to ensure that the large scale gravitational

torques acting on re-simulated halos are accurately represented.

The resulting zoom simulations have (high-resolution) gas particle mass mgas ≈
2.3 × 105M⊙, dark matter particle mass mDM ≈ 1.2 × 106M⊙, and softening length

ǫ ≈ 0.47 h−1 kpc comoving (∼ 224 pc physical at z = 2), equivalent to 2 × 10243

particles homogeneously distributed in a [24 h−1Mpc]3 box. Additionally, we run

similar zoom simulations with a factor of 2 lower spatial resolution and a factor of

eight lower mass resolution in order to test our results for numerical convergence. A

total of 215 snapshot files logarithmically spaced in the redshift range z = 2–11 were

produced for each simulation, corresponding to time intervals ranging from ∼ 5 to

25Myr.

Galaxies were identified by means of the Spline Kernel Interpolative Denmax

algorithm (skid1) at all available snapshots independently, and are thus defined as

bound groups of star-forming gas particles (i.e., gas particles with densities above the

threshold for star formation) and star particles (see Kereš et al., 2005). We used a

spherical overdensity algorithm to associate each skid-identified galaxy with a dark

matter halo, where the virial radius was defined to enclose a mean density given by

Kitayama & Suto (1996). Overlapping halos were grouped together so that every

final halo has a central galaxy and a number of satellite galaxies by construction.

The sample of galaxies presented here was defined by selecting the eight most mas-

sive central galaxies located within the re-simulated volumes, with the additional re-

quirement of having no contamination by low-resolution dark matter particles within

their virial radius; several central galaxies were located near the boundaries of the

high-resolution region and were rejected because of contamination. Even though this

sample is not mass nor volume complete, our galaxies are representative of “normal”

z = 2 systems, with similar gas fractions and SFRs relative to similar mass galaxies

from the parent population.

The full evolution of each z = 2 galaxy was reconstructed by identifying its most

massive progenitor at all available redshift snapshots. Galaxies were also identified

across simulations with different wind models to allow for a detailed model compari-

son. The structural and kinematic properties of each galaxy were calculated relative

to the position of its most bound gas particle, which is a more meaningful and more

stable definition of the nominal center of the galaxy compared to that computed by

1http://www-hpcc.astro.washington.edu/tools/skid.html
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Figure 2.1 Star formation rate surface density maps color-coded according to the

projected density-weighted temperature for our eight re-simulated galaxies at z = 2.

For each galaxy, we show the projected gas distributions corresponding to simu-

lations including momentum-driven winds (top), constant winds (middle), and no

winds (bottom). Face-on and edge-on views of each galaxy correspond to the total

angular momentum of the gas component. Galaxies are ordered from left to right for

increasing stellar mass according to simulations with momentum-driven winds (with

total halo masses ranging from ∼ 1011 to 2× 1012M⊙). Total SFRs are listed for all

galaxies and wind models. The region shown is 30 kpc (physical) across.
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Figure 2.2 Same as Figure 2.1 for the projected stellar surface density. Total stellar

masses are listed for all galaxies and wind models.

skid, especially during close galaxy encounters and galaxy mergers.

2.3 Galaxy sample

We begin by describing the sample of eight galaxies used in this work. At z = 2,

the masses of dark matter halos range from ∼ 1011 to 2× 1012M⊙ and are typically

resolved with ∼ 2× 105 to 4× 106 particles. As we describe in detail throughout this

Chapter, galaxy properties are highly dependent on the model adopted for galac-

tic outflows. For our fiducial simulations including momentum-driven winds (vzw

model), galaxies have stellar masses ranging from ∼ 1.6 × 109 to 3.3 × 1010M⊙ and

SFRs in the range ∼ 1–40M⊙ yr−1 at z = 2. Figure 2.1 shows face-on and edge-on

views of the star-forming gas of galaxies at z = 2. Our galaxy sample spans a wide

range of sizes and morphologies, with the star-forming gas extending up to scales of
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2–15 kpc from their centers. Some galaxies are located in high density environments

and undergo frequent interactions and mergers (e.g., galaxy g222) while others are

characterized by a smoother evolution, in lower density environments (e.g., galaxy

g54). Despite this, most galaxies appear to be rotationally supported disks at z = 2.

Figure 2.2 shows the projected stellar distribution corresponding to the same galax-

ies. Stellar disks can also be visually identified for most galaxies but in this case a

higher fraction of stars seems to correspond to a spheroidal component.

Galaxies are identified across the various wind simulations via their halos, making

it possible to analyze the effects of galactic winds in a galaxy-by-galaxy basis. How-

ever, when comparing the morphologies of galaxies across wind models it is important

to note that galaxy interactions and mergers are inherently random processes. Small

deviations of orbital parameters in different simulations can result in rather different

morphologies at a given time, and therefore it is not trivial to compare morphological

features such as spiral arms or tidal tails among the different models (e.g., galaxies

g1639, g2438, g85, and g54). Despite this, a quick visual inspection of Figures 2.1

and 2.2 reveals significant differences between wind prescriptions. Constant winds

are very efficient in removing gas from galaxies and result in lower mass galaxies with

typically lower SFR surface densities compared to the momentum-driven winds. This

is particularly evident in the low mass range, where the formation of large-scale disks

of star-forming gas is highly suppressed (e.g., galaxies g2743 and g85). In contrast,

simulations with no winds usually form more massive and more concentrated galaxies

compared to the vzw model, with most of the star formation happening in the central

regions of galaxies.

2.4 The effects of winds

2.4.1 Time evolution

Each galaxy is identified not only across simulations with different wind models

but also back in time at all available snapshots, as the central galaxy in the resimu-

lated halo. Figure 2.3 shows examples of the time evolution of galaxies in terms of

their stellar mass, gas fraction, SFR, and metallicity. Since we are interested in the

evolution of galaxies over cosmological time scales, the time evolution of all physical

quantities has been smoothed over time intervals of ∼ 50Myr. Major mergers can

still be identified as abrupt changes in the stellar mass of galaxies (e.g., galaxy g222

between redshifts z = 2–3 and g54 at z ≈ 4). These events are generally followed by
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Figure 2.3 Time evolution of galaxies g222, g2403, and g54 from z = 8 to z = 2 for

simulations including models for momentum-driven winds (green solid lines), constant

winds (red dashed lines), and no winds (blue dot-dashed lines). From top to bottom:

stellar mass, gas fraction, star formation rate, specific star formation rate, and average

gas phase metallicity (SFR-weighted). The time evolution of all physical quantities

has been smoothed over time intervals of ∼ 50Myr.
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Figure 2.4 Radial profiles of galaxies g222, g2403, and g54 at z = 2 for simulations

including models for momentum-driven winds (green solid lines), constant winds (red

dashed lines), and no winds (blue dot-dashed lines). From top to bottom: azimuthally

averaged face-on stellar and gas surface densities, circular velocity (calculated as

v2circ = GMenc(r)/r for the enclosed mass Menc(r) within radius r), and average

gas phase metallicity (SFR-weighted). Error bars in the bottom panel indicate the

spread of the particle distribution within each radial bin for each galaxy. Black

vertical dashed lines show the softening length of the simulation at z = 2 (ǫ ≈ 224 pc

physical) while the green, red, and blue vertical doted lines correspond to the radius

enclosing half of the total SFR for the different wind prescriptions.
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a temporary increase in the SFR of galaxies but their overall evolution is dominated

by smooth accretion, as has been reported for simulations of high redshift galaxies

elsewhere (e.g., Davé et al., 2010; Dekel et al., 2009).

Simulations with no winds clearly result in higher stellar masses for all galaxies

at all times. Very early on, the SFR of galaxies increases very rapidly for simulations

with no winds. When galactic outflows are included, galaxies regulate themselves

resulting in significantly lower SFRs relative to the no wind model at z > 3. For

momentum-driven winds, recycling of the outflowing gas back into galaxies occurs on

a time scale less than the Hubble time, providing an additional gas supply which is not

available in simulations with no winds (Oppenheimer & Davé, 2010). This additional

gas supply results in comparatively higher SFRs toward the end of the simulation

at z = 2. Constant winds are, however, more efficient in removing cold gas from

galaxies owing to the higher outflow velocities (vw = 680 km s−1) for comparatively

similar mass loading factors (η = 2)—for the three most massive systems in our galaxy

sample (g222, g2403, and g54), we find typical wind velocities vw ≈ 500–600 km s−1

and mass loadings η ≈ 1.4–1.9 in the redshift range z = 8 → 2 for the momentum

conserving model. This results in systematically lower SFRs for the constant wind

model at all times.

Interestingly, specific SFRs follow a common trend regardless of the wind model

adopted: galaxies have the highest specific SFRs very early on (as high as 10Gyr−1

at z = 8) and then decrease monotonically with decreasing redshift. To first order,

outflows reduce SFRs by a factor 1/(1 + η) relative to halo accretion rates (Davé

et al., 2012), which leads to specific SFRs that remain the same across wind models

(SFRs and stellar masses are reduced by the same amount). Wind recycling accretion,

however, yields increasing specific SFRs at later times, especially in the momentum-

driven wind model.

Gas fractions are systematically lower for the no wind simulations compared to

either the constant wind or the momentum-driven wind models. While galaxies

g222, g2403, and g54 have gas fractions below 20% for simulations with no winds

at z = 2, galactic outflows are able to maintain gas fractions a factor of two higher

at the end of the simulation, in better agreement with observations (Tacconi et al.,

2010). Gas fractions may be conveniently expressed in terms of the depletion time

tdep ≡ Mgas/SFR and the specific SFR as fgas ≡ [(1 + (tdep sSFR)
−1)]−1 (Davé et al.,

2012). Since specific SFRs are roughly insensitive to wind model early on and the

depletion time is shorter in higher stellar mass galaxies (tdep ∝ M−0.3
∗ ; Davé et al.,
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2011a), no wind simulations yield lower gas fractions.

Finally, metallicities are significantly higher for all galaxies in the no wind model,

owing to a greater conversion of baryons into stars and a lack of ejection of metals

into the IGM (Hirschmann et al., 2013). These results are qualitatively consistent

with those obtained using lower-resolution non-zoom cosmological runs (Davé et al.,

2011a,b).

2.4.2 Radial profiles

The radial profiles of galaxies reveal interesting differences among wind models,

as shown in Figure 2.4 for galaxies g222, g2403, and g54 at z = 2. Face-on projected

stellar and gas surface densities, circular velocity, and metallicity as a function of

radial distance from the centers of galaxies have been calculated as average values

within logarithmically spaced radial bins. The most massive galaxies (g222 and

g2403) reach resolved stellar and gas surface densities in the range Σstar = 104–

105M⊙ pc2 and Σgas = 103–104M⊙ pc2 respectively, with differences up to an order

of magnitude among wind models. At their centers, stellar surface densities of most

galaxies reach values well above 103M⊙ pc2 despite gravitational forces being softened

at scales ∼ ǫ ≈ 224 pc (Figure 2.2).

No wind simulations usually result in higher stellar surface densities at all radii

compared to the vzw and cw wind models, and often steeper density gradients at the

centers of galaxies. The effects of galactic winds are, however, more evident in the

distribution of the star-forming gas: nw galaxies contain most of their gas within the

inner kiloparsec, reaching gas surface densities which can be factors of a few above the

cw and vzw models. Galactic winds yield more extended disks by removing gas from

their centers and having it re-accreted at larger scales. Wind recycling, especially in

the vzw model, results in significant amounts of gas extending up to a few kiloparsecs

away from the galaxy center (see galaxies g222 and g54 in Figure 2.4). As we show

in the next sections, this result is common to most of our simulated galaxies. Galaxy

g2403 is one of the few galaxies that present a very compact gas distribution even in

the presence of momentum-driven winds, similar to galaxies from simulations with

no galactic outflows.

Most of our simulated galaxies are characterized by flat rotation curves extending

up to a few kiloparsecs. The no wind model usually produces more massive and more

compact galaxies and this results in higher circular velocities that peak at smaller

radii compared to the vzw and cw models. Simulations with winds produce more
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Figure 2.5 Effects of galactic winds on global properties of z = 2 galaxies and their

parent halos as a function of halo mass. Top left: total halo baryonic fraction in units

of the cosmological baryonic fraction (fb = 0.165). Top right: ratio of central stellar

mass to halo mass in units of fb. Bottom: central galaxy star formation rate. Galaxies

from simulations including momentum-driven winds (vzw), constant winds (cw), and

no winds (nw) are shown as green star symbols, red triangles, and blue squares

respectively. Red and blue solid lines connect galaxies from the vzw simulations with

their galaxy counterparts from the cw and nw simulations respectively.
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Figure 2.6 Evolution of the cosmic star formation efficiency, i.e., the ratio of the

central galaxy SFR to the total halo baryonic accretion rate (Dekel et al., 2009) from

z = 6 to z = 2 as a function of halo mass for all simulated galaxies and for the

different wind prescriptions. Lines and colors are as in Figure 2.5. Green, red, and

blue crosses show the average cSFE and halo mass for the momentum-driven winds,

constant winds, and no wind models respectively.
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smoothly rising rotation curves, with lower circular velocities at small radii that tend

to approach values similar to the nw model at larger scales, where the contribution

from the dark matter component becomes dominant (see galaxies g222 and g54 in

Figure 2.4; this is explored in more detail in Section 2.4.4). Galaxy g2403 is again

an atypical case, with very similar rotation curves for the nw and vzw wind models.

Finally, negative radial gas-phase metallicity gradients (higher metallicities at

the centers of galaxies) are common in most simulated galaxies, in general agreement

with observations (Jones et al., 2013; Swinbank et al., 2012b; Yuan et al., 2011).

Nonetheless, inverted metallicity gradients have been observed in z ∼ 2–3 galaxies

and attributed to either galaxy interactions or the infall of metal-poor gas into the

centers of galaxies (Cresci et al., 2010; Queyrel et al., 2012; Troncoso et al., 2013). In

our simulations, abrupt changes in azimuthally averaged metallicities or even posi-

tive metallicity gradients may eventually occur for galaxies undergoing mergers (e.g.,

galaxy g222 at R ≈ 3–4 kpc). Overall, we find that simulations with no winds usually

result in higher metallicities at all radii and also show steeper metallicity gradients.

Galactic outflows serve to redistribute metal-enriched gas from the central regions of

galaxies over larger scales, resulting in less steep metallicity gradients.

2.4.3 Connecting individual halos across wind models

In order to understand the global effects of galactic winds it is useful to look

at their effects on different galaxy properties at fixed halo mass, since the latter

is expected to be roughly insensitive to baryonic processes. In Figure 2.5, we plot

the halo baryonic fraction, the central stellar mass to halo mass fraction, and the

SFR as a function of halo mass for all simulated galaxies at z = 2. Here, each

vzw galaxy is connected to the corresponding nw and cw galaxies to help identify

both the global effects of outflows on the galaxy population as well as the effects on

individual galaxies. Total halo masses are very similar for the nw and vzw models at

z = 2, except occasionally due to the slightly different timing of merger events and

our adopted definition of dark matter halos for each central galaxy (see Section 2.2).

Halo masses are, however, systematically lower for simulations with constant winds,

for which gas outflows are able to escape more easily from the halo potential well,

all of which generally have escape velocities below the constant wind velocity of

vw = 680 km s−1. Note that momentum-driven wind velocities are below that of

the cw model in all but the most massive galaxies, especially at high redshift when

galactic velocity dispersions are lower (Oppenheimer & Davé, 2008).
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Figure 2.5 shows that halo baryonic fractions are only slightly higher for the no

wind model (and higher on average than the cosmological baryonic fraction fb =

0.165) compared to the vzw model: most of the outflowing gas does not escape

the halo potential well for the momentum-driven wind model. This is despite the

fact that the wind speed typically is comparable to or exceeding the escape velocity

(and scales with it as well); but hydrodynamic (i.e., ram pressure) slowing is actually

dominant in many cases (Oppenheimer & Davé, 2008). In contrast, the high efficiency

of constant winds in expelling gas from halos results in systematically lower halo

baryonic fractions, a significant suppression of star formation in the central galaxy,

and the consequent reduction of stellar masses for all galaxies in our sample.

Figure 2.5 (top right panel) confirms our earlier expectations: for a given halo

mass, central galaxy stellar masses are systematically higher in the absence of galactic

outflows. Interestingly, SFRs for the nw and vzw models happen to be similar at

z = 2 for most simulated galaxies. However, as we have seen in Figure 2.3 for

galaxies g222, g2403, and g54, momentum-driven winds result in rather different

star formation histories, with significant suppression of star formation early on and

enhanced activity due to wind recycling at later times (Oppenheimer & Davé, 2010).

The wind recycling channel does not act on the cw simulations for the range of halo

masses probed here, since these halos generally have escape velocities lower than the

assumed wind speed.

Figure 2.6 illustrates the effects of galactic winds in the star formation histories of

our simulated galaxies by showing the evolution of the cosmic star formation efficiency

(cSFE) in the redshift range z = 2–6. The cSFE is the ratio of the SFR of the central

galaxy to the total halo baryonic accretion rate given in Dekel et al. (2009):

Ṁacc ≃ 6.6 fb

(

Mhalo

1012M⊙

)1.15

(1 + z)2.25 M⊙ yr−1. (2.1)

At z = 6, the average cSFE of galaxies for simulations including outflows (cw and vzw

models) is ∼ 0.15, about a factor of two lower than simulations with no winds. From

z = 6 to z = 4, the average cSFE increases rapidly up to ∼ 0.69 for nw simulations,

and then decreases down to ∼ 0.54 at z = 2. Simulations with constant winds seem to

follow a similar tendency, with the average cSFE peaking at z ∼ 4–5 and decreasing

at lower redshifts, but with significantly lower values (roughly ×3, as expected from

the (1 + η) suppression of star formation). Momentum-driven winds result, however,

in an overall increase of cSFEs from z = 6 to z = 2, owing to the recycling of gas that

was launched into winds at earlier times. The vzw model causes an effective delay in
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star formation by ejecting significant amounts of gas from small, early galaxies and

having it reaccreted by z ∼ 2. This coincidentally produces average SFRs similar

to simulations with no winds at z ≈ 2. Note that trends for individual galaxies

mimic the trends for the overall cosmic star formation history in these wind models,

with momentum-driven winds generally producing a later peak in cosmic SFR than

no-wind or constant-wind cases (Oppenheimer & Davé, 2006).

2.4.4 Rotation curves

Galaxy rotation curves contain substantial information about the structure and

kinematics of galaxies. Figure 2.7 (top panel) shows the rotation curves of all simu-

lated galaxies at z = 2 (dotted lines), color-coded by wind model. Here, we calculate

the rotation velocity from the enclosed mass at a given radius, which we call vcirc.

Our galaxies are characterized by flat rotation curves extending up to several kpc

scales, with asymptotic circular velocities ranging from ∼ 100 to 260 km s−1 at z = 2

for the vzw model. In Figure 2.4, we showed for galaxies g222, g2403, and g54 that

galactic outflows can have a significant impact on the overall shape of their rotation

curves.

The thick solid lines in Figure 2.7 (top panel) show stacked rotation curves for

each wind model, where circular velocities have been averaged over all galaxies as a

function of radius. Simulations with winds produce galaxies with more gradually ris-

ing rotation curves compared to the more centrally peaked rotation curves of galaxies

with no winds. The average circular velocities for the nw and vzw models tend to

approach similar values at larger radii, where the contribution from the dark matter

component becomes dominant. Simulations with constant winds are more efficient

in removing gas from halos, resulting in systematically lower asymptotic circular

velocities, but their shape is similar to the momentum-driven winds.

The middle panel of Figure 2.7 shows a more observationally motivated way of

calculating the rotation curve. Rather than taking the enclosed mass and assuming

full rotational support, here we directly calculate the SFR-weighted azimuthal ve-

locities of gas particles with respect to the total angular momentum of the galaxy,

and average them within logarithmically spaced radial bins, which we call vφ. This is

analogous to an Hα rotation curve. The rotation curves derived in this way show a

significantly more gradual increase in circular velocity with radius in the inner parts,

because of the increased dispersion support in the central regions. This is particu-

larly clear for simulations with no winds, which produce more compact galaxies and



45

        
0

50
100
150
200
250
300
350

v c
irc

  (
km

 s
-1
)

        
0

50

100

150

200

v φ
  (

km
 s

-1
)

0 1 2 3 4 5 6 7
R (kpc)

0.0
0.2

0.4

0.6

0.8

1.0

v φ
 / 

v c
irc

Figure 2.7 Top: circular velocity (vcirc) as a function of radial distance from the

center of simulated galaxies at z = 2. We compute v2circ = GMenc(r)/r for the total

enclosed mass Menc(r) within distance r. Middle: azimuthal velocity (vφ) of the gas

particles with respect to the total angular momentum of the galaxy averaged within

logarithmically spaced radial bins (SFR-weighted). Bottom: ratio of the average

azimuthal velocity of the gas to the circular velocity as a function of radial distance

from the center of galaxies. Green, red, and blue dotted lines show rotation curves of

individual galaxies (or the ratio vφ/vcirc) for the momentum-driven winds, constant

winds, and no wind models respectively. Thick solid lines show the rotation curve

(or vφ/vcirc) averaged over all galaxies corresponding to each wind model.
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Figure 2.8 Build up of the galaxy rotation curves as a function of redshift from z = 6

(thin grey line) to z = 2 (thick black line) for simulations including momentum-driven

winds. Dashed lines show the circular velocity (vcirc) averaged over all galaxies (as in

Figure 2.7, top panel) while solid lines show the actual gas azimuthal velocity (vφ)

averaged within each radial bin (and again averaged over all vzw galaxies).

centrally peaked rotation curves based on the mass profiles.

The bottom panel of Figure 2.7 shows the ratio of vφ/vcirc. We see that the gas

azimuthal velocity is, on average, lower than the inferred circular velocities. The gas

reaches rotation velocities comparable to the circular velocity at ∼ 3 kpc away from

the centers of galaxies. In the inner regions, the contribution of random motions

to the dynamical equilibrium of galaxies becomes comparable to the support from

ordered rotation. The discrepancy between vφ and vcirc at scales < 3 kpc occurs for

all simulated galaxies and wind models, and it is well resolved in our simulations.

Using vφ to infer the mass profile of galaxies could, therefore, lead to significant

misestimations (Valenzuela et al., 2007).

Figure 2.8 shows the build-up of rotation curves with time by comparing stacked

rotation curves from z = 6 to z = 2 for our simulations with momentum-driven

winds. Solid lines show vφ (for the gas), and dashed lines show vcirc. We find that

the average asymptotic circular velocities increase from ∼ 90 to 170 km s−1 with

decreasing redshift, as expected because our galaxies are becoming more massive.

For vcirc, the peak of the (average) rotation curve is always at ∼ 1–2 kpc, perhaps

moving inward to lower redshifts. In contrast, the location of the peak of vφ occurs

at 3–4 kpc, and does not vary much with redshift. Comparing vφ to vcirc, we see that
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gas azimuthal velocities are, on average, lower than the inferred circular velocities at

all redshifts. The ratio vφ/vcirc evaluated at R ≈ 3 kpc increases from ∼ 0.48 at z = 6

to ∼ 0.86 at z = 2, indicating that galaxies become, on average, progressively more

rotationally supported with time (and therefore with increasing mass) in the redshift

range z = 6 → 2.

2.5 Comparison to observations

The high resolution afforded by Hubble probing both young stars and older stel-

lar populations, together with adaptive optics-enhanced spectral studies from the

ground, have opened up new windows into high-redshift galaxy assembly. Here we

examine both qualitatively and quantitatively how our simulated galaxies compare

with the latest observations of z ∼ 2 galaxies.

2.5.1 Qualitative galaxy morphologies

We begin by considering in detail the morphology of the two galaxies that were

specifically chosen for resimulation, g54 and g222, and therefore lie near the center

of the zoomed region. Recall that g54 was chosen to be somewhat more isolated and

have a fairly quiet merger history, while g222 lived in a denser region with a more

violent merger history.

Figures 2.9 and 2.10 present two-dimensional projected views of galaxy g54 at four

different inclination angles. Figure 2.9 shows the stellar surface density, gas surface

density, and SFR density distributions resulting from our fiducial simulation includ-

ing momentum-driven winds, while Figure 2.10 shows mock Hα line intensity, line-of-

sight velocity, and velocity dispersion maps of galaxy g54 that mimic the resolution of

current near-infrared integral field spectroscopic observations with SINFONI. Simu-

lated SFRs have been converted to Hα luminosity using LHα[erg s
−1] = 2.3×1041SFR

[M⊙ yr−1] (from Kennicutt, 1998b, corrected for a Chabrier (2003) IMF). Then, mock

Hα line intensity maps have been obtained by (1) placing the simulated galaxy at

z = 2, converting its physical size to its apparent angular size, (2) convolving the

obtained Hα flux map with a 0.17′′ beam, and (3) matching the pixel size to those of

typical observations (0.05′′ pix−1). Mock Hα flux-weighted line-of-sight velocity and

velocity dispersion maps have been obtained by degrading the spatial resolution in a

similar way.

With stellar mass∼ 2.5×1010M⊙, gas fraction fgas ≈ 0.48, and SFR∼ 13.6M⊙ yr−1,
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Figure 2.9 Morphological and kinematic properties of galaxy g54 at z = 2 for our

fiducial simulation including momentum-driven winds. Two-dimensional projected

stellar surface density (top), gas surface density (middle), and SFR surface density

color coded by (SFR-weighted) line-of-sight velocity (bottom) are shown at different

inclination angles, from direct face-on (left) to edge-on (right). The region shown is

20 kpc (physical) across.
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Figure 2.10 Morphological and kinematic properties of galaxy g54 at z = 2 for

our fiducial simulation including momentum-driven winds. Mock Hα line intensity

(top), line-of-sight velocity (middle), and one-dimensional projected velocity disper-

sion (bottom) maps mimic the resolution of integral field unit observations with

SINFONI. Mock maps are shown at different inclination angles, from direct face-on

(left) to edge-on (right). The region shown is 20 kpc (physical) across.



50

  
 

 

100

101

102

103

Σ s
ta

r (
M

O •
 p

c-2
)

100

101

102

103

Σ g
as

 (
M

O •
 p

c-2
)

-150 150
v (km s-1)

 

 

10-4
10-3

10-2

10-1

100

Σ S
F

R
 (

M
O •
 y

r-1
 k

pc
-2
) 

  
 

 

0

1

2

3

4

(1
0-1

6 er
g 

s-1
cm

-2
ar

cs
ec

-2
) 

  
 

 

-200

-100

0

100

200

v 
(k

m
 s

-1
)

  
 

 

0

20

40

60

80

100

σ 
(k

m
 s

-1
)

Figure 2.11 Same as Figures 2.9 and 2.10 for galaxy g222.
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galaxy g54 has a prominent two-arm spiral structure extending up to ∼ 10 kpc scales

that could be observable even at high inclination angles (i ≤ 60◦). Star-forming

gas and stars generally trace the same structure, though the stars show a prominent

bulge that is absent in the gaseous component. Mock Hα line intensity maps show

a somewhat compact central nucleus with radius ∼ 1 kpc and a factor ∼ 2 increased

brightness relative to the spiral arms (depending on inclination angle). Observations

using star formation tracers and rest-frame optical observations should, thus, infer

similar spiral morphologies. The velocity maps illustrate the effects of the inclination

angle on the observed kinematic properties of galaxies. A very smooth velocity gra-

dient along the morphological major axis can be clearly identified for this galaxy at a

wide range of inclination angles (i ≥ 30◦). Interestingly, galaxy g54 shows a character-

istic “spider diagram” pattern in the velocity iso-contours at intermediate inclination

angles (i ≈ 30◦−60◦), as expected for inclined rotating disks. For nearly edge-on ob-

servations, line-of-sight projected peak-to-peak velocities reach values > 400 km s−1,

consistent with the circular velocity vcirc ≈ 230 km s−1 calculated at the outer edge

of the disk (R ∼ 10 kpc). With a relatively flat velocity dispersion map, this galaxy

would be identified as a large, thick, rotation-dominated disk. These properties are

in general quite similar to, though somewhat scaled down from BX442, the z = 2.18

grand design spiral observed by Law et al. (2012). BX442 has a measured stellar

mass ∼ 6 × 1010M⊙, Hα-derived SFR ∼ 45M⊙ yr−1, inclination-corrected circular

velocity vcirc ≈ 234 km s−1, and very similar size and morphology compared to our

simulated galaxy g54.

Figure 2.11 shows similar two-dimensional maps for galaxy g222, a marginally

higher mass galaxy that has undergone more frequent interactions and mergers. In-

deed, there is an infalling galaxy along the lower spiral arm, which is prominent in

the stellar distribution but much less evident in the gas, possibly because its gas has

been stripped during infall. The stellar surface density distribution shows a high

concentration of stars at the center of g222 and possibly a weak, extended spiral

structure. The gas and SFR distributions reveal high levels of turbulence on this

galaxy. The morphology of g222 appears highly disturbed in Hα emission and it does

not seem to trace the smooth stellar component as in the case of g54. The velocity

maps show signs of ordered rotation in the underlying large-scale gas distribution at

high inclination angles (i ≥ 60◦), but the inferred velocity gradients are significantly

disturbed. The velocity dispersion map reveals an irregular gas clumpy structure with

significant turbulent motions. The Hα shows up to several clumps, depending on the
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viewing angles, but these clumps are not apparent in the stellar distribution, which

suggests these are short-lived gaseous clumps as found in similar simulations by Genel

et al. (2012b), and as inferred in observations by Wuyts et al. (2012); we will examine

clump properties in more detail in future work. Overall, this simulated galaxy shares

various characteristic morphological and kinematic properties with typical clumpy

disk galaxies observed at z ∼ 2 (Förster Schreiber et al., 2009, 2011; Genzel et al.,

2011; Swinbank et al., 2012a,b).

Note, however, that star formation in our simulated galaxies appears to be in gen-

eral more centrally concentrated than observed z ∼ 2 disk galaxies (Figure 2.1), for

which a central Hα peak is sometimes not present, particularly for less massive galax-

ies. This might be partially explained by obscuration effects, which we will quantify

in future work in order to make a more detailed comparison between observed Hα

line intensity maps and the intrinsic SFR surface density distribution of simulated

galaxies. One numerical issue is that the pressurized ISM resulting from the star

formation prescription (Springel & Hernquist, 2003a) may inhibit the formation of

off-center clumps by gravitational instability, especially in galaxies undergoing a more

quiescent evolution. Despite this, the two example galaxies presented here—with

stellar masses Mstar > 1010M⊙ that are actually comparable to commonly observed

z ∼ 2 systems—illustrate the wide diversity in morphologies predicted in these sim-

ulations, as well as its dependence on tracer (gas, stars, Hα). Disk structures are

usually present, but can range from quiescent “grand-design” spirals to turbulent and

clumpy disks.

2.5.2 Comparison to SINS and SHiZELS

We now conduct a more quantitative comparison to the structural and dynamical

properties of z ∼ 2 galaxies inferred from near-infrared integral field spectroscopic

observations obtained with SINFONI at the Very Large Telescope. In particular,

we focus on the “Hα sample” of the SINS survey presented in Förster Schreiber et

al. (2009), consisting of 62 rest-frame UV/optically selected star-forming galaxies at

z ≈ 1.5–2.5, and the SHiZELS survey (Swinbank et al., 2012b), consisting of nine

Hα-selected galaxies at z ≈ 0.84–2.23 drawn from the HiZELS near-infrared narrow-

band survey (Geach et al., 2008). In Figures 2.12 and 2.13, we show some key

structural and dynamical quantities versus stellar mass, for our simulated galaxies

color-coded by wind model, as well as for the SINS (black crosses) and SHiZELS

(brown diamonds) samples.
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Figure 2.12 Star formation and structural properties of simulated galaxies at z = 2

for our momentum-driven wind (vzw; green stars), constant wind (cw; red triangles),

and no wind (nw; blue squares) simulations. Black crosses with grey error bars in

each panel represent the z ∼ 2 star-forming galaxies of the SINS survey (Förster

Schreiber et al., 2009), while the brown diamonds correspond to a sample of galaxies

from the SHiZELS survey (Swinbank et al., 2012b). Top left: specific star formation

rate (sSFR) as a function of stellar mass (M∗). The shaded beige band shows the

z = 2 M⋆–sSFR correlation of Daddi et al. (2007) with a scatter (semi-interquartile

range) of 0.16 dex in sSFRs. Top right: stellar bulge mass fraction as a function of

M∗. Bottom left: radius enclosing half of the total star formation rate as a function

of M∗. Bottom right: radius enclosing half of the total stellar mass as a function of

M∗. The dashed line shows the nominal threshold stellar surface density M∗/R
1.5
half,∗ =

1010.3M⊙ kpc−1.5 for compact galaxies from Barro et al. (2013).



54

108 109 1010 1011 1012

Mstar  (MO •
)

10

100

σ 
 (

km
 s

-1
)

108 109 1010 1011 1012

Mstar  (MO •
)

1

10

v d
 / 

σ

Figure 2.13 Dynamical properties of simulated galaxies at z = 2 for our momentum-

driven wind (vzw; green stars), constant wind (cw; red triangles), and no wind (nw;

blue squares) simulations. Left: velocity dispersion σ of the gas component of simu-

lated galaxies as a function of M∗. Right: disk peak rotational velocity vd divided by

σ of the star-forming gas, as a function of M∗ for all simulated galaxies. Black crosses

with grey error bars in the left panel represent the z ∼ 2 star-forming galaxies of the

SINS survey (Förster Schreiber et al., 2009), while the brown diamonds correspond

to a sample of galaxies from the SHiZELS survey (Swinbank et al., 2012b).
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The upper left panel of Figure 2.12 shows the specific SFR as a function of stellar

mass for our sample of galaxies at z = 2. Our simulations naturally predict the

existence of a correlation between galactic SFRs and stellar masses, M⋆ ∝ SFR,

fairly insensitive to stellar feedback models, due to the dominance of smooth and

steady cold accretion (e.g., Davé, 2008; Davé et al., 2011b; Finlator et al., 2006). As

expected from models, a tight M⋆–SFR relation has been observed out to z ∼ 2,

with a roughly constant slope close to unity (e.g., Daddi et al., 2007; Elbaz et al.,

2007; Noeske et al., 2007). However, the observed normalization of this relations

increases more rapidly with redshift from z = 0 → 2 that current cosmological

simulations predict, resulting in too low predicted specific SFRs at z ∼ 2 (Daddi et

al., 2007; Davé, 2008). Our zoom simulations follow this trend—Figure 2.12 shows

that they lie below the M⋆–SFR correlation of Daddi et al. (2007) by a factor ×2–3

in specific SFRs (for the vzw model), and by somewhat higher factors for the other

wind models. The discrepancy is slightly worse when compared to the SINS galaxies,

although the Hα selection could play some role in preferentially picking out high-SFR

objects (Förster Schreiber et al., 2009). On the other hand, the difference between our

simulations and the SHiZELS galaxies appears to be not as large, but note that their

typical redshifts correspond to the low-z end of the redshift distribution of the SINS

sample (z ∼ 1.5), below the final redshift reached by our simulated galaxies. This

discrepancy between models and data has been much debated; for instance recent

Herschel results suggest that Hα-inferred SFRs may slightly overestimate the true

(i.e., far-infrared bolometric) SFR by some non-trivial factor (Nordon et al., 2010).

Other ideas for explaining this discrepancy invoke variations in the stellar initial mass

function (Narayanan & Davé, 2012) or modifying the star formation law to account

for metal-dependent H2 formation (Krumholz & Dekel, 2012). We will not pursue

this here, except to note that our zoom simulations do not alleviate this discrepancy

known from our larger cosmological runs.

Simulations with momentum-driven winds result in higher specific SFRs compared

to simulations with no winds at z = 2, more in agreement with observations. In the

vzw model, the mass loading factor scales as η ∼ 1/σ and outflows tend to suppress

early star formation while providing high gas fractions to maintain comparatively

high SFRs at later (z ∼ 2) times, as seen in Figures 2.3 and 2.6. This suggests that

even stronger outflows might be needed in simulations in order to match the z ∼ 2

M⋆–SFR relation (Davé, 2008). This is not trivial, however, since outflows must

not be too strong lest they fail to produce enough early metals to enrich the IGM
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(Oppenheimer & Davé, 2006, 2008) and enough photons to reionize the universe (e.g.,

Finlator et al., 2012).

The lower left panel of Figure 2.12 shows the z = 2 size–mass relation for all

simulated galaxies. The effective radius R1/2,sfr is defined to enclose half of the total

SFR and it is calculated as a two-dimensional projected radius averaged over 100

random viewing angles. Here we see that there is a clear separation of galaxies in the

M⋆–R1/2,sfr plane for the different wind models. For a given stellar mass, simulations

with no winds produce galaxies with a very compact distribution of gas, with most

of the star formation happening within < 1 kpc from their centers. Simulations with

constant winds populate the low mass and small size region of the plot, and only

the more massive galaxies in the sample are able to maintain gas disks with sizes

R1/2,sfr > 1 kpc. Momentum-driven winds produce more extended galaxies with sizes

of several kpc, along with a minority of more compact galaxies.

Outflows affect sizes by preferentially ejecting the star-forming gas from the cen-

tral regions and having it re-accrete over larger scales (Brook et al., 2012), resulting

in large, extended star-forming disks that are more in agreement with SINS and

SHiZELS data. Nonetheless, it is interesting that compact galaxies can also occur in

the vzw case; galaxy g2403 is one such compact galaxy (see Figure 2.4). From our

visualizations1, it appears that these more compact systems generally arise during or

shortly after a significant merger event (Bournaud et al., 2011a; Wuyts et al., 2010),

but we will quantify this more rigorously in the future.

The diversity of sizes is also reflected in the half-mass radii of the stars R1/2,∗ (Fig-

ure 2.12, lower right). Generally, the sizes are comparable to the half-SFR radius,

but in some cases R1/2,∗ can be < 1 kpc. This may have interesting consequences for

the progenitors of so-called compact ellipticals, i.e., early-type galaxies at z ∼ 2 that

show very high stellar densities. We show as the dashed line a nominal threshold stel-

lar surface density of M∗/R
1.5
1/2,∗ = 1010.3M⊙ kpc−1.5 for compact galaxies from Barro

et al. (2013, see their Figure 1). The radius used for these observations is actually

the H-band half-light radius, but this should be fairly comparable to the stellar half-

mass radius. Even with winds, a small fraction of our galaxies lie above this surface

density threshold (i.e., below the line). This suggests that our simulations do, with

some frequency, produce galaxies that have sufficient stellar densities to be the pro-

genitors of compact ellipticals. These simulations have no mechanism for quenching

1See http://www.physics.arizona.edu/~angles/movies/
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star formation, and hence our compact galaxies are still star-forming; it is an addi-

tional constraint on models to form compact passive systems that whatever feedback

mechanism is responsible for quenching, it operates when the galaxy is in a dense

(likely post-merger) state.

Galactic outflows seem to affect the bulge mass fraction of galaxies, as shown

in Figure 2.12, upper right panel. To estimate the stellar bulge mass fraction, we

perform a simple bulge-disk kinematic decomposition for the stellar content of all

simulated galaxies. We calculate the azimuthal velocity vφ of each star particle with

respect to the direction of the total angular momentum of the galaxy as for our

rotation curves, and estimate the bulge mass as double the mass of particles moving

with vφ < 0. Though this is not analogous to observational determinations of the

bulge mass, it accurately characterizes the mass in the spheroidal component of

our simulated systems. With winds, the bulge fraction decreases with increasing

stellar mass, suggesting that galaxies start out small and dispersion-dominated, and

move toward being more ordered disks. The opposite trend is seen for our no wind

simulations, tracking more the canonical behavior that galaxies start out as disks

and then merge together to form more dispersion-dominated systems (e.g., White

& Frenk, 1991). SINS observations suggest that smaller galaxies tend to be more

dispersion-dominated, qualitatively favoring our wind simulations, although a more

careful comparison that accurately mimics how bulge-to-disk ratios are measured in

data are needed for a more definitive result.

The left panel of Figure 2.13 shows the gas velocity dispersion, σ, as a function of

stellar mass at z = 2. Here σ is calculated as the spatially integrated (SFR-weighted)

one-dimensional velocity dispersion calculated within R1/2,sfr and averaged over 100

random orientations. Despite being extended and rotationally supported disks, most

of our galaxies are characterized by high velocity dispersions (> 30 km s−1). This

suggests that turbulent motions are significant even in rotationally supported z ∼ 2

galaxies, as inferred from observations (Förster Schreiber et al., 2009; Law et al., 2009;

Swinbank et al., 2012b; Wright et al., 2009) and reported in previous simulations (e.g.,

Ceverino et al., 2010; Genel et al., 2012b). Our simulated galaxies are characterized

by high σ values but still lower relative to observed z ∼ 2 galaxies with similar stellar

masses, suggesting that turbulent motions are not fully resolved at scales comparable

to the spatial resolution of our simulations. Indeed, the self-regulated multi-phase

model for star-forming gas is meant to capture the turbulent pressure arising from

the continuous formation and disruption of gas clouds at a sub-grid level (Springel
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& Hernquist, 2003a). For our simulated galaxies, the effective sound speed of the

star-forming gas may reach values ∼ 150 km s−1 (see Section 3.4.1), well above the

resolved large-scale turbulent velocities.

For a given stellar mass, simulations including outflows result in galaxies with

higher gas velocity dispersion, in better agreement with observations. Note that

since outflowing gas is hydrodynamically decoupled as it is ejected from the ISM, the

outflows themselves are not directly injecting turbulence. Instead, this increased tur-

bulence relative to simulations without winds likely owes to the higher gas and disk

fractions, implying lower Toomre Q parameters for similar mass galaxies (Toomre,

1964) and hence increased gravitational fragmentation, and possibly to the injec-

tion of energy due to the recycling of the outflowing gas back into the galaxies, in

qualitative agreement with the analytic equilibrium model of Genel et al. (2012a).

The right panel of Figure 2.13 shows the disk rotation velocity, vd divided by

velocity dispersion σ, as a function of stellar mass. Here vd is taken as the peak

azimuthal velocity (vφ) from the gas rotation curves obtained in Section 2.4.4. Direct

comparisons with data are not straightforward since rotation is computed from a

variety of means in the data, and we have not tried to mimic this in detail; hence we

have not plotted data here. Nonetheless, the momentum-driven wind model yields a

typical vd/σ ∼ 3, which is in broad agreement with the turbulent high-z disks seen

in SINS and SHiZELS. Constant and no wind models result in slightly higher vd/σ

on average, though still within the range of the data. There is little trend with mass,

much less than for the stellar bulge fraction, so even though the stellar components

of higher mass galaxies are diskier (for simulations with outflows), their gas content

is not more rotationally supported with increasing stellar mass. Note that the stellar

component is less rotationally supported than the gas in all cases (cooling of shock-

heated gas may dissipate turbulent energy) and, therefore, the gas component can

be rotationally supported (v > σ) even for stellar bulge-dominated galaxies. Galaxy

g2743 represents an extreme example for the simulation with constant winds, with

its stellar bulge fraction close to unity and still a rotationally supported gas disk (see

Figures 2.1 and 2.2).

Overall, the sizes and dynamical properties of simulated disks at z = 2 are in

fair agreement with observations from the latest integral field unit studies of high-

z star-forming galaxies, particularly in the case of momentum-driven winds. This

occurs despite some overly simple assumptions in the modeling, such as decoupling

of wind material escaping the disk, and the usual concerns about the ability of SPH
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to suppress viscosity and resolve dynamical instabilities (e.g., Agertz et al., 2007).

Indeed, the properties of simulated galaxies are more strongly dependent on feedback

models relative to the details of the specific hydrodynamic technique (e.g., Hopkins

et al., 2013). This suggests that our simulations capture the dominant processes for

establishing the structural properties of galaxies and provide a plausible model for

the formation of disks during this cosmic epoch.

2.5.3 Evolution of physical properties

Using our plausible simulated population of z = 2 disk galaxies, we now exam-

ine the evolution of physical properties from z = 8 → 2. We focus here on the

momentum-driven wind model, since from a variety of wider constraints it is our

favored model of the three presented here (see, e.g., Davé et al., 2011a,b). However,

many of the results are broadly similar for our other wind models. We show the

evolutionary tracks for our eight galaxies in various colors in Figures 2.14 and 2.15.

Since we are interested on the evolution of galaxies on cosmological time-scales, all

physical quantities have been averaged over time intervals of ∼ 150Myr. All tracks

go from left to right (i.e., lower to higher mass), with individual unit redshifts indi-

cated by the points along the tracks starting at z = 8. The same data as shown in

Figures 2.12 and 2.13 are reproduced here, but note that this is for observed z ≈ 2

galaxies and hence it is shown here for reference.

The top left panel of Figure 2.14 shows the evolutionary tracks of simulated galax-

ies in the main sequence (M∗–sSFR) plane. All galaxies show a similar evolution of

decreasing specific SFR as they increase their stellar mass, consistent with a roughly

linear SFR to M∗ relation with the overall normalization decreasing with redshift.

Despite the increase in stellar mass, mergers cause a temporary enhancement of spe-

cific SFRs relative to the dominant decreasing trend. These variations in specific SFR

are apparent in the evolutionary tracks of our simulated galaxies even after averaging

over time intervals of ∼ 150Myr. For the three most massive galaxies—g222 (blue),

g2403 (green), and g54 (red)—major mergers can be identified in Figure 2.3 as abrupt

changes in their stellar mass, and connected to the effects on the evolutionary tracks

in Figure 2.14 by direct comparison to the location of the points indicating integer

redshifts.

At z = 2, galaxy sizes scale with stellar mass for simulations with winds, in

agreement with observations (Figure 2.12). Lower panels in Figure 2.14 show that

galaxies tend to increase in size with time, as expected, but their evolutionary tracks
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Figure 2.14 Evolution of star formation and structural properties of simulated galax-

ies from z = 8 → 2. Different color tracks show each of our eight momentum-driven

wind run galaxies, with filled circles indicated at integer redshifts (stars show the

location of galaxies at the end of the simulation at z = 2). Other lines and symbols

are as in Figure 2.12. Top left: specific star formation rate (sSFR) as a function

of stellar mass (M∗). Top right: stellar bulge mass fraction as a function of M∗.

Bottom left: radius enclosing half of the total star formation rate as a function of

M∗. Bottom right: radius enclosing half of the total stellar mass as a function of M∗.

The time evolution of all physical quantities has been averaged over time intervals of

∼ 150Myr.
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Figure 2.15 Evolution of dynamical properties of simulated galaxies from z = 8 → 2.

Different color tracks show each of our eight momentum-driven wind run galaxies,

with filled circles indicated at integer redshifts (stars show the location of galaxies at

the end of the simulation at z = 2). Other lines and symbols are as in Figure 2.13.

Left: velocity dispersion σ of the gas component of simulated galaxies as a function

of M∗. Right: disk peak rotational velocity vd divided by σ of the star-forming gas,

as a function of M∗ for all simulated galaxies. The time evolution of all physical

quantities has been averaged over time intervals of ∼ 150Myr.
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exhibit significant variation between galaxies, resulting in a large scatter in the size–

mass diagram at any given redshift. Large variations of the half-SFR radius, R1/2,sfr,

tend to occur in redshift intervals during which a major galaxy merger is taking

place. This suggests that major mergers, despite representing only a fraction of

the total mass growth in galaxies (e.g., Kereš et al., 2005; Rodighiero et al., 2011),

have a significant impact on galaxy sizes, as it appears from our visualizations. The

evolution of the stellar half-mass radius, R1/2,∗, roughly follows that of the star-

forming gas and is also imprinted by significant variations occurring during galaxy

mergers. Interestingly, our most compact galaxy at z = 2 (g2403; green evolutionary

track) was also in the compact regime at z ∼ 4, both cases preceded by a major merger

(see Figure 2.3, middle panel). This suggests that major mergers may drive galaxies

toward the region of the size–mass diagram populated by compact ellipticals. At the

earliest epochs, the radius of galaxies does not change much, and may in fact become

smaller with time. This partly reflects our star formation criterion of nH > 0.13 cm−3

that results in star formation occurring over a wide area when the universe is very

dense; it is therefore unlikely to be a robust prediction.

The upper right panel of Figure 2.14 shows the stellar bulge fraction evolution.

Early on, most galaxies are bulge-dominated, as a result of high merger rates and

large gas reservoirs that keep the mass distribution disordered. As time proceeds, the

combined effects of smooth gas accreting into galaxies with higher specific angular

momentum and galactic outflows removing preferentially low angular momentum

gas from their centers, cause galaxies to increase their sizes and reduce their stellar

bulge fractions on average (Brook et al., 2011; Governato et al., 2009, 2010). It is

interesting that this process only kicks in around z ∼ 4 to start producing disk-

dominated systems, at least for the range of galaxy masses considered here. Our

simulations, thus, predict that z ∼ 4 was the beginning of the epoch of disk formation

for massive galaxies. By z ∼ 2, this results in a trend of decreasing bulge fraction

with increasing stellar mass in this wind model. We note that this trend is opposite

to simple expectations from classic hierarchical galaxy formation models (e.g., White

& Frenk, 1991), in which disks form first and then merge later to give rise to more

dispersion-dominated systems.

The left panel of Figure 2.15 shows how simulated galaxies evolve with redshift in

the M∗–σ plane. Galaxies tend to evolve along the correlation of σ and M∗ observed

at z ∼ 2, extrapolated to lower masses. Disk peak rotation velocities follow a similar

trend with stellar mass, giving rise to a nearly constant ratio vd/σ ≈ 3 for all simu-
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lated galaxies independent of redshift, as shown in Figure 2.15, right panel. Hence

while the predicted vd/σ values are similar to that observed at z = 2, it remains to

be seen whether these same simulations can produce very thin disks as seen at z = 0.

In order to do so, something must alter the current evolution of vd/σ, perhaps as

a result of the dropping accretion rate or else the dropping outflow rate. Note that

the simulated velocity dispersions shown here have been averaged over many random

directions, in analogy with the spatially integrated σ values uncorrected for average

background velocity gradients inferred for the SINS galaxies (Förster Schreiber et al.,

2009). Contributions from disk rotation velocities may thus overestimate σ values

and underestimate the inferred rotational support of galaxies. For simulated galaxies,

we can eliminate the contributions from ordered rotation simply by calculating the

velocity dispersion along the line of sight perpendicular to the plane of the disk, σz.

Interestingly, while we find σz < σ in most cases, as expected, σz is also correlated

with the stellar mass of galaxies.

Overall, the redshift evolution of these properties shows a consistent buildup of

size and velocity dispersion with time (and mass), although mergers can particularly

impact the inferred sizes substantially over short time periods. The large scatter

in observed sizes may, therefore, reflect the short-term merger history of galaxies

even more reliably than instantaneous SFRs or bulge-to-disk ratios. Galaxies evolve

from being bulge-dominated when small to disk-dominated when larger, with disks

becoming prominent only at z ≤ 4. Despite this, galaxies are always rotationally

supported even at early times when bulge-dominated, suggesting that the present-

day association between small bulge-to-disk ratio and large rotational support does

not necessarily apply to high-redshift galaxies.

2.6 Resolution convergence

A key computational issue we face in this study is that the spatial resolution of

the observations we are comparing our results against is comparable to the numerical

resolution of our simulations. Our nominal ∼ 220 pc resolution at z = 2 corresponds

to the equivalent Plummer force softening length; thus, the scale at which we com-

pute exact gravitational forces is 2.8 times this length, or ∼ 600 pc. Furthermore,

SPH techniques may suffer from large viscous transport of angular momentum. In-

deed, the moving mesh code Arepo (Springel, 2010) is seen to produce larger-scale

disks than Gadget (Torrey et al., 2012; Vogelsberger et al., 2012) from identical
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Figure 2.16 Resolution convergence of physical quantities at z = 2 for our

momentum-driven wind (vzw; green) and no wind (nw; blue) simulations, comparing

our effective 10243 runs (green stars and blue squares for vzw and nw respectively)

with effective 5123 runs (green and blue filled circles for vzw and nw respectively)

of the same initial conditions. Green and blue solid lines connect individual galaxies

corresponding to the higher resolution and lower resolution simulations for the vzw

and nw simulations respectively. The green triangles show the physical properties of

the three most massive galaxies as obtained from the original large-scale 2563 simu-

lation with momentum-driven winds. Other lines and symbols are as in Figure 2.12.

Top left: specific star formation rate (sSFR) as a function of stellar mass (M∗). Top

right: stellar bulge mass fraction as a function of M∗. Bottom left: radius enclos-

ing half of the total star formation rate as a function of M∗. Bottom right: radius

enclosing half of the total stellar mass as a function of M∗.
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Figure 2.17 Resolution convergence of physical quantities at z = 2 for our

momentum-driven wind (vzw; green) and no wind (nw; blue) simulations, comparing

our effective 10243 runs (green stars and blue squares for vzw and nw respectively)

with effective 5123 runs (green and blue filled circles for vzw and nw respectively)

of the same initial conditions. Green and blue solid lines connect individual galaxies

corresponding to the higher resolution and lower resolution simulations for the vzw

and nw simulations respectively. The green triangles show the physical properties of

the three most massive galaxies as obtained from the original large-scale 2563 simu-

lation with momentum-driven winds. Other lines and symbols are as in Figure 2.13.

Left: velocity dispersion σ of the gas component of simulated galaxies as a function

of M∗. Right: disk peak rotational velocity vd divided by σ of the star-forming gas,

as a function of M∗ for all simulated galaxies.
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initial conditions. Other recent code comparisons suggest that differences in sub-grid

physics may have an even stronger impact on the properties of simulated galaxies

relative to differences in hydrodynamic techniques (Hopkins, 2013; Hopkins et al.,

2013; Scannapieco et al., 2012). It is, therefore, important to carry out a basic test

of resolution convergence of our key results.

We run simulations with a factor of two lower spatial resolution and a factor of

eight lower mass resolution, equivalent to 5123 resolution in a [24 h−1Mpc]3 box, from

otherwise identical initial conditions, and identify the galaxies that correspond to our

high-resolution galaxy sample. In addition, we extend our resolution study by using

the original large-scale cosmological simulation with momentum-driven winds and

2563 resolution. The unique identification of galaxies corresponding to our highest

resolution galaxy sample is increasingly difficult as the resolution decreases and galaxy

trajectories begin to differ. Nonetheless, we have been able to identify and calculate

the properties of our three most massive galaxies, extending the resolution study over

64× in mass and 4× in spatial scale.

Figures 2.16 and 2.17 show the effects of numerical resolution on key structural and

dynamical quantities of galaxies versus stellar mass for our momentum-driven winds

and no wind simulations at z = 2 (as in Figures 2.12 and 2.13). Here, solid lines (green

and blue for vzw and nw respectively) connect individual galaxies corresponding to

the higher and lower resolution simulations to help identify any systematic trends. We

note that a galaxy-by-galaxy comparison represents a strong numerical convergence

test given that even small deviations of orbital parameters in galaxy mergers may

result in rather different structural and kinematic properties of remnant galaxies at a

given time. Global properties of galaxies are thus expected to exhibit better numerical

convergence. Indeed, Figure 2.16 shows that total stellar masses and specific SFRs

of galaxies are both well converged for the vzw and nw simulations. The average

ratios 〈sSFR512/sSFR1024〉 and 〈M∗,512/M∗,1024〉 are consistent with unity within the

1σ dispersion when comparing the effective 5123 and 10243 simulations.

The size of galaxies is somewhat more sensitive to resolution, as shown in Fig-

ure 2.16, lower panels. For individual galaxies, we find that the half-SFR (R1/2,sfr) and

half-mass (R1/2,∗) radii may differ by up to a factor of∼ 2 for the effective 10243, 5123,

and 2563 simulations at z = 2. Such sensitivity might be expected given that radii

track recent merger activity, which can vary substantially owing to the chaotic nature

of orbits within hierarchically growing halos. Indeed, the most compact galaxy in the

sample is in the early stages of a major merger with a gas poor galaxy at z = 2 in
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our 2563 simulation, resulting in a strong variation in stellar effective radius without

significantly affecting R1/2,sfr. Despite this, we find no systematic trend in the whole

sample with resolution or wind model—the average size ratio 〈R512/R1024〉 is consis-
tent with no resolution dependence for both the stellar and gas distributions. Our

lower resolution simulations confirm that outflows generally produce more extended

star-forming disk galaxies but that may also result in compact galaxies (similar to

simulations with no winds) with some frequency.

Stellar bulge mass fractions are also somewhat sensitive to resolution, as shown

in the upper right panel of Figure 2.16. In the vzw case, bulge fractions are generally

higher at low resolution. This is expected if the lack of gravitational resolution results

in increased random motions and the overall reduction of ordered rotation due to a

comparatively shallower gravitational potential. Such a trend is not as apparent in

the no wind case, though in two cases the bulge fractions are substantially different.

Overall, our general result that bulge fractions are higher for similar mass galaxies

in simulations with no winds seems unaffected by resolution.

We find a systematic trend for gas velocity dispersion (σ) to decrease with res-

olution (Figure 2.17, left), though this is significantly more evident for simulations

without winds. This suggests that our effective 10243 simulations may not have

reached numerical convergence and that higher resolution simulations with outflows

could result in slightly higher σ values for a given stellar mass, more in agreement

with observations. Despite this, gas recycling for simulations with outflows seems to

result in increasing σ values and, therefore, turbulence in galaxies regardless of nu-

merical resolution. Figure 2.17, right panel, shows that the ratio vd/σ is reasonably

well converged for the vzw model but increases systematically for nw simulations

with lower resolution due to the overall decrease in σ.

In short, our main results are generally though not optimally resolution converged.

Higher resolution seems to result in lower stellar bulge fractions and higher gas ve-

locity dispersions, while we find no systematic trend for galaxy sizes with resolution.

However, the resolution convergence exhibited by the wind simulations is better than

that for no winds. Interestingly, this trend is also seen for global mass and SFR

functions (Davé et al., 2011b). By increasing sizes and having a physically moti-

vated driver of wind recycling that sets the velocity dispersion, winds actually seem

to help resolution convergence somewhat. Nonetheless, this convergence experiment

only spanned a factor of 4 in spatial scale and 64 in mass (for our three most massive

galaxies), and hence simulations with greater dynamic range will be needed to fully
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assess the numerical robustness of these results.

2.7 Summary and conclusions

Powerful galactic outflows are ubiquitous in high-redshift galaxies and likely play

a central role in the evolution of galaxies and the IGM. Here, we have presented

high-resolution cosmological zoom simulations that follow the evolution of a sample

of eight central galaxies down to z = 2, focusing on the impact of strong outflows on

their morphologies, kinematics, and star formation properties. Our main results can

be summarized as follows:

• Despite the limited sample of eight galaxies presented here, our simulated sys-

tems span a wide range of morphological characteristics at z = 2. Disk struc-

tures are prevalent but can range from very compact gas and stellar distribu-

tions, to extended quiescent “grand-design” spirals, to turbulent and clumpy

disks. Inferred morphologies can depend on the observed tracer.

• Simulations with no winds produce rapidly rising SFRs that result in higher

stellar masses, higher metallicities, and lower gas fractions for all galaxies at all

times relative to simulations with galactic outflows. Momentum-driven winds

cause an effective delay in star formation by ejecting significant amounts of

gas from small, early galaxies and having it reaccreted at later times, resulting

in higher gas fractions and star formation histories more in agreement with

observations. All wind models fail, however, in reproducing the normalization

of the observed z = 2 M⋆–SFR relation, though the late-time recycling by

the momentum-driven wind model comes the closest; this suggests that even

stronger outflows at early times and/or small masses may be required.

• Galactic outflows affect the amount and distribution of metals in galaxies by

regulating star formation, ejecting metals into the surrounding gas preferen-

tially from their centers, and the recycling of enriched gas back into galaxies

over larger scales. This results in lower metallicities and less steep metallicity

gradients relative to simulations with no winds. The resulting central metallic-

ities are somewhat super-solar. Examples of inverted metallicity gradients are

uncommon among our galaxy sample.

• Winds have a significant impact on the structural properties of simulated galax-

ies. No wind simulations generally produce more compact galaxies with higher
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stellar surface densities, higher stellar mass bulge fractions, and most of the star-

forming gas concentrated within the inner kiloparsec. Galactic winds usually

yield more extended disks and tend to reduce bulge fractions by preferentially

removing low angular momentum gas from their centers. Nonetheless, simu-

lations with winds may produce, in some cases, galaxies with stellar surface

densities above the threshold for compact ellipticals, usually occurring shortly

after a major merger event. Sizes in general are quite sensitive to the merger

history, more so than star formation or bulge fraction, and hence this may be

the best way to assess the hierarchical buildup of galaxies.

• Simulations with winds produce galaxies with more gradually rising rotation

curves compared to the more centrally peaked rotation curves of galaxies with-

out winds. When calculated from the gas rotation velocities rather than the

enclosed mass, rotation curves are more smoothly rising because of the increased

dispersion support in the central regions of galaxies.

• Peak rotation velocities and velocity dispersions scale with stellar mass for all

wind models, in a manner broadly consistent with observations. The inferred

ratios vd/σ are consistent with rotationally supported turbulent disks at z = 2.

Gas recycling and the high gas fractions of galaxies from simulations with out-

flows yield higher gas velocity dispersions and more turbulent disks compared

to no-wind simulations. Early small galaxies have both high bulge fraction

and are rotation-dominated, counter to typical trends among local galaxies,

and suggests that the standard intuition from today’s Hubble sequence may not

apply to high-z galaxies.

Our simulations complement previous studies by analyzing the effects of large-

scale outflows on the internal structure and evolution of individual z = 2 galaxies.

We employ the same outflow mechanisms used by Davé et al. (2011a,b) in non-zoom

cosmological simulations, including an observationally constrained prescription for

momentum-driven winds, and with no further tuning of model parameters. Encour-

agingly, simulations with momentum-driven winds, which are favored by a wide range

of observations and recent idealized galaxy simulations (Hopkins et al., 2012), yield

similar trends on the global properties of galaxies when applied to simulations with a

factor ×150 increased in mass resolution, and produce galaxies at z = 2 with struc-

tural and kinematic properties in broad agreement with observations. This provides

a new and non-trivial test of hierarchical galaxy formation models.
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It is interesting that even among our limited galaxy sample, we produce a diver-

sity of morphologies, from grand design spirals to clumpy turbulent disks to potential

progenitors of compact ellipticals. This diversity is enhanced by feedback, and may

in fact be governed by it. While there is an overall consensus on the importance of

feedback associated with star formation in determining the morphologies of galaxies

and their evolution over cosmic time, major uncertainties remain on the nature and

relative significance of different feedback processes. The specific outcomes of partic-

ular feedback models often depend on numerical resolution, the treatment of ISM

physics, the star formation prescription, and other implementation details (Ceverino

et al., 2010; Christensen et al., 2012; Governato et al., 2010; Hopkins et al., 2012;

Krumholz & Dekel, 2012; Scannapieco et al., 2012).

Generically, we find that increasing the strength of feedback results in the reduc-

tion of star formation efficiencies and the increase in galaxy sizes for a given stellar

mass, as found in, e.g., Sales et al. (2010). Galactic outflows also increase the degree

of rotational support of galaxies by preferentially removing low angular momentum

gas from their centers (Brook et al., 2011, 2012; Governato et al., 2010). Disk galaxies

may survive or even be produced from high angular momentum mergers of gas-rich

systems, provided that pressurization from a multiphase ISM prevents fragmenta-

tion and efficient conversion of gas into stars (Hopkins et al., 2009a,b; Robertson et

al., 2006a, 2004). Simulations with no thermally pressurized ISM, however, tend to

produce more turbulent and clumpy disks and may result in rather different merger

remnant morphologies (Bournaud et al., 2011a). These illustrate how the structure

and morphology of high-redshift galaxies provide yet another important test of feed-

back processes during the peak epoch of galaxy growth.

The progress of high performance computing has enabled these types of cosmo-

logical zoom simulations to become more routine, but they still rely on sub-grid

prescriptions and are subject to numerical uncertainties. Advancing this field will

rely on developing more robust models for the small-scale physics in addition to

achieving higher dynamic range. This work presents a first step toward developing

plausible models for the formation of galactic systems down to sub-kpc scales, but

much work lies ahead to push both to smaller scales and to understand better the

underlying physical processes governing high-redshift galaxy assembly.
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Chapter 3

BLACK HOLE-GALAXY CORRELATIONS WITHOUT

SELF-REGULATION

3.1 Introduction

A wide range of observations imply a close connection between central massive

black holes and their host galaxies, including the similarity between the cosmic star

formation history and the evolution of global black hole accretion (Aird et al., 2010;

Boyle & Terlevich, 1998; Hopkins & Beacom, 2006; Madau et al., 1996; Rodighiero

et al., 2010; Silverman et al., 2008), the higher incidence of active galactic nuclei

(AGN) in higher-mass galaxies and strongly star-forming systems (Juneau et al.,

2013; Kauffmann et al., 2003; Rafferty et al., 2011; Rosario et al., 2013; Santini

et al., 2012; Silverman et al., 2009; Trump et al., 2013), as well as a number of

correlations between the mass of the central black hole and properties of the host

galaxy such as the stellar mass of the central bulge (MBH–Mbulge relation; Häring

& Rix, 2004; Magorrian et al., 1998; Scott et al., 2013), and its velocity dispersion

(Ferrarese & Merritt, 2000; Graham et al., 2011; Gültekin et al., 2009; McConnell

et al., 2011; Tremaine et al., 2002). This circumstantial evidence has led many to

conclude that massive black holes play a key role in galaxy evolution (Cattaneo et al.,

2009; Somerville et al., 2008) and yet, unravelling the physical mechanisms driving

this connection remains one of the major unsolved problems in modern astrophysics.

An increasing number of computational studies are incorporating models for black

hole growth and feedback into idealized galaxy scale simulations as well as full cos-

mological simulations (e.g., Booth & Schaye, 2009; Choi et al., 2012; Debuhr et al.,

2011; Di Matteo et al., 2008; Dubois et al., 2012; Kim et al., 2011; Power et al., 2011;

Springel et al., 2005b). The majority of galaxy formation simulations to date have

employed black hole accretion prescriptions based on the spherical Bondi–Hoyle–

Littleton parameterization (hereafter “Bondi rate”; Bondi, 1952; Bondi & Hoyle,

1944; Hoyle & Lyttleton, 1939), with the exception of some recent models that in-

corporate the physics of angular momentum transport in non-spherically symmetric

flows (e.g., Debuhr et al., 2011; Power et al., 2011). A variety of feedback models
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have been implemented to date, including the injection of a fraction of the accretion

luminosity as thermal energy into the gas surrounding the black hole (Johansson et

al., 2009; Sijacki et al., 2007; Springel et al., 2005b), the injection of momentum from

optically thick radiation fields (Debuhr et al., 2011), heating and radiation pressure

from X-ray generated by the AGN (Choi et al., 2012; Hambrick et al., 2011; Kim et

al., 2011), and the injection of mass and/or momentum from AGN-driven winds or

radio jets (Choi et al., 2012; Debuhr et al., 2012; Dubois et al., 2012).

The success of coupled black hole accretion and feedback models in accounting

for a number of observations including black hole mass functions, Eddington ratio

distributions, and black hole–galaxy correlations (e.g., Di Matteo et al., 2005; Hopkins

et al., 2006) have contributed to establish a paradigm in which black hole growth is

self-regulated by feedback from the black hole itself. There is, however, no direct

observational evidence to date for such self-regulated growth of black holes due to

their own feedback (Alexander & Hickox, 2012). AGN feedback acting in the kinetic

or radio mode is commonly observed in the form of radio-emitting relativistic jets,

and its effects on the hot gas in galaxies and clusters are relatively well understood.

The radiative or quasar feedback mode has been identified by the presence of highly

blueshifted absorption and emission lines and broad line wings, but the overall impact

of quasar-driven winds on the host galaxy remains uncertain (Fabian, 2012). Even

if AGN feedback is effective in quenching star formation in galaxies and suppressing

cooling flows in groups and clusters (as required by galaxy formation models), there

is a priori no reason for AGN feedback to be the dominant physical process regulating

black hole growth in galaxies.

In the presence of a non-zero net angular momentum of the surrounding gas, black

hole feeding likely occurs through viscous transport in a Keplerian accretion disk

(e.g., Balbus & Hawley, 1998; Shakura & Sunyaev, 1973). Therefore, it is plausible

that most of the feedback energy and momentum escapes along the polar direction

without significantly affecting further accretion (e.g., Ohsuga et al., 2005). In order

to allow for significant black hole growth, the accretion disk must be continuously

replenished by gas inflows from larger scales. The angular momentum of the gas along

with competition with star formation are known to represent significant barriers to

the transport of gas from galactic scales down to the black hole accretion disk (e.g.,

Hopkins & Quataert, 2010; Jogee, 2006; Thompson et al., 2005). Thus, the rate of

angular momentum transport relative to the local star formation rate (SFR) may

well be the dominant physical process governing black hole growth in galaxies, even
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if AGN feedback is acting at some level (e.g., Escala, 2006, 2007; Power et al., 2011).

Numerical simulations have shown that large-scale tidal torques produced by

galaxy interactions, galaxy mergers, and gravitational instabilities in self-gravitating

disks can lead to efficient angular momentum transport and the rapid inflow of gas

into the central kiloparsec of galaxies (e.g., Barnes & Hernquist, 1992; Hernquist,

1989; Shlosman et al., 1989). At smaller scales, large-scale torques become less ef-

ficient and additional mechanisms are required. Using multiple nested galaxy scale

simulations of progressively higher resolution, Hopkins & Quataert (2010) showed

that a series of gravitational instabilities can generate net inflow rates of up to 1–

10M⊙ yr−1 down to sub-parsec scales (. 0.1 pc). They found that non-axisymmetric

perturbations to the stellar gravitational potential produce orbit crossings and shocks

in the gas that can be efficient in removing angular momentum even at scales . 10 pc.

Hopkins & Quataert (2011) derived analytic expressions for the loss of angular mo-

mentum in the presence of such shocks and presented an analytical “gravitational

torque” model for the resulting gas inflow rates. This analytic model was found to

reproduce gas inflow rates at . 0.1 pc scales from simulations with significantly less

scatter than the Bondi parameterization for the total enclosed mass within a given

radius.

The goal in this Chapter is to investigate the growth of supermassive black holes

due to gravitational-torque-driven accretion in a cosmological context and determine

whether this growth mechanism can account for the observed black hole–galaxy cor-

relations without the requirements of AGN feedback and self-regulated growth. Our

approach consists on combining high-resolution cosmological hydrodynamic simula-

tions together with analytic models of black hole accretion in post-processing. This

simplification allows us to follow the growth of galaxies and black holes from early

epochs down to z = 2 without making any prior assumptions about the effects of

AGN feedback on galactic scales. By comparing predictions from the Bondi and grav-

itational torque models, we evaluate the relative importance of feedback and angular

momentum transport in regulating cosmological black hole growth. In addition, we

discuss the implications of different black hole accretion models on the link between

major galaxy mergers and rapid phases of black hole growth, as well as the growth of

black hole seeds in the early universe. The observed black hole–galaxy correlations

are regarded here as a strong constraint for theories of black hole growth and galaxy

evolution but not as a mandatory outcome of AGN feedback, as it is commonly as-

sumed. Given that both star formation and black hole accretion histories peak at
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z ∼ 2, our simulations target the critical epoch when such correlations were likely

established.

This Chapter is organized as follows. We describe our simulations and main

analysis procedures in Section 3.2. In Section 3.3, we present an overview of our

simulated galaxies and describe their main physical properties. In Section 3.4, we

evaluate the Bondi and gravitational torque models and show how the inferred black

hole accretion rates relate to the physical properties and evolution of the host galaxies.

In Section 3.5, we use the observed black hole–galaxy correlations to put constraints

on black hole accretion in cosmological timescales and evaluate the effects of AGN

feedback as required by different black hole models. In Sections 3.6 and 3.7, we show

that the gravitational torque model naturally yields the observed black hole–galaxy

correlations regardless of the initial masses of black holes and galaxies, and without

the need for self-regulation by galaxy-scale AGN feedback. Finally, we summarize

our results in Section 3.8.

3.2 Simulation runs and analysis

As in Chapter 2, we use the “zoom-in” technique (e.g., Navarro & White, 1994)

to run cosmological simulations and resolve the physical conditions at the inner kilo-

parsec of galaxies over cosmic time. We note that our simulations do not include

prescriptions for black hole growth and the effects of AGN feedback. Our goal is to

use galaxy formation simulations together with analytic black hole accretion models

to study the physical processes governing cosmological black hole growth, based only

on the observed black hole–galaxy correlations, and with no implicit assumptions

about the amount and efficiency of feedback from the accretion process.

We first ran an intermediate-resolution cosmological simulation with 2 × 2563

gas+dark matter particles in a [24 h−1Mpc]3 comoving box. This simulation allows

us to characterize the population from which galaxies are selected for resimulation.

We chose two galaxies at z = 2 characterized by similar masses but different mor-

phologies, environments, and merger histories. We identified all particles within the

virial radius of each galaxy and traced them back to their locations on the initial grid,

where they mark the refinement region. Zoom initial conditions were then generated

by populating the refinement region with a larger number of lower mass particles

(each particle is replaced by 8l, where l is the zoom level), and adding the additional

small-scale fluctuations appropriate to the new Nyquist frequency. In order to reduce
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numerical artifacts due to the difference in particle masses and to make sure that the

large-scale gravitational torques acting on the target halos are accurately represented,

the high-resolution region was significantly enlarged by an iterative “cleaning” proce-

dure and surrounded by two nested, concentric layers of progressively lower resolution.

After running the simulations, we enlarged our galaxy sample by including six ad-

ditional galaxies that were found well within the high-resolution regions, confirming

that there is no contamination of low-resolution particles within the virial radius of

each galaxy.

Our zoom simulations have an effective resolution equivalent to 2×10243 particles

homogeneously distributed in a [24 h−1Mpc]3 box, with (high-resolution) gas particle

mass mgas ≈ 2.3 × 105M⊙, dark matter particle mass mDM ≈ 1.2 × 106M⊙ and

softening length ǫ ≈ 0.47 h−1 kpc comoving (or ∼ 224 pc physical at z = 2). All

results presented in this Chapter (except where indicated) correspond to simulations

including our preferred model for galactic outflows, based on momentum-conserving

scalings as explained above. In order to identify the possible effects of winds in our

results, we also ran all simulations without winds. Additionally, we ran simulations

with 2 × 5123 effective resolution (i.e., two times lower spatial resolution and eight

times lower mass resolution) for all galaxies to test for numerical convergence.

We produced over 230 snapshot files at time intervals ranging from ∼ 5 to 25Myr

during the simulation. We identify galaxies by means of the Spline Kernel Interpola-

tive Denmax algorithm (skid1) at each redshift snapshot independently (see Kereš et

al., 2005, for a description). Our simulated galaxies are thus defined as bound groups

of star-forming gas particles (i.e., gas particles with densities above the threshold

for star formation) and star particles. We initially associate each skid-identified

galaxy with a dark matter halo by using a spherical overdensity algorithm, defining

the virial radius as the radius enclosing a mean density given by Kitayama & Suto

(1996). Overlapping halos are then grouped together so that, by construction, every

halo in our final catalog has a central galaxy (the most massive galaxy) and a num-

ber of satellite galaxies. Beginning at z = 2, we reconstruct the evolution of each

individual galaxy back in time by identifying each galaxy’s most massive progenitor

at all redshifts. All galaxies presented here are centrals.

When calculating morphological and kinematic properties of each galaxy as a

function of time, we take the position of the most bound gas particle as the center

1http://www-hpcc.astro.washington.edu/tools/skid.html
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Figure 3.1 Snapshots of our sample of simulated galaxies at z = 2. For each galaxy,

we show SFR surface density maps color-coded according to the projected density-

weighted temperature (top panels) and the projected stellar surface density (bottom

panels). The total SFRs and stellar masses of galaxies are indicated in the top and

bottom panels, respectively. Face-on and edge-on views of galaxies correspond to the

direction of the angular momentum at z = 2. The region shown is 30 kpc (physical)

across.
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of the galaxy, which corresponds to the position of the black hole. This results in a

physically more meaningful and a significantly more stable definition compared to the

galaxy center computed by skid, especially during close galaxy encounters and galaxy

mergers. Since we are interested in the evolution of galaxies and black holes over

cosmological timescales, we smooth the time evolution of all physical quantities and

extract their main evolutionary features by calculating averages over time intervals of

50Myr (except otherwise noted). Finally, we impose a resolution limit on our sample

of galaxies by requiring that they contain at least 100 gas particles and 100 star

particles within the inner kiloparsec. In this way, we ensure that the morphology and

the physical conditions at the centers of galaxies can be accurately characterized for

the purposes of this work. Therefore, lower mass galaxies take part of the analyses

and results only until they are resolved at later times.

3.3 Galaxy properties

Our zoom simulations reproduce many characteristic features of observed z ≈ 2

star-forming galaxies. The properties of these galaxies have been analyzed in detail

in Chapter 2, where we show that strong stellar winds are required in order to main-

tain high gas fractions, redistribute star-forming gas over larger scales, and increase

the velocity dispersion of simulated galaxies, in better agreement with the large,

extended, rotation-dominated yet turbulent star-forming disks of the SINS survey

(Förster Schreiber et al., 2009).

Here, we provide a general description of all simulated galaxies and then we

focus on the physical conditions at their centers, since they eventually determine the

accretion rates onto the central black hole.

3.3.1 Global properties

Figure 3.1 gives a visual impression of our galaxy sample by showing the distri-

bution of the star-forming gas and stellar contents at z = 2. For most galaxies, the

star-forming gas lies primarily in a thick, rotationally supported disk, with sizes rang-

ing from ∼ 5 to ∼ 25 kpc. A wide range of morphologies can be identified, including

prominent spiral arms (galaxy g54), a very compact gas distribution (galaxy g2403), a

pair of interacting galaxies (g2438), and a turbulent, highly disturbed galaxy (g222).

The projected stellar distributions also reveal a wide variety of galaxy sizes and mor-

phologies. Most galaxies appear to have a large-scale stellar disk surrounded by a
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function of time from z = 8 to z = 2 for all simulated galaxies. Each color corresponds

to a different galaxy.
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significant spherical component.

At z = 2, our simulated galaxies span about an order of magnitude in both stellar

mass (from ∼ 1.6 × 109 to ∼ 3.3 × 1010M⊙) and SFR (from ∼ 1 to 40M⊙ yr−1).

Figure 3.2 shows the evolution of individual galaxies from z = 8 to 2 in terms of

their stellar mass, gas fraction, and specific SFR. Major mergers (identified as abrupt

changes in the stellar mass of galaxies) can have a significant impact on the dynamical

properties of galaxies but represent only a small fraction of the total mass growth

down to z = 2. Specific SFRs follow a common trend for all galaxies, decreasing from

∼ 10Gyr−1 at z = 8 down to ∼ 1Gyr−1 at z = 2, but their individual star formation

histories are clearly different. Gas fractions evolve relatively slowly from nearly unity

at z = 8 down to ∼ 0.5 at z = 2, due to the early suppression of star formation

by momentum-driven winds and the recycling of gas at later times. Overall, our

simulated galaxies are characterized by a wide range of masses, morphologies, and

star formation histories and are representative of “normal” z = 2 systems (Chapter 2).

3.3.2 The central kiloparsec

In order to investigate the dominant processes governing black hole growth, it is

crucial to understand the physical conditions at the inner regions of galaxies, how

they evolve in time, and what the main evolutionary triggers are. Here, we evaluate

the masses and morphologies of the stellar and gas contents of galaxies as well as

the specific SFRs within a radial distance R0 = 1kpc from their centers. Large-scale

gravitational torques produced by galaxy mergers and interactions are often invoked

as triggers of star formation and AGN activity (e.g., Springel et al., 2005b). The

identification of galaxy mergers in cosmological simulations is, however, a non-trivial

task in which the simple working definition of “galaxy” can result in a rather different

timing of merger events or the temporal identification of close galaxy encounters as

a merging system (Gabor et al., 2011). For the purposes of this work, we simply

associate changes in galaxy properties with galaxy interactions and/or mergers by

visual identification from gas and stellar surface density plots (similar to those in

Figure 3.1) at the appropriate snapshot times.

Figure 3.3 characterizes the masses and morphologies of the stellar and gas con-

tents of galaxies g54 and g222 within the inner kiloparsec as a function of time. In

the remainder of this section, we use these two galaxies to illustrate the analysis but

we note that our conclusions apply to all simulated galaxies. Galaxy g54 undergoes a

relatively quiescent evolution below z ≈ 3, after a merger that results in a significant



80

     

108

109

M
as

s 
 (

M
O •
)

2345678
Redshift

     

0.2
0.4
0.6
0.8

κ r
ot

     

0.2
0.4
0.6
0.8

f b
ul

ge

1000 1500 2000 2500 3000
Time  (Myr)

0
2
4
6
8

sS
F

R
 (

G
yr

-1
)

g54

     
107

108

109

1010

M
as

s 
 (

M
O •
)

2345678
Redshift

     

0.2
0.4
0.6
0.8

κ r
ot

     

0.2
0.4
0.6
0.8

f b
ul

ge

1000 1500 2000 2500 3000
Time  (Myr)

0
2
4
6
8

sS
F

R
 (

G
yr

-1
)

g222

Figure 3.3 Evolution of galaxy properties evaluated within the inner kpc for the

stellar (red line) and gas (blue line) components of galaxies g54 (left) and g222 (right),

two of the most massive galaxies in the sample. From top to bottom: total mass,

fraction of kinetic energy in ordered rotation (calculated with respect to the total

angular momentum of the galaxy), bulge mass fraction (mass fraction in a spherical

component calculated from kinematic decomposition), and specific SFR.
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increase in the stellar mass within R0 (∼ 2000Myr after the big bang). Galaxy g222

is located in a denser environment and it undergoes a more violent evolution, with

mergers that result in the rapid increase of stellar and gas masses within R0 at times

∼ 1500, 1900, 2700, and 3000Myr.

Here we parameterize the gas and stellar morphologies within the inner kilopar-

sec of galaxies based on the amount of rotational support, κrot, and the bulge mass

fraction, fbulge. We calculate κrot as the fraction of kinetic energy in ordered rota-

tion with respect to the total angular momentum within R0 (e.g., Sales et al., 2010).

Additionally, we estimate fbulge from a bulge-disk decomposition based on the full

three-dimensional kinematic information of particles of either the gas or the stellar

components. We calculate the azimuthal velocity (vφ) of each particle with respect to

the direction of the total angular momentum within R0. In the presence of a spher-

ical component supported by random motions, vφ is expected to have a symmetric

distribution with 50% of the particles having velocities vφ < 0 on average. Therefore,

by adding up the masses of particles with vφ < 0 (and multiplying by 2) we can get

an estimate of the total mass in a spherical component. This will certainly underes-

timate fbulge in the case of rotating bulges but it is a reasonable approximation for

the purposes of this work.

Figure 3.3 shows that the gas component is more rotationally supported than the

stellar component at all times, since the infalling gas can cool down and form a disk

even if only a fraction of the initial angular momentum is retained. In the absence of

strong perturbations, the stellar κrot tends to increase as the stars form from the gas

disk (e.g., galaxy g54 from z = 6 → 3). Galaxy interactions and mergers result in

gas inflows toward the center of galaxies and leave their imprint in κrot: an increase

in the total gas mass within R0 usually correlates with a decrease in κrot (e.g., galaxy

g222 at times ∼ 1500 and 1900Myr). As expected, fbulge anticorrelates with κrot,

since both quantities are calculated based on particle kinematics. We see that galaxy

interactions result in a temporary increase of the total gas mass as well as the mass

fraction in a spherical component. Correspondingly, the evolution of the specific

SFR within the inner kiloparsec appears to be modulated by galaxy interactions and

mergers. These events generally trigger temporary increases in the specific SFR that

correlate with changes in the gas morphology and kinematics. The morphology of the

stellar component can be affected by this enhanced star formation activity, since stars

forming from low angular momentum gas after a merger can result in the increase of

the stellar bulge component (e.g., galaxy g222 at t ∼ 1500Myr).
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Figure 3.4 Inferred Bondi rates for galaxies g54 (left) and g222 (right). Top: gas

density at the location of the most bound gas particle. Middle: sound speed at the

location of the most bound gas particle (solid line) and relative velocity with respect

to the surrounding gas (dotted line). Bottom: inferred black hole accretion rates

using the Bondi–Hoyle–Littleton parameterization (Equation (3.1) with α = 100)

and based on the gas properties at the location of the most bound gas particle, where

we have used a constant black hole mass MBH = 105M⊙ at all times and normalized

to the peak accretion rate.

In summary, global properties of simulated galaxies and their evolution on cos-

mological timescales are dominated by smooth accretion and wind-regulated star

formation (Chapter 2). Despite this, galaxy interactions and mergers can have a sig-

nificant impact on the morphology and star formation properties at the inner regions

of galaxies. As we show in the next section, these events will have an effect on the

inferred central black hole accretion rates and the evolution of AGN activity.

3.4 Central accretion rates

We infer the accretion rates onto black holes located at the center of each simulated

galaxy based on two different accretion prescriptions. The first is the spherical Bondi

accretion, in which the mass accretion rate is determined by the amount of matter
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Figure 3.5 Inferred gravitational torque rates for galaxies g54 (left) and g222 (right).

From top to bottom: (1) total (stellar and gas) disk mass evaluated within R0 = 1kpc,

(2) total disk mass fraction within R0, (3) ratio of gas mass to total (stellar and gas)

disk mass evaluated at R0 (solid line), provided that fgas ≥ f0 (dashed line) inflow

rates are not limited by gas supply, and (4) inferred black hole accretion rates using

the analytic model of Hopkins & Quataert (2011) (Equation (4.2)), where we have

used a constant black hole mass MBH = 105M⊙ at all times and normalized to the

peak accretion rate.
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captured gravitationally by the black hole. The second is the accretion rate driven by

torques produced by gravitational instabilities at different scales in the inner galaxy.

We utilize the analytic model developed by Hopkins & Quataert (2011) to calculate

the latter accretion rate. Since the evolution of the central kiloparsec of galaxies has

been fully characterized, we can evaluate black hole accretion rates resulting from

different physical processes and investigate the connection of AGN activity and host

galaxy properties. As we show below, the use of a particular black hole accretion

model in galaxy formation simulations can lead to rather different predictions on the

galaxy–AGN connection.

We choose the most bound particle in each galaxy to represent the central black

hole. However, in this set of simulations, we do not self-consistently update the

black hole mass and, therefore, we neglect the gravitational influence of the black

hole at the scales resolved in the simulation. The Bondi radius (Bondi, 1952) of a

black hole of mass MBH = 107M⊙, assuming a sound speed cs = 30 km s−1, is rB =

GMBH/c
2
s ≈ 50 pc, which is below the physical softening length in our simulations for

the redshift range of interest (ǫ ≈ 75–224 pc at z = 8–2). Furthermore, the typical

masses of central black holes that we infer for our simulated galaxies (see Section 3.5)

are, at most, comparable to the mass of a few tens of gas particles and we typically

resolve the inner kiloparsec of galaxies with thousands of gas particles. Therefore,

given the mass and force resolution in our simulations, we do not expect the lack of

gravitational force from the central black hole to have a significant effect on accretion

rate estimates. It can be argued, however, that a more critical issue is the lack of

black hole feedback in our simulations. We will address the issue of feedback in

Section 3.5.

3.4.1 Bondi–Hoyle–Littleton parameterization

The Bondi model (Bondi, 1952; Bondi & Hoyle, 1944; Hoyle & Lyttleton, 1939)

is the most widely used prescription for black hole growth in galaxy formation simu-

lations (e.g., Di Matteo et al., 2008; Springel et al., 2005b). For a black hole of mass

MBH, moving at velocity v relative to a uniform distribution of gas with density ρ

and sound speed cs, the Bondi rate is given by

ṀBondi = α
4πG2M2

BH ρ

(c2s + v2)3/2
, (3.1)

where α is a dimensionless parameter which is usually added to boost accretion rates

and partially compensate for the relatively high mean gas temperatures resulting
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from the multi-phase sub-grid model of star formation and/or the lack of the spatial

resolution required to resolve the Bondi radius (Booth & Schaye, 2009; Johansson

et al., 2009). The choice of this parameter, together with the initial black hole

mass, can have a significant effect on the early growth of black holes. Here we use a

constant value α = 100, similar to many previous studies (e.g., Springel et al., 2005b).

For comparison, we also explore the functional form introduced by Booth & Schaye

(2009), where α ∝ ρ2 for gas at densities above the threshold for star formation

(n > 0.13 cm−3 in our simulations) and α = 1 for lower density, single-phase gas. We

note that further modifications to the Bondi parameterization have been proposed

for the case of efficient cooling and significant contribution of the surrounding halo

to the total gravitational potential (Hobbs et al., 2012). Making the reasonable

assumption that the black hole is located at the center of the potential well, we can

get an estimate of the Bondi rate based on the properties (gas density and sound

speed) of the most bound gas particle at the center of each simulated galaxy.

Figure 3.4 shows the evolution of the density and sound speed at the location of

the black hole in galaxies g54 and g222. Beginning at z = 8, the central density of

galaxy g54 increases by over two orders of magnitude up to ∼ 250 cm−3 at the end

of the last merger (t ∼ 2000Myr), and then decreases rapidly down to ∼ 30 cm−3 at

z = 2. Prior to the last merger, the accretion of low-mass gas-rich satellites results in

temporary increases of the central density that correlate with morphological changes

and increases in specific SFRs as seen in Figure 3.3. The effects of mergers in the

central density of galaxy g222 are more evident, with significant density peaks (up

to ∼ 400 cm−3) clearly correlating with changes in the specific SFR within the inner

kiloparsec.

We evaluate the relative velocity of the surrounding gas (v) as a SPH-kernel

weighted averaged with respect to the most bound gas particle, resulting in signif-

icantly lower values compared to the typical sound speed (Figure 3.4). For both

galaxies, the evolution of the central sound speed resembles that of the density but

with less than a factor of three variation during the simulation. We note that the

large values of sound speed shown here are due to the effective equation of state

resulting from the sub-grid prescription of star formation. This leads to a significant

suppression of Bondi rates that is partially compensated by the addition of the boost

factor α in Equation (3.1) (see Pelupessy et al., 2007, for an alternative approach).

The Bondi rates inferred for black holes located at the centers of galaxies g54

and g222 are shown in Figure 3.4. Since the goal here is to identify the physical
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drivers of black hole accretion, we simply evaluate Equation (3.1) for a nominal,

constant black hole mass MBH = 105M⊙ at all times and show normalized Bondi

rates relative to the peak value for each galaxy. This simplification allows us to

avoid making assumptions about the actual growth of black holes at this stage and

to focus only on how the evolution of the host galaxy relates to relative changes

in black hole accretion according to the Bondi model. Figure 3.4 shows that the

evolution of the normalized Bondi rates resembles that of the central density and it

is therefore imprinted with the effects of galaxy mergers. Since mergers invariably

cause an increase in the central density of galaxies, the Bondi model predicts a direct

connection between AGN activity and galaxy mergers, as has been found in many

previous simulations (e.g., Di Matteo et al., 2005; Springel et al., 2005b). Moreover,

since star formation is also proportional to the gas density (the sub-grid model is

tuned to match the observed relation of Kennicutt, 1998a), the Bondi model provides

support for a merger-driven scenario for the origin of starbursts and quasar phases

(Hopkins et al., 2006).

3.4.2 Accretion due to gravitational torques

In any realistic flow with a non-zero net angular momentum, the gas is expected to

settle down onto a rotationally supported disk. The rate at which the gas is accreted

depends on the rate at which its angular momentum is removed. Here, we evaluate

black hole accretion rates based on the analytic model of Hopkins & Quataert (2011)

that accounts for the angular momentum transport in the galactic disk.

The gravitational torque model predicts inflow rates at sub-parsec scales as a

function of physical quantities evaluated at scales that can be resolved in the simu-

lation. Based on this prescription, the black hole accretion rate (1) increases linearly

with the total (stellar and gas) disk mass, Mdisk, (2) depends strongly on the total

(stellar and gas) disk mass fraction, fdisk, (3) increases with the ratio of gas mass

to total disk mass, fgas, and (4) depends very weakly on the black hole mass, MBH

(Hopkins & Quataert, 2011):

ṀTorque ≈ αT f
5/2
disk ×

(

MBH

108M⊙

)1/6 (
Mdisk(R0)

109M⊙

)1

×
(

R0

100 pc

)−3/2 (

1 +
f0
fgas

)−1

M⊙ yr−1, (3.2)
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where

f0 ≈ 0.31 f 2
disk (Mdisk(R0)/10

9M⊙)
−1/3, (3.3)

fgas(R0) ≡ Mgas(R0)/Mdisk(R0), (3.4)

and αT is a normalization factor of order ∼ 1–10 that parameterizes the dependence

of inflow rates on star formation at scales not resolved. Here we use αT = 5 (Hopkins

& Quataert, 2011) and evaluate all quantities within a radius R0 = 1kpc that is well

resolved in our simulations. The total disk mass (Mdisk) is calculated from kinematic

decomposition (similar to fbulge in Section 3.3.2) and the total disk mass fraction is

calculated as fdisk = Mdisk/(Mgas(R0) +Mstar(R0)), with Mgas(R0) and Mstar(R0) the

total gas and stellar masses within R0, respectively.

Figure 3.5 shows the evolution of Mdisk, fdisk, and fgas for galaxies g54 and g222 as

well as the resulting black hole accretion rates according to the gravitational torque

model (evaluated for a constant black hole mass MBH = 105M⊙, as before). In our

simulations, relative changes in the gravitational torque rate primarily follow from

the evolution ofMdisk and are, therefore, very sensitive to the morphology of the inner

region of the galaxy. The ratio of the gas mass to the total disk mass, fgas, tends

to decrease with time as gas is transformed into stars and the disk mass increases,

except during galaxy interactions that cause a temporary increase in gas mass and

bulge fraction within R0 (e.g., galaxy g222 at ∼ 1500 and 1900Myr). Provided that

fgas > f0, as it is the case in our simulations down to z = 2, the gravitational torque

rate is fairly insensitive to the gas fraction, since densities at small scales are set by

an equilibrium between gas inflows and star formation (Hopkins & Quataert, 2011).

The total disk mass within the inner kiloparsec of galaxy g54 increases by a

factor of ∼ 5 from z = 6 to z = 3. Most of the accreted gas settles onto a rotationally

supported disk from which stars form, resulting in a significant decrease in the stellar

mass fraction in a spherical component (fbulge; Figure 3.3). Interestingly, galaxy

mergers between z ≈ 3 and 6 seem to increase the disk mass and therefore the black

hole accretion rate, except for a temporary decrease in disk mass at the end of the

last merger (t ∼ 2000Myr) that results in a reduction of black hole accretion that

lasts ∼ 100Myr, until the disk fraction rises again.

So far, we inferred accretion rates for a constant black hole mass at all times

and it is, therefore, not possible to provide a direct comparison between the Bondi

and gravitational torque models. Despite this, the relative changes in black hole

accretion as predicted by the two models seem roughly consistent for galaxy g54,

with significant increases in black hole accretion rates correlating with galaxy mergers.
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However, this scenario changes when looking at the evolution of galaxy g222: mergers

at times t ∼ 1500 and 1900Myr cause a significant increase in Bondi rates (due to the

increase in central density; Figure 3.4) but not in the gravitational torque rates. In

this case, galaxy mergers inhibit the formation of a massive disk component within the

inner kiloparsec. The bulge gas fraction increases significantly for a period of ∼ 100–

200Myr after each merger, from which stars quickly form without contributing to

the disk component (Figure 3.3). It is not until the end of the second merger that

the disk mass increases for both the gas and stellar components and the black hole

accretion rate increases according to the gravitational torque model. Interestingly,

the last two mergers at times t ∼ 2700 and 3000Myr favor the rapid formation of a

massive disk component with the consequent increase in black hole accretion rates.

In summary, galaxy mergers always cause an increase in the Bondi rate due to

the increase in density at the center of galaxies, but the effects of mergers on the

gravitational torque rates depend on whether they cause an increase or a decrease

in the disk mass fraction. Large-scale gravitational torques produced by mergers

have the potential to remove angular momentum and drive gas inflows toward the

centers of galaxies, as we have seen for two of our simulated galaxies. However, if a

merger results in the overall reduction of the disk component, further gravitational

instabilities in the disk are suppressed, with the consequent reduction in gas inflow

rates. The gravitational torque model yields, therefore, a less direct correspondence

between major merger events and rapid phases of black hole growth, which may help

explain observational studies showing that active galaxies do not preferentially show

merger signatures at z ∼ 2 (Kocevski et al., 2012; Mullaney et al., 2012b; Schawinski

et al., 2012) and at lower redshifts (Böhm et al., 2013; Cisternas et al., 2011b; Gabor

et al., 2009).

3.5 Constraints on black hole growth

Accretion rates as predicted by the Bondi and gravitational torque models depend

on the effects of galaxy interactions and mergers on the evolution of central galaxies.

More importantly, these two models have a very different dependence on black hole

mass. Thus, in order to provide a more meaningful comparison between these models

and get a better intuition on the physical processes governing cosmological black hole

growth they should be compared for a black hole that is growing with time in some

consistent way.
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Figure 3.6 Inferred masses of central black holes as a function of time for all simu-

lated galaxies assuming that the observed z = 0 black hole–galaxy correlations hold

at all times. For each galaxy, black hole masses are calculated according to (1) the

MBH–σ relation (Tremaine et al., 2002) for the stellar velocity dispersion within the

effective radius (dotted line) and (2) the MBH–Mbulge relation (Häring & Rix, 2004)

for the total stellar mass (solid line) and the bulge mass (dashed line) within the ef-

fective radius. For each galaxy, black hole masses have been averaged over timescales

of ∼ 200Myr.
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Figure 3.7 Inferred accretion rates as a function of time for a black hole located

at the center of each simulated galaxy. Black hole masses are taken from the MBH–

Mbulge relation for the total stellar mass within the effective radius at all times (Fig-

ure 3.6, solid line) and accretion rates are calculated based on the properties of the

host galaxy over time, according to (1) the Bondi–Hoyle–Littleton parameterization

with α = 100 (solid blue line) and for the density-dependent α introduced by Booth

& Schaye (2009, dashed blue line), (2) the gravitational torque model of Hopkins &

Quataert (2011, red line), and (3) the Eddington rate (black line). Dashed green lines

correspond to the actual accretion rates required for black holes to grow according

to the MBH–Mbulge relation for each galaxy at all times (i.e., the time derivative of

black hole masses shown in Figure 3.6).
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If we assume that the observed z = 0 black hole–galaxy correlations are universal

and do not depend strongly on redshift, then we can get a reasonable estimate of black

hole masses in terms of the properties of each simulated galaxy. Recent observations

of active galaxies indicate a possible evolution of the MBH–Mbulge (and perhaps MBH–

σ) relation with redshift (e.g., Decarli et al., 2010; Merloni et al., 2010). Therefore,

black hole masses derived from the black hole–galaxy correlations should be taken

just as a convenient parameterization as a function of time. In this way, we can infer

the absolute instantaneous accretion rates predicted by the Bondi and gravitational

torque models and evaluate the implications of different physical processes in the

evolution of black holes over cosmic time.

Figure 3.6 shows the mass of the central black hole as a function of time calculated

according to the MBH–σ relation (Tremaine et al., 2002) and the MBH–Mbulge relation

(Häring & Rix, 2004) for all simulated galaxies. Here, we calculate the effective radius

of each galaxy (Reff) as the two-dimensional projected radius enclosing one-half of

the total stellar mass. The galaxy velocity dispersion (σ) is, then, evaluated as the

one-dimensional stellar velocity dispersion within Reff . Both Reff and σ are averaged

over 100 random lines of sight. The bulge mass is calculated as the stellar mass in

a spherical component within Reff (from kinematic decomposition; see Section 3.3.2)

and also taken as the total stellar mass within Reff for simplicity. Black hole masses

shown in Figure 3.6 have been averaged over time intervals of ∼ 200Myr.

Black hole masses derived from the MBH–σ relation are particularly noisy even

after smoothing over long timescales due to the finite resolution and the calculation

of σ from individual particle motions. We note that the stellar bulge masses inferred

from kinematic decomposition usually represent lower limits to the “true” bulge mass

and it is therefore not surprising that black hole masses decrease with time according

to the MBH–Mbulge relation during certain periods of galaxy evolution. Despite this

and given the inherently complex evolution of simulated galaxies, it is encouraging

that the MBH–σ and MBH–Mbulge relations predict black hole masses that are largely

consistent with each other.

We can now compare the Bondi and gravitational torque models over cosmic time

by re-evaluating Equations (3.1) and (4.2) for a black hole mass growing according

to the black hole–galaxy correlations. Figure 3.7 shows the evolution of the Bondi

and gravitational torque rates, as well as the corresponding Eddington rates, for

all simulated galaxies. For simplicity, black hole masses have been taken from the

MBH–Mbulge relation for the total stellar mass within Reff (solid lines in Figure 3.6).
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We note that black hole masses are fixed by the stellar mass of the parent galaxy

over time and therefore the inferred Bondi, gravitational torque, and Eddington rates

shown here represent instantaneous accretion rates at a given time and do not reflect

the actual growth of black holes according to each model.

Some general trends can be identified in Figure 3.7. At very early times, black

holes are small (with masses in the range ∼ 103–105M⊙ according to the MBH–

Mbulge relation of simulated galaxies) and this results in a significant suppression of

Bondi rates due to the strong dependence on black hole mass (∝ M2
BH). The Edding-

ton rate increases linearly with black hole mass and, therefore, the inferred instanta-

neous Bondi rate may eventually become significantly higher than the corresponding

Eddington limit for sufficiently massive black holes. In contrast, the gravitational

torque model has a very weak dependence on black hole mass (∝ M
1/6
BH ) and predicts

gas inflows from galactic scales to sub-parsec scales that can exceed the Eddington

limit by an order of magnitude at very early epochs. The gravitational torque rate

also increases with black hole mass but is significantly more sensitive to the evolution

of galaxy properties. According to this model, black holes would experience phases

of both super-Eddington and sub-Eddington feeding from z = 8 to z = 2.

The dependence of accretion models on black hole mass can have profound con-

sequences on the inferred black hole evolution. If black hole growth is limited by

the gravitational capture of gas as in Bondi, black holes will accrete gas at very low

rates early on and may never reach the conditions for critical Eddington growth (e.g.,

Pelupessy et al., 2007). The rapid early growth of supermassive black holes implied

by observations of z > 6 quasars (Fan et al., 2003; Mortlock et al., 2011), then, re-

quires the formation of massive black hole seeds (∼ 105M⊙) for which early accretion

is less suppressed (e.g, Di Matteo et al., 2008). Once black holes are massive enough,

the Bondi model results in accretion rates well above the Eddington rate and an

additional mechanism regulating black hole growth is required.

The black hole mass at which the Bondi rate transitions from being sub-Eddington

to super-Eddington depends on model parameters and technical implementations

(see, e.g., Booth & Schaye, 2009; Choi et al., 2012). We illustrate this in Figure 3.7

by showing how the density-dependent boost factor α ∝ ρ2 results in accretion rates

that may differ by several orders of magnitude compared to the constant α = 100

model, shifting the transition from sub- to super-Eddington to earlier times and,

therefore, to lower black hole masses. Despite this, the strong dependence of Bondi

rates on the black hole mass has clear consequences at the low-mass and high-mass
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Figure 3.8 Bondi rates with α = 100 (top) and gravitational torque rates (bottom)

as a function of the accretion rate required for black holes to grow according to the

MBH–Mbulge relation for each galaxy at all times (Ṁscl). Each color corresponds to

a different galaxy as in Figure 3.2. Solid lines show the best power-law fit for each

model and dash-dotted lines correspond to a linear relation with constant slope given

by median(ṀBondi/Ṁscl) (top) and median(ṀTorque/Ṁscl) (bottom) for all galaxies at

all times.



94

limits regardless of the particular value of α or other implementation details.

If black hole growth is limited primarily by the transport of angular momentum

in the galactic disk, early growth can be rapid, since the inflow rates predicted by

the gravitational torque model can be well above the Eddington limit even for small

initial black holes. Gas inflows are driven by global gravitational instabilities in the

disk and therefore do not depend strongly on black hole mass. Thus, the gravitational

torque model may ease constraints on models of black hole seed formation (Volonteri,

2010).

Figure 3.7 also shows the actual accretion rates required for black holes to grow

according to the MBH–Mbulge relation for each galaxy at all times (Ṁscl). Here we

evaluate Ṁscl numerically as the time derivative of the black hole mass calculated

from the MBH–Mbulge relation for each galaxy as a function of time (Figure 3.6).

We find that the inferred Bondi rates are significantly lower than Ṁscl at very early

times and become significantly higher than Ṁscl toward z = 2 for all simulated

galaxies. This is a consequence of the strong dependence on black hole mass, as

discussed above. In contrast, the gravitational torque rate seems to follow the same

dependence as Ṁscl, but it is about an order of magnitude higher at all times. If

black hole growth is limited primarily by the transport of angular momentum by

gravitational instabilities, it is, therefore, not expected that all of the mass that is

fed into the accretion flow at . 0.01 pc scales finds its way down to the central black

hole. In fact, a number of theoretical and observational studies have shown that only

a small fraction of the mass inflow is retained in the accretion flow, with the rest lost

to winds and outflows (e.g., Di Matteo et al., 2000; King et al., 2013; Yuan et al.,

2012).

We compare in Figure 3.8 the inferred Bondi rates (with α = 100) and gravita-

tional torque rates to Ṁscl for all galaxies at all times. Remarkably, a simple power

law can provide a reasonable fit for all simulated galaxies. Specifically, we find

ṀBondi = (6.07± 0.06)Ṁ
(2.73±0.02)
scl , (3.5)

ṀTorque = (1.26± 0.03)Ṁ
(1.004±0.010)
scl . (3.6)

We note that, in most cases, large deviations from the best fit are due to the

calculation of black hole masses (and therefore Ṁscl) directly from the evolution

of galaxy masses. The large power index (∼ 2.7) for the Bondi rate confirms the

trends found in Figure 3.7 for all simulated galaxies: Bondi rates evolve from being

significantly lower than Ṁscl at small black hole masses to being significantly higher at
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large black hole masses. That is, black holes growing at the Bondi rate would either

lie well below the MBH–Mbulge relation at all times or would become overly massive

by z = 2. If the Bondi rate provides a good estimate of the true accretion rate, the

large power index in Equation (3.5) suggests that (1) the initial black hole mass and

the boost factor α need to be set to allow for early growth and (2) some form of

feedback that becomes more efficient at higher accretion rates is required. Indeed,

suitable choices of model parameters and the coupling of a fraction of the accretion

luminosity to the surrounding gas in the form of thermal energy have been successful

in reproducing the observed black hole–galaxy correlations (Booth & Schaye, 2009;

Di Matteo et al., 2005; Hopkins et al., 2007; Robertson et al., 2006b).

The gravitational torque rates are, on average, directly proportional to the ac-

cretion rates required by the MBH–Mbulge relation, with a power index very close to

unity (Equation (3.6)). Indeed, a linear relation ṀTorque = ǫ−1
m Ṁscl with constant

slope given by ǫ−1
m = median(ṀTorque/Ṁscl) for all galaxies at all times provides

a very reasonable fit to the numerical results (Figure 3.8). Remarkably, a simple

mass retention rate in the accretion flow, ǫm ≈ 5%, seems sufficient to bring the

gravitational torque rates down to Ṁscl over a range of more than three orders of

magnitude in accretion rates, for all simulated galaxies, and at all times. Therefore,

the additional mechanism required to regulate black hole growth according to the

MBH–Mbulge relation has to be roughly equally efficient regardless of the accretion

rate. Since the radiative luminosity is proportional to the black hole accretion rate,

the gravitational torque model seems to disfavor AGN feedback acting at galactic

scales as the primary mechanism regulating black hole growth.

3.6 Torque-limited growth

The transport of angular momentum in the galactic disk is a required process for

black hole growth regardless of the presence and effects of AGN feedback. Therefore,

we can explore an alternative scenario in which winds and outflows from the inner

accretion disk do not affect the accretion flow and simply result in the reduction of

black hole accretion rates by a constant mass retention rate ǫm. The gravitational

torque model describes gas inflows from galactic scales down to < 0.1 pc scales and

therefore it can be interpreted as the mass feeding rate into the black hole accretion

disk. Some of this mass may be lost by radiatively driven outflows and other processes

(e.g., Ohsuga et al., 2005; Proga et al., 2000; Yuan et al., 2012), while a small fraction
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reaches the central black hole. In this scenario, the central black hole grows on average

at a fraction ǫm of the large-scale gas inflow rate:

dMBH/dt = ǫm ṀTorque(t). (3.7)

Figure 3.9 shows the evolution of black hole masses predicted by the gravitational

torque model normalized by the mass retention rate ǫm ≈ 0.05 (MTorque
BH ), as a function

of the black hole mass obtained from the MBH–Mbulge relation for each galaxy at each

time step (M scl
BH). Here, we are simply integrating Equation (4.1) for an initial black

hole mass which is consistent with the MBH–Mbulge relation for each galaxy. We note

that ṀTorque(t) is self-consistently calculated based on the morphological properties of

each galaxy over time (Equation (4.2)) and updated with the appropriate black hole

mass at each time step, as given by Equation (4.1). Remarkably, we find that black

holes evolve approximately along the MTorque
BH = M scl

BH line and therefore, remaining

consistent with the MBH–Mbulge relation.

In Section 3.7.2, we show that ǫm sets the normalization of the MBH–Mbulge rela-

tion. We note, however, that the gravitational torque model (Equation (4.2)) contains

a normalization constant of order αT ≈ 1–10 that parameterizes the effects of nu-

clear star formation on black hole accretion (Hopkins & Quataert, 2011). Therefore,

the normalization of the MBH–Mbulge relation is actually determined by the product

αT ǫm. Given that plausible values of these two constants differ by about two orders

of magnitude, we choose to interpret them as parameterizing different physical pro-

cesses: αT controls how much gas is converted into stars versus feeding the black hole

accretion disk (Hopkins & Quataert, 2011) and ǫm controls what fraction of the mass

feeding the accretion disk is finally accreted by the black hole. We implicitly assume

that the remaining mass, a fraction (1 − ǫm) of the disk feeding rate, is expelled in

the polar direction without significantly halting further accretion.

We can now look back at the accretion histories of black holes growing according

to the gravitational torque model with the appropriate normalization (ǫm ≈ 0.05).

Figure 4.7 shows the evolution of the inferred Eddington ratios of black holes located

at the center of all simulated galaxies. Despite the large scatter between galaxies and

the high temporal variability, there is a clear trend for Eddington ratios to decrease

from ∼ 0.1–1 at z = 8 down to ∼ 0.01–0.1 at z = 2. This is in agreement with recent

observations of z & 4 quasars showing that higher redshift black holes have lower

masses but are accreting at higher Eddington ratios compared to lower redshift black

holes (De Rosa et al., 2011; Trakhtenbrot et al., 2011).
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Figure 3.9 Black hole mass calculated self-consistently from the gravitational torque

rate corrected by the mass retention rate ǫm = 0.05 (by integration of Equation (4.1))

as a function of black hole mass derived from the MBH–Mbulge relation for each galaxy

at all times. Each color corresponds to a different galaxy as in Figure 3.2.

Intriguingly, the inferred Eddington ratios evolve in a manner very similar to the

evolution of specific SFRs (Figure 3.2): both quantities seem to decrease by about

a factor of 10 from z = 8 → 2, on average. In fact, Figure 4.7 (lower panel) shows

that the ratio of the black hole accretion rate to the SFR within the effective radius

of galaxies is, on average, very close to the ratio of black hole mass to stellar mass as

inferred from the local MBH–Mbulge relation:

〈

ṀBH

SFR

〉

≈ 0.00154± 0.0008, (3.8)

where the average (and standard deviation) has been calculated for all galaxies and

all times. There is, of course, large scatter in ṀBH/SFR between different galaxies

and evolution times, but this ratio is, on average, remarkably flat in the redshift range

z = 2–8: the bulk of black hole and galaxy growth occurs in tandem, at rates governed

by cosmological infall and transport of angular momentum in the galaxy disk, and

with no feedback-mediated coupling between black holes and parent galaxies.

The torque-limited model predicts, therefore, a natural connection between AGN

activity and SFR of galaxies on cosmological timescales, in agreement with obser-

vations showing that the volume-averaged ratio of black hole accretion rate to SFR

agrees with the ratio of black hole mass to stellar mass as inferred from the local
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Figure 3.10 Top: Eddington ratio (defined here as ṀBH/ṀEdd) for black holes grow-

ing self-consistently at the gravitational torque rate corrected by the mass retention

rate ǫm = 0.05 (by integration of Equation (4.1)) for each galaxy as a function of

time. Bottom: ratio of the black hole accretion rate to the total SFR within the ef-

fective radius. Black solid and dashed lines show a running average of ṀBH/SFR over

all galaxies and all times and the standard deviation, respectively. Initial black hole

masses are taken to be consistent with the z = 0 MBH–Mbulge relation (Figure 3.6).

Each color corresponds to a different galaxy as in Figure 3.2.
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MBH–Mbulge relation (Heckman et al., 2004; Zheng et al., 2009). Furthermore, these

results are consistent with recent observational evidence for a constant black hole

accretion to star formation ratio independent of redshift since z ∼ 2 (Mullaney et

al., 2012a; Rafferty et al., 2011). Since black holes and galaxies evolve approximately

along the scaling relations, the torque-limited model provides support for a roughly

constant black hole mass to stellar mass ratio independent of redshift, consistent with

the conclusions of Jahnke et al. (2009), Cisternas et al. (2011a), and Mullaney et al.

(2012a) at redshifts z . 2. The AGN–SFR connection is, however, not direct in a

galaxy-by-galaxy basis and at all times (as evident from the scatter in Figure 4.7,

lower panel), which may help explain the large scatter in observed AGN to star

formation ratios in individual systems (e.g., Rafferty et al., 2011).

Torque-limited growth is, therefore, a natural alternative to feedback-regulated

models and it is indeed consistent with our “feedback-free” starting point, since black

hole accretion rates have been inferred based on galaxy properties from simulations

with no AGN feedback model (Section 3.4). AGN feedback may have a significant

impact on the host galaxy but it is not required for regulating black hole growth.

Angular momentum transport (in the galaxy as well as the accretion disk) together

with competition with star formation seem to be sufficient for black holes to grow

according to the scaling relations from early times down to z = 2. This is explored

in more detail in the next section.

3.7 Black Hole–galaxy correlations

Figure 3.11 shows how galaxies and black holes evolve in the MBH–Mbulge and

MBH–σ planes according to the torque-limited model (Equation (4.1)). As we have

seen in the previous section, a simple normalization constant ǫm ≈ 0.05 applied to

the gravitational torque model brings black holes and galaxies close to the MBH–

Mbulge relation of Häring & Rix (2004). Calculation of the galaxy stellar velocity

dispersion from particle motions results in higher scatter but still shows that black

holes growing according to Equation (4.1) are roughly consistent with the MBH–

σ relation of McConnell et al. (2011).

In Section 3.5 we have inferred “instantaneous” accretion rates according to the

Bondi and gravitational torque models by assuming that the observed MBH–Mbulge re-

lation holds at all times. This was a convenient way of parameterizing black hole

mass as a function of time for each galaxy, but there is a priori no reason to think
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Figure 3.11 MBH–Mbulge (left) and MBH–σ (right) relations for black holes growing

self-consistently at the gravitational torque rate corrected by the mass retention rate

ǫm = 0.05 (by integration of Equation (4.1)) for each galaxy at all times. Initial

black hole masses are taken to be already consistent with the scaling relations. Black

solid lines show the MBH–Mbulge and MBH–σ relations of Häring & Rix (2004) and

McConnell et al. (2011), respectively, and black dashed lines indicate a 0.5 dex scatter

in black hole mass for each relation. The galaxy velocity dispersion (σ) is calculated

as the one-dimensional stellar velocity dispersion within the effective radius (Reff)

averaged over 100 random lines of sight. Mbulge is taken as the total stellar mass

within Reff . Each color corresponds to a different galaxy as in Figure 3.2.
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that galaxies and black holes should evolve together at all times. The gravitational

torque rates inferred in this way were often of the order of the Eddington limit (Fig-

ure 3.7) and therefore we might be tempted to think that black holes growing at a

fixed fraction of the Eddington limit could also grow in a manner consistent with

the black hole–galaxy correlations. However, once we release the assumption of black

hole–galaxy co-evolution (so that black hole masses are no longer given by the MBH–

Mbulge relation) and calculate black hole growth self-consistently over time, we see

that a simple normalization constant cannot compensate for the exponential Edding-

ton growth. The fact that the torque-limited model naturally leads to black holes

growing on average according to the black hole–galaxy correlations is a non-trivial

consequence of the weak dependence on black hole mass and the strong dependence

on galaxy scale properties.

In the remainder of this section, we show how the inferred black hole–galaxy

correlations depend on model parameters and implementation details, and discuss

additional implications of the torque-limited model.

3.7.1 Initial black hole mass

We have shown that provided the initial black hole mass lies approximately in

the MBH–Mbulge relation, the gravitational torque model scaled by a simple constant

factor predicts that black holes and galaxies evolve together along the scaling rela-

tions. However, black holes do not necessarily know what is the correct initial mass

for a given galaxy. In Figures 3.12 and 3.13, we evaluate how changes in the initial

conditions affect black hole growth and the inferred MBH–Mbulge and MBH–σ rela-

tions. First, we grow black holes with initial masses either a factor of 10 above or

below the scaling relations for each galaxy (Figure 3.12). We find that, regardless

of the initial mass, black holes tend to evolve onto the observed black hole–galaxy

correlations. In our simulations, accretion rates are governed by the disk mass, with

a very weak dependence on black hole mass, and therefore black holes with different

initial masses grow at comparatively similar rates for a given galaxy. Since most of

the black hole mass comes from accretion, which depends mostly on the evolution of

the galaxy, the initial conditions are erased and the black hole–galaxy correlations

are established.

This is also observed when the initial black hole masses are uncorrelated with their

parent galaxies. Figure 3.13 (top panels) shows the MBH–Mbulge andMBH–σ relations

when initial black hole masses are taken to be the same for all galaxies and ranging
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Figure 3.12 MBH–Mbulge (left) and MBH–σ (right) relations for black holes growing

self-consistently at the gravitational torque rate (Equation (4.1) with ǫm = 0.05) for

different initial black hole masses. The initial black hole mass is taken to be either

10 times higher (red) or 10 times lower (blue) compared to the scaling relation for

each galaxy. Black solid and dashed lines correspond to the observed scaling relations

(Häring & Rix, 2004; McConnell et al., 2011) and a 0.5 dex scatter in black hole mass,

respectively.

from 102 to 105M⊙. For simplicity, we show the evolution of the “average galaxy”

that we calculate by averaging black hole mass, bulge mass, and velocity dispersion

over all galaxies at each time step. Provided we let black holes and galaxies evolve for

a sufficient amount of time, they all converge on average toward the scaling relations.

Finally, we show in Figure 3.13 (bottom panels) that this convergence toward the

scaling relations is also observed when we take black hole masses for all galaxies at

all times and average them within bins in either bulge mass or velocity dispersion

regardless of the evolution time of each galaxy.

Black hole–galaxy correlations arising from the torque-limited model are robust

to changes in the initial mass of black holes and do not require specific tuning of the

mass retention rate ǫm. Importantly, black holes with masses as low as 100M⊙ at

z = 8 are able to grow comparatively faster than higher mass black holes, opening up

possibilities for light seed formation mechanisms, such as remnants of population III

stars, of being the progenitors of today’s supermassive black holes (Madau & Rees,

2001; Volonteri, 2010).
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Figure 3.13 MBH–Mbulge (left panels) and MBH–σ (right panels) relations for black

holes growing self-consistently at the gravitational torque rate (Equation (4.1) with

ǫm = 0.05) for different initial black hole masses. Top panels: black hole mass as

a function of either bulge mass or velocity dispersion for the “average” galaxy (i.e.,

averaging MBH, Mbulge, and σ over all galaxies at each time step) for initial black

hole masses ranging from 102 to 105M⊙ (from blue to red). Bottom panels: average

black hole mass within logarithmically spaced bins in either bulge mass or velocity

dispersion, using all simulated galaxies at all time steps, and for initial black hole

masses taken from 102 to 105M⊙ (from blue to red). Error bars show the dispersion

in each bin. Black solid and dashed lines correspond to the observed scaling relations

(Häring & Rix, 2004; McConnell et al., 2011) and a 0.5 dex scatter in black hole

mass, respectively.
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Figure 3.14 Effects of varying the mass retention rate from ǫm = 0.001 to ǫm = 1

by factors of 10 (from blue to red) in the MBH–Mbulge relation. Left: black hole

mass as a function of bulge mass averaged over all galaxies at each time step for

initial black hole masses consistent with the MBH–Mbulge relation. Right: average

black hole mass within logarithmically spaced bins in bulge mass for all simulated

galaxies, at all time steps, and taking initial black hole masses consistent with the

MBH–Mbulge relation for each galaxy. Black solid and dashed lines correspond to the

observed MBH–Mbulge relation (Häring & Rix, 2004) and a 0.5 dex scatter in black

hole mass, respectively.
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3.7.2 Mass retention rate

The mass retention rate (ǫm) is a free parameter in the torque-limited model that

we have introduced in order to match the observed MBH–Mbulge relation (Sections 3.5

and 3.6). Figure 3.14 shows how the inferredMBH–Mbulge relation changes when using

a wide range of retention values, from a extreme situation in which 99.9% of the inflow

mass is lost in outflows, to the upper limit ǫm = 1 in which all of the infalling gas

from larger scales is accreted by the black hole (which corresponds to the original

normalization of Hopkins & Quataert, 2011). As we might expect, we find that ǫm

only affects the normalization of the MBH–Mbulge relation, with little effects on the

slope except at very early times.

A somewhat similar torque-limited scenario has been proposed by Escala (2006)

and tested with idealized sub-parsec resolution simulations of a nuclear galactic disk

(Escala, 2007). They find that a mass retention rate ǫm ≈ 15% is required in order

to match the MBH–Mbulge relation, similar to our result ǫm ≈ 5% given that both

sets of simulations probe spatial and timescales that are substantially different.

3.7.3 Stellar feedback and resolution effects

In Chapter 2, we have shown that strong stellar feedback in the form of galactic

outflows can have a significant impact on the star formation, morphological, and

kinematic properties of high-redshift galaxies (Anglés-Alcázar et al., 2014). Feedback

from star formation could therefore affect black hole growth (e.g., Cen, 2012) and

possibly the inferred black hole–galaxy correlations.

Figure 3.15 shows the MBH–Mbulge relation obtained for the same sample of galax-

ies but this time from simulations that do not include models for galactic winds. We

find that the scaling relations are still reproduced by the torque-limited model and

perhaps even with smaller scatter. The convergence toward the MBH–Mbulge relation

for different initial black hole masses is retained (Section 4.2.3) and similar results are

obtained for the MBH–σ relation. Predictions of the gravitational torque model are

therefore robust to changes in stellar feedback. Even if galaxies from simulations with

no winds become significantly more massive and less gas rich owing to higher SFRs

(Section 2.4.1), black holes still grow according to the scaling relations in the redshift

range z = 8 → 2. This suggests that galaxies regulate themselves via an equilibrium

between inflows and outflows and black holes grow according to the properties of

their host galaxies, at a rate given by the gas supply from galactic scales.
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Figure 3.15 Effects of stellar feedback on theMBH–Mbulge relation. Black holes grow

according to the gravitational torque rate as in Figure 3.11 but for simulations that do

not include galactic winds. Left: initial black hole masses are taken to be consistent

with the MBH–Mbulge relation for each galaxy. Each color corresponds to a different

galaxy as in Figure 3.2. Right: average black hole mass within logarithmically spaced

bins in bulge mass, for all simulated galaxies, at all time steps, and for initial black

hole masses ranging from 102M⊙ to 105M⊙ (from blue to red). The mass retention

rate ǫm = 0.03 has been used. Black solid and dashed lines correspond to the observed

MBH–Mbulge relation (Häring & Rix, 2004) and a 0.5 dex scatter in black hole mass,

respectively.
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Figure 3.16 Effects of numerical resolution on the MBH–Mbulge relation. Black holes

grow according to the gravitational torque rate as in Figure 3.11 but for simulations

with a factor of two lower spatial resolution and a factor of eight lower mass resolution.

Lines and colors are as in Figure 3.15. The mass retention rate ǫm = 0.05 has been

used.

We have also investigated the effects of numerical resolution on the scaling rela-

tions. Figure 3.16 shows the MBH–Mbulge relation obtained for the same sample of

galaxies from simulations carried out with a factor of two lower spatial resolution and

a factor of eight lower mass resolution (including galactic outflows). Since we require

galaxies to contain at least 100 gas particles and 100 star particles within R0 = 1kpc

in order to resolve their central morphology, these lower resolution simulations can

follow the evolution of black holes only after their parent galaxies are a factor of ∼ 8

more massive compared to the high resolution simulations. Despite the reduced res-

olution, the MBH–Mbulge relation arising from the gravitational torque model shows

good numerical convergence.

We note that the values of ǫm obtained for simulations with no galactic outflows

and the low-resolution simulations are slightly different from our fiducial runs but

they are all consistent with a typical mass retention rate of a few percent of the gas

supply.

3.7.4 Black hole mergers

It has been shown recently that black hole–galaxy correlations may be a natu-

ral consequence of hierarchical structure formation, so that an initially uncorrelated



108

distribution of black hole and stellar masses tends to converge toward the scaling

relations through successive mergings of black holes and galaxies (Jahnke & Macciò,

2011; Peng, 2007). In this scenario, AGN feedback and self-regulated growth are not

required, but it is assumed that galaxy mergers always result in the merging of their

central black holes. Here, we have shown how torque-limited growth yields black

hole–galaxy correlations regardless of the initial masses of black holes and galaxies,

and also without the need for AGN feedback and self-regulated growth. We have,

however, left off the discussion the role of black hole mergers in the overall black hole

growth. Here, we assume that most of the black hole mass comes from accretion

(Soltan, 1982) and we simply neglect the mass contribution from mergers. Given

that only a fraction of mass in our galaxies comes from major mergers (Kereš et al.,

2005; Murali et al., 2002), we do not expect a significant shift on the inferred black

hole–galaxy correlations due to black hole mergers.

3.7.5 Evolution of the scaling relations

Recent observations of active galaxies seem to indicate an evolution of the MBH–

Mbulge (and perhaps MBH–σ) relation with redshift, with black holes being more

massive for a given galaxy mass (or velocity dispersion) at higher redshifts compared

to the local relations (Decarli et al., 2010; Greene et al., 2010; Merloni et al., 2010;

Shen et al., 2008; Woo et al., 2008). There are also findings of no significant evolution

(Jahnke et al., 2009) and potentially even undermassive black holes in z ∼ 2 infrared-

selected galaxies (Shapiro et al., 2009). In either case, evaluations of the redshift

evolution of the black hole scaling relations may be biased by selection effects (Lauer

et al., 2007).

In the context of torque-limited growth, we find no evidence for evolution of the

scaling relations at least down to z = 2, since black holes and galaxies seem to

converge toward the scaling relations regardless of their initial masses, provided αT

and ǫm do not evolve with redshift and are well represented by a constant factor.

Therefore, significant deviations at early times could in principle reflect the “initial

conditions” for co-evolution of black holes and galaxies (Figures 3.12 and 3.13).

We note that ǫm has been fixed here to match theMBH–Mbulge relation of Häring &

Rix (2004) for the total stellar mass within the effective radius rather than the stellar

bulge mass. Given that our galaxies contain a significant stellar disk component at

z = 2 (Anglés-Alcázar et al., 2014), it is plausible that there is significant evolution

of the MBH–Mbulge relation with respect to bulge mass but not with respect to total
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stellar mass, as suggested by Jahnke et al. (2009). If most of the mass of bulges and

elliptical galaxies today comes from redistribution of the stellar bulge+disk of z = 2

galaxies (through mergers or other processes) no further black hole accretion would

be required to match the local scaling relations. We speculate that the formation

of compact bulges would indeed decrease the gravitational torque rate (since it is

proportional to the disk mass), truncating significant black hole growth at late times.

3.8 Summary and conclusions

We have used cosmological zoom simulations of galaxy formation down to z = 2,

together with analytic models of black hole accretion, to investigate the growth of

massive black holes at the centers of galaxies without making any prior assumptions

about the effects of AGN feedback. To this end, we have compared predictions from

the spherical Bondi model and an accretion model driven by gravitational torques

(Hopkins & Quataert, 2011).

We find that the Bondi model presents significant challenges due to the strong de-

pendence of the accretion rates on black hole mass. Black hole growth is significantly

suppressed for low-mass black holes and becomes extremely rapid for sufficiently

massive black holes. This has two main implications for simulations of galaxy forma-

tion: (1) the initial black hole mass (together with any boost factor or normalization

constant) has to be sufficiently massive to allow for early black hole growth and (2)

feedback energy and/or momentum needs to be injected into the surrounding gas in

order to regulate black hole growth at later times. Because these implications follow

from the ∝ M2
BH dependence, they should apply to any (reasonable) modification of

the original Bondi–Hoyle–Littleton parameterization. Remarkably, suitable choices of

model parameters for different implementations have been successful in reproducing

a broad number of observations, including the black hole–galaxy correlations (e.g.,

Booth & Schaye, 2009; Di Matteo et al., 2005; Hopkins et al., 2007; Johansson et al.,

2009; Robertson et al., 2006b).

In the gravitational torque model, gas inflows are driven by global gravitational

instabilities in the disk and, therefore, do not depend strongly on the black hole mass

(Hopkins & Quataert, 2011). The resulting accretion rates imply that (1) early black

hole growth could in principle proceed at super-critical rates, since the inflow rates

can be well above the Eddington limit even for small initial black holes, and (2)

energy (and/or momentum) from the accretion process does not need to couple to



110

galaxy-scale gas in order to regulate black hole growth. Consistency with the black

hole–galaxy correlations simply requires the assumption that only a small (constant)

fraction of the mass inflow is retained in the accretion flow, with the rest lost to

winds and outflows. We have shown that this result is insensitive to variations in

the initial black hole mass, stellar feedback, or other implementation details, and the

required mass retention rate (ǫm ≈ 5%) is roughly consistent with observational (e.g.,

King et al., 2013) and theoretical expectations (e.g., Yuan et al., 2012, and references

therein). However, the exact value of the normalization factor ǫm that we infer is

subject to uncertainties such as variations in the nuclear star formation law or the

exact form and normalization of the MBH–Mbulge relation (see, e.g., Graham, 2012).

Mass outflows are invoked in the torque-limited model in order to control what

fraction (ǫm) of the accretion disk feeding rate is finally accreted by the central black

hole (a linear effect), but not to regulate the amount of gas feeding the accretion

disk from galactic scales. In this scenario, there is no coupling between inflows and

outflows and, therefore, black hole feedback cannot shut down accretion. “Feedback

self-regulation” does not occur in the strict sense of the term, since the energy out-

put by accretion onto the black hole has no direct impact on its own fuel supply.

This greatly differs from the non-linear feedback loop required by the Bondi model.

Large-scale AGN feedback may have a significant impact on the host galaxy but it

is not required for regulating black hole growth, which may instead be limited by

the efficiency of gravitational torques in removing angular momentum from the gas

together with competition with star formation.

In addition, torque-limited growth yields a less direct correspondence between

major merger events and enhance AGN activity, as suggested by recent observations

of z ∼ 2 active galaxies (Kocevski et al., 2012; Mullaney et al., 2012b; Rosario et al.,

2012; Schawinski et al., 2012). Instead, black hole and galaxy growth are governed by

cosmological infall and transport of angular momentum in the galactic disk, giving

rise to a time-averaged connection between AGN activity and SFR on cosmological

timescales. Our findings are consistent with recent observational evidence for a con-

stant black hole accretion to star formation ratio, similar to the ratio of black hole

mass to stellar mass as inferred from the local MBH–Mbulge relation, and independent

of redshift since z ∼ 2 (Mullaney et al., 2012a; Rafferty et al., 2011).

The agreement of feedback-regulated accretion models in hydrodynamic simula-

tions to the observed black hole–galaxy correlations has been interpreted as (indi-

rect) observational evidence of both AGN feedback acting at galactic scales and the
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self-regulated growth of black holes. We note, however, that the black hole–galaxy

correlations are indeed a primary constraint for the strength of such feedback models

(see Debuhr et al., 2011, for a self-regulated model that accounts for angular momen-

tum transport). Given that AGN feedback can have profound consequences on the

evolution of the host galaxy (e.g., Di Matteo et al., 2005) and that the scaling rela-

tions are not necessarily a consequence of feedback, it would be desirable to constrain

AGN feedback models by other means, ideally through direct observations of mass

outflow rates (e.g., Feruglio et al., 2010) and/or more physically motivated models

(e.g., Ciotti & Ostriker, 2007; Novak et al., 2011, 2012). While the Bondi model, ap-

propriately tuned, does provide a good match to the black hole–galaxy correlations,

our work demonstrates that the torque-limited model provides a viable alternative

that does not require self-regulation.

Our findings should apply so long as the assumptions implied by the gravitational

torque model are met. In particular, it is assumed that (1) there is a significant

stellar component that drives the gas into shocks that dissipate energy and angular

momentum and (2) the amplitudes of non-axisymmetric modes are large enough to

produce such shocks even at ∼ 10 pc scales (Hopkins & Quataert, 2011). These scales

are, of course, not resolved in our simulations; galaxy centers become quickly stellar

dominated but the formation time of the first star particles is poorly constrained.

Other processes such as scattering of dense gas clouds or the transport of angular

momentum by supernova and/or gravitational instability-driven turbulence may be

required in the very high gas-reach domain (e.g., Bournaud et al., 2011b; Escala, 2006;

Gaspari et al., 2013; Hobbs et al., 2011). Finally, full cosmological simulations with

adequate resolution down to z = 0 are required in order to evaluate the implications

of torque-limited growth on a statistically significant sample of galaxies, making

connection with the wealth of data available in the local and low-redshift universe

over a range of galaxy masses spanning several orders of magnitude.
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Chapter 4

TORQUE-LIMITED GROWTH OF MASSIVE BLACK

HOLES IN GALAXIES ACROSS COSMIC TIME

4.1 Introduction

The growth of massive black holes at the centers of galaxies involves a remarkable

variety of physical processes operating at scales ranging from the size of the entire

galaxy down to the black hole event horizon (see Alexander & Hickox, 2012, for a

review). In a broad view, the procedure for growing black holes involves (i) feeding

the black hole from the accretion disk; (ii) the regulation of growth owing to feedback

processes (winds and thermal pressure); and (iii) the supply of gas from the galaxy

onto the accretion disk.

An accretion flow forms in the region where the potential of the black hole domi-

nates that of the galaxy and angular momentum is transported outward by turbulent

MHD processes (Balbus & Hawley, 1998; Shakura & Sunyaev, 1973). The rate at

which gas inflows through the sphere of influence of the black hole is believed to de-

termine the overall geometry and radiative properties of the accretion flow (see, e.g.,

Abramowicz & Fragile 2013 for a recent review). In different accretion rate regimes,

analytic arguments and numerical simulations show that a significant fraction of the

inflowing mass is likely to be lost to winds and outflows (see, e.g., Blandford & Payne,

1982; Narayan & Yi, 1995a; Narayanan et al., 2006; Ohsuga & Mineshige, 2011; Proga

et al., 2000; Sadowski et al., 2013). Moreover, observations show that winds and out-

flows are frequent in AGN (Fabian, 2012; Reynolds, 1997; Veilleux et al., 2005) and

may carry significant amounts of mass away (e.g., King et al., 2013). Indeed, power-

ful galactic-scale molecular gas outflows thought to be driven by nuclear activity are

observed both in the local and the high redshift universe, and the total mass loss rate

may exceed the SFR of the entire galaxy (Feruglio et al., 2010; Maiolino et al., 2012;

Rupke & Veilleux, 2011; Sturm et al., 2011). Thus, winds and outflows powered by

black hole accretion could represent a significant mass loss relative to the inflowing

gas from larger scales.
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The impact of this outflowing gas on the scale of the galaxy has received consid-

erable attention recently, as a way to further regulate black hole growth by actively

affecting the rate at which gas inflows feed the accretion disk from galactic scales.

If the interaction between inflows and the outflowing mass and radiation is strong

enough, this “AGN feedback” may be the primary modulator of long term black

hole growth (e.g., Fabian, 2012). In this scenario, black hole growth becomes self-

regulated, the feedback coupling efficiency represents the key physical process, and

the mechanism responsible for driving gas inflows from galactic scales down to the

accretion flow becomes sub-dominant. This paradigm has been extensively explored

both in analytic models (e.g., King, 2003; Murray et al., 2005; Silk & Rees, 1998) and

numerical simulations (Booth & Schaye, 2009; Di Matteo et al., 2008, 2005; Hopkins

et al., 2007, 2006; Robertson et al., 2006b) with significant success in explaining a

variety of observations including the black hole–galaxy scaling relations.

AGN feedback may also have a strong impact on the host galaxy and possibly

be responsible for the observed exponential cutoff at the high mass end of the stellar

mass function (Baldry et al., 2008) and the observed dichotomy between blue star-

forming galaxies and red quiescent galaxies (Schawinski et al., 2007). Indeed, AGN

feedback is often invoked in semianalytic models (e.g., Bower et al., 2006; Croton

et al., 2006; Somerville et al., 2008) and hydrodynamic simulations (e.g., Dubois et

al., 2013a; Gabor et al., 2011; Puchwein & Springel, 2013; Springel et al., 2005c;

Teyssier et al., 2011) as an additional energy source to suppress cooling flows and

star formation in early-type galaxies. There remain, however, significant concerns

relative to the overall efficiency of feedback required by self-regulated models (e.g.,

Silk & Nusser, 2010), the interplay between AGN feedback and stellar feedback (e.g.,

Cen, 2012), and the intrinsic degeneracy often suffered by coupled accretion-feedback

models (Newton & Kay, 2013; Wurster & Thacker, 2013).

As discussed in Chapter 3, the physical processes responsible for feeding the black

hole accretion disk in the first place have received comparably little attention. Most

numerical investigations have relied on the Bondi-Hoyle-Littleton accretion prescrip-

tion (Bondi, 1952; Bondi & Hoyle, 1944; Hoyle & Lyttleton, 1939) to capture gas

from the inner galaxy and feed the black hole accretion disk (e.g., Booth & Schaye,

2009; Di Matteo et al., 2005). However, this prescription does not account for the rate

at which angular momentum can be lost by the infalling gas, which could easily be

the limiting factor for fuelling AGN (Jogee, 2006). Hence, the physical mechanisms

driving the required continuous supply of gas from galactic scales down to sub-parsec
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scales may play a more crucial role than commonly considered (Escala, 2006, 2007).

Hydrodynamic simulations of gas-rich galaxy mergers have shown that large-scale

tidal torques induced by the interaction, or even gravitational instabilities in self-

gravitating disks, can lead to angular momentum transport and the rapid inflow of

gas to the central ∼ 100 pc of galaxies (Barnes & Hernquist, 1992; Escala, 2007;

Hernquist, 1989; Hopkins & Quataert, 2010; Shlosman et al., 1989). Another alter-

native for AGN fuelling is direct clump-clump interactions in turbulent gas-rich discs

at high redshift (Bournaud et al., 2011b; Gabor & Bournaud, 2013). However, sub-

sequent gravitational instabilities become less efficient at scales comparable to the

black hole radius of influence, ∼ 10 pc, requiring additional mechanisms to transport

gas down to smaller scales (Jogee, 2006). Furthermore, the gas is still self-gravitating

at these scales and, therefore, likely to participate in star formation (Thompson et al.,

2005). Using multiple nested simulations of progressively higher resolution, Hopkins

& Quataert (2010, 2011) showed that non-axisymmetric perturbations to the stellar

potential may induce strong orbit crossing, driving gas into shocks that dissipate en-

ergy and angular momentum, and providing significant gas inflows down to ∼ 0.01 pc

scales.

Here, we evaluate the role of feeding black holes limited by galaxy-scale gravita-

tional torques on the evolution of massive black holes at the centers of star-forming

galaxies over cosmic time. In Chapter 3, we combined cosmological zoom simula-

tions of galaxy formation down to z = 2 together with analytic parameterizations

of black hole growth to show that a model in which black hole growth is limited by

galaxy-scale torques (Hopkins & Quataert, 2011) does not require self-regulation of

black hole growth. Specifically, torque-limited growth yields black holes and galaxies

evolving on average along the observed scaling relations from early times down to

z ∼ 2, providing a plausible scenario to explain their connection that does not cru-

cially invoke AGN feedback. Winds from the accretion disk are still required in this

scenario to drive significant mass loss from the accretion disk (roughly 95%), thereby

strongly suppressing black hole growth, but there is no need to strongly couple these

winds to galaxy-scale gas to regulate black hole growth in a non-linear feedback loop.

This removes the need for spherical feedback as assumed in Bondi accretion-based

models; instead, the wind can propagate biconically and be weakly coupled to the

inflow, which is perhaps more physically plausible for black hole growth within disk

galaxies.

Motivated by the attractive features of the torque-limited growth model, we ex-
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tend the analysis in Chapter 3 to examine black hole growth in a larger population

of galaxies down to z = 0 by employing full cosmological hydrodynamic simulations

(Anglés-Alcázar et al., 2013b). We describe the simulations and the overall method-

ology in Section 4.2 and report our main results in Section 4.3. We present resolution

convergence tests to show the robustness of our methodology in Section 4.4, and we

conclude in Section 4.5 by discussing implications in the context of current theoretical

models and observations.

4.2 Methodology

We apply and extend the methodology described in Chapter 3 to follow the growth

of massive black holes over cosmic time. We begin by identifying a population of

galaxies at z = 0 from a full cosmological hydrodynamic simulation and characterize

their evolution back in time. Then, we infer how black holes grow at the centers of

galaxies in post-processing, by evaluating accretion rates based on the gravitational

torque model of Hopkins & Quataert (2011), and accounting for the mass growth

through black hole mergers.

4.2.1 Simulations

We use an extended version of the N-body + smoothed particle hydrodynamics

cosmological galaxy formation code Gadget-2 (Springel, 2005), as summarized in

Section 1.5, to simulate the evolution of a [32 h−1Mpc]3 comoving volume down to z =

0. Our primary simulation has been first described in Davé et al. (2013) and utilizes

2 × 5123 gas + dark matter particles with masses mgas ≈ 4.5 × 106M⊙ and mDM ≈
2.3× 107M⊙, respectively, and a fixed comoving softening length ǫ ≈ 1.25 h−1 kpc.

In this simulation, galactic outflows are modeled by imparting kinetic energy to

gas particles with a probability given by the mass loading factor (η) times the star

formation probability. Outflow velocities scale with galactic velocity dispersion (σ)

and the mass loading factor scales as η ∝ 1/σ (as in the momentum-driven case) and

η ∝ 1/σ2 (as in the energy-driven case) for galaxies above and below σ = 75 kms−1,

respectively (Davé et al., 2013). This is motivated by recent analytic models (Murray

et al., 2010) as well as galaxy-scale hydrodynamic simulations with explicit stellar

feedback models (Hopkins et al., 2012). Our primary simulation also incorporates

a heuristic prescription to quench star formation that is tuned to reproduce the

observed exponential cutoff in the high-mass end of the stellar mass function at



116

z = 0 (Davé et al., 2013). This ad hoc quenching prescription has no major effect on

our results, as we show in Section 4.4.

Note that we do not attempt to explicitly model AGN feedback in our simula-

tions. Instead, we focus on the role of feeding black holes by galaxy-scale gravita-

tional torques and use the observed connections between central black holes and host

galaxies to put constraints on the overall impact of AGN feedback.

4.2.2 Host galaxies

We produce 135 redshift snapshots from z = 30 down to z = 0. Following Anglés-

Alcázar et al. (2013a), we identify individual galaxies in each snapshot as bound

collections of star-forming gas and star particles by means of the Spline Kernel Inter-

polative Denmax algorithm (skid1). Each skid-identified galaxy is associated with a

dark matter halo by using a spherical overdensity algorithm, where the virial radius

is defined to enclose a mean density given by Kitayama & Suto (1996). Overlapping

halos are merged together so that every final halo contains one central galaxy (the

most massive galaxy) and a number of satellite galaxies by construction.

We follow the evolution of central galaxies back in time beginning at z = 0

by identifying their most massive progenitor at each previous snapshot. The main

progenitor at time t is defined as the galaxy with the highest fraction of the total

stellar mass of a given galaxy at time t + ∆t. Only a sub-sample of all central

galaxies identified at z = 0 is used in our primary analysis. Unless otherwise noted,

we require galaxies to contain at least 200 gas and 200 star particles at all times and to

be identified in the cosmological simulation as early as z ≥ 4. This selection criteria

allows us to characterize the morphological properties of galaxies and to evaluate the

evolution of their central black holes for a cosmologically significant period of time.

Nonetheless, in Sections 4.3.5 and 4.4 we will enlarge our galaxy sample to expand

the dynamic range for a few particular redshifts.

Figure 4.1 shows the stellar mass function for all galaxies in our [32 h−1Mpc]3

simulated volume, where the red hatched area indicates the primary sub-sample of

213 galaxies selected for this work. As expected, the requirement for galaxies to be

resolved in the simulation at z ≥ 4 results in a sub-sample containing mainly massive

galaxies. Note that the requirement for a minimum number of gas particles eliminates

1http://www-hpcc.astro.washington.edu/tools/skid.html
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a few massive galaxies with extremely low gas fractions at low redshift.

4.2.3 Black hole seeds

Several alternative scenarios have been proposed for the formation of primordial

seeds that eventually become the massive black holes populating the centers of galax-

ies (for a review, see Volonteri, 2010). Popular models include the formation of light

seeds (∼ 102M⊙) as remnants of population III stars (e.g., Madau & Rees, 2001) and

the formation of massive black holes (∼ 105M⊙) by direct collapse in pre-galactic

haloes (e.g., Begelman et al., 2006; Choi et al., 2013). Despite much theoretical

work, major uncertainties remain on the initial mass of black hole seeds, their birth

places and number densities, and their formation redshift.

A common feature of current theoretical models is the requirement of large amounts

of pristine gas only available at very high redshifts (z & 15). Since our simulations

do not resolve galaxies until z ≈ 8 even for the most massive systems, we have to

populate galaxies with black holes that have been presumably evolving within their

hosts for at least a few hundred million years. The simplest approach is, therefore,

to assume that there is only one central black hole by the time we first resolve each

galaxy and that its mass scales with the stellar mass of the host galaxy in a way

similar to the observed z = 0 MBH–Mbulge relation (dual AGN are usually associated

with merger systems, at least at low redshift; see, e.g., Comerford et al., 2009).

We assign a seed black hole to every galaxy by assuming consistency with the

MBH–Mbulge relation of Häring & Rix (2004) evaluated for the stellar mass within the

effective radius of the host galaxy, regardless of the redshift when it is first resolved

in the simulation. We also perform tests by assigning initial black hole masses either

a factor of ten above or below the scaling relation, or drawn from a log-normal

distribution with a mean and a dispersion similar to that of the observed local MBH–

Mbulge relation. We will justify the assumption of correlated initial conditions in

the torque-limited growth model, since we will show that it yields black holes that

evolve towards the observed scaling relations independent of their initial conditions

(as found in Section 4.2.3).

4.2.4 Accretion rates

Once a seed black hole has been assigned to a given galaxy, accretion rates are

calculated based on the gravitational torque rate introduced by Hopkins & Quataert
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Figure 4.1 Galaxy stellar mass function at z = 0 (black). The red hatched area

corresponds to the primary galaxy sample used in this work.

(2011), ṀTorque, assuming that only a fraction ǫm of the inflowing gas at sub-parsec

scales is actually accreted by the black hole, with the rest lost to winds and outflows

(Section 3.6):

dMBH

dt
= ǫm ṀTorque(t) (4.1)

The gravitational torque model predicts gas inflow rates from galactic scales to

sub-parsec scales as a function of galaxy properties evaluated within a radial aperture,

R0, that must be resolved in the cosmological simulation (Hopkins & Quataert, 2011):

ṀTorque ≈ αT f
5/2
disk ×

(

MBH

108M⊙

)1/6 (
Mdisk(R0)

109M⊙

)

×
(

R0

100 pc

)−3/2 (

1 +
f0
fgas

)−1

M⊙ yr−1, (4.2)

where

fdisk ≡ Mdisk(R0)/(Mgas(R0) +Mstar(R0)), (4.3)

fgas ≡ Mgas(R0)/Mdisk(R0), (4.4)

f0 ≈ 0.31 f 2
disk (Mdisk(R0)/10

9M⊙)
−1/3, (4.5)

and Mdisk(R0) is the total (gas+stars) disk mass within R0, Mgas(R0) and Mstar(R0)

represent the total gas and stellar masses within R0, and αT ≈ 5 is a normalization

factor that parameterizes the dependence of inflow rates on star formation at scales

not resolved (Anglés-Alcázar et al., 2013a; Hopkins & Quataert, 2011).



119

To estimate the disk mass within R0 for the gas and stellar components, Mdisk, we

perform a simple bulge-disk kinematic decomposition using the full three-dimensional

information available in the simulations. Recent morphological studies of simulated

galaxies have identified two distinct dynamical components in the distribution of

the rotational support of their baryonic content, clearly associated to the disk and

bulge morphological components (e.g., Abadi et al., 2003; Christensen et al., 2014;

Governato et al., 2009; Hopkins et al., 2009a; Scannapieco et al., 2009). Motivated

by these results, we calculate the azimuthal velocity vφ of each particle with re-

spect to the direction of the total angular momentum within R0, and estimate the

mass in a spheroidal component, Mbulge(R0), as double the mass of particles moving

with vφ < 0. The disk mass is, then, Mdisk(R0) ≈ Mtot(R0) − Mbulge(R0), where

Mtot(R0) = Mgas(R0) + Mstar(R0) is the total mass within R0. Note that this de-

composition assumes that the spheroid has little net rotation, with as many gas/star

particles in co- as in counterrotating orbits (Abadi et al., 2003). This will certainly

overestimate fdisk in the case of rotating bulges but it is a reasonable approximation

for the purpose of evaluating Equation 4.2. While several different bulge-disk decom-

position procedures are possible, our main results are not particularly sensitive to

the exact definition of the bulge and disk components (see Section 4.4).

In Chapter 3, we found that a constant radial aperture R0 = 1kpc to be appro-

priate for all galaxies at all times, since kiloparsec scales were well resolved in our

cosmological zoom simulations (Anglés-Alcázar et al., 2014, 2013a). This fixed radial

aperture is likely not appropriate here given the significantly larger range of galaxy

masses and evolution times. Instead, we adopt a variable, time-dependent R0 defined

to be the smallest radial aperture containing at least 200 gas particles and 200 star

particles. With this definition, we ensure that physical quantities such as gas frac-

tion and disk fraction entering into the calculation of gravitational torque rates can

be appropriately characterized for all galaxies at all times. In §4.4, we evaluate the

effects of using different radial apertures on the inferred black hole accretion rates,

and show that it has only a modest impact.

We calculate the growth of black holes through direct smooth gas accretion by

numerical integration of Equation 4.1 for the initial black hole mass defined for each

galaxy (Section 4.2.3). The integration time step is constrained by the number of

redshift snapshots available, ranging in frequency from ∼ 10 to 300Myr in the red-

shift range z ∼ 6 → 0, i.e. ≤ 2% of the Hubble time at any given redshift. Inferred

black hole accretion rates represent, therefore, average values for the corresponding
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Figure 4.2 Evolution of the total stellar mass (black lines) and the central black

hole mass (blue and grey lines; see below) for nine representative galaxies. Black

holes grow according to the gravitational torque rate (Equation 4.1) with a mass

retention rate ǫm = 0.05. Initial black hole seeds are taken to be consistent with the

MBH–Mbulge relation (Häring & Rix, 2004) evaluated for the stellar mass within the

effective radius of the host galaxy. Black hole mergers are assumed to occur after

major galaxy mergers with stellar mass ratios above 1:5, which are indicated by the

red vertical lines. Grey lines correspond to black hole growth from torque-limited

accretion only (upscaled by a factor of 1000), while blue lines show the total black

hole growth including mergers (also upscaled by 1000), where we assume that the

merging galaxy has a central black hole with a mass consistent with the corresponding

MBH–Mbulge relation.
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time steps. The gravitational torque rate, ṀTorque(t), is self-consistently calculated

based on the physical properties of each galaxy at a given time (Equation 4.2) and is

evaluated with the appropriate black hole mass at each time step, as given by Equa-

tion 4.1. Note that by evaluating Equation 4.1 in post-processing we are neglecting

the gravitational influence of the central black hole at the scales resolved in the simu-

lation. This is unlikely to affect our accretion rate estimates since we are considering

the transport of angular momentum at scales well beyond the black hole radius of

influence. In addition, we assume that outflows powered by black hole accretion are

weakly coupled to the gas inflows and do not alter significantly the dynamics of the

galaxy (Anglés-Alcázar et al., 2013a).

4.2.5 Black hole mergers

In addition to black hole growth by torque-limited accretion, we evaluate the mass

growth rate from black hole mergers. If a major merger is identified for a given central

galaxy, we assume that the merging galaxy contains a black hole consistent with the

MBH–Mbulge relation of Häring & Rix (2004) and we add its corresponding mass to

the total mass of the final black hole in the remnant galaxy. We also incorporated

an alternate prescription as with black hole seeding, where the mass of the merging

black hole is chosen randomly from a log-normal distribution corresponding to the

MBH–Mbulge relation for its host galaxy and added that mass to the central black

hole accordingly.

We limit ourselves to major galaxy mergers where the mass ratios of interacting

galaxies are above 1:5. If M∗(t + ∆t) is the total stellar mass of a central galaxy

at time t +∆t (where ∆t represents the time interval between simulations outputs)

and M1st
∗ (t) and M2nd

∗ (t) are the stellar masses of its first and second most massive

progenitors at time t, major galaxy mergers (>1:5) are identified by the following

criteria:

1. M2nd
∗ (t) ≥ 1/5×M1st

∗ (t)

2. M∗(t+∆t) > (1 + 1/5)M1st
∗ (t)

3. M∗(t+∆t) > 0.8 (M1st
∗ (t) +M2nd

∗ (t))

4. min{∆M∗}t→t+600Myr > −0.5M2nd
∗ (t)

The identification of galaxy mergers in cosmological simulations is not a trivial

task, where the simple working definition of “galaxy” can, for example, result in the
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Figure 4.3 Left: Distribution of galaxies in terms of the number of major mergers

(with stellar mass ratios >1:5) down to z = 0, for the full galaxy sample (black), for

galaxies with stellar masses Mstar > 6 × 1010M⊙ (red), and for galaxies with stellar

masses Mstar < 6 × 1010M⊙ (blue). Right: Distribution of black holes undergoing

one or more mergers relative to the percentage of the mass contributed by black hole

mergers, computed at z = 0 (red), z = 2 (green), and z = 4 (blue). Black hole

seeds and merging black holes are assumed to lie on the MBH–Mbulge relation for the

corresponding host galaxy. Most black holes have a mass contribution of less than

10% from black hole mergers.

wrong identification of close galaxy encounters as a merging system (e.g., Gabor et al.,

2011). We determined and tested the above criteria experimentally by comparing the

identified merger events against the evolution of the stellar mass of central galaxies

relative to that of their most massive progenitors to ensure that close encounters are

not treated as mergers.

The first and second conditions reflect our definition of major mergers (>1:5)

and the requirement that the central galaxy has indeed grown by at least one fifth

relative to its stellar mass in the previous time step. Note that the mass increase

∆M∗ = M∗(t + ∆t) − M∗(t), where M∗(t) ≡ M1st
∗ (t), contains contributions from

both major and minor mergers as well as star formation within the galaxy. The

third condition, requiring that the merger remnant contains at least 80% of the mass

of its two most massive progenitors, is apparently less restrictive than the second

condition; however, it accounts for situations in which M2nd
∗ (t) > M1st

∗ (t) that may

occur if only a small fraction of M2nd
∗ (t) ends up in the merger remnant. Finally,

the fourth condition attempts to correct for wrong identifications during close galaxy

encounters by requiring that any decrease in stellar mass during the ∼ 600Myr after

the merger cannot be higher than half the mass of the second most massive progenitor.
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At all times, gravitational torque rates (Equation 4.2) are evaluated according to

the current mass of the black hole including contributions from mergers. Note that

we neglect the possibility of black holes leaving the centre of their host galaxies owing

to gravitational recoils (e.g., Blecha & Loeb, 2008).

4.3 Results

4.3.1 Black hole mergers versus smooth accretion

Figure 4.2 illustrates the identification of galaxy mergers, based on the criteria

described in Section 4.2.5, by showing the evolution of the total stellar mass of nine

representative galaxies in the mass range Mstar = 1010–2× 1011M⊙ at z = 0. Major

merger events are indicated by red vertical lines and correspond to abrupt changes

in the stellar mass of the galaxies. Note that the time interval between data snap-

shots varies with redshift, implying that the mass increase per unit time required for

merger identification is redshift dependent. This could result in an increasing num-

ber of merger identifications at lower redshifts owing, for example, to contributions

from smooth accretion and minor mergers occurring in a single (longer) time step.

However, this is compensated by the shorter time steps at the epoch of the peak of

cosmic activity.

Galaxy misidentifications by skid represent a more challenging issue (e.g., Gabor

et al., 2011). Interacting galaxies are sometimes identified as one single galaxy at

the closest approach during the first orbital passage, with a consequent increase in

the stellar mass of the newly identified central galaxy. When the distance between

the interacting galaxies increases again, two separate systems are identified and the

mass of the central galaxy decreases correspondingly. The fourth condition for merger

identification in Section 4.2.5 attempts to correct for this effect. We present examples

of this for several galaxies in Figure 4.2.

Overall, our simple method provides a robust identification of galaxy mergers

and allows us to estimate the contribution of black hole mergers to total black hole

growth. For each galaxy in Figure 4.2, the total mass of the central black hole as a

function of redshift is shown as the blue line (upscaled by a factor of 1000), while the

grey lines correspond to black hole growth from torque-limited accretion only. Here

we adopt a mass retention rate ǫm = 0.05, which has been shown to reproduce the

normalization of the MBH–Mbulge relation at z ≥ 2 (Section 3.6), and assume that the

merging galaxy contains a black hole consistent with the local MBH–Mbulge relation
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of Häring & Rix (2004). We relax this assumption in Section 4.3.2 by considering a

0.5 dex scatter in black hole mass.

The most massive black holes are expected to undergo more frequent mergers as

their host galaxies also represent the high-mass end of the galaxy mass distribution

and live in higher density environments. Indeed, the left panel of Figure 4.3 shows

that our sub-sample of lower mass galaxies clearly dominates the population of galax-

ies that undergo only one or no major mergers during their entire evolution down to

z = 0. Correspondingly, galaxies in the higher-mass sub-sample tend to undergo two

or more major mergers down to z = 0.

The contribution from each black hole merger represents a significant fraction of

the total black hole mass at the time of the merger event, typically & 20% given

that we define major galaxy mergers to be mass ratios above 1:5. Despite this, the

continuous supply of gas through smooth accretion by gravitational torques tends to

erase the merger histories of black holes. By z = 0, black hole growth from mergers is

typically a small fraction of the total growth, except in some exceptional cases with

numerous mergers happening preferentially at low redshift for which the final black

hole mass may exceed the total accreted mass by factors of a few (e.g. see the top

left and the top middle panels of Figure 4.2).

This is quantified more rigorously in the right panel of Figure 4.3, where we

show the distribution of black holes in terms of the percentage of mass contributed

by mergers, evaluated at three different redshifts. Here, we simply compute the

difference between the final black hole mass owing to smooth accretion and mergers

and the final black hole mass resulting from smooth accretion alone. For most black

holes, the contribution from mergers represents less than 10% of the total mass,

with only a small fraction of black holes having merger contributions > 20%. This

occurs despite the fact that the inferred mass fraction from mergers includes some

contribution from smooth accretion given by the relatively increased gravitational

torque rates for higher mass black holes (Eq. 4.2). Interestingly, the mass fraction

from mergers seems to be higher when evaluated for black holes at z = 2 relative to

either z = 4 or z = 0, corresponding to the epoch of peak cosmic activity.

Overall, we find that smooth accretion dominates global black hole growth over

cosmic time while black hole mergers may represent a non-negligible contribution for

the most massive black holes at late times, in agreement with previous studies (e.g.,

Colberg & Di Matteo, 2008; Dubois et al., 2013b; Kulier et al., 2013; Volonteri &

Ciotti, 2013). This prediction seems robust for the mass range and redshift range
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Figure 4.4 Evolutionary tracks of galaxies and central black holes in the MBH–

Mbulge plane for torque-limited growth (blue) and for torque-limited accretion along

with mass contributions from black hole mergers (red). Black hole seeds and merging

black holes are assumed to lie on the MBH–Mbulge relation for the corresponding host

galaxy. The stellar mass within the effective radius is taken as a proxy for the bulge

mass of the host galaxy. The black solid line shows theMBH–Mbulge relation of Häring

& Rix (2004); black dashed lines indicate a 0.5 dex scatter in black hole mass.

that we consider here but may be subject to uncertainties relative to the masses

and number densities of seed black holes, the efficiency of black hole merging during

galaxy mergers, or the effects of gravitational recoils (e.g., Bellovary et al., 2010,

2011; Blecha & Loeb, 2008; Micic et al., 2011).

4.3.2 The MBH–Mbulge relation

In Chapter 3, we showed that black hole growth by gravitational torque-driven

accretion yields black holes and host galaxies that evolve on average along the scaling

relations from early times down to z = 2, provided that only a small fraction ǫm of

the inflowing gas feeding onto the accretion disk from larger scales is finally accreted

by the central black hole. The mass retention rate ǫm ≈ 0.05 was found to provide

the correct normalization over the full redshift range z = 8 → 2, assuming that these

black holes follow the local MBH–Mbulge relation (Häring & Rix, 2004) for the stellar

mass within the effective radius.

Figures 4.4, 4.5, and 4.6 show that this result can be extended from the eight zoom
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Figure 4.5 Effects of initial conditions on the evolutionary tracks of galaxies and

central black holes in the MBH–Mbulge plane. We compute torque-limited growth

for seed black holes with initial masses either a factor of ten above (red) or below

(blue) the corresponding MBH–Mbulge relation. The black solid line shows the MBH–

Mbulge relation of Häring & Rix (2004); black dashed lines indicate a 0.5 dex scatter

in black hole mass. In each case, black holes evolve towards the scaling relation.
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Figure 4.6 MBH–Mbulge relation at z = 0 (red), 1 (orange), 2 (green), and 4 (blue)

for black holes growing through torque-limited accretion and mergers. Masses of

black hole seeds (shown as small black dots) and merging black holes are randomly

selected from a log-normal distribution corresponding to the MBH–Mbulge relation for

the appropriate galaxy and time step, assuming a 0.5 dex scatter in black hole mass.

The black solid line shows the MBH–Mbulge relation of Häring & Rix (2004); black

dashed lines indicate a 0.5 dex scatter in black hole mass.
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disk galaxies in Chapter 3 to more than 200 galaxies in our cosmological simulation,

evolved over a much more extended period of time from z ∼ 4+ → 0. Provided that

the initial conditions are chosen to agree with the local MBH–Mbulge relation, black

holes and galaxies grow by more than three orders of magnitude in mass approxi-

mately along the scaling relation, with no further tuning of the mass retention rate

ǫm. This conclusion is not affected by the addition of mass growth from black hole

mergers, which was neglected in Chapter 3. Figure 4.4 demonstrates this by com-

paring the evolutionary tracks in the MBH–Mbulge plane for black holes growing with

and without contributions from black hole mergers, shown as the red and blue lines,

respectively: the addition of black hole mergers does increase the black hole masses

slightly but does not alter the overall trend. Smooth accretion represents most of

black hole growth for the majority of the host galaxies and dominates the overall

evolution in the MBH–Mbulge plane, with black hole mergers representing typically a

small fraction of the total growth.

Since we do not have an a priori reason to assume that seed black holes correlate

with their host galaxy at the starting redshift, we now examine the impact of relaxing

this assumption. Figure 4.5 shows the evolutionary tracks predicted by torque-limited

accretion for black hole seeds that are either a factor of ten above (red) or below

(blue) the MBH–Mbulge relation by the time their host galaxies are first resolved in the

simulation. Interestingly, black holes tend to evolve towards the MBH–Mbulge relation

regardless of the initial conditions and with no need for mass averaging through

mergers or additional self-regulation processes. This attractor behavior to lie on the

MBH–Mbulge relation was described in Chapter 3 for a small galaxy sample and it is

now confirmed for a large number of simulated galaxies. The weak dependence of

gravitational torque rates on black hole mass, namely ṀTorque ∝ M
1/6
BH (Equation 4.2),

plays a key role in this overall convergence process, resulting in a rate at which black

holes “move” in the logarithmic MBH–Mbulge plane given by

d

dt
log(MBH) ∝ ṀBH

MBH

∝ M
−5/6
BH , (4.6)

which in turn implies that for a given host galaxy, a lower (higher) mass black

hole grows proportionally faster (slower) relative to a black hole lying on the MBH–

Mbulge relation. We will explore this attractor behavior in more detail in Section 4.3.6.

Given that black holes tend to evolve onto theMBH–Mbulge relation, it seems justi-

fied to adopt the simplification that black holes and galaxies are already on the scaling

relation by the time we define the initial conditions, i.e., when the host galaxy is first
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Figure 4.7 Top: Eddington ratios, λ ≡ ṀBH/ṀEdd, as a function of redshift for the

central black holes of each of the 213 galaxies selected at z = 0. Grey lines show

individual accretion histories while black points with error bars show median values

within bins logarithmically-spaced in (1 + z) and the corresponding 5 and 95 per-

centiles of the distribution. Accretion rates are calculated according to Equations 4.1

and 4.2 for a mass retention rate ǫm = 0.05. The red dashed line shows the best

power law fit to the median values: log(λMS) ≈ −2.49 + 1.93 log(1 + z). Bottom:

Fraction of the evolution time down to z = 0 that black holes spend accreting at a

given Eddington ratio relative to λMS(z). The red solid line shows the time spent in

a given λ/λMS bin averaged over all black holes and the grey shaded region indicates

the 5 and 95 percentiles of the distribution of time fractions in each λ/λMS bin.
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resolved in the cosmological simulation. Nonetheless, there is significant scatter in

black hole mass at a given bulge mass despite the overall convergence towards the

MBH–Mbulge relation. This intrinsic scatter does not go away with subsequent evolu-

tion; therefore, it should be taken into account when defining the initial conditions

for black hole growth as well as the mass contribution from black hole mergers.

Figure 4.6 shows the MBH–Mbulge relation obtained at different redshifts when

black hole seeds and merging black holes are randomly chosen from a log-normal

distribution corresponding to the MBH–Mbulge relation for the appropriate galaxy

and time step, but assuming a 0.5 dex scatter in black hole mass. Overall, our

full model for torque-limited growth is consistent with a close-to-linear non-evolving

MBH–Mbulge relation, so long as the initial conditions at some reference redshift are

not biased towards either higher-mass or lower-mass black holes relative to their host

galaxies. Note that some initially large log-normal scatter may produce a bias to-

wards higher-mass black holes at later times because their time-scale for convergence

towards the scaling relation is significantly longer relative to lower-mass black holes.

We explore this in Section 4.3.6.

Black hole mergers may reduce the scatter of theMBH–Mbulge relation by recurrent

mass averaging (Hirschmann et al., 2010), a process that has indeed been suggested

as the actual physical mechanism giving rise to the black hole–galaxy scaling relations

(Jahnke & Macciò, 2011; Peng, 2007). Mergers actually seem to reduce the scatter

somewhat (Figure 4.4), but major mergers (>1:5) are clearly not frequent enough for

our galaxy sample to establish the MBH–Mbulge relation in the first place. In some

cases, the merging of several slightly over-massive black holes may yield outliers in

the MBH–Mbulge relation even under normal accreting conditions. It is, nonetheless,

challenging to explain recent observations in the local universe suggesting the presence

of highly over-massive black holes compared to their host galaxies (Bogdán et al.,

2012; van den Bosch et al., 2012; but see Emsellem, 2013). In the context of torque-

limited growth, it is plausible that such extreme objects could form from highly

above-average accreting conditions, such as a favorably-oriented galaxy merger.

Observations are currently inconclusive regarding the slope and normalization of

the scaling relations at high redshift. While several studies have reported an increase

in the black hole mass to host galaxy mass ratio for individual systems at higher

redshifts (Bennert et al., 2011; Decarli et al., 2010; Greene et al., 2010; Merloni et al.,

2010; Targett et al., 2012; Treu et al., 2007) there remain significant concerns about to

systematics in the mass estimators (e.g., Park et al., 2013) and biases introduced by
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selection effects (Lauer et al., 2007; Schulze & Wisotzki, 2011; Shen & Kelly, 2010).

Indeed, a number of observations seem consistent with little or no evolution in the

black hole mass to host galaxy mass ratio (Cisternas et al., 2011a; Jahnke et al.,

2009; Schramm & Silverman, 2013). Assuming a non-evolving mass retention rate

(ǫm) in the accretion flow, torque-limited growth predicts no significant evolution

of the MBH–Mbulge relation unless the initial conditions are substantially different

relative the local scaling relation. In Section 4.3.6, we evaluate the characteristic

time scales for convergence towards the MBH–Mbulge relation.

Note that we have not attempted to estimate the “true” bulge mass in analogy

with observations, but instead replaced it in the MBH–Mbulge relation by the stellar

mass within the effective radius of the host galaxy. Torque-limited growth yields a

correlation between black hole mass and stellar mass regardless of the morphology

of the galaxy. This suggests that the processes driving the morphological evolution

of the stellar component in galaxies may not be fundamental for the growth of their

central black hole (Marleau et al., 2012; Simmons et al., 2013). Incidentally, there

is increasing evidence for significant black hole growth taking place in disk domi-

nated galaxies with no merger signatures (Cisternas et al., 2011b; Gabor et al., 2009;

Georgakakis et al., 2009; Kocevski et al., 2012; Mullaney et al., 2012b; Schawinski et

al., 2012; Treister et al., 2012), while mergers are commonly invoked as the primary

mechanism for bulge formation (e.g., Hopkins et al., 2010).

This simple scenario of black hole–galaxy coevolution is challenged by observa-

tions in the local universe suggesting that black holes correlate differently with dif-

ferent galaxy components (Graham, 2008; Graham et al., 2011; Hu, 2008; Kormendy

et al., 2011; Kormendy & Ho, 2013). Recent results imply a broken power-law re-

lation between the masses of black holes and their host spheroids (Graham, 2012;

Graham & Scott, 2013; Scott et al., 2013), with lower-mass black holes in Sérsic

galaxies (MBH . 108M⊙) following a steeper relation MBH ∝ M2
bulge below the clas-

sic nearly linear scaling. While our simulations lack the resolution required for a

detailed analysis of the z = 0 MBH–Mbulge relation and its morphological depen-

dence, we note that torque-limited growth yields a qualitatively similar steep trend

for initially under-massive black holes as they evolve onto the MBH–Mbulge relation

(Figure 4.5). Observations of black holes in low-mass galaxies may thus provide sig-

nificant constraints on the initial conditions for massive black hole growth (Greene,

2012).



132

4.3.3 Evolution of Eddington ratios

Gravitational torques drive gas inflows from galactic scales down to sub-parsec

scales, feeding the accretion flow near the black hole, and governing the co-evolution

of black holes and galaxies. The observed black hole-galaxy scaling relations are a

natural outcome of this process. In this section, we explore the accretion histories

resulting from torque-limited growth as well as implications for observations of active

systems across cosmic time.

The top panel of Figure 4.7 shows the evolution of Eddington ratios with red-

shift, defined here as the black hole accretion rate in units of Eddington, λ ≡
ṀBH/Ṁedd. For all black holes, ṀBH is calculated from Equation 4.1 for the mass

retention rate ǫm = 0.05. The Eddington rate is given by the usual definition,

Ṁedd = 4πGMBHmp/(ησTc), where the accretion efficiency, η, represents the max-

imum amount of potential energy per unit rest mass energy that can be extracted

from the innermost stable circular orbit of the accretion disk around the black hole.

Throughout this Chapter, we adopt a fixed value η = 0.1 (e.g., Marconi et al., 2004;

Yu & Tremaine, 2002) and ignore its intrinsic dependence on black hole spin.

Grey lines in Figure 4.7 (top panel) correspond to the accretion histories of in-

dividual black holes. Despite our limited time resolution, restricted by the number

of output files produced during the simulation, accretion rates show significant vari-

ability relative to cosmological time scales. This variability follows from the complex

evolution of the inner regions of galaxies (Hopkins & Quataert, 2010), which mani-

fests itself in the gravitational torque model as significant variations in morphological

properties within the radial aperture R0 (Hopkins & Quataert, 2011). Black points

with error bars show median Eddington ratios within logarithmically-spaced bins in

1 + z and the 5 and 95 percentiles of the distribution, indicating that there is also a

significant scatter for our sample of black holes at any given redshift.

Despite the large scatter, our simulations reveal a common trend for the evolution

of Eddington ratios. Black holes are typically accreting at high Eddington ratios

at early times, with median values λ > 10% at z & 6 and may even exceed the

Eddington limit in some cases. At lower redshifts, a gradual decrease in Eddington

ratios yields λ ∼ 1–10% at z ≈ 2 (as previously found in Section 3.6), reaching

typical present day values λ ∼ 0.1–1% at z = 0. As shown by the red dashed line

in the top panel of Figure 4.7, a simple power law provides a good fit to the redshift
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dependence of the median Eddington ratio, albeit with significant scatter:

log(λMS) ≈ −2.49 + 1.93 log(1 + z), (4.7)

where we have ignored any intrinsic dependence of Eddington ratios on black hole

mass (see below). The exact slope and normalization in Equation 4.7 are somewhat

dependent on sample selection and initial conditions (Section 4.3.6). Nonetheless,

this relation provides a useful tool for characterizing black hole accretion histories,

in analogy with the star formation main sequence, which can be defined in terms of

the median specific SFR for a given redshift interval (e.g., Davé et al., 2011b; Elbaz

et al., 2011).

We can now evaluate the evolution of Eddington ratios relative to the sequence

defined by Equation 4.7. The lower panel of Figure 4.7 shows the fraction of time

that black holes spend accreting at a given Eddington ratio in units of the median

value λMS. For each black hole at a given redshift, we calculate the ratio λ(z)/λMS(z)

to which we assign the duration of the current time step. Then, by adding up the

contributions from all time steps, we estimate the fraction of the total evolution time

(down to z = 0) during which a given black hole grows at some Eddington ratio

relative to the main sequence value. We indicate as the red solid line the average

fraction of time spent in a given λ/λMS bin over all black holes (equivalent to the

probability per logarithmic interval), while the grey shaded region corresponds to the

5 and 95 percentiles of the distribution in each λ/λMS bin.

The lower panel of Figure 4.7 shows that black holes spend most of their time

accreting near the median Eddington ratio for the whole population, suggesting that

Equation 4.7 may, indeed, represent an “AGN main sequence” (Mullaney et al.,

2012a). Eddington ratios can be roughly described by a log-normal distribution

centered at λMS(z) at all redshifts, but note the asymmetry with respect to λ = λMS,

with a relative increased probability for black holes accreting at lower Eddington

ratios (especially at low redshift). One caveat here is the limited time resolution; our

inferred Eddington ratios correspond to average values within time intervals ranging

from ∼ 10 to 300Myr in the redshift range z ∼ 6 → 0, while AGN luminosities

exhibit strong variability over a large dynamic range, from hours (e.g., McHardy,

2013) to Myr time scales (e.g., Gonçalves et al., 2008; McNamara & Nulsen, 2007).

Thus, the lower panel of Figure 4.7 corresponds to departures from the AGN main

sequence (λMS) on time scales comparable to typical galaxy dynamical time scales.

Shorter time-scale variability that we cannot track may have important consequences
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Figure 4.8 Bolometric luminosity in units of the Eddington luminosity, Lbol/Ledd,

as a function of black hole mass for all black holes at z = 0 (red), 1 (orange), 2

(green), and 4 (blue). Bolometric luminosities are calculated from accretion rates

by assuming that there is a transition between radiatively efficient to radiatively

inefficient accretion at λcrit = 0.03 (Merloni & Heinz, 2008). Histograms show the

distribution of Eddington ratios at each redshift (arbitrarily normalized). The black

dashed line corresponds to the scaling λ ∝ M
−5/6
BH .

for the observed distribution of Eddington ratios and the inferred connection between

star formation and AGN activity (Hickox et al., 2013).

4.3.4 Bolometric luminosities

The radiative properties of accretion flows around AGN are thought to depend

primarily on the mass inflow rate onto the black hole, with a relatively well defined

transition between radiatively efficient and radiatively inefficient modes at Eddington

ratios of about a few percent (Greene et al., 2006; Maccarone et al., 2003; Narayan

& Yi, 1995b), in close analogy to Galactic stellar-mass black holes in X-ray binaries

(Remillard & McClintock, 2006). Here, we infer AGN bolometric luminosities by

assuming that there is an accretion state transition at λcrit = 0.03, as in Merloni &

Heinz (2008). For the radiatively efficient mode (λ > λcrit), the bolometric lumi-

nosity is simply proportional to the accretion rate, Lbol = η ṀBH c2, and, therefore,

Lbol/Ledd = λ. For radiatively inefficient accretion flows (λ < λcrit) we compute

Lbol = η ṀBH c2 (λ/λcrit).
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Figure 4.8 shows the ratio of the bolometric luminosity to the Eddington luminos-

ity, Lbol/Ledd, as a function of black hole mass, evaluated at four different redshifts.

With the definition of λcrit adopted here, the shift from radiatively efficient accre-

tion to radiatively inefficient accretion occurs at z ≈ 1–2 for the median black hole.

Thus, the probability of a galaxy hosting an AGN in the radiatively inefficient mode

increases at lower redshifts. The inferred bolometric luminosity corresponding to

a given accretion rate is lower for black holes growing in the radiatively inefficient

mode. The ratio Lbol/Ledd is, therefore, characterized by a stronger evolution with

redshift relative to the intrinsic accretion rate (λ), decreasing by about three orders

of magnitude from z = 4 to z = 0.

At a fixed redshift, the inferred Lbol/Ledd values roughly follow a log-normal

distribution, as expected from Figure 4.7. At z = 4, most black holes radiate in a

relatively narrow log-normal distribution around Lbol/Ledd ≈ 0.05, right above λcrit.

At lower redshifts, the width of the Lbol/Ledd distribution increases, with an extended

tail towards low luminosities. This is particularly evident at z ≈ 1–2 when most black

holes are undergoing a transition from radiatively efficient (λ > λcrit) to radiatively

inefficient (λ < λcrit) accretion.

Figure 4.8 shows an anti-correlation between Lbol/Ledd and black hole mass. For a

given host galaxy, the gravitational torque rate scaled by the Eddington rate is lower

for higher-mass black holes, λ ∝ M
−5/6
BH . This should imply a strong trend of decreas-

ing Eddington ratios for increasing black hole mass at a fixed redshift; this trend is,

however, weaker than expected for our sample of black holes or even nonexistent at

z ≈ 1–2, suggesting a complex evolution of black hole accretion besides the intrinsic

dependence on MBH. Indeed, we will show in Section 4.4.1 (Fig. 4.14) that higher

mass galaxies are more compact than lower mass galaxies while having a similar disk

fraction; this results in higher values of R
−3/2
0 Md that partially compensate for the

decrease in λ values with increasing MBH. The net effect is a λ(MBH) dependence

that is weaker than the a priori expected λ ∝ M
−5/6
BH , which may only be identified

for a black hole sample spanning a sufficient mass range.

Selection effects may have a significant impact on the observed evolution of Ed-

dington ratios and their dependence on black hole mass. This is illustrated in Fig-

ure 4.9 where we calculate the median bolometric luminosity in Eddington units

(Lbol/Ledd) as a function of redshift (z = 2 → 0) for two sub-samples of black holes:

those with masses above and below MBH = 2× 107M⊙. The top panel of Figure 4.9,

which includes all of our 213 black holes selected at z = 0, shows no clear separation
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Figure 4.9 The impact of selection effects on the inferred evolution and mass de-

pendence of Eddington ratios. Top: Bolometric luminosity in Eddington units as a

function of redshift from z = 2 down to z = 0 for the sub-samples of black holes

with masses above (red) and below (blue) 2 × 107M⊙ at each redshift. Red and

blue solid lines show median values for the high-mass and low-mass samples, re-

spectively, while the red and blue hatched areas correspond to the central 75%

of the distribution for the population of black holes in each sub-sample. Bottom:

Same as the top panel but only including black holes radiating above a total flux

limit Flim = 3 × 10−15 erg s−1 cm−2, which corresponds to a bolometric luminosity

Lbol ≈ 1044 erg s−1 at z = 2. Histograms show the distribution of Eddington ra-

tios (arbitrarily normalized) for all black holes below z < 0.5 (black) and for the

high-mass (red) and low-mass (blue) sub-samples.
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of the high-mass and low-mass sub-samples in terms of their median Lbol/Ledd. The

high-mass sample is characterized by larger scatter at all redshifts, perhaps suggest-

ing a stronger variability, but the limited mass range does not allow us to discern an

intrinsic decrease in λ with MBH.

The lower panel of Figure 4.9 mimics the effects of observational sensitivity lim-

its by calculating median Eddington ratios for the two sub-samples but now only

including black holes radiating with a total “observed” flux higher than Flim =

3 × 10−15 erg s−1 cm−2, equivalent to a bolometric luminosity Lbol ≈ 1044 erg s−1 at

z = 2. For each black hole we calculate the total flux from the bolometric luminosity

as F = Lbol/(4πd
2
L), where dL is the luminosity distance at the corresponding red-

shift. Our flux-limited sample of black holes shows a clear dependence of Eddington

ratios on black hole mass for the full redshift range z = 2 → 0, with the higher mass

sample dominating the low Lbol/Ledd regime. This simple experiment illustrates how

the inferred evolution of black hole populations can be affected by sensitivity limits,

even neglecting obscuration effects. Black holes growing at low Eddington ratios may

be missed in flux-limited surveys preferentially at higher redshifts and for lower-mass

black holes, as explicitly shown by Kollmeier et al. (2006). This may result in (i) a

stronger apparent evolution of Eddington ratios with redshift and (ii) an artificially

increased systematic offset between the typical Eddington ratios of higher-mass and

lower-mass black holes.

A direct comparison of the evolution of Eddington ratios with observations is not

trivial given that differences in, for example, selection techniques and completeness

limits often yield contrasting results among AGN populations. Despite this, a wide

range of observations indicate that the typical Eddington ratios of accreting black

holes increase at higher redshifts (Aird et al., 2012; Bongiorno et al., 2012; De Rosa

et al., 2011; Kauffmann & Heckman, 2009; Kollmeier et al., 2006; Lusso et al., 2012;

Netzer & Trakhtenbrot, 2007; Trakhtenbrot et al., 2011; Trakhtenbrot & Netzer,

2012), in broad agreement with our results and consistent with expectations from

AGN synthesis models (e.g., Merloni & Heinz, 2008; Shankar et al., 2013). However,

the typical median values may vary significantly for different AGN populations even at

similar redshifts, e.g. ranging from near Eddington accretion for the AGN sample of

Kollmeier et al. (2006) at z ∼ 0.3–4 to sub-Eddington growth for the AGN population

studied by Lusso et al. (2012) at z ∼ 1–2. Indeed, Trump et al. (2011) reported

the presence of two separate populations in X-ray-selected AGNs, associated with

black holes accreting in radiatively efficient (λ & 0.01) and radiatively inefficient
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(λ . 0.01) modes. For torque-limited growth, such a transition between accretion

modes occurs multiple times for typical black hole accretion histories, but with an

increased probability for radiatively inefficient accretion at lower redshifts.

The situation is less clear with respect to the distribution of Eddington ratios

and its dependence on black hole mass. Numerous observational studies have re-

ported Eddington ratio distributions consistent with a log-normal distribution for a

wide range of redshifts (Hickox et al., 2009; Kollmeier et al., 2006; Lusso et al., 2012;

Netzer, 2009; Netzer & Trakhtenbrot, 2007; Trakhtenbrot et al., 2011; Trump et al.,

2011) in agreement with our results, while other studies favor a universal power law

distribution function independent of black hole mass (Aird et al., 2012; Bongiorno

et al., 2012). Trakhtenbrot & Netzer (2012) reported a significant decrease in Ed-

dington ratios with increasing black hole mass in the redshift range z = 0–2, while

Kelly & Shen (2013) found that λ is approximately independent of black hole mass

at low (z < 0.8) and high (z > 2.65) redshifts but increases with black hole mass

at intermediate redshifts. Kollmeier et al. (2006) examined the distribution of Ed-

dington ratios in the redshift range z ∼ 0.3–4 and found a characteristic log-normal

distribution independent of black hole mass and redshift down to well-characterized

completeness limits. At low redshift, Kauffmann & Heckman (2009) identified two

distinct distributions of Eddington ratios: black holes in star forming galaxies follow

a log-normal distribution that only weakly depends on the black hole mass and black

holes in passive galaxies follow a power-law distribution function with a normalization

that strongly depends on the black hole mass.

We find that Eddington ratios averaged over galaxy evolution time scales can

be roughly described by a lognormal distribution with increasing width at lower

redshifts and with a median value evolving as a power law in (1 + z) broadly similar

to the cosmic evolution of specific SFRs. Furthermore, the combined dependence of

accretion rates on black hole mass and galaxy surface density (R
−3/2
0 Md) yields a

weak trend of decreasing median Eddington ratios with increasing black hole mass

at all redshifts. Encouragingly, similar trends have been identified by Shankar et

al. (2013) as key elements in reproducing a number of observations, including the

observed Eddington ratio distributions, the high AGN fractions at low redshift, and

the higher frequency of AGN in higher-mass galaxies.
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4.3.5 The SFR–AGN connection

Torque-limited accretion yields black holes growing, on average, in tandem with

their host galaxies (Fig. 4.4). Smooth accretion dominates the total growth of black

holes (Figure 4.3) and their host galaxies (e.g., Kereš et al., 2005; Murali et al., 2002),

implying that there must be some connection between the total SFR of galaxies and

their nuclear activity on cosmological time scales. In this section, we extend our

current analysis to a significantly larger number of black holes and host galaxies to

present predictions for the relation between galaxy SFRs and AGN activity for an

increased dynamic range.

For this purpose, we select all galaxies with stellar masses Mstar > 108M⊙ from

our [32 h−1Mpc]3 simulation volume at different redshifts, for example there is a total

of 4356 and 5815 galaxies at z = 0 and z = 2, respectively. At each redshift, we

assign central black holes to every galaxy by assuming consistency with the local

MBH–Mbulge relation (Häring & Rix, 2004); black holes are randomly selected from

a log-normal distribution centered on the MBH–Mbulge relation for each galaxy and

assuming a 0.5 dex scatter in black hole mass. We estimate accretion rates by direct

evaluation of Equation 4.1 with ǫm = 0.05, where we now employ a radial aperture

equal to the effective radius of the host galaxy, R0 = Reff (see Equation 4.2). This

allows us to evaluate accretion rates for virtually all galaxies within our simulation

volume. The effects of using different radial apertures in the gravitational torque

model are discussed in § 4.4.

Figure 4.10 shows the SFR–ṀBH relation predicted by the gravitational torque

model. Points with different colors represent the location of individual systems in

the SFR–ṀBH plane at different redshifts, from z = 4 (blue) to z = 0 (red). Despite

the large scatter, the increased dynamic range allows us to identify a clear relation

extending over a few orders of magnitude in both SFR and ṀBH; the inferred slope

resembles the close-to-linear scaling expected from the local MBH–Mbulge relation.

Note that the overall normalization of the SFR relative to ṀBH is controlled by the

mass retention rate, which is set to ǫm = 0.05 to match the MBH–Mbulge relation of

Häring & Rix (2004) for the stellar mass within the effective radius of the host galaxy

(i.e. for 1/2 of the total stellar mass).

Torque-limited growth yields, therefore, a connection between AGN activity and

SFR on time scales comparable to the dynamical time scale of galaxies. Cosmological

gas infall and transport of angular momentum in the galaxy by gravitational insta-
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Figure 4.10 The total SFR as a function of central black hole accretion rate for all

galaxies with stellar masses Mstar > 108M⊙ found within our [32 h−1Mpc]3 simulation

volume at z = 0 (red), 1 (orange), 2 (green), and 4 (blue). Accretion rates are

calculated by direct evaluation of Equation 4.1 (with ǫm = 0.05), assuming that

black holes lie on the MBH–Mbulge relation (Häring & Rix, 2004, for the stellar mass

within the effective radius) with a 0.5 dex scatter in black hole mass at all redshifts.

Torque-limited inflow rates (Equation 4.2) are calculated from host galaxy properties

evaluated within a radial aperture equal to the effective radius, R0 = Reff . The black

solid line shows the SFR–ṀBH correlation reported by Chen et al. (2013) for star-

forming galaxies in the redshift range 0.25 < z < 0.8, and the grey shaded region

corresponds to their estimated uncertainty in the normalization. The red dot-dashed

line shows the LSF ∝ L0.8
AGN relation of Netzer (2009) for low redshift AGN-dominated

systems.
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bilities appear to be the primary physical drivers behind this relation. The evolution

of specific SFRs with redshift can be roughly described by a characteristic power law

given by the evolution of the gas accretion rate onto dark matter halos, ∼ (1 + z)2.25

(Dekel et al., 2009); feedback can modify this by suppressing star formation at early

epochs and providing recycling wind material back onto galaxies at later times, yield-

ing a shallower evolution of the specific SFR with redshift (Anglés-Alcázar et al., 2014;

Davé et al., 2011b; Oppenheimer & Davé, 2010). Intriguingly, gravitational torques

provide gas inflows for fueling the central AGN at a roughly constant fraction of

the SFR in galaxies, in a time averaged sense. The evolution of Eddington ratios

resulting from this process can also be described as a power law in 1+ z (Figure 4.7),

suggesting that central black holes evolve along an AGN main sequence similar to

the main sequence for star-forming galaxies (Mullaney et al., 2012a).

The SFR–ṀBH connection is, however, not direct on a galaxy-by-galaxy basis at

all times. Even at the scales resolved here, the accretion rates are highly variable (Fig-

ure 4.7) and may experience significant variations uncorrelated with the host galaxy

SFR (Anglés-Alcázar et al., 2013a; Hopkins & Quataert, 2010, 2011). Indeed, the

evolutionary tracks of individual systems in the SFR–ṀBH plane are rather compli-

cated. In our simulations, star formation responds to variations in gas surface density

via a sub-grid prescription tuned to match the observed Kennicutt (1998a) relation

(Springel & Hernquist, 2003a). On average, gas inflows by gravitational torques also

increase with gas surface density via the R
−3/2
0 Md term in Equation 4.2 (as well as

the intrinsic dependence on fgas), but critically depend on the overall morphology of

the inner region of the galaxy. Variations in the fraction of mass in a disk component

(fd) are responsible for significant scatter in the SFR–ṀBH relation. Note that we

have assumed a fixed mass retention rate ǫ = 0.05; relaxing this assumption could

result in additional scatter.

Do we observe such a correlation between SFR and AGN activity? Figure 4.10

shows substantial agreement between our results and recent observations by Chen

et al. (2013). These authors showed that the average central black hole accretion

rate for star-forming galaxies in the redshift range 0.25 < z < 0.8 is almost linearly

proportional to the SFR; their inferred SFR–ṀBH relation is shown as the black

solid line, and the uncertainty in the normalization is indicated by the grey shaded

region. A roughly similar correlation between star formation and AGN luminosity was

reported by Netzer (2009) for active galaxies at lower redshifts, LSF ∝ L0.8
AGN, which

we show as the red dot-dashed line in Figure 4.10. In this case, the normalization
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is significantly lower, perhaps unsurprisingly given that this relation was found for

AGN-dominated systems. Note that we are extending the correlations of Netzer

(2009) and Chen et al. (2013) to a SFR–ṀBH regime well below their detection

limits. We predict that similar correlations should continue down to significantly

lower levels of star formation and black hole accretion.

Positive correlations between average SFR and AGN luminosity have also been

reported by a number of authors at higher redshifts (Feltre et al., 2013), in general

agreement with our findings, but seem to hold only for the highest luminosity systems

(Lutz et al., 2010; Rosario et al., 2012; Rovilos et al., 2012). Other studies suggest

little or no connection between the average SFR and black hole accretion (Harrison

et al., 2012) or even link luminous AGN activity with a suppression of star formation

(Page et al., 2012), in apparent contradiction with torque-limited growth. However,

as recently discussed by Hickox et al. (2013), AGN variability may have important

consequences for the observed SFR–ṀBH correlations.

Global changes in star formation occur on time scales comparable to the dynam-

ical time scale of the galaxy while high resolution simulations show that significant

AGN variability may occur at essentially all time scales (Gabor & Bournaud, 2013;

Hopkins & Quataert, 2010; Levine et al., 2010; Novak et al., 2011). Furthermore, SFR

tracers are typically sensitive to star formation events on timescales up to ∼ 100Myr,

while the measurements of, for example, X-ray luminosity in AGN track the “instan-

taneous” black hole accretion rate. Therefore, a direct connection between SFR and

AGN activity is only expected when one averages black hole accretion rates over

sufficiently long time periods (which is obviously not possible in the observations)

or, alternatively, when one calculates the average “instantaneous” accretion rate as a

function of host galaxy SFR for a statistical sample of systems. Indeed, this second

approach has been pursued recently with results that strongly suggest a co-evolution

of star formation and black hole accretion on galaxy evolution time scales (Chen et

al., 2013; Mullaney et al., 2012a; Rafferty et al., 2011), in agreement with torque-

limited growth. Furthermore, Hickox et al. (2013) have shown that accounting for

short-term AGN variability may bring a wide range of observations into agreement

with an underlying SFR–ṀBH correlation on cosmological time scales, including the

observed weak correlations between SFR and AGN luminosity in normal systems

and general trends in the observed AGN luminosity functions. Hence, observations

are broadly consistent with the basic prediction of our torque-limited model in that,

when averaged over cosmological time scales, black hole accretion rates track their
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host galaxies’ star formation rates.

4.3.6 Convergence towards the scaling relations

Black holes tend to evolve onto the MBH–Mbulge relation corresponding to their

host galaxy regardless of the initial conditions (as first found in Section 4.2.3) and with

no need for mass averaging through mergers or additional self-regulation processes

(Section 4.3.2). Besides providing a natural explanation for the observed scaling rela-

tions, this convergent behavior of gravitational torque accretion may have significant

implications for the accretion histories of massive black holes and the interpretation

of observations.

Figure 4.11 provides further insight into this by comparing the growth of cen-

tral black holes with different initial masses under the evolution of the same host

galaxy. For each of the 213 simulated galaxies from our primary sample, we follow

the evolution of three black holes with an initial mass taken to be (i) consistent with

the corresponding MBH–Mbulge relation at z = 4, Mscl, (ii) a factor of ten above,

M10 ≡ 10×Mscl, and (iii) a factor of ten below, M0.1 ≡ 0.1×Mscl. We then calculate

the median value of the mass ratios M10(t)/Mscl(t) and M0.1(t)/Mscl(t) over all host

galaxies as a function of time, which are shown by the red and blue solid lines in the

top panel of Figure 4.11. The same process is repeated for starting redshifts z = 4, 3,

2, and 1, where all host galaxies are “seeded” at the same redshift using black holes

with initial masses as defined above.

As expected from Figure 4.5, the initial conditions for black hole growth are

smoothed out by subsequent evolution, resulting in mass ratios M10(t)/Mscl(t) and

M0.1(t)/Mscl(t) that approaches one with time. Figure 4.11 (top panel) allows us

to infer the time scale in which torque-limited growth erases the initial conditions

and its dependence on redshift. We find that over-massive black holes require longer

convergence time scales relative to black holes with initial mass below the scaling re-

lation. Furthermore, the time scale for convergence towards the MBH–Mbulge relation

significantly increases with decreasing starting redshift. This is seen for initial black

holes both above and below the scaling relation.

This numerical experiment allows us to look at the effects of initial conditions

on the evolution of Eddington ratios. The bottom panel of Figure 4.11 shows the

evolution of the median Eddington ratios corresponding to the populations of black

holes initially over-massive or under-massive at different starting redshifts, as defined

for the top panel. Given the dependence of gravitational torque rates on black hole
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Figure 4.11 Top: The impact of initial conditions on black hole growth. For each

host galaxy, we consider black holes with initial masses that are either a factor of ten

above (M10; red) or below (M0.1; blue) the corresponding MBH–Mbulge relation and

compare their evolution to that of a central black hole initially consistent with the

MBH–Mbulge relation (Mscl). Red and blue solid lines show median values for the mass

ratiosM10/Mscl and M0.1/Mscl, respectively, for all host galaxies as a function of time.

Initial conditions are defined at a common redshift for all galaxies, which is taken to

be z = 4, 3, 2, or 1, as indicated by the vertical dashed lines. Bottom: Evolution

of accretion rates in Eddington units resulting from the initial conditions defined in

the top panel. Red and blue solid lines correspond to median values for black holes

initially over-massive or under-massive relative to the MBH–Mbulge relation at the

starting redshift.
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Figure 4.12 Probability for initially under-massive black holes (top) or initially

over-massive black holes (bottom) of converging towards the MBH–Mbulge relation in

a given time scale. The convergence time-scale is defined as the time required for

a black hole with initial mass ten times above or below the MBH–Mbulge relation to

grow to less than a factor of two difference relative to a black hole that had an initial

mass consistent with the MBH–Mbulge relation at the starting redshift. Blue, green,

orange, and red histograms show the probability distributions for initial conditions

defined at z = 4, 3, 2, and 1, respectively (as in Figure 4.11). Convergence time-scales

are expressed in units of 1Gyr (left) or in units of the Hubble time at each redshift

(right).
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mass (λ ∝ M
−5/6
BH ), under-massive black holes are characterized by higher Eddington

ratios relative to black holes lying on the MBH–Mbulge relation. Increased Eddington

ratios only last for a period of time given by the convergence time scale and, therefore,

the evolution of λ is characterized by a rapid decrease at early times followed by the

usual decline at lower redshifts, as seen in Figure 4.7. Similar arguments can be

made for a population of over-massive black holes at any given redshift. In this case,

Eddington ratios are strongly suppressed initially and may even slightly increase with

time if the mass decline relative to the scaling relation supersedes the overall decline

in Eddington ratios. The net effect of having a population of over-massive black holes

relative to the MBH–Mbulge relation at any given redshift is a weaker evolution of λ

with time.

Figure 4.12 shows quantitative predictions of the time scale for convergence to-

wards the MBH–Mbulge relation, which we define here as the time required for a black

hole with initial mass either ten times above or below to that corresponding to the

MBH–Mbulge relation to grow to less than a factor of two difference relative to a black

hole that had an initial mass consistent with the MBH–Mbulge relation at the starting

redshift. We compute black hole convergence probabilities as a function of time after

seeding based on the number of host galaxies for which their central black holes did

converge in a given time scale. As in Figure 4.11, we take z = 4, 3, 2, and 1 as the

starting redshifts. The time scales are expressed in Gyr for the left panel and scaled

by the Hubble time corresponding to each starting redshift in the right panel.

The convergence time probability distribution for under-massive black holes peaks

at significantly shorter time scales relative to over-massive black holes (Figure 4.12,

left panel). For example, the median convergence time scale for under-massive black

holes starting at z = 4 is ∼ 0.7Gyr whereas for over-massive black holes it increases

up to ∼ 3.6Gyr. This is not unexpected, since the amount of mass required to

balance out the initial mass difference relative to the baseline mass from the MBH–

Mbulge relation is about 10 times higher for over-massive black holes according to the

definition adopted here. Indeed, only ∼ 5% of the over-massive black holes starting

at z = 1 had enough time to converge before the end of the simulation at z = 0,

while ∼ 86% of the under-massive black holes starting at z = 1 have converged.

Given some initial log-normal scatter, the mass-dependence of the convergence

time scales may produce a bias towards higher-mass black holes at later times, since

it takes longer for higher-mass black holes to evolve towards the MBH–Mbulge relation

relative to lower-mass black holes. If the intrinsic scatter of the MBH–Mbulge relation
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is higher at early times, this might imply an increasing number of over-massive black

holes at higher redshifts that could be observed prior to convergence, as some obser-

vations suggest (Bennert et al., 2011; Decarli et al., 2010; Greene et al., 2010; Merloni

et al., 2010; Targett et al., 2012; Treu et al., 2007). The initial conditions as well as

the redshift dependence of the convergence time scales may thus have implications

on the observed evolution of black hole mass to host galaxy mass ratios.

Convergence probability distributions are indeed a strong function of starting

redshift. The median convergence time scale and the spread of the distribution both

increase with decreasing redshift. For under-massive black holes, the characteristic

(median) time-scale increases from ∼ 0.7Gyr for z = 4 to ∼ 3.5Gyr for z = 1, and

the standard deviation of the distribution increases by a factor ∼ 2.6 with decreasing

starting redshift from z = 4 → 1. Similar trends can be seen for the distributions

corresponding to over-massive black holes, despite not being appropriately charac-

terized at the lower redshifts given the fraction of black holes for which convergence

time scales are not well defined. Interestingly, if we express convergence time-scales in

units of the Hubble time for each starting redshift, tHubble(z), the resulting probabil-

ity distributions are remarkably similar (Figure 4.12, right panel). The characteristic

time scale for convergence towards the MBH–Mbulge relation is ∼ 0.5 × tHubble and

∼ 1.5 × tHubble for under-massive and over-massive black holes, respectively, regard-

less of the starting redshift. This suggests that cosmological gas infall is the ultimate

physical mechanism driving the global evolution of massive black holes and galaxies.

What is making black holes converge toward a similar mass regardless of the initial

conditions? Let’s consider a generic model in which the accretion rate depends on the

black hole mass with some power index p, ṀBH = D(t)×Mp
BH, where D(t) contains

all the explicit dependencies on the host galaxy properties. Let us now consider the

growth of two seed black holes with masses Ma(t) and Mb(t) evolving at the centre

of an identical host galaxy. The evolution of their mass ratio is simply given by:

d

dt

(

Ma

Mb

)

= D(t)
Mp

a

Mb

[

1−
(

Ma

Mb

)1−p
]

, (4.8)

where we have used Ṁa = D(t)Mp
a , Ṁb = D(t)Mp

b , and the fact the both black holes

evolve under the same physical conditions D(t). Therefore, if p < 1, as is the case

for the gravitational torque model (Equation 4.2), the mass ratio mab ≡ Ma/Mb will

tend to approach one regardless of the initial conditions:

• dmab/dt < 0, if mab > 1
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• dmab/dt > 0, if mab < 1

Note that the exact opposite result applies to accretion models with p > 1, includ-

ing the popular Bondi-Hoyle-Littleton parameterization (p = 2; Bondi, 1952; Bondi

& Hoyle, 1944; Hoyle & Lyttleton, 1939) and direct free-fall accretion (p = 2; Hobbs

et al., 2012). Other examples of accretion parameterizations with p < 1 include

the local viscous accretion rate (Debuhr et al., 2011) and the radiation drag model

(Okamoto et al., 2008), neither of which have an explicit dependence on black hole

mass (p = 0).

The power index p determines whether the initial conditions for black hole growth,

i.e. the initial black hole mass, tend to be erased (p < 1) or accentuated (p >

1) with subsequent evolution. The time scale for which black holes with different

masses converge towards a similar value depends on the initial mass ratio and the

physical conditions D(t) in the host galaxy. Thus, the spread of the probability

distributions in Figure 4.12 reflect the diversity of accretion histories for our sample

of host galaxies. Note, however, that p < 1 alone does not imply convergence toward

the MBH–Mbulge relation specifically; the slope and normalization is a non-trivial

consequence of the physics included in the black hole accretion parameterization.

Equation 4.8 implies that fine tuning of initial conditions may be required if the

main physical mechanism responsible for black hole growth satisfies p > 1, since

slightly different initial conditions could result in rather different black hole masses

at later times. Black hole accretion rates are defined to be positive and, therefore, any

valid accretion parameterization must satisfy D(t) > 0 at all times. Thus, the only

way to make a black hole model with p > 1 less sensitive to the initial conditions

is by introducing some additional dependence on black hole mass that cannot be

absorbed into the power law dependence. In practice, this is accomplished by having

D(t) depend on the accretion rate itself, ṀBH = D(t, ṀBH)×Mp
BH, which is usually

justified in self-regulated models by assuming that feedback from the accretion process

has a direct effect on the accretion flow itself. This simple argument shows why a

non-linear feedback loop is required to regulate black hole growth when using an

accretion parameterization with a strong dependence on black hole mass (Anglés-

Alcázar et al., 2013a,b), and why the torque-limited model does not require explicit

self-regulation.
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Figure 4.13 The distribution of radial apertures (R0) at z = 0 corresponding to

different definitions, including the smallest radius enclosing (i) 100 (orange), (ii) 200

(green), or (iii) 400 (blue) gas and star particles, and (iv) the effective radius of the

host galaxy, Reff (red). All galaxies containing at least 400 gas particles and 400

star particles at z = 0 have been included. The vertical dashed line indicates the

gravitational softening length of the simulation in physical kpc at z = 0.

4.4 Numerical robustness

In Section 3.7, we conducted an extensive analysis of how the inferred gravita-

tional torque rates and the resulting black hole–galaxy scaling relations depend on

a variety of parameters and implementation details including: numerical resolution,

the mass retention rate (ǫm), and different stellar feedback models. In this section,

we complement our previous study by presenting additional tests, focusing primarily

on the convergence of results for different radial apertures (R0) and on the impact of

our quenching prescription on the co-evolution of black holes and galaxies.

4.4.1 Evaluating gravitational torque rates

We select all galaxies containing at least 400 gas particles and 400 star particles at

z = 0, so that different radial apertures can be defined for a common galaxy sample.

To evaluate the effects of R0 on the inferred gravitational torque rates, we define

radial apertures that enclose at least either (i) 100 (R100), (ii) 200 (R200), or (iii)

400 (R400) gas and star particles, or, alternatively, we use (iv) the effective radius of

the host galaxy, R0 = Reff , as in Section 4.3.5. Figure 4.13 shows the distribution of



150

     

0.2

0.4

0.6

0.8

1.0

f d

     

0.2

0.4

0.6

0.8

1.0

f g
as

5 6 7 8 9
log( MBH / M

O •
 )

8

9

10

lo
g(

 R
0 -

3/
2  M

d 
)

R0 = Reff

R0 = R(100)

R0 = R(200)

R0 = R(400)

Figure 4.14 Effects of different radial apertures (R0) on some of the key physical

quantities defined in Equation 4.2 as a function of black hole mass. We show, from top

to bottom, the disk fraction, fd, the gas fraction relative to the disk mass, fgas, and

R
−3/2
0 Md in units of kpc−3/2 M⊙. Physical quantities are calculated for all galaxies

with at least 400 gas and star particles at z = 0, for different definitions of the

radial aperture R0, including the smallest radius enclosing (i) 100 (orange), (ii) 200

(green), or (iii) 400 (blue) gas and star particles, and (iv) the effective radius of

the host galaxy, Reff (red). Individual black holes are represented by points with

the colors corresponding to the different radial apertures. Points with error bars

connected by solid lines show median values within logarithmically-spaced bins in

MBH and the central 75% of the distribution.
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Figure 4.15 Effects of different radial apertures (R0) on the inferred gravitational

torque rates for all galaxies with at least 400 gas and star particles at z = 0. Accretion

rates are calculated for different definitions of R0 as in Figure 4.14. The top panel

shows the resulting accretion rates in units of M⊙ yr−1 and the bottom panel shows

the corresponding Eddington ratios, where we have assumed that black holes lie on

the MBH–Mbulge relation with 0.5 dex scatter in black hole mass. Individual black

holes are represented by points with the colors corresponding to the different radial

apertures. Points with error bars connected by solid lines show median values within

logarithmically-spaced bins in MBH and the central 75% of the distribution. The

black dashed line in the bottom panel corresponds to the scaling λ ∝ M
−5/6
BH .
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Figure 4.16 A numerical convergence test for the SFR–ṀBH diagram at z = 2.

Left: Median host galaxy SFRs within logarithmically-spaced bins in ṀBH, where

the error bars enclose 75% of the distribution. Accretion rates are calculated as in

Figure 4.10 for different definitions of the radial aperture R0, including the smallest

radius enclosing (i) 100 (orange), (ii) 200 (green), or (iii) 400 (blue) gas and star

particles, and (iv) the effective radius of the host galaxy, Reff (red). Here, we include

all z = 2 galaxies with the minimum number of gas and star particles required for each

definition of R0. Right: Same as the left panel for the median black hole accretion

rates within logarithmically-spaced bins in the host galaxy SFR. The black solid line

and the grey shaded region in each panel correspond to the SFR–ṀBH relation of

Chen et al. (2013) and the estimated uncertainty in the normalization.

radial apertures at z = 0 corresponding to the different definitions.

Figure 4.14 shows some of the key galaxy properties entering into the calculation

of gravitational torque rates as a function of black hole mass at z = 0. In particular,

we calculate the disk fraction (fd), the gas fraction relative to the disk mass (fgas),

and the total disk mass within R0 (Md) for the radial apertures defined above. In

addition, we show in Figure 4.15 the accretion rates as well as the Eddington ratios

corresponding to the different radial apertures by assuming that black holes lie on

the MBH–Mbulge relation with 0.5 dex scatter in black hole mass.

The top panel of Figure 4.14 shows that there is a significant scatter in the disk

fraction, which seems roughly independent of black hole mass independent of the def-

inition of R0. There is, however, some evidence for a systematic trend of increasing
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Figure 4.17 SFR–ṀBH relation at z = 2 for eight re-simulated galaxies (filled

squares) from Chapter 3, where black hole accretion rates were calculated using a

fixed radial aperture R0 = 1kpc (physical). The mass resolution of these cosmologi-

cal zoom simulations is ∼ 20 times higher relative to the full cosmological simulation

employed here. The black solid line and the grey shaded region in each panel corre-

spond to the SFR–ṀBH relation of Chen et al. (2013) and the estimated uncertainty

in the normalization.
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disk fractions for larger radial apertures. Median fd values within logarithmically-

spaced bins in MBH, indicated by points with error bars connected by solid lines,

increase by about 25% for the radial aperture R100 relative to R400. This is not

surprising given that, at the resolution of our cosmological simulation, R400 is com-

parable to the effective radius (Reff) and galaxies are more likely bulge-dominated

in their central regions. Furthermore, the radial apertures R100 and R200 are com-

parable to or even smaller than the gravitational softening length of the simulation

(Figure 4.13). The lack of gravitational resolution could result in the overestimation

of bulge masses (and hence the underestimation of fd) owing to the increased random

motions and the overall reduction in the amount of ordered circular motion for an

artificially shallower gravitational potential (Anglés-Alcázar et al., 2014).

Gas fractions are better converged with respect to R0, as shown in the middle

panel of Figure 4.14. The median values of fgas are essentially coincident for the dif-

ferent radial apertures, clearly decreasing for higher mass black holes and, therefore,

higher mass galaxies, as expected (Davé et al., 2011a). Note that fgas here is the gas

fraction relative to the disk mass and may thus be greater than one (Equation 4.2).

The disk mass normalized by the radial aperture, R
−3/2
0 Md, shows, again, some

discrepancy between the different definitions of R0. The radial aperture R400 yields

median values about 0.2 dex above those obtained with R100. Besides the obvi-

ous dependence on fd, different radial density profiles may also affect the inferred

R
−3/2
0 Md values. Indeed, the comparison between R400 and R200 suggests that we are

approaching numerical convergence. Interestingly, all radial apertures show a signifi-

cant increase in median R
−3/2
0 Md values with increasing black hole mass. Given that

there is no clear trend for fd with MBH, this suggests that more massive galaxies are

more compact.

Figure 4.15 shows the accretion rates and Eddington ratios as a function of MBH

resulting from the galaxy properties described in Figure 4.14. The combined effects of

the radial aperture result in median ṀBH and λ values that may vary by about a factor

of 2–3 for the different definitions of R0. Despite this, all radial apertures considered

here yield very similar trends with MBH and, therefore, a simple normalization factor

may bring the results into better agreement. Note that the radial aperture must

be chosen as a trade off between (i) the number of resolution elements required to

characterize the morphology of the galaxy and (ii) smaller physical radial apertures

that provide a better prediction for the gas inflows at sub-parsec scales (Hopkins &

Quataert, 2011). Thus, strict convergence with respect to R0 may only be reached
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by increasing the mass and force resolution of the simulation (Anglés-Alcázar et al.,

2013a).

Besides illustrating the robustness of our methodology to changes in R0 at fixed

resolution, Figures 4.14 and 4.15 allow us to gain further insight into the dependence

of Eddington ratios on black hole mass. Indeed, the increased dynamic range relative

to our baseline sample of 213 black holes (Figure 4.8) reveals a clear trend for λ values

to decrease with MBH. Similar results are reproduced at all redshifts, with consis-

tently weaker trends relative to the expected λ ∝ M
−5/6
BH dependence, as described

in Section 4.3.3. Higher mass galaxies are more compact than lower mass galaxies

while having a similar disk fraction within R0, resulting in higher values of R
−3/2
0 Md.

Moreover, Figures 4.14 and 4.15 show that, at fixed redshift, accretion rates are pri-

marily determined by R
−3/2
0 Md, yielding higher ṀBH values with increasing MBH.

Note that the gas fraction decreases with increasing MBH but the torque model is

only weakly dependent on fgas. The resulting accretion rates, when normalized by

black hole mass, yield Eddington ratios decreasing with MBH roughly as λ ∝ M
−1/2
BH .

We do not pursue this further given the limited mass range of the sample of our

213 black hole sample for which their evolution can be constrained self-consistently

from z & 4 down to z = 0.

4.4.2 The SFR–ṀBH relation

We now turn back to the SFR–ṀBH diagram in Figure 4.16, where we evaluate

the effects of different radial apertures and numerical resolution on the inferred SFR–

AGN connection at z = 2. As in Figure 4.15, we calculate accretion rates using

different values of R0 and assuming that black holes lie on the MBH–Mbulge relation

with 0.5 dex scatter in black hole mass. However, we include here all z = 2 host

galaxies with at least the minimum number of particles sufficient to define each of

the different radial apertures; this results in a significantly larger dynamic range for

R0 = Reff relative to, for example, R0 = R200 since the effective radius can be defined

for all galaxies.

The left panel of Figure 4.16 shows the median SFRs within logarithmically-

spaced bins in ṀBH corresponding to the different radial apertures, with error bars

indicating the 12.5 and 87.5 percentiles. Besides the increased dynamic range, smaller

apertures yield higher SFRs for a given accretion rate, corresponding to higher mass

galaxies and higher mass black holes, as expected from our discussion in Section 4.4.1.

However, this is not the case in the low ṀBH regime, where the SFR–ṀBH relation



156

flattens out and smaller radial apertures seem to result in lower SFRs for a given ṀBH.

This partly owes to selection effects, since larger radial apertures can be defined only

for higher mass galaxies with correspondingly higher SFRs.

At a more fundamental level, one expects a flattening of the SFR–ṀBH relation

at low ṀBH to occur when calculating median SFRs as a function of ṀBH owing to

the different characteristic variability time-scales of star formation and black hole

accretion and because black holes spend more time accreting below the mean value

(Hickox et al., 2013). This trend disappears when we invert the SFR–ṀBH relation

and calculate median black hole accretion rates within SFR bins, as shown in the

right panel of Figure 4.16. In this case, the gravitational torque model produces a

SFR–ṀBH relation similar to that of Chen et al. (2013) even in the low ṀBH regime

and for all radial apertures. Note that the scatter increases for higher ṀBH values

owing to the small number of galaxies with high SFRs.

As an additional consistency check, Figure 4.17 shows the location in the SFR–

ṀBH plane of eight z = 2 re-simulated galaxies taken from Chapter 3. The higher

resolution of these cosmological zoom simulations (a 20 times higher mass resolution

relative to our primary cosmological simulation in this work) allowed us to compute

galaxy properties within a fixed radial aperture R0 = 1kpc (physical) for all galaxies

at all times. Encouragingly, the inferred central black holes occupy the region of

the diagram expected for their host galaxy SFRs, in agreement with our current

results and independent of the differences in resolution, the operational definition of

R0, and even feedback effects, since these simulations did not include any quenching

mechanism.

4.4.3 Effects of star-formation quenching

Our primary cosmological simulation incorporates a heuristic prescription for star-

formation quenching that is tuned to reproduce the observed exponential cutoff in

the high-mass end of the stellar mass function at z = 0 (Davé et al., 2013). Given

that AGN feedback is currently the best candidate for suppressing star formation

in the high-mass regime, it is important to evaluate the impact of our quenching

prescription on the inferred co-evolution of black holes and galaxies. To do so, we

have repeated all calculations for an additional cosmological simulation with the same

size and resolution but including no quenching mechanism. Specifically, this is the

r32n512vzw run described in Davé et al. (2013). We note that this simulation adopts

a slightly different model for galactic outflows, but the differences are confined to



157

108 109 1010 1011

Mbulge  (MO •
)

104

105

106

107

108

109

1010

M
B

H
  (

M
O •
)

z = 0

z = 1

z = 2

z = 4

R0 = R(200)
εm = 0.05

accretion + mergers

Figure 4.18 MBH–Mbulge relation at z = 0 (red), 1 (orange), 2 (green), and 4 (blue)

for black holes growing through torque-limited accretion and mergers. Host galaxies

are taken from a 2 × 5123 cosmological simulation in a [32 h−1Mpc]3 comoving box

including no high mass galaxy quenching mechanism. Masses of black hole seeds

(shown as small black dots) and merging black holes are randomly selected from a

log-normal distribution corresponding to the MBH–Mbulge relation for the appropriate

galaxy and time step, assuming a 0.5 dex scatter in black hole mass. The black solid

line shows the MBH–Mbulge relation of Häring & Rix (2004) while the black dashed

lines indicate a 0.5 dex scatter in black hole mass.
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galaxies with velocity dispersions σ < 75 km s−1, whereas the galaxies we consider

here are generally larger. Hence the main difference for black hole growth should

reflect the differences owing to our heuristic quenching prescription.

Figure 4.18 shows theMBH–Mbulge relation obtained at different redshifts when we

include no quenching prescription. Here, we have applied the same selection criteria

as in Section 4.3.2, including only galaxies that contain at least 200 gas and 200 star

particles at all times and that are identified in the cosmological simulation as early as

z ≥ 4. This results in a higher number of galaxies extending to higher masses relative

to the simulation with star-formation quenching. Despite the strong difference at

the high-mass end of the stellar mass function, our no-quenching simulation yields

black holes and host galaxies evolving on average along the MBH–Mbulge relation,

just as in our quenching simulation (see Figure 4.6), and for the same mass retention

rate ǫm = 0.05. This suggests that even if AGN feedback is responsible for star-

formation quenching, the impact on black hole growth is indirect, with the rate of

gas inflows from galactic scales still governed by gravitational torques. All other

properties of torque-limited growth analyzed here such as the convergence towards

the scaling relations and the characteristic distribution and evolution of Eddington

ratios are reproduced by our no-quenching simulation, providing further support for

the numerical robustness of our methodology.

Overall, our results are mildly sensitive to the radial aperture considered, in the

sense that smaller apertures result in lower accretion rates. However, the overall

trends are unchanged, hence a modest re-normalization of ǫm could compensate for

the differences, and our general conclusions are unaffected by this choice. Even

though our heuristic quenching prescription results in significantly fewer massive

galaxies, it has little impact on the black hole properties at a given bulge mass.

4.5 Discussion and conclusions

In this Chapter, we applied and extended the methodology developed in Chapter 3

to infer the role of accretion driven by gravitational torques on the evolution of

massive black holes at the centers of star-forming galaxies over cosmic time. By

combining the analytic model of Hopkins & Quataert (2011) with full cosmological

hydrodynamics simulations, we have (i) constrained the physics driving the observed

black hole–galaxy scaling relations, (ii) evaluated the relative importance of black

hole mergers for the total growth, (iii) presented predictions for the distribution and
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evolution of Eddington ratios, and (iv) investigated the global connection between

black hole accretion and star formation. Our main results can be summarized as

follows:

• Torque-limited growth yields black holes and host galaxies evolving on average

along the MBH–Mbulge relation from early times down to z = 0. The normal-

ization of the scaling relation depends on the mass retention rate ǫm, which

represents the fraction of the inflowing gas feeding the accretion disk from

galactic scales that is finally accreted by the central black hole. We find that

ǫm ≈ 5% provides an appropriate normalization, implying that ∼ 95% of the

mass inflow at sub-parsec scales does not make it onto the black hole and may

be lost to winds and outflows.

• By identifying galaxy mergers down to mass ratios of 1:5, we find that smooth

accretion represents most of black hole growth and dominates the overall evo-

lution in the MBH–Mbulge plane. Black hole mergers represent typically a small

fraction of the total growth except in some exceptional cases with numerous

mergers happening preferentially at low redshift.

• Black holes tend to evolve onto the MBH–Mbulge relation corresponding to their

host galaxy independent of the initial conditions and with no need for mass

averaging through mergers or additional self-regulation processes. The charac-

teristic convergence time scale for black holes starting a factor of ten above or

below the MBH–Mbulge relation is about 0.5 and 1.5 times the Hubble time for

initially under-massive and over-massive black holes, respectively.

• The weak dependence of gravitational torque rates on black hole mass plays a

key role in the overall convergence behavior. For accretion parameterizations of

type ṀBH ∝ Mp
BH, it can be shown that the power index p determines whether

the initial conditions for black hole growth tend to be erased (p < 1), as is

the case for the gravitational torque model (p = 1/6), or accentuated (p > 1)

with subsequent evolution. This implies the need for additional feedback self-

regulation for accretion models strongly dependent onMBH, such as the popular

Bondi parameterization (p = 2).

• Eddington ratios averaged over galaxy evolution time scales can be described

at all redshifts by a broad log-normal distribution with a median value evolv-

ing roughly as λMS ∝ (1 + z)1.9, suggesting the existence of a main sequence
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for AGN analogous to the cosmic evolution of specific SFRs. Torque-limited

accretion yields typical average Eddington ratios λ > 10% at early times, a

smooth average transition between radiatively efficient to radiatively inefficient

accretion modes at z ≈ 1–2, and typical present day values of λ . 1%.

• The width of the distribution of Eddington ratios increases at lower redshifts,

with an extended tail towards low luminosities in radiatively inefficient accre-

tion. The combined dependence of gravitational torque rates on black hole

mass and gas+stellar surface density yields a weak trend of decreasing median

Eddington ratios with increasing black hole mass at all redshifts.

• Torque-limited growth predicts a connection between SFR and AGN activity

on time scales comparable to the dynamical time scale of galaxies, resulting

in a close-to-linear 〈ṀBH〉 ∝ SFR relation for the average black hole accretion

rate. Cosmological gas infall and transport of angular momentum in the galaxy

by gravitational instabilities appear to be the primary drivers of this relation.

The SFR–AGN connection can have large fluctuations on a galaxy-by-galaxy

basis given the strong variability of black hole accretion at all time scales.

Encouragingly, our main results are robust to changes in a variety of implemen-

tation details. Despite the apparently complicated form of the gravitational torque

model, by comparing to our previous zoom runs, its application to simulations of

different resolution yields reasonably good numerical convergence. We have identi-

fied a slight trend for higher accretion rates with increasing radial aperture R0 at

fixed resolution, suggesting that higher resolution simulations are needed when R0

becomes comparable to the effective radius of the galaxy. Nonetheless, the uncer-

tainty in R0 described here seems reasonable compared to the typical uncertainties

of self-regulated accretion models on, for example, the number of resolution elements

over which feedback energy or momentum is injected (e.g., Booth & Schaye, 2009;

Choi et al., 2012; Newton & Kay, 2013). In addition, the gravitational torque model

is independent of gas thermodynamics (Hopkins & Quataert, 2011), which is one of

the major sources of uncertainty in galaxy formation simulations, and yields roughly

similar results regardless of stellar feedback effects (Anglés-Alcázar et al., 2013a).

Different parameterizations of star formation (via an effective equation of state) or

stellar feedback may yield rather different structural properties of galaxies (Anglés-

Alcázar et al., 2014), but the scalings arising for the response of gas+stellar systems

to gravitational torques remain the same: black holes and galaxies simply move along
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the scaling relations without changing the overall behavior of the gravitational torque

model.

Our combined results imply a fueling-controlled scenario in which black hole

growth is primarily governed by the amount of gas supply from galactic scales and

not by the direct interaction of feedback energy or momentum from the accretion

flow with the surrounding galaxy ISM (Escala, 2006, 2007). AGN feedback in the

form of winds and outflows from the accretion flow may have a strong impact on

the host galaxy and actually represents a significant mass loss relative to the avail-

able gas supply, thereby strongly suppressing black hole growth. However, it is the

rate at which non-axisymmetric perturbations to the stellar potential drive gas into

shocks that dissipate energy and angular momentum that determines the overall rate

of black hole growth and the connection between star formation and AGN activity

on cosmological time scales.

There remain, however, significant uncertainties that require further investigation.

A key assumption in this work is that only a small fraction of the gas feeding the

accretion disk from galactic scales is finally accreted by the black hole. We have

parameterized the mass lost to winds and outflows in the accretion disk with the

simplest possible model, by assuming a constant average mass retention rate (ǫm) for

all black holes at all times. Its value, ǫm = 0.05, has been determined by requiring

consistency with the MBH–Mbulge relation of Häring & Rix (2004), but it is subject

to uncertainties including a degeneracy with the nuclear star formation law or the

exact definition of the MBH–Mbulge relation (Anglés-Alcázar et al., 2013a; Hopkins

& Quataert, 2011). Despite this simplistic assumption, the inferred average mass

retention rate seems roughly consistent with a number of observational studies and

theoretical expectations.

Outflows appear to be a common feature of geometrically-thick accretion discs,

usually ascribed to radiatively inefficient flows forming at very low Eddington ratios

(λ . 0.01; Narayan & McClintock, 2008), or “slim disks” forming at super-critical

rates (λ & 1; Abramowicz et al., 1988). A wide range of simulations of hot accretion

flows show strong outflows that may carry away a significant fraction of the mass

inflow rate (Bu et al., 2013; Li et al., 2013; Sadowski et al., 2013; Yuan et al., 2012).

The radial profile of the mass outflow rate can be described as a power-law in radius,

Ṁwind(r) ∝ rs, with typical power index values s ∼ 0.4–1 (Yuan et al., 2012). Thus,

the black hole accretion rate can be calculated in terms of the torque-limited inflow
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rate as:

ṀBH =

[

1 +

(

rout
rin

)s ]−1

Ṁtorque(rout), (4.9)

where rin and rout represent the inner and outer radii of the region where outflows

are launched. If we take s = 0.5 (e.g. Bu et al., 2013) and assume that the radial

extent of the accretion disk powering outflows spans between two and four orders of

magnitude relative to the inner radius, rout/rin ≈ 102–104 (Tombesi et al., 2012), we

obtain a range for the effective mass retention rate ǫm ≈ 1–10%, roughly consistent

with our inferred value. It is less clear from simulations whether radiatively efficient,

geometrically-thin disks (Shakura & Sunyaev, 1973) produce outflows with similar

scalings (Li et al., 2013; Sadowski et al., 2013), but significant mass loss through

magnetically- or radiation-driven winds may also occur (Ohsuga & Mineshige, 2011;

Proga et al., 2008); nonetheless, there is substantial observational evidence for strong

outflows in the “quasar mode” feedback, corresponding to radiatively efficient accre-

tion (Fabian, 2012).

It is illustrative to obtain a rough estimate of the average kinetic power implied

in our model. The kinetic luminosity can be defined in terms of the kinetic efficiency

ǫk:

Lk =
1

2
Ṁwindv

2 ≡ ǫkṀBHc
2, (4.10)

ǫk =
1

2

(v

c

)2
(

1− ǫm
ǫm

)

, (4.11)

where v is the outflow velocity and the definition of ǫm implies ṀBH = Ṁtorque −
Ṁwind. Thus, for mass-weighted outflow velocities in the range 103–104 km s−1, we

obtain a plausible range for the kinetic efficiency ǫk ≈ 10−4–10−2, or between 0.1–10%

of the bolometric luminosity assuming η = 0.1. For comparison, the AGN synthesis

model of Merloni & Heinz (2008) yields a total integrated average kinetic efficiency

ǫk ≈ 3–5 × 10−3, and self-regulated models of black hole growth in galaxy-scale

simulations require ∼ 0.5–5% of the bolometric luminosity to be injected into the

surrounding medium in order to affect the host galaxy and reproduce the observed

black hole–galaxy scaling relations (Di Matteo et al., 2005; Hopkins & Elvis, 2010).

Observations show that winds and outflows are ubiquitous in AGN for a wide

range of host galaxy properties (Fabian, 2012; Reynolds, 1997; Veilleux et al., 2005),

though direct constraints on mass outflow rates have proven difficult to obtain.
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Tombesi et al. (2012) find mass loss rates Ṁwind/ṀBH ∼ 0.05 for ultrafast outflows in

radio-quiet AGNs, significantly lower than the mass loss required by torque-limited

growth, while a comparison between kinetic wind luminosity to bolometric luminosity

for the sample of AGN analyzed by King et al. (2013) suggests typical ratios of mass

loss in winds to black hole accretion comparable to our expectations. The inferred

outflowing masses and velocities likely depend on the distance from the black hole

to the wind material (Tombesi et al., 2013) and the amount of entrainment of sur-

rounding material. Indeed, the total mass-loss in galaxy-scale AGN-driven outflows

may exceed the SFR of the entire galaxy (Feruglio et al., 2010; Maiolino et al., 2012;

Rupke & Veilleux, 2011; Sturm et al., 2011).

At present, it is difficult to assess how much mass is lost in outflows relative to the

gas inflowing at a given radius, but future observations and numerical simulations will

provide tighter constraints. Despite the complexity inherent to black hole accretion

flows and outflows, it is encouraging that the average mass retention rate required

by torque-limited growth on galaxy evolution time scales lies within the range of

plausible values. More detailed modeling could include an explicit dependence of the

mass retention rate on the accretion mode and should account for the effects of AGN

feedback on the host galaxy.

We have shown that there is no need for a strong redshift dependence of the

mass retention rate to regulate black hole growth, at least for the range of black hole

masses considered here. This suggests that, to first order, the net effect of winds

and outflows from the accretion flow is to suppress the instantaneous accretion rate

by an average constant factor, contributing significantly to the normalization of the

AGN main sequence but only to second order in the slope. The rate of gas supply

from galactic scales by gravitational torques dominates the overall evolution of black

hole growth on cosmological time scales, sets the slope of the AGN main sequence,

and yields the average connection between SFR and AGN activity in star forming

galaxies.

We speculate that AGN-driven outflows as required by torque-limited growth may

have a limited impact on the host galaxy even if significant entrainment of cold ISM

gas occurs. Jet heating of hot halo gas may however have a progressive long-term

cumulative impact not only on the host galaxy but on black hole growth itself, linked

to the overall decrease of cosmological gas infall at lower redshifts and the increasing

frequency of radiatively inefficient accretion. Cosmological simulations have shown

that preventing gas accretion in hot halos may yield a galaxy red sequence and
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luminosity function as observed (Gabor & Davé, 2012). Observations of powerful jets

generated by a central black hole accreting at low Eddington ratios imply heating

rates that are comparable to the cooling rates of hot gas in halos (Fabian, 2012;

McNamara & Nulsen, 2007). Radio-mode feedback may thus prevent gas accretion

into galaxies, reduce their overall star formation, and possibly limit the amount of

gas available for black hole accretion (Okamoto et al., 2008).

The late time evolution of massive black holes could, therefore, be self-regulated

by a “true” large-scale feedback loop. Such feedback loop is, however, unlikely to

account for the majority of black hole growth, expected to occur through radiatively

efficient accretion (Soltan, 1982). A hint for a switch in fueling mechanism from

torque-limited growth to self-regulation in radio-mode may be given by observations

of Eddington ratio distributions at low redshift, with a characteristic transition from

log-normal to power-law distributions in star forming galaxies and passive galaxies,

respectively (Kauffmann & Heckman, 2009). We will explicitly address the impact

of AGN feedback on the co-evolution of black holes and galaxies in future work,

by performing self-consistent simulations of torque-limited growth and AGN-driven

outflows in a cosmological context.
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Chapter 5

SELF-CONSISTENT SIMULATIONS OF

TORQUE-LIMITED BLACK HOLE GROWTH AND

OUTFLOWS IN A COSMOLOGICAL CONTEXT

5.1 Introduction

Chapters 3 and 4 have been devoted to investigating the physical mechanisms that

drive the observed connection between massive black holes and their host galaxies by

combining cosmological hydrodynamic simulations with analytic parameterizations

of black hole accretion. We have introduced the torque-limited growth scenario as

a plausible alternative to popular self-regulated models where black holes are as-

sumed to shut down their own accretion by the effect of feedback processes. We have

shown that torque-limited growth may have significant implications in our current

understanding of black hole–galaxy co-evolution. In this scenario, the rate at which

gravitational torques drive gas inflows from galactic scales modulates the long-term

growth of massive black holes in star-forming galaxies. Unlike self-regulated models,

torque-limited growth does not require a strong interaction between the inflowing gas

from galactic scales and the outflows powered by black hole accretion in order to re-

produce the observed black hole–galaxy scaling relations. Remarkably, outflows may

still play a key role by driving a significant mass loss from the accretion disk, thereby

strongly suppressing black hole growth, but there is no need for direct coupling of

inflows and outflows to regulate black holes in a non-linear feedback loop.

The methodology employed in Chapters 3 and 4 has proven to be very successful in

developing this torque-limited growth scenario and exploring some of its main impli-

cations. The basic approach consists on inferring the growth of massive black holes

by post-processing the data outputs from cosmological hydrodynamic simulations

which do not include explicit models for black hole growth and feedback. Galaxies

extracted from the cosmological simulations are thus used as “templates” to evaluate

different black hole accretion parameterizations based on the physical conditions at

their centers (Section 3.4). The initial assumption is, therefore, that the evolution

of galaxies is not significantly affected by the central black hole. Since the focus is
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placed on black hole growth, this assumption implies that the presence of the central

black hole does not affect its own fueling. The gravitational force exerted by the

black hole as well as the gas consumption by accretion can be safely neglected at the

typical resolution of cosmological simulations. The net effect of black hole feedback

is, however, largely unknown and simply ignored as a first attempt to model black

hole growth. Galaxies and black holes are thus treated independently as the sim-

plest possible starting point, coupled only through the accretion parameterization,

with further complexity awaiting for additional constraints from observations. This

simplification allows us to compute the evolution of galaxies and massive black holes

across cosmic time without making any prior assumptions about the effects of black

hole feedback on galactic scales. Then, by comparing predictions from different black

hole accretion parameterizations and the observed black hole–galaxy scaling rela-

tions, it is possible to infer the relative importance of feedback and other processes

in regulating cosmological black hole growth.

Feedback processes, despite much recent work, still represent a major source of

uncertainty in cosmological hydrodynamic simulations. In addition to the intrin-

sically challenging problem of making the link between the energy released by the

accretion process and its effects on much larger galactic scales, self-regulated models

remain tied to the critical assumption that feedback from the black hole regulates

its own growth. The assumption of strong self-regulation poses a severe limitation

to model predictions given the intrinsic degeneracy between black hole accretion and

feedback: the required amount and efficiency of feedback is highly dependent on the

accretion parameterization. The popularization of Bondi accretion-based models has

led to maximize the efficiency of black hole feedback in cosmological simulations by

the use of spherically symmetric models, assumption that may be poorly justified in

real systems. We have shown that adopting a physically-motivated parameterization

of angular momentum transport by gravitational instabilities removes the need for

spherical feedback and eases constraints on the overall efficiency of feedback required

to reproduce the black hole–galaxy scaling relations. Torque-limited growth may

thus help break the accretion-feedback degeneracy in simulations, offering a promis-

ing scenario to model accretion and feedback independently in a physically motivated

way.

In Chapters 3 and 4, winds and outflows from the accretion disk have been invoked

in order to suppress the instantaneous accretion rate by an average constant factor

relative to the rate of gas inflows from larger scales, the mass retention rate ǫm, but
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their effects on the surrounding gas at galactic scales have been left off. The method-

ology discussed earlier and employed in the development of the torque-limited growth

scenario is insufficient to fully investigate the impact of accretion-driven outflows on

galaxy evolution as well as on black hole growth itself. Further progress requires the

integration of black hole accretion and feedback models into self-consistent cosmo-

logical hydrodynamic simulations. In this chapter, we present hydrodynamic simu-

lations that include a fully-consistent treatment of torque-limited black hole growth

and outflows in a cosmological context. We begin by describing our simulations in

Section 5.2, including the implementations of black hole seed formation, black hole–

black hole mergers, accretion, and outflows in the cosmological code Gadget-3. In

Section 5.3, we present preliminary results focusing on the co-evolution of black holes

and galaxies and the effects of outflows on the MBH–Mbulge relation.

5.2 Simulations

We use a heavily extended version the N-body + smoothed particle hydrodynam-

ics cosmological galaxy formation code Gadget-3 (last described in Springel, 2005)

to simulate the evolution of a [16 h−1Mpc]3 comoving volume down to z = 2. We uti-

lize 2×2563 gas + dark matter particles with masses mgas ≈ 4.5×106M⊙ andmDM ≈
2.3 × 107M⊙, respectively, and a fixed comoving softening length ǫ ≈ 1.25 h−1 kpc.

The size of the simulation box and the number of particles are chosen to match the

resolution of the cosmological simulations used in Chapter 4. While the box size is

not large enough to run simulations down to z = 0 (because the fundamental mode

becomes non-linear at low redshift), it is appropriate to compute the evolution of

a galaxy population down to z = 2. This combination of box size, resolution, and

final redshift allows us to investigate the connection between massive black holes and

galaxies as they evolve over about three orders of magnitude in mass at a fraction

of the computational cost of the [32 h−1Mpc]3 simulations with 2 × 5123 particles

used in Chapter 4. This significant reduction in computational cost is exploited by

running multiple simulations designed to test various black hole model parameters

and implementations.

The main characteristics of Gadget-3 have been described in Section 1.5. In this

section, we describe the modifications to existing black hole models (largely based on

Springel et al., 2005b) as well as new implementations carried out in Gadget-3 in

order to introduce black hole seeds in the simulation, account for black hole merg-
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ers, compute black hole growth driven by gravitational torques, and model outflows

powered by the accretion process. Besides incorporating black hole physics to our

simulations, we have modified Gadget-3 to include a time-dependent artificial vis-

cosity, together with the novel pressure-entropy SPH formulation of Hopkins (2013),

which improves the treatment of fluid mixing instabilities while guaranteeing manifest

conservation of energy, entropy, momentum, and angular momentum. In addition,

we use a time-step limiter to handle strong black hole feedback events and achieve

better energy conservation (Durier & Dalla Vecchia, 2012).

5.2.1 Black hole seeds

The first step in modeling the evolution of massive black holes in cosmologi-

cal simulations is the introduction of seeds that represent the initial conditions for

black hole growth. As discussed in Section 4.2.3, several black hole seed production

mechanisms have been proposed to date, yielding initial masses between 102M⊙ and

105−6M⊙. For the sake of simplicity, we do not attempt to mimic the physics of seed

formation mechanisms and simply assume that there is one central black hole by the

time we first resolve each galaxy in the simulation. This is accomplished by the use of

a Friends-of-Friends algorithm to identify galaxies during the simulation, as it is done

to calculate the properties of star formation-driven winds (Section 1.5). Whenever

a galaxy with stellar mass greater than the equivalent of 100 star particles is found

(i.e., Mstar & 2 × 108M⊙ at the resolution of our simulations), its most bound gas

particle is converted into a collisionless black hole particle, but only if the identified

galaxy did not contain a prior black hole particle. This approach is very similar to

the black hole seeding mechanism first introduced by Di Matteo et al. (2008) and

later used by many authors. Given the uncertainty in seed formation scenarios, we

simply test various initial black hole masses in the range 103–106M⊙.

5.2.2 Black hole dynamics and mergers

The dynamical evolution of massive black holes is, in principle, determined by

gravitational interactions. However, at the typical resolution of full cosmological

simulations, black hole masses may be comparable to or even lower than the mass of

dark matter particles, making the actual dynamics of individual black hole particles

clearly unresolved. Here, we assume that dynamical friction is efficient enough to

maintain black holes close to the center of the galaxy, given that this is where massive
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black holes are usually found in the local universe. Following Booth & Schaye (2009),

we effectively fix the position of black hole particles to the location of the most bound

particle within the radial aperture R0 used to compute the accretion rates (see below).

This simplification allows us to avoid the artificial wiggling of black hole particles and

to simply compute the mass growth of “well-behaved” central black holes.

In a hierarchical structure formation scenario, galaxies merge to form progressively

larger galaxies. Given that every sufficiently massive galaxy in the simulation contains

a central black hole, galaxy merger remnants will inevitably contain two massive black

holes that may eventually merge as well (> 2 black holes may actually reside in the

same galaxy if subsequent galaxy mergers occur in a time scale shorter than the

black hole merger time). Again, our simulations lack the resolution and dynamic

range required to follow black hole binary hardening and other processes such as

three-body interactions and gravitational recoils into any detail; therefore, we simply

assume that any two black holes merge instantaneously whenever they fall within

the spatial resolution of the simulation (Springel et al., 2005b), which is taken here

as the radial aperture R0. The only additional requirement for merging black holes

is that their relative velocity satisfies v < 0.5 cs, where cs is the sound speed of

the surrounding gas, which is simply implemented to prevent the early merging of

black holes during close galaxy encounters (Di Matteo et al., 2008). Given that

the detailed dynamics of black hole particles is unresolved below R0, the black hole

merger remnant is left at the location of the most massive black hole progenitor.

5.2.3 Torque-limited accretion

Besides direct mergers, the initial black hole seeds grow by gas accretion according

to the gravitational torque model of Hopkins & Quataert (2011). We assume that

only a fraction ǫm ≈ 0.05 of the inflowing gas at sub-parsec scales is actually accreted

by the black hole, with the rest lost in outflows, according to

dMBH

dt
= (1− η)× ǫm ṀTorque(t), (5.1)

where we use the mass-to-energy conversion factor (i.e., radiative efficiency) η =

0.1. We compute the gravitational torque rate ṀTorque by evaluating Equation 4.2, as

in the post-processing calculations performed in Chapter 4, but now update the black

hole mass self-consistently at each time step in the simulation. The radial aperture

R0 is calculated as the minimum distance enclosing a fix number of gas particles, in
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close analogy with the definitions utilized in Chapter 4. In practice, R0 is simply the

smoothing length of the black hole particle defined for 2–3 times as many neighbors

as used in the SPH calculation. This allows us to resolve the kinematics of the sur-

rounding gas and stellar components while limiting the accretion dependence to the

evolution of the central region in galaxies. Evaluating the gravitational torque rate

requires the separation of the gas and stellar content within R0 into their bulge and

disk components, which we compute by performing a simple kinematic decomposition

in accordance with our previous post-processing calculations. We first compute the

angular momentum vector of the baryonic component within R0 with respect to the

central black hole, which is then used as the reference axis to calculate the azimuthal

velocities (vφ) of the surrounding gas and star particles. The mass in a spheroidal

component is then simply estimated as double the mass of particles moving with

vφ < 0.

While we track the physical mass of each black hole as it grows continuously

at each time step ∆t using Mphys = Mseed + Σ ṀBH ∆t, mass conservation in the

simulation requires that actual surrounding gas particles are accreted onto the black

hole. This is accomplished by tracking separately the real dynamical mass (Mdyn)

of the black hole particle, which grows according to a stochastic procedure similar

to the approach introduced by Springel et al. (2005b). Gas particles within R0 can

get a fraction ǫm of their mass accreted by the black hole particle with a probability

given by:

pj =
wj × (Mphys −Mdyn)

ǫm ρ
, (5.2)

where wj is the kernel weight of gas particle j relative to the black hole particle

and ρ is the SPH density estimate at the location of the black hole. The dynami-

cal mass of the black hole particle is simply calculated as Mdyn = mgas + Σ ǫm mj ,

where mgas corresponds to the mass of the gas particle initially converted to black

hole particle (Section 5.2.1) and the sum runs over the gas particles for which the

accretion probability pj turns out to be larger than an independent random num-

ber generated uniformly distributed in the interval [0, 1]. This procedure allows the

continuous growth of black holes according to the gravitational torque rate while en-

suring statistical mass conservation. The fraction of the gas particle mass subtracted

after each stochastic accretion event is in principle a free parameter, but it is fixed

here to the mass retention rate ǫm = 0.05 to allow for a natural implementation of

accretion-driven outflows.
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5.2.4 Black hole feedback

Accretion-driven outflows play a key role in the torque-limited growth scenario by

carrying significant amounts of mass away, contributing to the normalization of the

black hole–galaxy scaling relations. The mass outflow rate is related to the gas inflow

rate by the mass retention rate, Ṁout = (1− ǫm)× ṀTorque, suggesting a simple out-

flow mechanism connected to the stochastic accretion model in the simulation: after

subtraction of a fraction ǫm of their mass, gas particles participating in the stochastic

accretion are instantaneously taken to be part of the outflow as well, automatically

enforcing the relation between inflows and outflows. The accretion probability pj

(Equation 5.2) is also, therefore, the probability for a gas particle to enter into the

outflow. The downside of this method is that stochastic accretion does not take place

until the physical black hole mass becomes comparable to its real dynamical mass

(Mphys & Mdyn), when a mechanism for mass conservation is actually needed, but

this condition may only occur at late times if the black hole seed mass is significantly

lower than the average gas particle mass (Mseed << mgas is indeed common in low-

to intermediate-resolution simulations). In order to model outflows consistently even

for low-mass black hole seeds, we calculate an alternative outflow probability to be

used for gas particles within R0 when Mphys < Mdyn:

pj =
1− ǫm
ǫm

× wj ṀBH ∆t

ρ
, (5.3)

where, again, pj is compared to a uniform random number drawn from the interval

[0, 1], maintaining the desired constant inflow-outflow ratio in a statistical sense. Note

that no mass is subtracted when gas particles enter into the outflow in this regime.

Once a gas particle is taken to be part of the outflow, it is given a kick velocity vout,

which is a free parameter in the simulation. Given that the mass outflow rate relative

to the black hole accretion rate is determined by ǫm, which has been constrained to

be ǫm ≈ 0.05 based on the normalization of the black hole galaxy scaling relations

(Sections 3.6 and 4.3.2), the specification of vout determines the kinetic feedback

efficiency ǫk:

ǫk =
1

2

(vout
c

)2
(

1− ǫm
ǫm

)

, (5.4)

which is defined in terms of the kinetic luminosity, as shown in Equation 4.10.

We ran simulations testing various outflow velocities in the range 103–104 km s−1,
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which correspond to kinetic efficiencies in the range ǫk ≈ 10−4–10−2, or between 0.1–

10% of the bolometric luminosity. This range of outflow velocities is supported by

observations, and the corresponding kinetic efficiencies are roughly in agreement with

feedback efficiencies commonly found in the literature (see discussion in Section 4.5).

In addition to its magnitude, the direction of the outflowing gas needs to be specified.

Here, we take advantage of the freedom provided by torque-limited growth, where

direct feedback self-regulation is not required, to model more realistic non-spherical

collimated outflows. In our fiducial simulations, particles are given a kick in the

direction of the angular momentum of the baryonic component within R0, which

is already computed in the gravitational torque calculation. Outflowing particles

are launched in the positive or negative directions according to their locations with

respect to the plane of the disk. For comparison, we also implement isotropic outflows,

where outflowing particles are directed radially outward with respect to the central

black hole.

5.3 Preliminary Results

We carried out a first set of simulations including the full implementation of

torque-limited black hole growth and outflows described in Section 5.2. In this sec-

tion, we present results that, while preliminary, should illustrate the potential of this

new tool to investigate the evolution of massive black holes and galaxies. We begin by

briefly discussing the robustness of our black hole accretion implementation, continue

with a description of the evolution of the most massive black hole in a [16 h−1Mpc]3

simulated volume, and focus finally on the black hole–galaxy scaling relations result-

ing from a set of self-consistent simulations with various levels of black hole feedback

strength.

5.3.1 Post-processing compared to self-consistent simulations

Our new cosmological hydrodynamic simulations that include self-consistent mod-

els of black hole growth and outflows represent a unique opportunity to validate and

extend the torque-limited growth scenario developed in Chapters 3 and 4. A detailed

comparison between the present results and our previous post-processing calculations

may thus serve as a benchmark of our numerical implementation of gravitational

torque rates as well as to investigate any additional phenomena introduced by the

new physics.
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Figure 5.1 Evolution of the disk fraction within R0, fd (top), and the total disk mass

normalized by the radial aperture, R
−3/2
0 Md (bottom), for the most massive galaxy in

our fiducial simulation. We compare results from the on-the-fly calculations (black)

to the values obtained in post-processing using different radial apertures, including

the minimum radius R200 enclosing at least 200 gas and star particles (dotted blue

line), the stellar effective radius, R0 = Reff (red dashed line), and R0 = 1kpc (green

dotted-dashed line). The similarity between the curves shows very good agreement

between the different methodologies.
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Figure 5.1 shows the redshift evolution of two key quantities that enter into the cal-

culation of the gravitational torque rate, the disk fraction within R0 and the total disk

mass normalized by the radial aperture, as computed on-the-fly from our new imple-

mentation and as obtained by post-processing the simulation outputs. This example

comparison calculation corresponds to the most massive galaxy at z = 2 in our fidu-

cial simulation, which includes collimated outflows with velocity vout = 3000 km s−1.

As before, galaxies are identified by means of the Spline Kernel Interpolative Denmax

algorithm (skid), and their evolution back in time is characterized by identifying their

most massive progenitor at each previous snapshot (Section 2.2). The post-processing

calculations are carried out by defining a radial aperture R0 relative to the center of

the galaxy as in Chapter 4, simply ignoring the presence of black hole particles. The

on-the-fly vales of fd and R
−3/2
0 Md are computed relative to the black hole particle

located at the center of the corresponding host galaxy (see Section 5.3.2).

As we see in Figure 5.1, the values obtained for fd and R
−3/2
0 Md in post-processing

agree remarkably well with the new self-consistent simulation in the redshift range z =

8 → 2. Very small differences arise from the fact that different definitions of the radial

aperture R0 are unlikely to contain the same number of gas and star particles. Note

the increased redshift resolution of the on-the-fly calculation, displaying variability in

the physical conditions of the host galaxy on time scales . 1Myr. Given the similarity

in the overall evolution of the disk component, it is expected that the inferred black

hole mass will agree as well for the on-the-fly and post-processing calculations. This

is actually shown in Figure 5.2, where we also compute the resulting Eddington

ratio as a function of redshift for the black hole located at the center of the most

massive galaxy at z = 2. Note that the post-processing calculations neglect the mass

contribution from black hole mergers in this case, resulting in slightly lower black

hole masses relative to the self-consistent simulation after the first major merger

event at z ∼ 4. Despite this, the agreement between the different methodologies is

very satisfactory.

5.3.2 Time evolution: black hole growth, outflows, and mergers

We now turn our attention to the detailed mass growth of the black hole located

at the center of the most massive galaxy in our fiducial simulation as well as to other

implementation details. It should be noted first that any meaningful analysis of the

black hole–galaxy connection requires the unique identification of the central massive

black hole corresponding to each simulated galaxy as well as its evolution back in



175

      
5.0

5.5

6.0

6.5

7.0

7.5

8.0
lo

g(
 M

B
H
 )

r16n256DVTvzwH3B3s5

2 3 4 5 6 7
Redshift

-5

-4

-3

-2

-1

lo
g(

 λ
 )

R0 = R(200)

R0 = Reff

R0 = 1 kpc

Figure 5.2 Black hole mass (top) and Eddington ratio (bottom) as a function of

redshift for the most massive galaxy in our fiducial simulation. As in Figure 5.1, we

compare results from the on-the-fly calculations (black) to the values obtained in post-

processing using different radial apertures, showing very good agreement between the

different methodologies.
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Figure 5.3 Distance from the central massive black hole to the center of the host

galaxy as a function of time for the most massive black hole in a [16 h−1Mpc]3 comov-

ing volume (thick gray line). The black solid line shows the stellar effective radius of

the host galaxy while the dashed line corresponds to the radial aperture R0 in this

case. Blue lines show the distance from the central black hole to all other black holes

that eventually merge with it, with the red crosses corresponding to their location

right before the merger event.

time. This is not trivial given that galaxies may contain more than one black hole at

any given time and black hole mergers may result in an arbitrary redefinition of the

identity of the central black hole. This complexity is illustrated in Figure 5.3, where

we show the physical distance from the central massive black hole to the center of

the host galaxy as a function of time as well as the distance to other secondary black

holes that eventually merge with it.

Once the full evolution of the central galaxy has been characterized (Section 2.2),

its central black hole is defined as the most massive black hole within a fraction of

the stellar effective radius at the final redshift (z = 2, in this case). The evolution

of the central black hole is, then, characterized back in time by constructing its full
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merger tree, retaining the identity of the most massive black hole previous to each

black hole merger. However, the most massive black hole in the merger tree does not

always correspond to the most massive galaxy prior to each merger. We resolve this

issue by giving priority to the galaxy identity, which has been previously determined,

and labeling its central black hole previous to each merger the new central black

hole. Figure 5.3 shows one such identification of a central black hole, located within

the inner 100 pc of the host galaxy at all times (i.e., below the spatial resolution of

the simulation), together with the evolution of other nearby black holes in satellite

galaxies orbiting around the central galaxy until the final merger.

Figure 5.4 shows the mass, as a function of redshift, of the most massive black

hole in our fiducial simulation, as in the top panel of Figure 5.2, highlighting this time

additional details of the simulation. The total black hole mass is shown by the blue

solid line, which is now compared to the mass growth by torque-limited accretion

only, after subtracting the contribution from black hole mergers (gray thick line). It

is clear that smooth accretion dominates the total mass growth in this case, with

the mass increase due to black hole mergers (at, e.g., z ∼ 4) quickly superseded by

subsequent accretion (Section 4.3.1). The thin blue lines correspond to the growth

of all other black holes that end up merging with the central massive black hole (also

shown in Figure 5.3), with the blue circles indicating the final merger event. These

merging black holes are typically low-mass (< 106M⊙) but note that one of them was

actually bigger than the central black hole at early times (z ∼ 7). Black hole mergers

are preceded by the merging of their host galaxies, resulting in a sudden increase of

the stellar mass of the central galaxy, which is shown here as the black dot-dashed

line (downscaled by a factor of 1000).

Figure 5.4 also illustrates some interesting black hole growth and feedback im-

plementation details. The orange dashed line shows the real dynamical mass of the

black hole particle as a function of redshift, growing from the initial mass of the gas

particle converted to the black hole particle (mgas ≈ 4.5 × 106M⊙). The dynami-

cal mass grows only through black hole mergers until it becomes comparable to the

physical black hole mass at z ∼ 3, when the stochastic accretion model begins to

operate and the physical and dynamical masses track each other well in a statistical

sense. Finally, the red dotted line shows the cumulative mass launched in outflows by

the central black hole, multiplied by (1− η)× ǫm/(1− ǫm) to recover the cumulative

mass corresponding to black hole accretion. As expected, torque-limited accretion

and outflows are directly connected by the mass retention rate ǫm on average.
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Figure 5.4 Evolution of the most massive black hole in a [16 h−1Mpc]3 comoving

volume from early times down to z = 2 in our fiducial simulation that includes

collimated outflows with velocity vout = 3000 km s−1. The blue solid line shows the

total black hole mass as a function redshift while the gray thick line indicates the

mass growth through torque-limited accretion only, after removing the contribution

from black hole mergers. The evolution of other merging black holes is shown by

the thin blue lines, with blue circles indicating their mass and redshift just before

the final merger. The orange dashed line corresponds to the real dynamical mass of

the black hole particle as a function of redshift, and the red dotted line indicates the

cumulative mass in outflows multiplied by the efficiencies (1− η)× ǫm/(1− ǫm), for

comparison to the black hole accretion rate. The black dot-dashed line corresponds

to the stellar mass of the host galaxy downscaled by a factor of 1000.
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5.3.3 The MBH–Mbulge relation revisited

The black hole–galaxy scaling relations represent, once again, the best diagnos-

tic for models of black hole growth in a cosmological context. Figure 5.5 shows

the MBH–Mbulge relation for the 15 most massive systems in our fiducial simulation,

which includes collimated outflows with velocity vout = 3000 km s−1. The black lines

show the evolutionary tracks of black holes and host galaxies as they grow from early

times down to z = 2. At early times, galaxies seem to grow their stellar mass faster

than their central black holes. Nonetheless, after this initial period of relatively slow

growth, black holes quickly evolve onto the MBH–Mbulge relation in agreement with

our previous results. The orange lines correspond to the growth through smooth ac-

cretion only, after removing the contribution from black hole mergers, demonstrating

that the scaling relation is primarily driven by torque-limited growth and not by mass

averaging through mergers.

As in Section 5.3.1, we perform a detailed comparison of our new self-consistent

simulations with our previous methodology based on post-processing calculations.

Figure 5.6 shows the evolution of black holes and galaxies in the MBH–Mbulge plane

resulting from calculating gravitational torque rates for the same sample of galaxies

shown in Figure 5.5, using different definitions of the radial aperture R0. As expected,

we recover very similar evolutionary tracks for different apertures, confirming that

our results do not depend strongly on R0 and that there is a delayed growth of central

black holes relative to their host galaxies at early times.

To test for possible dependences of this behavior on the initial conditions, we run

identical simulations that include collimated outflows with velocity vout = 3000 km s−1,

but now introduce black hole seeds with masses ranging from 103M⊙ to 106M⊙.

Figure 5.7 shows the evolutionary tracks of black holes and galaxies in the MBH–

Mbulge plane resulting from these numerical experiments, where we use the 15 most

massive systems formed in each simulation. Remarkably, black holes converge onto

the scaling relation regardless of the initial conditions, despite the use of black hole

seeds spanning three orders of magnitude in mass. While the slow initial growth is

apparent for black hole seeds with masses 105−6M⊙, low-mass seeds are able to grow

faster than their host galaxies and quickly converge toward the MBH–Mbulge relation.

Despite the differences noted here, the overall trends are in very good agreement with

our previous results (see, e.g., Sections 4.2.3 and 4.3.2).
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Figure 5.5 Evolutionary tracks of black holes and galaxies in the MBH–Mbulge plane

from early times down to z = 2 from our fiducial simulation, which includes collimated

outflows with velocity vout = 3000 km s−1 and black hole seeds of mass Mseed =

105M⊙. Only the 15 most massive systems at z = 2 are shown. The black lines

correspond to the total black hole mass while the orange lines indicate the black hole

mass through torque-limited accretion only, after removing the contribution from

black hole mergers. The beige shaded region corresponds to the MBH–Mbulge relation

of Häring & Rix (2004) with 0.5 dex scatter in black hole mass.
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Figure 5.6 Evolutionary tracks of black holes and galaxies in the MBH–Mbulge plane

from early times down to z = 2 from our fiducial simulation. Only the 15 most

massive systems at z = 2 are shown. We show the results obtained in post-processing

using different radial apertures: the minimum radius R200 enclosing at least 200 gas

and star particles (dotted blue line), the stellar effective radius, R0 = Reff (red dashed

line), and R0 = 1kpc (green dotted-dashed line). The mass contribution from black

hole mergers is neglected in all cases. The beige shaded region corresponds to the

MBH–Mbulge relation of Häring & Rix (2004) with 0.5 dex scatter in black hole mass.
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Figure 5.7 The effects of initial conditions on the evolutionary tracks of black

holes and galaxies in the MBH–Mbulge plane from early times down to z = 2.

We show the results from simulations including collimated outflows with veloc-

ity vout = 3000 km s−1 and black hole seeds with masses Mseed = 103M⊙ (blue),

Mseed = 105M⊙ (red), and Mseed = 106M⊙ (green). The beige shaded region corre-

sponds to the MBH–Mbulge relation of Häring & Rix (2004) with 0.5 dex scatter in

black hole mass.
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Figure 5.8 Same as Figure 5.5 (top) and Figure 5.6 (bottom) for a simulation

including no accretion-driven outflows.
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Figure 5.9 Same as Figure 5.5 (top) and Figure 5.6 (bottom) for a simulation

including isotropic outflows with velocity vout = 3000 km s−1.
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5.3.4 The effect of black hole feedback on mass scaling relations

What is the effect of black hole feedback on the scaling relations? Figure 5.8 shows

theMBH–Mbulge relation obtained from a cosmological simulation identical to our fidu-

cial run used in Figures 5.5 and 5.6, but this time without including accretion-driven

outflows (despite continuing to use the mass retention rate ǫm = 0.05, as before). We

also present the results from post-processing calculations for comparison. In this case,

black holes and galaxies are only coupled through the accretion parameterization and

yet, black holes and galaxies evolve on average along the MBH–Mbulge relation, as we

have shown previously. We find that simulations with and without collimated black

hole feedback yield MBH–Mbulge relations in qualitative agreement, suggesting that

torque-limited growth is indeed the main driver of the observed connection between

massive black holes and galaxies, with feedback processes playing a lesser role. A

closer inspection of individual evolutionary tracks reveals that black hole feedback

may nonetheless reduce the growth of black holes and galaxies to some extent. Inter-

estingly, the initial period of slow black hole growth noted above is also reproduced in

our no-feedback run, suggesting that it is mainly a consequence of galaxy evolution

alone.

In order to investigate further the effects of black hole feedback on the scaling

relations, we ran an additional simulation with 3000 km s−1 outflows, as our fiducial

run, but this time directed radially outward from the central black hole. Figure 5.9

shows the MBH–Mbulge relation resulting from this simulation. The evolutionary

tracks of black holes and galaxies are again remarkably similar to our previous results.

For the same feedback strength, isotropic outflows are expected to have a higher

impact on the surrounding gas. Indeed, black holes appear to be slightly lower-mass

relative to our simulation with collimated outflows, but with a slight effect on the

overall trend driven by torque-limited growth. Finally, we present in Figure 5.10

the results from a new simulation incorporating collimated outflows with velocity

vout = 10000 km s−1, i.e., increasing the kinetic feedback efficiency up to ∼ 10% of

the bolometric luminosity. This powerful outflows appear to have a noticeable effect,

reducing the mass growth of black holes and galaxies, but the slope of the MBH–

Mbulge relation remains in relatively good agreement with our no feedback simulations.

This suggests, once again, that torque-limited growth governs the connection between

massive black holes and galaxies.
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Figure 5.10 Same as Figure 5.5 (top) and Figure 5.6 (bottom) for a simulation that

includes collimated outflows with velocity vout = 10000 km s−1.
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5.4 Summary and conclusions

We have presented the first cosmological hydrodynamic simulations performed to

date including self-consistent models of torque-limited black hole growth and out-

flows. We have run several realizations of a [16 h−1Mpc]3 comoving volume evolved

down to z = 2 using 2×2563 gas + dark matter particles and various combinations of

black hole seed masses and outflow parameters. By carefully identifying host galaxies

and their central massive black holes in the simulations, as well as their evolution

in time, we have been able to examine the torque-limited growth scenario from a

fully consistent framework. Extensive post-processing calculations have been carried

out to demonstrate the robustness of the numerical implementation of torque-limited

growth and outflows in Gadget-3, as well as to provide a direct comparison to our

results presented in Chapters 3 and 4.

While still preliminary, the results presented here seem to support the torque-

limited growth scenario developed previously on the basis of post-processing calcula-

tions. Multiple realizations of the MBH–Mbulge relation with various degrees of black

hole feedback strength appear to be in good agreement with simulations with no

accretion-driven outflows. While powerful outflows may reduce the growth rates of

black holes and galaxies, the observed connection between black holes and galaxies

can still be reproduced by the rate of gas inflows driven by gravitational instabili-

ties from galactic scales down to sub-parsec scales. The self-consistent simulations

presented here appear to support our previous assumption that outflows powered by

the accretion process affect black hole growth mainly by providing a significant mass

loss relative to the inflowing gas from larger scales. Additional simulations and more

detailed modeling are nonetheless needed in order to fully test the torque-limited

growth scenario as well as to investigate the effects of black hole feedback on the

evolution of galaxies themselves.
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CONCLUSIONS

Advanced cosmological hydrodynamic simulations have increasingly become a pri-

mary tool for improving our understanding of galaxy formation and evolution as well

as for testing the standard cosmological model. Throughout this dissertation, I have

presented contributions to the broad field of galaxy formation modeling regarding two

of the main ingredients of modern cosmological hydrodynamic simulations: (1) galac-

tic winds driven by star formation processes and (2) massive black holes located at the

centers of galaxies. By extending previous work to higher-resolution simulations, I

have shown that numerical models that include galactic winds can produce disk galax-

ies similar to those observed during the peak epoch of cosmic galaxy growth. I have

developed new methods to investigate the observed connection between massive black

holes and galaxies, which have led to the proposal of torque-limited growth as a viable

alternative to current feedback-regulated models of black hole–galaxy co-evolution. I

have concluded by presenting preliminary results from the first cosmological hydro-

dynamic simulations that incorporate fully-consistent models of torque-limited black

hole growth and outflows, illustrating their great potential to investigate a variety of

problems in black hole and galaxy evolution. What dominates the long-term growth

of massive black holes? What are the effects of black hole feedback on galaxy evo-

lution? How did the first black holes grow in the early Universe? This dissertation

represents a step forward in developing plausible models to address these and other

fundamental questions, but much work lies ahead to develop a complete picture for

the evolution of galaxies and massive black holes across cosmic time.

In torque-limited growth, inflows feeding the accretion disk are not necessarily

coupled with the outflows in order to regulate black hole growth, offering a promis-

ing scenario to model black hole feedback processes independently in a physically

motivated way. A first model for collimated outflows has been incorporated into our

cosmological simulations, avoiding the common assumption of spherical symmetry

and providing a solid basis to test the torque-limited growth scenario. This will be

followed in future work by implementing additional feedback mechanisms motivated

by small-scale accretion disk simulations and constrained by observations. Time-

dependent mass retention rates, angle-dependent mass outflow rates, and radiative

luminosities will be parameterized as a function of gas inflow rates from galactic

scales considering the expected transitions between radiatively efficient and radia-

tively inefficient accretion disk states. Importantly, future simulations will include
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models for the heating of hot gas in halos by jets powered by black hole accretion in

the radiatively inefficient regime, which represents the best evidence to date for the

effects of black hole feedback on large scales.

Two types of cosmological hydrodynamic simulations have been utilized through-

out this dissertation, high-resolution “zoom-in” simulations focusing on the evolution

of individual galaxies and larger-scale but lower-resolution simulations of a represen-

tative volume of the universe. The use of these two complementary techniques has

been and will continue to be essential in improving our understanding of galaxy evolu-

tion. In future work, I will employ very high-resolution zoom-in simulations designed

to investigate in detail the intrinsic effects of black hole feedback on the dynamical,

structural, and star formation properties of individual galaxies, as well as on black

hole growth itself. These zoom-in simulations will also be ideally suited to investigate

the triggering mechanisms of AGN activity in a cosmological context, the connection

between black hole growth and star formation, and the morphological dependence of

black hole–galaxy scaling relations in the local universe, problems that require very

high mass and spatial resolution. Nonetheless, I plan to complement these detailed

studies of individual systems with large-scale cosmological simulations that are able

to track the build up of a statistically-significant number of galaxies and their central

black holes, as required for a meaningful comparison with large galaxy surveys.

Gas inflows driven by gravitational torques yield a natural decline in median

Eddington ratios from early times down to the present day, linked to the overall

decline in cosmological gas infall, with an average transition between radiatively

efficient accretion to radiatively inefficient accretion near the peak of the cosmic

star formation activity. This implies an increasing frequency of jet activity powered

by black hole accretion in higher-mass galaxies at lower redshifts, which may have a

progressive long-term cumulative impact on the thermodynamic properties of hot gas

in halos. Jet heating in the context of torque-limited growth may thus prevent gas

accretion into galaxies and reduce their overall star formation, providing a physically

plausible scenario to explain the exponential decline at the high-mass end of the stellar

mass function. In future work, I plan to investigate the growth of the galaxy red

sequence using large-scale cosmological simulations that incorporate torque-limited

black hole growth and feedback. These simulations will allow further population-

level studies relative to the distribution and evolution of active galaxies and the

co-evolution of black holes and galaxies in a global sense.

Finally, as discussed before, torque-limited growth offers a very attractive oppor-
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tunity to investigate the rapid growth of the first massive black holes in the early

universe. Observations of the most distant quasars imply the presence of billion solar

mass black holes when the universe was less than 1Gyr old, challenging current mod-

els of black hole growth in a cosmological model. In particular, simulations based

on Bondi accretion models suffer from the intrinsic suppression of early black hole

growth caused by the strong dependence on black hole mass. This implies that low

mass black holes may never reach the conditions for critical Eddington growth, re-

quiring either the assumption of sufficiently massive initial black hole seeds or the

unphysical boosting of accretion rates by an arbitrary factor. Encouragingly, black

hole growth driven by gravitational instabilities may proceed at high rates even for

small initial black holes, offering a promising mechanism to explain the rapid growth

of the first black holes in the early Universe. In future work, I will combine simu-

lations of large cosmological volumes and high-resolution simulations of individual

regions sampling a range of overdensity peaks to investigate the implications and fea-

sibility of different black hole seed formation scenarios in the context of torque-limited

growth, ranging from the light seeds formed as remnants of population III stars to the

formation of massive black holes by direct collapse in pre-galactic haloes. These self-

consistent cosmological hydrodynamic simulations targeting the very high-redshift

universe could prove to be relevant for investigating the contribution of quasars to

reionization as well.
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