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Abstract

While mounting observational evidence suggests the coawtibn of galaxies and their
embedded massive black holes (MBHSs), a comprehensive aghysical understanding
which incorporates both galaxies and MBHs has been missingo tackle the nonlin-
ear processes of galaxy formation, we develop a state-oéthart numerical framework
which self-consistently models the interplay between gaiac components: dark mat-
ter, gas, stars, and MBHSs. Utilizing this physically motivded tool, we present an
investigation of a massive star-forming galaxy hosting a@kly growing MBH in a
cosmological CDM simulation. The MBH feedback heats the stounding gas and
locally suppresses star formation in the galactic inner cer In simulations of merging
galaxies, the high-resolution adaptive mesh allows us to sdrve widespread starbursts
via shock-induced star formation, and the interplay betweaethe galaxies and their
embedding medium. Fast growing MBHs in merging galaxies g&& more frequent and
powerful jets creating sizable bubbles at the galactic cesits. We conclude that the
interaction between the interstellar gas, stars and MBHSs isritical in understanding
the star formation history, black hole accretion history, ad cosmological evolution
of galaxies. Expanding upon our extensive experience in getic simulations, we
are well poised to apply this tool to other challenging, yet ighly rewarding tasks in
contemporary astrophysics, such as high-redshift quasarimation.

keyword: galaxies: formation { galaxies: interaction { galaxies: dive { galaxies:
nuclei { galaxies: starburst { stars: formation



Preface

The Universe is built from the bottom up: small things form rst and large things
later. Initially stars form in associations out of the gravationally collapsing gas
clouds. Galaxies, harmonious collections of billions to ilions of stars, are then
shaped as stars dynamically congregates. Groups and clustef galaxies later emerge,
and nally, large scale structures of more than millions ofifjhtyears in size slowly
materializes. In this process of so-called bottom-upierarchical structure formation,
galaxy formation sits right in the middle of the distance sdas ranging from stars (
lightyears) to large scale structures ( up to hundreds of mega-lightyears). Indeed
galaxy formation is the basic building block of structure fomation in our Universe.
Therefore, a reliable theory ofgalaxy formationhas been persistently asked for, not
only to explain the spectacular beauty and dynamics of the tgxies themselves, but
to connect these wildly di erent scales.

Moreover, surprisingly tight relationships have been readly discovered between
galaxies and their embedded massive black holes (MBHSs) atetlgalactic centers.
While these observations strongly imply the coevolution ajalaxies and their MBHs,
a comprehensive astrophysical understanding which incarates both galaxies and
MBHSs has not been perfected. How does the interstellar gascaete onto the MBH?
And how does the MBH of such small size regulate the growth ofi¢ entire galaxy
of much larger size? These mechanisms are not only poorly enstood, but also
inadequately modeled in contemporary numerical studies.oF example, most of the
previous computer simulations of galaxy formation have oplapproximated stellar
and MBH physics with parametrized sub-resolution recipedeaving out many criti-
cal physical processes. As recent observations yield elal constraints on galactic



evolution, the need for a re ned numerical simulation has ner been greater.

The purpose of this thesis will be to demonstrate that a comphensive theory
of galaxy formation can be perfected through unabridged, I6&€onsistent numeri-
cal simulations. We will describe a state-of-the-art numeésal framework which self-
consistently models the interplay between galactic compents: dark matter, gas,
stars, and massive black holes. Then, we will utilize this @ in di erent contexts
of galaxy formation and mergers, with and without massive btk holes. We will
show that interactions between galactic components need te adequately consid-
ered in simulations in order to fully comprehend the star fanation history, black hole
accretion history, and cosmological evolution of galaxies

Chapter[, \Introduction”, describes the fundamental prirciples of modern astro-
physics and cosmology which provide the theoretical basi$ the work presented in
this thesis. We list the major players in the act of galaxy fanation, and discuss how
important those factors are. These are the important physscelements which need to
be carefully investigated to construct a realistic galaxydrmation theory.

In Chapter [, \Physics for Forming Galaxies on Computers"”, & detail our nu-
merical framework which models the interplay between all ¢gctic components: dark
matter, gas, stars, and MBHs. The high-resolution adaptivenesh re nement (AMR)
codeEnzois modi ed to model the formation and feedback of molecular@uds at 15
pc and the accretion of gas onto a MBH. Two major channels of MBfeedback are
also discussed: radiative feedback (X-ray photons follodi¢hrough full 3D ray trac-
ing) and mechanical feedback (bipolar jets resolved in higiesolution AMR). This
chapter is a part of the publication submitted toThe Astrophysical Journalwhich is
coauthored by John Wise, Marcelo Alvarez, and Tom Abel.

In Chapter[3, \Galaxy Formation with Stars and Massive BlackHoles", we present
an investigation on the coevolution ofa@® 10'M galaxy and its 16M embedded
MBH in a cosmological CDM simulation. The MBH feedback heas the surrounding
interstellar medium (ISM) up to 10° K and locally suppresses star formation in the
galactic inner core. The MBH also self-regulates its growthy keeping the surround-
ing ISM hot for an extended period of time. This chapter is a paof the publication
submitted to The Astrophysical Journalwhich is coauthored by John Wise, Marcelo
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Alvarez, and Tom Abel. A rendering of the simulation data prduced in this work
is provided to the Hayden Planetarium at the American Museunof Natural History,
New York, for the program of \Big Band' in October 2010.

Chapter[d, \Merging of Galaxies on Adaptive Mesh Re nement,' presents the rst
AMR simulation of two merging, low mass, initially gas-richgalaxies, 18 10'°°M
each, including star formation and feedback. We achieve urgzedented resolution
of the multiphase interstellar medium, nding a widespreadstarburst in the merging
galaxies via shock-induced star formation. The high dynamirange of AMR also
allows us to follow the interplay between the galaxies and #&ir embedding medium
depicting how galactic out ows and a hot metal-rich halo fom. The results are
published inThe Astrophysical Journal Letters 2009, Volume 694, L123, and in First
Stars Il Conference AIP Conference Proceedings, Volume®%p. 429-431 (2008).
These articles are coauthored by John Wise and Tom Abel.

In ChapterH, \Galaxy Mergers with Stars and Massive Black Hes", we carry out
a simulation of two merging galaxies, 2 10''M each, with their 1M embedded
MBHs. We nd that the feedback from the fast growing MBHs helg to reduce the
global star formation on the disk. When compared with the fatback by a slowly
growing MBH, these MBHs drive more frequent jets creating zable bubbles at the
galactic centers. This chapter is included in the publicatin which will be submitted to
The Astrophysical Journal This paper is coauthored by John Wise, Marcelo Alvarez,
and Tom Abel.

Chapter[@, \Conclusions and Future Works", lists the origiral ndings of the work
presented in this thesis, and describes some of the most imiamt future directions
and applications of the method developed by the candidate. portion of this chapter
is included in the publication submitted to The Astrophysical Journa) coauthored by
John Wise, Marcelo Alvarez, and Tom Abel. A more detailed sypsis of the thesis
is given in $CL5.
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Chapter 1
Introduction

\One thing | have learned in a long life: that all our sciencemeasured
against reality, is primitive and childlike and yet it is themost precious
thing we have."

| Albert Einstein (1879-1955)

For a long time human beings had known nothing more about theniverse than
any other animals do. It would be fair to say that mankind haddng been blind to the
laws of the spectacular performance of Mother Nature. And ifitin the twenty rst
century so little is known to mankind about how the Universe wrks, after humans
have lived in it for millions of years. We barely understand fat is happening on
the Earth and inside the Solar system. We only recently reakd that we belong to
the Milky Way galaxy, a local collection of hundreds of billbns of stars. We are just
starting to grasp the idea of even larger scale structuresnathe immense spatial and
temporal extension of the Universe.

Described below is the elementary picture of modern astroggics and cosmology
that mankind has developed and assembled for the past decaddocusing on the
theory of galaxy formation While still crude and stained with many unknowns, it
will provide the basis of the original work presented by theandidate in this the-
sis. Schemes of the numerical approach to astrophysical plems are also discussed
in order to introduce the computational technique developk by the candidate for
simulating galaxies and massive black holes on computers.

1



CHAPTER 1. INTRODUCTION 2

1.1 Universe As A Mixture of Many Unknowns

In so-called CDM cosmology { the contemporary understandig of the dynamics of
the Universe { it is now well established that the Universe isnade up of 73% of dark
energy (often represented as the cosmological constant 23% of cold dark matter

(CDM), and 4% of baryonic matter JSQAALa.Islsl_el_a“.ZQdS_KQmﬂau_eLallhm.JL)

H
H

N

= a*+ p,a’+ ,a?’+ (1.1)

on

Here a is the scale factor of the UniverseH = a=athe fractional expansion rate,
and H, the Hubble constant today. Each of ,, ., «, and represents the radi-
ation, matter, curvature, and dark energy density today, repectively. The adjective
\dark" in dark energy and dark matter means that there is no edctromagnetic inter-
action with them which could be observed. It also metaphoraly re ects the level
of our poor understanding on these components. However,tmal information about
these dominating dark components is known, just enough todce back the course of
structure formation since the beginning of the Universe.

(1) Dark energy acts as a negative pressure which caused theet acceleration of
the expansion of the Universe.

(2) Because dark energy started to dominate the large scalgrémics only recently,
i.e. redshift < 0.8, dark matter and baryonic matter were the main drivers of
structure formation during most of the history of the Univese.

(3) Only the gravitational pull commands the behavior of dak matter by de nition.
Its gravitational collapse was seeded by the small densityegurbations shown
in the cosmic microwave background (redshift 1100), and are well-understood
by linear perturbation theory.

(4) The perturbations soon became nonlinear and grew inciagly faster. The
dark matter haloswere thus formed, while baryonic matter was pulled by the
gravity of the dark matter deep into the gravitational potertial wells. The



CHAPTER 1. INTRODUCTION 3

physics of baryonic matter started to direct the formation ad evolution of
luminous objects at the centers of these halos.

(5) Small halos and luminous objects formed rst, and then mged to shape in-
creasingly larger structures such as galaxies and galaxyusﬂers This picture

of bottom-up hierarchical structure formation ( |_19_7|8) is con-
sistent with many observations, has become the standard @atigm of physical
cosmology.

With this cosmological model and the brief history of our Unierse in mind, we now
discuss the theory of galaxy formation. Hundreds of billi@of galaxies are presumed
to exist in the observable Universe alone, and they are the ahs of cosmological
structures. Below we describe in detail our understandingsf how galaxies have
formed in the CDM framework.

1.2 Basis of Modern Galaxy Formation Theory

One of the most fundamental challenges in any modern cosmgilcal model is to give
an explanation of theformation and evolution of galaxiesGalaxy formation acts as
a building block of structure formation in the CDM paradigm, and as a bridge to
connect di erent scales from star forming regions (pc scalgto large scale structures
(Mpc to hundreds of Mpc scales). The endeavor towards the meich galaxy formation

theory is initiated by the groundbreaking work of pioneerig scholars in 1970s and
1980s l. : ker, 19777: White aRdes, 1978; Fall and
Efstathiou : ' 1) More recently, peered by analytic (Mo

et al., @m&  Cole et )0énd numerical studies
%ﬁjmtmmw& ﬂdm@geLand_I:Lemgwslt

) in the CDM framework, researchers have now begun tongarth the beauty

as well as the complexity of the galaxy formation process. lihe following sections,
we discuss the important physics elements which need to beanporated to construct
a realistic galaxy formation theory.
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1.2.1 Dark Matter Dynamics

The dynamics of dark matter is purely governed by Newtonianrgvity. The minuscule

matter density uctuations generated by in ation grow as the self-gravity within the

density peaks slowly decouple them from the ever expandingubble ow. Starting

from simple Gaussian random elds as seen in the cosmic mia@ve background

observations, and assuming a linear growth of perturbatimlELess_a.n.dj.ch.e.c;hJer
) derived the distribution function of dark matter hab masses as

dn o 2 5 (2) din (M) 2(2)
av M= = Ty Taem P 22

(1.2)

which laid out the basis of structure formation by hierarchgal clustering @l
|.’L99_43;|_Lo.nga.|r]_20_d8). It is followed by numerous improvemisnand modi cations to
better match simulations at all epochsl.(.S.h.eLh_a.n.dlo.Lm.&rLEi;lReed_eLall._ZOIbB,
). Here, ¢ is the mean density of the Universe,;(z) = 1:686(1+z) is the critical
overdensity for a collapsing spherical top-hat mass. The @bability distribution of

the overdensity, = , associated with the perturbation of mas$v is proportional
to the Gaussian

1 (=)

) exp 2 2(M) (1.3)
with a standard deviation of (M). Expressed in a di erent way, (M) can also be
written as

1 1

2(M) = 37, P (k)W2(M; k)k?dk (1.4)
YA 1

= 2—12 Po(k) T2(K)W?(M:; k) k?dk (1.5)

0

where Py(K) is the primordial matter power spectrum, T (k) is the transfer function,

and W (M; k) is the Fourier transform of a top-hat window function enclsing mass
M. The halo mass function, Eq.CI]2, can be further employed tcegerate the halo
merger tree or the mass accretion history of an individual ha ( _1&43;
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baL&eLaﬂ.,[ZO.Qb.Ea.tklnsm.eLeLlebS).

Although analytic and semi-analytic approaches are rewair, numerical N-body
simulations are also required to better comprehend the dynacs of dark matter,
esgeciall\f their spatial distribution or the mass loss dueotthree-body interactions

, 0). Dark matter only N-body simulations consét only the gravitational
interaction among dark matter, assuming that baryonic phyiss is less important in
the initial phase of the gravitational collapse. From suchiswlations, it is veri ed

that the total kinetic energy and gravitational energy reah a virialized equilibrium:

Here hi represents the time average. The random motion of dark mattessentially
provides thepressurewhich prohibits the halo from collapsing further in. An appox-
imately universal form of dark matter pro les is also found wh ranging masses from

galaxies to galaxy clustersl_LNasLa.LLo_el_fltll._ldei.J@?). Ehuniversal form of the

dark matter halo structure can be written as

(r) (1.7)

_ s
(r=rg)[L + (r=ry)]?
whererg is the characteristic scale radius.
In addition, dark matter simulations have demonstrated thathe halos can acquire
rotational angular momentum via cosmological tidal interations with neighboring

clumps MMWMWM) The rota-

tion of the halo can be characterized by the dimensionlespin parameter de ned

as
r G 1=2
! J M JJEjT
T T MRZ R GJMJ5=2 (1.8)
= CIrc
whereM, J, andE = GM 2?=R are the mass, total angular momentum, and total

energy of the halo, respectively. is measured to peak between 0.01 and 0.1 for dark
matter. Combined with the pressure of random motions, the tation helps withstand
the further shrinkage of the dark matter halo.
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1.2.2 Baryonic Physics: Gravity versus Gas Pressure

Dark matter stops its infall towards the gravitational cener of the halo due to the
pressure and rotational support of its own. However, baryén matter, i.e. gas,
continues to plunge into the center of the halo as it thermafl radiates away its
kinetic energy. To qualitatively discuss the competition btween the kinetic motion
and the thermal radiation of the collapsing gas cloud, we dee two characteristic
time scales. First, the dynamical time is the time scale for gest body to free fall
under self-gravity. Assuming a degenerate ellipse with amémajor axis 05R,
Torbit R %2 1

tayn = =P —= — 1.9
dyn 2 ~ GM 2 n1:2 ( )

whereM; R and n are the mass, radius, and number density of the gas cloud, pes-
tively. Second, the cooling time is the time scale for the thmal energy of the gas to
radiate away, as

Co__E _ 3nkeT 1
©! T dE=dt  2n,n.(T) n

(1.10)

where (32)kgT is the specic gas energy, and (') is the cooling function by elec-
tron free-free radiation (Bremsstrahlung). Hence, depenty on the gas density, the
cooling time of the collapsing gas cloud at galactic scalearcbe much shorter than
the dynamical time. As a consequence, the collapse of baryomatter could lead
to a runaway cooling catastropheuntil the collapsing clump is nally supported by
other energetic feedback such as stellar radiation or supera explosiongl Under-
standing the dissipative cooling mechanisms of the gas isetiefore crucial to predict
the behavior of the galactic gas content.

The main coolants above 1DK are hydrogen and helium. The microphysics and
reactions between theprimordial species (H, H, He, He', He™ , e ) give rise to
collisional excitation cooling, collisional ionization goling, recombination cooling,

INote, however, that depending on the density of the infallig gas and the virial temperature
of the halo, the gas can either almost freely contract under slf-gravity (cold mode accretion), or
adiabatically heat itself and form virial shocks at the outskirts of the halo (hot mode accretion). See

[Birnboim and Dekel (2003) and|Dekel and Birnboin (2006) for nore discussions.
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Fig. 1.1.] Metal cooling rates. Shown above 13 Kis ( Z)= ,«(2) net (0),

where . is the net cooling rate from Sutherland and Dopital(1993). Dérent curves

covers the range of electron fraction from 10 # to 1. Cooling below 10 K is from
the analytic t of Eq. 2 of Vazquez-Semadeni et al. (2010). Tie rates are normalized
at Z = 0:1Z ; the metallicity linearly scales this plot up and down. Notethat these
rates are added to the primordial cooling by hydrogen and hiem. Compare with
Figure [Z2.

Bremsstrahlung cooling, and Compton cooling or heating byhe cosmic microwave

background tAnnin.os.eLaJ.,.Jﬂ.d?). Additionally, in the preent-day galaxy formation
(as opposed to theprimordial galaxy formation), coolings by metals and molecular
hydrogen, H, are important. As an example, a non-primordial contributon to the
total cooling rate (on top of the primordial cooling rate) isplotted in Figure [ 1. Here
the metal contribution above 13 K, ( Z)= ,&(2) net(0), is calculated from

|S.u.th.etla.nd_a.nd_D_ijlzL .19_9}3), whereas below 1 \atomic line cooling from C I,

O I, Fe Il, and Si Il, ro-vibrational line cooling from H, and CO, and atomic and

molecular collisions with grain" are modeled bLISQ;La.ma_a.n.dJUIsukEl ZQOJZH

2Note the typo in their equations as mentioned byl\azquez-Senadeni et all (2010).
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As a result of these various channels of cooling, gas condsrs into a smaller
space than dark matter does. What ultimately decides the fatof the gas cloud is
the tug-of-war between self-gravity and gas pressure, epsalated in the so-called
Jeans instability criterion. That is, only when the self-gavity of the cloud overcomes
the thermal pressure of the gas within, the cloud starts to ¢lapse onto itself @s,

hQQJZ;LSaaLke_andﬁa.LLaghle 06).

W _36Mm,
grav _75R

> 2h kini = 3kBT (111)

Here M;R, and T are the enclosed mass, radius, and temperature of the cloud;
spectively. m, is the proton mass, and is the mean molecular weight. Replacing
M = g R 2 gives the critical length scale named thdeans length jeans, the mini-
mum size of the gas cloud before the self-gravitational cafise occurs:

s
15T

Jeans — AGm - ; (1.12)

where is the mean mass density of the cloud. All scales larger thahe Jeans length
are subject to the Jeans instability, while all scales small than the Jeans length
are stable. Note that the Jeans length and the correspondintpans mass decrease
as the density grows, causing dense clumps to further fragmento even smaller
structures. The Jeans argument is crucial in understandinthe formation of small
scale structures, such as the galaxies in dense peaks of thatar distribution, or the
star clusters in molecular clouds.

1.2.3 Star Formation

Once a gas cloud collapses catastrophically and condens#s an increasingly smaller
space, the process will continue until the gas is dense enbug form a protostellar

core and ignite the nuclear fusion chains. The birth of staysand various modes of
ensuing stellar feedback complicate the problem of galaxgrination which otherwise
would have been a simple gas dynamics phenomenon.
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While star formation is a giant branch of observational and hlieoretical studies
by itself and can not possibly be detailed in this short revie, we only focus on

two recent ndings, especially noteworthy in the context ofgalaxy formation. For
comprehensive reviews on the physics of star formation, i

(IZO_OJ’) andl_ISLumh.o.lL tZO_'Lll).

Star Formation Rate Surface Density

The idea that the star formation rate density, sgr, IS proportional to a certain power
of the gas density, 4, IS rst proposed byl_S_thi.dl ..’L%.b). Naively one could say
that star formation rate density should be proportional to he gas density divided by

the characteristic dynamical time,tqy,, as

SFR = é:aSsI (1.13)

tdyn
Since then, it has been observationally found that the suréa density of star forma-
tion rate of a galaxy, srr, depends on the gas surface density,g,s, to the power

of 1.4 .K&nﬂu:u.d |J_9_8.b,|_19§8). More recently, using highesolution galactic scale
simulationslBQ.b_eLts.o.n_a.n.d_KLaMLsAVl(ZO_dS) demonstrated thmolecular gas surface

density Kennicutt-Schmidt relation of the form

SER ﬁf: (114)

The Kennicutt-Schmidt relationship has also been the bas@f an empirical star for-
mation recipe used in many galactic scale numerical studies

Slow Star Formation in Molecular Clouds

There is a set of convincing arguments that the star formatiomay not have proceeded

with one hundred percent e ciency La.Ls_o_:'1|_19_ZI4JALhJLe_a.n_d_|§_er|_191|8|._B_ens|:)n
M). Most notably,l_C_o.I.Let_ai. l(ZO_dl) found that the total mass fraction in stars
in the Universe, sarh 2 10 3, is an order of magnitude smaller than the total

baryonic density, ,, of the Universe. Recent observations and numerical expmaents
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Fig. 1.2.| The specic star formation rate, SFR , de ned as the fractional mass
of molecular clouds turned into stars in a dynamical time, aapted from Figure 5 of

IKrumholz_and Tarn (2007). Squares with error bars show the obs/ational values,

while open and lled diamonds represent the simulation re$ts. The shaded region

is the analytic prediction bylKrumholz and McKee (2005).

have also found that only about 2% of the gaseous mass in a molecular cloud

is converted into stars per dynamical time (see FigUIEl.Ia;Llimhg_lz_a.n_d_M_gKe_L,
|Z0.0.![3;|_KLumh.QILa.nd_'[a. ,LZ)d?, and references therein). This because turbulence,

magnetic elds, and/or radiation pressure all slow down thecollapse of the gas, and

thus the star formation process. The slow consumption ratef dhe gas is tightly
associated with the negative stellar feedback which is dissed in the next section.
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1.2.4 Stellar Feedback

During its lifetime a star acts as an energyourcein its host galaxy. And the energy
input by various modes (stages) of stellar feedback { prottslar out ows, photoion-

ization, radiation pressure, stellar winds, and supernovaxplosions { is postulated
to regulate the next generation of star formation. In this setion, we describe two
channels of such energy inputs which need to be investigatedorder to formulate a
successful galaxy formation model.

Protostellar Out ows

A newly formed star routinely su ers from a bipolar mass logswvhich could be ener-
getically important in the formation of a star cluster. Massve protostellar out ows
from Young Stellar Objects (YSOs) are frequently observechiCO emission lines
(IRJQh.er_eLa.LHZO_O_b) Moreover, the jets found around HergiHaro Objects (HHOSs)
reach a speed of more than 100 kmsand often last for 1000 years. These jets

inject outward momentum into the collapsing star-forming wmp and replenish the
dissipating turbulence. As a consequence, simulators haskown that protostellar
out ow feedback in star-forming clumps suppresses furthestar formation which oth-

erwise would have been unchecked (elg_LLa.nd_Na.kalﬂul:a_ddﬂﬁkamuLa_a.nd_LL
2008; Wang et al.| 2010).

Supernova Explosions

When the mass of the Ni-Fe core of a very massive stax @M , < 100 Myrs of age)
exceeds the Chandrasekhar limit, 1.38! , the electrondegenerate pressure no longer
supports the inward gravitational pressure of the star itdé Then the inner part of
the core implodes until it is eventually supported by theneutron degenerate pressure.
The infalling material suddenly bounces back from the neutin core to create a shock
wave, which later gets reinvigorated by absorbing neutrireescaping from the core.
This whole process, &ype Il supernova orcore collapsesupernova explosion, radiates

10°* ergs of thermal energy per explosion, and is known to releasminly lighter
elements (e.g. O) while sucking up heaver elements (e.g. Fe)
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Another type of the stellar explosion is triggered when a wte dwarf slowly ac-
cretes materials from a companion star to exceed the Chandekhar limit in the end.
This Type la supernova also discharges 10°* ergs of total energy, enough to unbind
every layer of the star. It is thought to be responsible for eithing the interstellar
medium (ISM) with relatively heavier elements. Because thehole process { from
the birth of a white dwarf to the nal explosion { takes longertime (1 Gyrs) than
Type Il, the supernovae found in red elliptical galaxies arenostly Type la.

These two kinds of supernova explosions are the dominant egy sources in a

galactic system |(£:ﬂLeLin.o_a.n.d_K]¥pjh,|_md9|:_B_ensI0||1_ﬂ|)10)They not only self-

regulate the global star formation rate, but also heat up thenterstellar medium

to maintain the overall multiphase structure WMMr

). Supernova explosions have been the most obvious ggenputs considered

in numerical simulations of galaxies, successfully reprocing observational trends

such as the Kennicutt-Schmidt relation (e 2008:; Robertson and

Kravtsov, 20_03!3 Ceverino and Klypih) 20 MI ).

1.2.5 Massive Black Hole Growth and Feedback

There is now ample evidence that most galaxies { if not all { iduding the Milk
Way harbor supermassive black holes (SMBHs) at their cenmﬂAm.o.nu.c_c] |_'L9.9. ;

WL@&M&M@OS) farms of its mass, a

supermassive black hole at a galactic center is very di erefrom a stellar mass black

hole. The mass of a massive black hole ranges fror@ 3 10°M at the center of the
Milky Way (Sgr A*; JS.Qm.d.eI_eLalJ Iﬂ)ﬂi) to 18 10'°M in OJ 287 Ma.LLo.n.en_et_aj

3). Moreover, surprisingly tight correlations exist been the black hole masses

and bulge massesl_LMag.o.LLlan_eLlaled&_thLing_an.d_El?ilx._Qé)

\ _ . . . . IVlbulge .
log v =(8:20 0:10)+(1:12 0:06) log oM (1.15)

3From this, the median black hole mass atMpyge =5 10'°M is Mgy  0:0014M pyige -
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between the black hole masses and bulge velocity diSpel’SClEQLLa.L&i?_a.D.d_MﬂLLill(,
2000 Gebhardt et al.| 2000: Galtekin et al.| 2009),

Men  _ . . . . _ bulge .
log 7 =(8:12 008)+(4:24 0:41) log 53 = ; (1.16)

and even between the black hole masses and the numbers of gidaglobular clusters

(Burkert and Tremaine, 2015),

=
M

=(1:7 10°) NZ28 004 (1.17)

These observations have led to a scienti c consensus thatehost galaxy and its
embedded massive black hole (MBH) have grown together undeach other's in uence

W@WI@WM) The

interaction between the galaxy and the MBH is not just by the gavitational force, but

by the accretion of the interstellar gas onto the MBH and by tke energetic feedback
of the MBH into the galactic medium.
Massive Black Hole Growth

The most plausible scenario to explain the existence and tlggowth of supermassive
black holes begins withseedblack holes with relatively small masses ( 10°M each)

formed from the remnants of high-redshift Population Il sars | Y,
). Some of these seed black holes could then plausiblgwaoulate their masses

by accretion or mergers, as rapidly as approaching up to M at redshift 6.5
(II:Ia.Lman_a.nd_m_eiJ ILZQbﬁ)

In galaxy formation simulations in which the accretion diskaround the MBH is
usually unresolved { i.e., the numerical resolution is mucbigger than the radius of
the innermost stable circular orbit (ISCO) or the Schwarzduld radius of the MBH
{, the gas accretion onto the MBH is often approximated with the Eddington-limited

“However, see Alvarez et dl.|(2009) for potential problems vih this scenario for the formation of
seed black holes.
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Bondi-Hoyle formula WL@ML@WM)

Mgn = min(Ms ; Mgqq) (1.18)
2
= min 4G Msu 5 . 4CM eumy (1.19)
03 r 7C

where g and ¢ are the density and sound speed of the accreting g&égy is the mass
of the MBH, m,, is the mass of a proton,, is the radiative e ciency of the black hole,
and 7 is the Thomson scattering cross-section. This estimate meld a gravitational
capture by a dominating black hole in a pressurized, spheaity symmetric gas sphere.
Likewise, merging of two massive black holes is equally di cult to exactly modé
in galactic scale simulations. During the nal coalescencghase of galaxy mergers,
the massive black holes at the galactic centers also beconme wia (1) the in-spiral,
(2) the ring-down, and then (3) the nal mergerH However, these processes all occur
below the typical resolution of galactic scale simulationsAs long as the numerical
resolution is far from entering the regime of the general iivity and the gravitational
wave generation, black holes are often rﬁd simply wherethare gravitationally

bound (e.g.l_Ll_et_a.Il.,lﬂ).O_ZIb

Massive Black Hole Feedback

Intriguingly enough, supermassive black holes are not jushasssinks but also ex-
tremely powerful energysources Accretion disks around the high-redshift SMBHs
are believed to power the brightest extragalactic sourcea the Universe known as

uasi-stellar objectsor quasarsdEilandIQLd_and_ZuaJaII(,Llﬂb_BJandde_and_Ea;LJ'e,

). The prominent relativistic jets at the center of a giat elliptical galaxy M87

provide direct evidence of the energy and duration its MBH cayield (Biretta et al
MW@MI%W@MM) The
energy coming from an active massive black hole, Mgy, could sometimes be
orders of magnitude larger than the total gravitational birding energy of the galac-

(Il_T_eﬁ ). Although still unclear, the MBH energy can be

th gaS, Mga| Sal

SFor thorough reviews on merging of comparable-mass black tes and its contemporary treat-

ments using numerical relativity, seel Centrella et al. (20T).
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dumped into the interstellar medium via multiple channelsncluding MI

2004 Ciotti and Ostrikef, |2007| Ciotti et al.| 2009} Bensar2010):

(1) Radiative channel:Radiation from the MBH heats up the cooling ow via pho-

toionization and Compton scattering, exert radiation presure on dusts, and/or
drive powerful winds from the broad line region surroundinghe MBH.

(2) Mechanical channel: Highly collimated jets from the MBH itself pierce the
galactic disk, sometimes reaching the galactic halo.

As a powerful energy outlet, therefore, the MBH plays a sigmiant role in altering

the color and morphology of its host galaxy (e. (L_I:I.Qplsms_eJLlaZO_O.El% |_C.ana.n.e.o_e.t_al

). As such, the feedback from the MBH is starting to be ceidered as one of the
most important energy sources in numerical galaxy formaﬁn%ﬂ.lﬂmﬁb;
|Di_Ma.LLe9_eLa.LJ, bgha.nssgn_et_iLILZle_B_omh_a.nd_S_qHa ).

1.2.6 Interactions Between Galaxies

By reason of Newtonian gravity, galaxies are born to interaavith one another. Vari-
ous facets of galactic interactions include major mergensiyinor mergers, harassment,
tidal destruction, strangulation (starvation), ram pressire stripping, cannibalism, and

so forth (iB_a.ugt“.ZO.Qk_B_ensilLZQhO) Discussed below armemf these interactions

which are the most relevant to this thesis work.

Mergers: Major and Minor, Wet and Dry

The peculiar morphology of merging galaxies have capturetid attention of pioneer-

ﬁiﬁmers as early as in 1950s and 194_05_(_I:|_0.Ll:db|e|’.g:I|:I]ZALLckJ |.’I.95}5_ALLa.duI1

). Indeed, galaxy mergers are among the moseggetic and spectac-

ular phenomenon in the Universe. The shear mechanical engigvolved in collisions,
Mga|vCol with ver 300 kms 1, is already comparable to or in excess of the total
binding energy of the galaxies@l@%. Consequentimerging of galaxies has

played an essential role in shaping galactic morphology (nger hypothesis e,
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|191JF LBaLn.&'i_a.nd_I:LemqmlsLliaﬂb and in constructing laggcale structures from

the bottom up (kAthLe_a.n.d_Be.elsj_MS)
Dynamical friction of collisionless componenti_(_C_ha.n.ciLakha} |_’I.94l3) and dissipa-

tive gas dynamics reduce the angular momentum of interactjngalaxies to terminate

frequently in a gravitationally bound orbit. When the two merging galaxies have
comparable masses (i.e. mass rat® 1/3) it is called a major merger; otherwise, it
is called aminor merger. When the participating galaxies have enough freshel for
a new generation of star formation it is called avet (gas-rich) merger, as opposed to
adry (gas-poor) merger. The most impactful change is driven by weajor mergers.
A direct collision between the galactic gas content brie y ehances star formation

(starburst, 100 Myrs), and triggers quasar activitiesl_(.I:I.QQIslns_eI_iLlL(Z).é). The

morphology and content of merging galaxies are drasticaldjtered by direct mechan-

ical agitation, violent relaxation, and induced star form#éion. Once the two galaxies
nally coalesce, the remnant is often devoid of the star-foning gas; this is because
the fuel has been violently exhausted in the merger-driveniasburst, and because the
triggered quasar often prompts massive gas expulsion. Hensuch major mergers
are responsible for creating giant red ellipticals in a refiaely short time period.
Inherently nonlinear nature of violent galaxy mergers haofced researchers to use
computational techniques to study them. Groundbreaking stdies have opened the
door for studying interacting galaxies with computers in 180s and 1980s (Toomre
and Toomre,|1972] Toomie| 197 8; Negroponte and White, 1 m
|19_8_43;|_Eia.m.ds._19_§|38). Since then, numerical simulations leasuccessfully reproduced
(1) the change of galactic morphology at various stages of rgers, (2) the merger-

induced starbursts at close encounters, and (3) the suddemagyin ow towards the
galactic center triggering the growth and feedback of massi black holes (Barnes and
Hernquist, 11991, 1992 b'_Mthﬁ_a.nd_I:Lengs 1994a; Barnesd Hernquis @k

5Note that these previous studies are either pure N-body simlations or smoothed particle hy-

drodynamics (SPH) simulations, with the exception of(Teysser et all (2010a) andBournaud et al.
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Strangulation and Ram Pressure Stripping

When a small satellite galaxy penetrates the hot atmospherd a larger host, the hy-
drodynamic interaction between the satellite gas and the fracluster medium (ICM)
can be very important. The ram pressure of the ambient medium

Pram = 1cm nga|; (1-20)

could sometimes exceed the gravitational binding energy tife baryonic content of
the galaxy, either of the hot halo or of the cold disk. A su cient level of ram pressure
leads to a phenomenon calledtrangulation or starvation in which the fuel for long-
term star formation { infalling gas in the galactic halo { is $owly removed from the
galaxy. As a result, thisenvironmentale ect causes a gradual change in the colors of
galaxies in a few Gyrs, but is not necessarily accompanied aysevere morphological
transformation La.mn_e.t_a.lll_l%b) A stronger version afuch interaction is dubbed
ram pressure strippingwhere even the cold gas in the galactic disk is stripped away
by the ram pressure of the dense ICM_LG.unn_andﬁ_(Lt_lfﬂU). Thipure hydrody-
namic interaction between ISM and ICM has been considered semi-analytic and
numerical investigations to explain the color change fromlie star-formliigzqalaxies
/,

to red sequence galaxiesl; (Tonnesen et] el_[__zbb_Z._R_o_edlgﬂd_an:gg_ed 8;
|Bml_er_all, M;ﬁaaueﬁﬂn_anﬂ_&malr{_mb%.

1.2.7 Additional Known Unknowns

After many years of development, an abundance &hownunknowns still linger in the
theory of galaxy formation: magnetic elds, cosmic ray di tsion, stellar ultraviolet
radiation, dust re-emission, thermal conduction, et cetar Some of these processes
may not be as energetically important as others, so their ossion in theoretical or
numerical formulations could probably be justied. Howeve many such unknowns
are not fully investigated only because it is nontrivial to dequately incorporate them
in the contemporary framework, numerical or analytic.

(2011). We will get back to this issue in Chapter(3.
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The most obvious ones among such unknowns are magnetic eldad cosmic
rays. According to the equipartition principle galactic magnetic elds may provide
additional nonthermal pressure, further suppressing stafiormation and regulating
the ISM structure. However, integrating hydrodynamics, mgnetic elds, and star
formation and feedback in one framework is only in its infarycstage (Piontek and
Ostriker, E; Wang and Abel) 2009; Dubois and Teyssier _KQ_ta.Lb_a_e]_a_Il

). Because cosmic ray particles get accelerated in suqpga remnant shocks

and propagates through the magnetic elds 4), smic ray physics can be

appropriately modeled only in an all-inclusive magnetohyd)dynamic (MHD) simula-

tion of galaxies kSlm.n.g_el_a'_Zldi_En_LLn_eLal ,le). Another

unknown which is now actively being scrutinized is the stelt ultraviolet radiation

and dust re-emission. The di use photoelectric heating by W-irradiated dust grains
has been argued to be a dominant heating source for cold andrmaneutral medium

(CNM/WNM) in galactic disks (M@Mﬂﬂh&&b) Such

heating with a uniform rate of

pe=8:5 10 ®ergscm3s? (1.21)

has been considered in galactic scale simulations (eLg__dgm.nd_M.a.c_Losl/,l.ZO.dQ.

1.3 Numerical Approaches To Galaxy Formation

Astrophysics is distinctively di erent from most other branches of natural science in
view of the fact that a hands-on experiment is often impraatial. Moreover, the dy-
namical times of most astrophysical systems are much long&éme than the human
lifespan, making temporal observations of such systems gprdccasionally meaning-
ful. Therefore computer simulations are often the last resbfor astronomers who
wish to observe the full dynamical evolution of astrophysat systems at close range.

While analytic or semi-analytic understandings of galaxydrmation are very infor-
i : i ' ); Cole
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Galvanom. deflect.
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Fig. 1.3.] Holmberg's experiment adapted from Figures 2 and3 ofiHolmberg (1941).
Each galaxy is composed of 37 lightbulbs and photoelectrielts.

reasonable theory of galaxy formation must also pass numeal experiments.

Modeling galactic evolution on computers requires high nuenical resolution as it
consists of numerous processes occurring on a wide rangeistiadce scales: from pc
(star forming regions) to Mpc (distance between galaxies athich tidal interactions
occur). In other words, simulations must cover a largdynamic range Further, one
also needs to integrate the physics at small scales (e.g. rstarmation and feedback)
and the correct understanding of large scale structure ewion. These requirements
have made the galaxy formation simulation a uniquely chaltging task. In the follow-
ing sections, we rst describe the history and the state of # numerical astrophysics
focusing on the evolution of gravity solvers, and then on twali erent numerical
approaches for the numerical hydrodynamics.

1.3.1 History and State of the Field

The rst-of-its-kind numerical calculation of an astrophysical system was performed
by |I:|Q.lmb_er.; ..’I.9_4Jl) with 74 light bulbs and photoelectric cid (Figure [L3). It was
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a pure gravitational force calculation using the fact that he gravitational attraction
at each location is proportional to the light intensity measred by a galvanometer.
It is remarkable that Holmberg did \all the work in person, including the rebuilding
of the laboratory room and making all electrical installatons”, and yet reproduced a
largely correct morphological change of merging galaxi , }7). His ingenious
attempt inspired subsequent numerical investigations ohe astrophysical objects us-

ing computers k&e.l.dﬂI’_e.l’_a.n.d_S.l.e.d.e.DlQ‘)leQJS . Toomre andobmr ,|.19_Z|2).

Towards the Better and the Faster

Ever since, numerical investigations of the physics of gakaformation have obviously
been bene ted from the expeditious developments of both nwrical techniques and
computer hardwares. As an example, we discuss the numerisalvers ofgravitational
dynamics, a key problem that needs to be tackled in numericaktrophysics.

dri _

dd_t = U (1.22)
D (1.23)
2 (=46 ] (1.24)

Here, is the gravitational potentiaI.H The technique to follow the gravitational
interaction between many bodies has evolved from a direct pile-particle summa-

tion (PP; lLQn_HQﬂnﬂlll%b_EeebJ.EL_ldﬂQ_Aamﬂh_ed ELIQ_ZIEI)), to a particle-mesh
algorithm (PM; lﬁhmm.a.nd.&ha.n.da.nﬂ |19_&JB to a particle-particle particle-mesh al-

gorithm (P3M; l:lp_dsne;La.nd_Ea.sanhLlQ_é Jﬂ.9.81 ;
and then to an adaptive PM algorithm (AP 3M; k:_o_u.chma.rh |_192|1_C.Qus:hma.n_el_£l

). Another branch of evolution of the gravity solver waso a Tree algorithm

"For cosmological simulations, these equations are writterin comoving coordinates in which the

Hubble expansion is subtracted out (Bertschinger| 1998):

%=§Ui; %+Hui=r (ri); r? ()=4Gafl(r) I

8PP at short distance, PM at long distance
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,h&&k.l:l.emmﬂ]st..]&é?) and to a Tree code P#8gorithm (TPM,;
: |199_EL;|.BQ.d.e_eI_a|I._ZOd)O) in which particles are recursiy bisected kD-tree) or

octsected (ct-tree) to speed up the gravity soIveH Such clever techniques, combined

with the rapid increase in computing poweti and the success of massively parallelized

computing, have allowed simulators to use more and more pates (Spri o

|ZOD.5|:_D_Lema.n.d_el_dl LZO_(I)JL_ZdOb_S.D.LLDg.QLG.Il Mb&_ﬂh_ﬂ_al] ). Increas-

ingly larger and more accurate simulations are feasible aheaper costs to achieve

better numerical resolution.

State of the Field: Galaxy Formation Simulations

Taking the full advantage of the numerical techniques avaible, a growing number
of galaxy formation simulations have demonstrated promisg results both in acos-

mological set-up (e.g. LSLEan.elLand_NaMa.LH._l&bMdz Sormgeldahiernomsl
|Z0.0.3. |.Ab.a.d1_el_a.| |_20.d _R.O.b.QLIS.O.n_eLliILZdOh Oppenh&imand Da\A lZ0.0.b
Ma;

|ZO_Qi3 | Dubois_and TevsaleLmbb__Eo;df_eLlalL_zde&_RQbﬂlsand_KLasM lZO_Qb
|C.hﬂ$1&ﬂ$ﬂn_et_a| ]_ZO_'IIOE Some authors have used a hybridoom-in approach: (1)

rst run a simulation with a cosmological initial condition, and (2) identify a small

Lagrangian volume that eventually ends up as a galactic hagland nally (3) rerun a
simulation on the extracted subset with higher resolutionThis way one can achieve
high resolution at small scales, while malntalnlng large ale powers in structure for-

mation (e.g. LKLaALLsmLa.Ddﬁn.e.d.Lh dBCannaoieco et AILZO_bB
|C_EALQI:LDQ_a.D.d_KL)Lp.L[l lZO_Qb_KeLes_and_HamquL]stLZO.d)i_Agm_eLal] |2Q:Lb Others

have focused only on the galactic ISM structure with high redution by simulating
the evolution of an exponential disk embedded in a static darmatter halo i

de Avillez, [1995; Li et al.| 2005; Wada and Norman, 2007; Taskand Bryan,

9Likewise, advancement has been made in hydrodynamics sokse see-33 and{.3.2.
OMoore's law, 1965,Electronics
1 For details on cosmological and isolated initial conditiors, seeXT.Z1 and {LZ2.
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Table 1.1 Selected Previous Studies - Galaxy Formation Sitations Since 2000

‘T 431dVHO

NOILONAO™HLNI

Author(s) Code Setup Resolution  TypicalM SF Fbck
Abadi et al. (2003) GrapeSPH cosmological 500 pc 6 10“M =h
Springel and Hernguist (2003a) Gadget isolated 30 pch 10°°™M =h
Springel and Hernquist (2003b) Gadget cosmological 190 pch 16 10°M
Robertson et al. (2004) Gadget2 cosmological 650 pdi 22 10"'M =h
Bailin et al. (2005) GCD+ cosmological 570 pc 18m
SPH Scannapieco et al. (2005) Gadget2 isolated 400 pch 10°M =h
Governato et al. (2007) Gasoline isolated 325 pc Milky Way
Kaufmann et al. (2007b) Gasoline isolated 100 pc  16° 102M
Robertson and Kravtsov (2008) Gadget2 isolated 100 pc 100 10%*M
Keres and Hernquist (2009) Gadget2 zoom-in 400 pc/h Milky Way
Christensen et al. (2010) Gasoline isolated 21 pc 16 10%Mm
Kravtsov and Gnedin (2005) ART zoom-in 45 pch 10"°M =h
Gibson et al. (2008) Ramses zoom-in 435pc 5 8 10"M
AMR Tassis et al. (2008) ART zoom-in 52 pc 2 10'M =h
Ceverino and Klypin (2009) ART zoom-in 35 pc 10"°M =h
Agertz et al. (2011) Ramses zoom-in 170 pc 10'2M

Table 1.2 Selected Previous Studies - Galactic Disk Formati Simulations Since 2000

Author(s) Code Setup  Resolution TypicalM SF Fbck
Li et al. (2005) Gadget  disk 40 pc 16° 10"M =h
SPH || Dalla Vecchia and Schaye (2008) Gadget  disk 17 pc 16°; 10'2Mm
Bush et al. (2008) Gadget2  disk 280 pc 16°M
Tasker and Bryan (2008) Enzo disk 25 pc Milky Way
AMR Tasker (2011) Enzo disk 7.8 pc Milky Way
Unigrid Wada and Norman (2007) AUSM  axisym. 5 pc only disk

44
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2008: Schaye and Dalla Vecchia, 2008; Dalla Vecchia and S@né2008] Bush et 4.,

|20.0.b;|_'[a.sk£r_20i1). Selected previous studies in numetligalaxy formation are put
together in Tables 1 andT12.
What is equally important { if not more { as the gravity in galactic astrophysics

is the hydrodynamicinteraction of the baryonic content. Therefore a lot of e ot has
been made to secure an accurate, yet fast hydrodynamics svlv We now discuss
such solvers adopted for the studies in Tablés"1.1 ahdll.2.

1.3.2 Hydrodynamics Modules

Hydrodynamics calculation poses an entirely di erent chénge to simulators. While
long range tidal interactions are important in gravity sohers, hydrodynamics { the
conservation and uidic transport of mass, momentum, and esrgy (Euler equations)
{ is concerned with the local interactions between neighbimg elements:

%t+ r (u=0 (1.25)
@@;t) +r (wh)+rP= g (1.26)
@C;t) fr [(E +P)u]= (1.27)

where ; u; ;E = + %juj2 andP = (1) arethe density, velocity, internal energy,
total energy, and pressure, respectively. is the adiabatic index,g = r is the
gravitational eld, and and are heating and cooling rates per unit volume, re-
spectivel Thus resolving the local contact between di erent streamse(g. shearing
ows, discontinuities at shocks) is the main challenge forry hydrodynamics solver.
For future reference, without the external gravity, sourceand sink terms, Eqs.CL.25

121n comoving coordinates the Euler equations are written as:

@ 1 _n. @Qu) 1 T 1 o_ o
@t+5r (u)=0; @t+5r ( uu )+Hu+arP— g;

@E)
@t

+ 20 [(E +Pu]=
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to [LZ4 can be written as the continuity equation in a vectordrm of

%t+ r (F(U)=0 (1.28)

where
0

0 1 1
u
U= % u § and F(U)= % uu' + P §: (1.29)
E (E +P)u

In the next two sections, we discuss the pros and cons of tworyeng attempts to
tackle hydrodynamics, widely adopted in astrophysics: smathed particle hydrody-
namics (SPH) and adaptive mesh re nement (AMR). We again cdion that either
of these two approaches haboth strengths and drawbacks. It is very rare for a
reasonable simulator to become self-assured enough to rlahat one approach is
better than the other in all astrophysical applications. Rather, what is much more
important for simulators is to decide: (1) which approach aabe employed to best t
their needs, and (2) to what extent the results can be trustediven the shortcomings
of the approach. Until a breakthrough is made combining onlyhe virtues of these

two approaches (for example, see the attempt Mg )), simulators should
always keep these two rules in mind.

1.3.3 Smoothed Particle Hydrodynamics

As was shown inXI:37, gravitational dynamics ofcollisionlessparticles has been
dealt with on a particle-based schen@ In the smoothed particle hydrodynamics,
the collisional uid element of the astrophysical systems is simply rendedeas another
type of a Lagrangian particle which is under the hydrodynangiinteraction as well (i.e.

the repelling force representing the gas pressul;aﬁingﬂdd.l&danagha“.lﬁl?hlﬂy,

|191JF;._M9.nagthn _19:4)2). Thigracer particle, unlike stars or dark matter, samples

and carries the gas properties such as thermal energy (or ey), pressure, and

13as opposed to solving the collisionless Boltzmann equatianin a phase space
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metallicity. However, quite obviously, one cannot popula the entire domain with
such discrete blobs; therefore, in order to estimate the bamic quantities at a certain
location, r;j, the averaged values oN neighboring SPH particles is calculatea For
example, the gas density estimate; at r; is

X

i = m; W(jr;  rij;hy) (1.30)
i=1

wherem; is the mass of each tracer particle, and the possible choicéghe smoothing

kernel W (r; h) could be the spline kernell.(MQ.Dﬁ.ghan_and_Laltanin(l)__lQISEMa.ghah,
1992; Springel| 2005),

8
R 6L’+6 L° ifo L 1
Wirh)= 150 21 Ll if <t 1 (1.31)
-0 if 1< ¢
or the Gaussian form of
1 r2
Wy(r;h) = ﬁ|9: exp Py : (1.32)

Inherently Galilean invariant, this Lagrangian scheme habeen widely employed
in many astrophysical simulations where particles collapsto form clumps, or dy-
namically interact with one another with high speeds. Of g importance in this
method is that the numerical resolution is automatically imreased in the regions
where the mass is concentrated as a result of the gravitatiahcollapse (e.g. col-
lapsing laments, galactic gas disks, star forming regiois Therefore one does not
need to explicitly implement cumbersome adaptive re nemeérmachineries in order
to manually increase the resolution in the regions of intese However, signi cant
concerns continue to exist in the SPH methods as well. Althghh simulations using
SPH methods have tried to duplicate complex hydrodynamic @momena, many of
the results reveal less than ideal agreement. It is mainly bause the SPH method

14The default value of N in Gadget-2{ one of the most popular SPH codes { is 64.
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(="
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—

10

13 1516 17

1 34 5

Fig. 1.4.| Block-structured adaptive mesh of the astrophydcal hydrodynamics code

FLASH, adapted from Figure 2 of Fryxell et al. (2000). Each block tsathe identical
dimension regardless of its re nement level. The di erentyagmbols in the tree indicates
which processor the block is located on.

poorly resolves shocks, instabilities, and contact disctimuities due to the spurious
surface tension and numerical di usivity tAg.eLtZ_EI_a.”_m_THIaSKQLeLaJLZQdS

,M). Combined with insu cient numerical resolution, the numerical viscosity
could sometimes lead to a so-called angular momentum catagihe in which too small
disks with unrealistically high rotational velocities fom in cosmological simulations
(Ltan_d.en_BQ.S.cH_ZO_dl). Furthermore, due to the limit in compational resources, it
is often challenging to populate less dense regions (e.g.ude galactic halos, voids
between laments) with an enough number of SPH tracer parties. This makes it
very di cult to investigate certain physics, such as the interplay between the galactic
disk and embedding halo, or the galactic superwind driven bsupernova explosions.
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1.3.4 Adaptive Mesh Re nement

A more traditional way to solve the continuity equations (Ec. to[T.2l7, or Eq.
[LZ8) is to discretize the ows using xed Eulerian grids andlirectional splitting as

+ t
Ut Ut = —X(Fx;i 1=z Fxi+1=2) (1.33)

where the indexi represents the spatial ordering of the grid pointd, 1=2 the left and
right cell interfaces, andn the temporal ordering. Several di erent methods to solve
this partial di erential equation have been developed inelding a rst-order accurate
Godunov method, a second-order accurate piecewise lineasmotonic spatial interpo-
lation (PLM; La.n_Leer] |191b), a third-order accurate pieceise parabolic monotonic
interpolation (PPM; tZ).LelLa_a.n.dAALo_o_dwa.LJil_lﬁ)_&h) and so fah. Among these, PPM
is particularly powerful in capturing shocks and followinghe instabilities at contact

discontinuities .Ag_e.nz_el_ajl,mmke.LeLAILZQbS)\Nhile the Godunov methods

try to nd the accurate solution to the Riemann boundary prodems at cell inter-

faces, there exist other fast ways to solve the continuity eqtions. For example, the

ZEUS method ksmne_and_uatmalanHAlln_Anmms_andJMalmM) employs

an arti cial viscosity term to prevent in nitely large grad ients at shocks. Although

this scheme is known to dissipate shock fronts and introdu@purious e ects, it is
widely used in many astrophysical applications because dig stability of its solu-
tions, excellent performance, and acceptable errors wheongbined with su cient
resolution.

As the gas cloud gravitationally collapses, the Jeans lerngi{Eq. [I2) and the
Jeans mass decrease and the gas starts to fragment into everaker clumps. In order
to resolve these clumps in numerical simulations, typicailfour cells or more need to
be placed across the Jeans length (Truelove criterion; ,|_’I.92|7). Hence
the mesh is desired to be adaptively re ned according to thetal Jeans length, the

densities of individual cells, or any other equivalent crérion (see Figurd_114). With

this technique (AMR; lB_QLgﬂLa.ndﬁ.ugﬁlrLlQ.dALB_eLgﬂLa_ndmlal 19_&b) one can

adaptively focus computational power on the regions of intest rather than having

to re ne everywhere uniformly. When the targeted problem oeers a large dynamic
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range (of up to 10° in recent applications), this could mean a substantial sang in
computation. Another benet of the AMR approach is that the low dense regions
are naturally populated by coarse cells, allowing simulatse to simultaneously follow
those regions without any special treatment. However, sae problems are identi-
ed with the Eulerian AMR approach as well. Many have noted tte lack of Galilean
invariance in Eulerian methods when combined with the inadgiate spatial and tem-
poral resolutions kIa&ker_eI_all._ZO_(fS). Others have claidethat the discontinuous

.!umis in resolution may cause a suppression of the growth ahall halos (Springel,

).

1.4 Generating A Piece of The Universe

With the simulation tools in hand (i.e. the physics to evolvethings), we now need a
piece of the fake Universe on which we can run our tools (i.ehd initial positions and

velocities of thethings). Initial conditions of astrophysical simulations are typcally

generated in two ways:cosmologicalinitial condition and isolatedinitial condition.

1.4.1 Cosmological Initial Condition

First a three dimensional domain is set up with a uniform Galean lattice, g, of equal-
mass particles. In ation predicts small Gaussian random gtuations at redshift
1100 when recombination occurs and photons and baryons degle from each other.
The density uctuations, (q) = (9)=, are determined at a particular redshift by
the matter power spectrum,P (k) = Po(k)T?(k), as

h(k) (K9i= zk—;P(k) pirac (K Kk9; (1.34)

and assumed to grow linearly at later times (Zel'dovich appximation; M
). A standard way to realize these density uctuationssito sample the density
and corresponding velocity elds on the lattice by perturbing the particles from the
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uniform lattice point q (IEfsla.LhLQu_eLa.Ll h%;'li;LB.eﬁsnhjng.eLr._mEi)S):

r=q+D()r (a) (1.35)
_ .db(t) .
u= aTr (9): (1.36)

Here D (t) is the growth factor, and the displacement eld,r (q), is evaluated by
solving the Poisson equation,

_ (a@).
r?(q)= B (1.37)

via the numerical fast Fourier transform kB_eUs_thn.g.el:r_lQEl). Because the density
eld is sampled onto a lattice of nite number of particles, the mass resolution of
the initial condition severely limits the power at small sckes. To address this issue,
the Gaussian random elds are generated typically with mulple levels of resolution

adaptively focused on the regions of interest (e.gsRAFIC-2; |B_QLT$.QhLDg.eH.ZO.d1E

1.4.2 Isolated Initial Condition

While cosmological simulations are very rewarding, one mayant to focus on a much
smaller scale system, the evolution of which has already pribeen decoupled from
the Hubble expansion or the linear growth. A fully evolved daxy where the stars
and dark matter have been dynamically well mixed for a long e could be one such
example. This galaxy model can be used to study the instaltiés in the galactic
disks or to simulate merging galaxies. Consequently, geaging a dynamically stable
astrophysical system has been a topic of great interest (eham&ls,l.l&dSLH.em.quilst,
1993 Springel et al.| 20054: Widrow and Dubinski, 2005).

A case in point isGalactlCS, a galactic initial condition generator which sets up a
self-consistent bulge-disk-halo modeIL(.Isujiken_a.n.d_D_uth,lJ_?BJS). First an analytic

form of the distribution function for each galactic component is written in terms of

integrals of motion. As an example, the distribution functbn for the bulge @

15See also the recent e ort bylHahn and Abel (2011).
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@) can be written as
g h [
> 32 EXp —0* ex —z—E = 1 if E<
fouge(E) = . @ ») P P b ° (1.38)
: ifE>

where 4, is approximately the central density, ,, the velocity dispersion, ¢ the po-
tential at the center, and . the cuto potential. The distribution function not only
provides the exact spatial density, but yields a steady-sta solution of the collisionless
Boltzmann equation (Jeans theorem). An iterative scheme issed to numerically gen-
erate a self-consistent N-body realization to the Poissomgeation and the collisionless
Boltzmann equation.

Thanks to the tremendous improvement in the numerical techiques and parallel
computing, we are now well poised to run ambitious massive merical simulations
of galaxy formation. In the last section of this Chapter, we pview the organization
and contents of the rest of this thesis.

1.5 Thesis Overview

Galaxy formation is the building block of hierarchical streture formation in CDM
paradigm. Unmistakably, galaxy formation consists of vitant interactions between
gas, stars, and central massive black holes (MBHs). How ddlepsing gas clumps give
birth to stars? How does stellar feedback then change the érstellar medium? How
does gas accrete onto a MBH, and how does MBH feedback in tureet the galaxys
growth? Therefore, for galaxy formation studies it is impeative to numerically follow
these highly nonlinear interactions with physically motiated modelings.
Nevertheless, a comprehensive numerical simulation whisklf-consistently incor-
porates gas, stars, and MBHs has been absent. Most galactimglations so far
have modeled stars and MBHs with phenomenologically paraineed sub-resolution
recipes: for example, the stopping of cooling to mimic stall feedback, or thermal
energy injection to depict MBH feedback (e.c_ﬁp.L'Lng_eI_eLHmOEJ)). While pioneer-

LDl_MalLe.o_e.t_al _ZQbi_&mEIﬁd |ZO_OJ3), previous

ing in some applications (e.gl_Di
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approaches withad hocrecipes often lack the physics and resolution required top®-
duce even the obvious aspects of observed galaxies ( ,|ZO.’Lb). Especially
when recent observations yield excellent constraints on lgatic evolution (e.q. Zheng

et al., 2009), the need for an unabridged, self-consisterdlgxy formation simulation

has never been greater.

1.5.1 Building A Self-consistent Numerical Framework for
Galaxy Formation

To circumvent the limitations of previous studies and follev the actual physical pro-
cesses between gas, stars, and MBHs, we developed a fullj-cmisistent galaxy
formation simulation integrating these components in oneatnprehensive framework
(IKim_e_t_a.Ll(IlO_'Ld); Chapter[2). The high-resolution adaptie mesh re nement (AMR)
codeEnzo ,lZO_O_I7) is modi ed to model the formation and fedback

of molecular clouds at its characteristic scale of 15.2 pcn@ the accretion of gas
onto a MBH. Two major channels of MBH feedback, radiative andnechanical, are
considered. Our unique framework harbors ve novel featuse

1. Molecular cloud formation Unlike previous star formation recipes based on

the simple scaling of grr gas (ISgh[m_dJ |_’|_95_b), we self-consistently deposit
a particle when a gas cell of a molecular cloud size actuallyedbomes Jeans

unstable.

2. Stellar feedback The molecular cloud particle then gradually produces stealr
mass while returning a large fraction of mass back to the gasitiwv thermal
feedback energy. It models the observed slow star formatiom a molecular

cloud Kmmhp.lz_a.ndla.“ZO.Qb)

3. MBH accretion: Gas accretion rate onto a MBH is estimated assuming a pres-
surized spherical collapse (Bondi-Hoyle estimat@n@) but without any

empirical boost factor (e.g. as il{ﬁm:'Ln.g.eLet_JilLZO_dSb)inse high-resolution

AMR resolves the high densities near the MBH.
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4. MBH radiative feedback Monochromatic X-ray photons from the MBH is fol-
lowed through full 3D adaptive ray tracing .AALis.e_a.nd_Ab_élj_ZﬂLd) rendering
the radiative feedback of the MBH. Here photons ionize and hethe gas, and
exert momentum onto the gas (Figuré2Z14A).

5. MBH mechanical feedback Bipolar jets with velocities of  10° kms ! are
launched from the vicinity of the MBH, well resolved in highresolution adaptive
mesh (Figure[Z#B).

This machinery is then applied to the various contexts of gaky formation described
in next Chapters.

1.5.2 Galaxy Formation with Stars and MBHs

One of the outstanding problems which can be better addressbBy our comprehensive
numerical approach is the coevolution of galaxies and thditBHs. The growth of the
MBH is limited by the gas in ow to the galactic center while, n turn, the radiation
and out ows released by the accreting MBH limits the galaxysggrowth. Though
many observations have detailed the interwoven destiny ofataxies and MBHSs (e.g.
|EQI:La.L&ie_a.n.d_M.e|:LIIH_me) it is still unclear how the smiascale physics of a MBH
can be such tightly linked with the overall galactic evolutbn at a much larger scale.
With a much improved numerical tool in hand, we investigatedhe coevolution
ofa 92 10'"M galaxy and its 16M embedded MBH at redshift 3 in a CDM
simulation Klm_et_al.l (mld); Chapter[3). By employing advaced treatment of
MBH physics, we nd that MBH feedback heats its surrounding mterstellar medium
(ISM) up to 10° K through photoionization and Compton heating, and deprive the
galactic inner core of cold star-forming gas. Locally suppssed star formation then
signi cantly changes the stellar distribution and the stelar to gas mass ratio at the
galactic center. This feedback channel is particularly iresting because it is only
locally dominant and, unlike stellar feedback, does not reqre the heating of the gas
globally on the disk. Besides, without having to unbind all bits surrounding gas, the
MBH self-regulates its growth by keeping the surrounding I8 hot for an extended
period of time. These results depict an analogue of \radio-mde" feedback by a slowly
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rowing MBH for which the accretion rate is usually< 5% of the Eddington limit

Our novel framework renders a completely di erent, yet phyisally more accurate

picture of how a galaxy and its embedded MBH evolve under eadthers in uence.
For example, our results strongly suggest one of many viahleutes to terminate the
growth of massive secular bulges often found at the centerssoimulated galaxies (e.g.

|Ei.o.m.e.k_a.n.d_S.Lelnm.eIlZ,|_20_O£la). The bulge-dominated disksade by migrations of

dense clumps in numerical simulations can be avoided if thadiation from the MBH

keeps the inner core devoid of star-forming gas. Our resulitso undoubtedly demon-
strate that we can nally build an unabridged, self-consistnt numerical framework
for both galaxies and MBHSs, providing a powerful means to imstigate their coevolu-
tion. The radiation and out ows from the MBH heat up the surrounding gas, but the
thermal couplings of the MBH energy to its environment are &lcarried out by the

radiation hydrodynamics AMR scheme itself, not by any prequposed sub-resolution
model.

1.5.3 Merging Galaxies on Adaptive Mesh Re nement

In hierarchical structure formation of CDM cosmology, meming of galaxies is fre-
guent and known to dramatically a ect their properties, therefore a key to understand
galactic evolution. Itis also believed to induce quasar awtties (l:lgp.lslns_el_a.lj IZO.QIB)

and to instigate the rapid growth of black hole masses in theady phase of structure

formation I:Ia.Lma.n_a.nd_m_eJ) Lﬂ)_dl) Although it is very usefuto utilize a high-
resolution simulation to study merging galaxies because tfe nonlinear coupling
between pc and Mpc scales, many such studies have lacked tleeessary resolution.
To this end, we performed the very rst adaptive mesh re nemet (AMR) sim-
ulation of two merging galaxies, 8 10'°™ each, including star formation and
feedback I(.ij—_et_a. . ); Chaptef4). With galaxies reseéd by 2 10’ total
computational elements we achieve 3.8 pc resolution in theuftiphase ISM, nding

a widespread starburst via shock-induced star formation. &¥ing a pc resolution
is essential to properly capture the clumpy star formation o disks and spirals, as
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was later con rmed byllegﬁii.er_er_all. l(ﬂ).’l.d}a) and others. Thieigh dynamic range of

AMR also traces the interplay between galaxies and the embdidg medium depicting
how galactic out ows and a hot metal-rich halo form.

1.5.4 Galaxy Mergers with Stars and MBHs

We also carried out a simulation of two merging galaxies,, 2 10''M each, with
their 10°M embedded MBHSs, portraying an analogue of merger-induced ugsar-
mode" feedback by fast growing MBHsl (Hopkins et £ILZQb8) rfevhich the accretion
rates are> 5% of the Eddington limit (IKim_el_a.L.l(ILO.’I.;I'); Chapter@). We nd that
the feedback from the fast growing MBHs helps to reduce thedjlal star formation

on the disk. When compared with the feedback by a slowly gromg MBH, these
MBHs drive more frequent jets creating sizable bubbles at éhgalactic centers.

In addition, we have been investigating the following quesins: Is the feedback
from fast growing MBHs strong enough to remove the gas out ohé¢ galactic po-

tential? If so, how does it compare with the previous recipe(ag.l.S.p.ting.eLeLa].,

))? What are the relative contributions for the suppresion of star formation
between radiative and mechanical feedback? What is the domaint channel of feed-
back? How does the merger remnant look? Does the MBH feedbatkange the
remnant morphology? Answering these questions will bring aew insight to the
role of fast growing MBHs during and after the galaxy mergeyrgotentially shap-
ing red elliptical galaxies with little ongoing star formaton activity. The accurate,
unabridged descriptions of MBH feedback in our comprehersi framework will help
us to understand how galaxies and MBHSs interact in mergers galaxies.

Finally, the original conclusions of this thesis are broughogether in Chapter[@.
Ideas on how to improve our numerical approach are summartze Possible future
projects, including the formation of high-redshift quasas, are also discussed.



Chapter 2

Building A Self-consistent
Numerical Framework for Galaxy
Formation

\It is unworthy of excellent men to lose hours like slaves ime labor of
calculation which could be relegated to anyone else if maws were used.”
| Gottfried Wilhelm Leibnitz (1646-1716)

There is mounting evidence for the coevolution of galaxiesi@ their embedded
massive black holes (MBHS) in a hierarchical structure foration paradigm. To tackle
the nonlinear processes of galaxy - MBH interaction, we de#ie a self-consistent nu-
merical framework which incorporates both galaxies and MB$4 The high-resolution
adaptive mesh re nement (AMR) codeEnzois modi ed to model the formation and
feedback of molecular clouds at their characteristic scaté 15.2 pc and the accretion
of gas onto a MBH. Two major channels of MBH feedback, radiat feedback (X-
ray photons followed through full 3D adaptive ray tracing) ad mechanical feedback
(bipolar jets resolved in high-resolution AMR), are emplogd.

This chapter is a part of the publication submitted to The Astrophysical Journal
which is coauthored by John Wise, Marcelo Alvarez, and Tom Add.

35
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2.1 Introduction and Motivation

2.1.1 Introduction

Ever since the discovery of the ubiquitous existence of sup&ssive black holes at

the centers of massive galaxies (e.lg_KQLm.en.d;Lan.d_Rj.chﬁbIlQQlS), a plethora of

evidence has accumulated to indicate the coevolution of gales and their embedded

massive black holes (MBHs). The observed tight correlatiobetween MBH masses
and bulge velocity dispersionsLLEeumand.M.enIitLZdOlG.ehhmdLeLall.,[ZOQb)
have bolstered the idea that the fates of a host galaxy and iesmbedded MBH are
fundamentally intertwined and heavily a ected by each othes in uence (Silk and

Rees, 1998; Kau mann and Haehnell, 20 );Mllh.e_a.n.d_lﬂe ).

Recent observations provide more solid constraints on th@evolution of galaxies
and MBHs. For example, cosmological star formation historgnd black hole accre-
tion history are measured to be proportional to each other (| .|Zh.e.ng_el_a.|.1_20_d9).
Merging of galaxies is believed to induce quasar activity .@ J:IQp.Is'Lns_e.t_aj.,l_ZO_d8),
and the existence of high-redshift quasarls_(_Ea.n_eLlalL_Z(I)Gﬁdicate the rapid growth
of black hole masses in the early phase of hierarchical sttuie formation, most likely

by mergers kl:la.i.ma.n_a.n.d_LQAbI._mbl). Unmistakably it is a cortipated and highly

nonlinear process for a galaxy to a ect its embedded MBH, andice versa. There-

fore, developing a numerical tool which incorporates bothaiaxies and MBHs in one
self-consistent framework is indispensible to fully comphend their coevolution.

The seminal work byt Springel et al.|(2005b) to include accrien and feedback of

a MBH in a galactic simulation has been followed by many detlad investigations.

These studies have helped extend our understanding of gafaxMBH interaction in
various contexts and scales: (a) Merging of Milky Way sizedatpxies was simulated to

show that quasar-like MBH feedback drives a massive gas oatv leading to quenched

star formation, and to the observedM gy ulge relation ( |_20_OEJ b;
|Di_Ma.tLeo_eLa.L|, IZO_Q'IS;LlQh.a.DSSQn_eLELILZQOQ). (b) Successimergers of galaxies

and MBHs were performed in a cosmological volume to yield aatile route to form

high-redshift quasars l(.Ll_eI_a.Il_ZO_OJIbLSJJankl_eI_iLI 0. (c) MBH feedback at

the center of a galaxy cluster was demonstrated to release gant energy to stop
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an overly cooled in ow of qas!ffiiacki et al. 2od>'- Booth an&chave, 2009; Teyssier
et al., |2010b; ' l. 0).

2.1.2 State of the Field and Scienti c Motivation

Nonetheless, a comprehensive numerical understanding ehincorporates both galax-
ies and MBHs is still missing, for various reasons. First antbremost, simulated
galaxies do not match some of the most obvious aspects of alied galaxies. For
example, simulated galaxies are prone to lock baryons intod many stars ML,

, and references therein), or contain bulge-dominatdisks that are too centrally
concentrated and have a greatly reduced angular momentumlagve to those ob-

served MMWMWMQ

These problems are somewhat alleviated by lowering star foation e ciency and/or

increasing stellar feedbackL(ﬁ_osLemalo_eLalLﬁOh_Em_and_Slemmeﬂz,Lmdb;

,lZ(IL'L), or even by introducing a new powerful engy source such as

MBH feedback. However, the former x has not been entirely siwessful even with
varied feedback parameters while the latter almost alwaysopvers large-scale gas out-
ow leaving behind a \red and dead" galaxy devoid of gas for aohg time (Borgani
et al., [2004; Kravtsov et al., 'iﬁgﬂ_el_a 20 i&sﬁjﬁﬂb). Ob-
viously numerical simulations are still missing one or moressential ingredients. It

could be the ignored physical processes such as stellar U\diedion and magnetic
elds. Or it could be the inaccurate descriptions of MBH acation and feedback.

Second, most numerical studies to date lack necessary resioh and technique
to describe how gas falls onto a central MBH and how the energgput of MBH
feedback is deposited to its surrounding gas. While the 1 - Akpc resolution in
large-scale simulations is clearly insu cient to adequatly describe the accretion ow
onto a MBH, even galactic scale simulations do not generaltgsolve the Bondi radius
(SeeXZZB; Eq.[ZID)), which is required in order to trace how a BH gravitation-
ally in uences its surroundings and how the radiation and ouows from the MBH
are thermally coupled to the gas. Indeed, poor resolution kaorced simulators to
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skip the thermalization process below the resolution limjtand to simply thermody-
namically deposit MBH feedback energy near the MBH. While ade, it has been an
e ective_approximation characterizing MBH feedback on a molved scale (Springel

et al.,12005b). And it might be a fairly reasonable choice if BH feedback is powerful

enough to drive thermal shock waves (so-called \quasar-metd Mgy > 0:02Mgqq).

However, it can not adequately describe the energy couplirf the radiation from a
weak, quiescent MBH (\radio-mode";Mgy < 0:02Meq4; ICroton et all, 12006; McNa-
mara and Nulsen 7). For this reason injecting thermal ergy in a small volume

of poorly resolved interstellar medium (ISM) can hardly be @ accurate description
of MBH feedback (SeefZZ.6 for detailed discussion). Modeling how MBH feedback
energy isactually coupled to the gas is a critical missing piece in contemposagalaxy
formation simulations.

Third, partly due to the lack of proper resolution, most numecal calculations
to date have modeled stars and MBHs with phenomenologicalparametrizedad hoc
formulations. Most notably, the Eddington-limited Bondi-Hoyle accretion estimate

employed by many authors (e.g._Springel et all.. 2005b: Di M=o et all,12005; Jo-

hansson et al. 9, Se®& 2B for de nitions of variables) has had to be empirically
boosted by an e ciency parameter =10 - 300.

4 G ZMéH B . 4 GM BH Mp
C% ' r TC

While this nondimensional boost factor is to correct the large-scale averaged, and

H = min

2.1)

probably underestimated g near the MBH, s typically xed after the MBH has
grown so the Bondi radius is resolved even with coarse restinn.El Another example
of introducing tunable parameters based on unknown physids to use two dier-
ent implementations of MBH feedback, depending on the estated accretion rate:
uasar-mode feedback and radio-mode feedbal;k_(_s.iia.ckj_élt IZD_O}LEU.QhAALeIﬂ_QtAI
Eﬁ). While useful in some applications, thessd hocapproaches ironically demon-
strate that the physics of MBHs has not yet been adequately deribed in simulations.

1Seel.Johansson et al.L (2009) dr_Booth and Schaye (2009) for neodiscussion. Attempts have
also been made to entirely avoid using Bondi-Hoyle estimatin (DeBuhr et all, 2010: Hopkins and
Quataert, 2010; Power et al.,2010)
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Fig. 2.1.| Schematic illustration of the scales in galaxy - massive black hole (MBH)
coevolution picture. While the typical dynamical scale of glaxies is 100 kpc, star
cluster formation on the gas disk or Bondi accretio d@) onto the MBHs
must be described at 1 pc scale. Further, the energy of the MBH is extracted via
BBlandford and Znajek (1977) mechanism at the scale of AU. Massively di erent
dynamic scales involved in this picture makes the computathal approach to this
problem uniquely challenging. The picture in the inset illstrates the relativistic
jets calculated by general relativistic magnetohydrodyrmaics (GRMHD) simulations.
Adapted from Figure 1 of (McKinney and Blandford [ 2009).

In order to circumvent the limitations of previous approacks outlined above and
to follow the actual physical processes between gas, stas)d MBHs, we develop
a fully self-consistentgalaxy formation simulation integrating the growths of boh
galaxies and MBHs in one comprehensive framework. We limihé use ofad hoc
formulation but instead more accurately model the physicsniall aspects of galaxy
formation, namely: (a) molecular cloud formation, (b) stdar feedback, (c) MBH
accretion, and (d) MBH feedback. Our code models the formath and feedback
of molecular clouds at their characteristic scale of 15.2 geZZ2 toZZ5) and the
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accretion of gas onto a MBH §Z2Z8). Two major channels of MBH feedback are also
considered: radiative feedback (monochromatic X-ray phohs followed through full
three dimensional adaptive ray tracing¥ZZ.1) and mechanical feedback (bipolar jets
resolved in high-resolution adaptive mesh{ZZ38).

2.2 Modeling the Physics of Galaxy Formation

The high-resolution Eulerian adaptive mesh re nement (AMR codeEnzo-2.0(http://enzo.googleco

|Brvan and Norma*,wmwmmmm&
|ZODiLNQLman_e.Lai._ZO_d7) captures the gravitational coltse of turbulent fragmenta-

tion with high spatial resolution (Wi I|.20.0|7bAL|§ﬂlt_a.IJ|ZO_OJ3L'Eu.Lk_eLa.I|

) and attains multiphase gas dynamics in the ISM as it shaly resolves shocks

and phase boundariesl_(_S.I;Lz_eLlaLdeiz_Ag.eLtz_ell El.L_thEsker_eLa.I”.ZO_QIB) Our

enhanced version oEnzo contains all relevant features previously discussed in sim

lating galaxy evolution IaskeLa.nd_B.ua.MZOdGI.ﬂl(bé_&mle |Z).O.513|_ZO_QI9) as well

as a treatment of several new physical processes discussedaetail in the following

sections.

2.2.1 Hydrodynamics and Gravitational Dynamics

The ZEUS astrophysical hydrodynamics module included iBnzois employed to solve
the Euler equations for the collisional baryon uid represeted by qgrids (Stone and
Norman, Zé@Mr@%) While known tatroduce spurious
e ects, this scheme is widely used with AMR because of the $téity of its solutions,
and the acceptable error when combined with high resolution

Dark matter, stars, and MBHSs are treated as collisionless picles which interact
only by the gravitational force. To evolve the particle pogions and velocities, the
gravitational dynamics are solved by an N-body adaptive péicle-mesh solver. After
particles are gridded onto the mesh by the cloud-in-cell ietpolation, the Poisson
equation is solved on the discretized density grids via fastourier transform and

multigrid solvers H.o_clsn.aLa.nd_EaSI\ALodO‘._la Ji_ﬂj.hﬂa_et]AZQQh)
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2.2.2 Adaptive Mesh Re nement Strategy

Enzodecides whether each parent cell needs to be re ned into eighild cells based on
the mass of the cell in gas or in particles. The timestep is aladaptively determined
level by level so that the timestepdt satis es

X
Gs

dt 03 =0:3 (sound crossing time) (2.2)

for all the cells at that level. Herec; is the sound speed of the gas, and we choose the
Courant-Friedrichs-Lewy (CFL) safety number of 0.3. As dasions for re nement are
made recursively, the resulting dataset is a nested grid-fzh structure. In our work,
the grids are adaptively re ned down to 15.2 pc resolution. fiis value is in accord
with the Jeans length for a dense gas clump of = 125 cm 2 at 200 K, at which
point a corresponding Jeans mass of 16080 collapses to spawn a molecular cloud
particle.

We re ne the cells by factors of 2 in each axis, on gas and pasie overdensities of
8. The mass thresholdsM s, above which a cell re nes are functions of a re nement

level | as
Mrlef;gaszz 02378|Mr0ef;ga5:2 0:378 0:125 b 0 X3 (23)
Mietpart =2 “1%M Qe =2 %1% 0:125 o X° (2.4)

where factors 0125 = 8(1=2%)? guarantees to re ne all the cells of the rst two nested
levels @I1). x is the cell size at a root grid, and o = 3H?=8 G is the critical

density. ., =0:27, , =0:044,andH = 71km s *Mpc ! are matter density, baryon
density, and the Hubble constant, respectively.

For example, at the nest static level,| = 2, a cell is re ned if it has more mass
than 8:9 10°PM ingasor 67 10°M in particles. Atlevell =11 ( x =15:2 pc at
z=3)acellisrenedif morethan 84 10 M =5 M jeans(125 cm 3; 200 K) in gas
or35 1P M =47 Mpysmalest in particles. This way we re ne the grids more on
small scales, which allows us to focus our computational cegces more on the dense

star forming regions, making the simulation super-Lagrarnan (bj.h.ea_a.n.d_N.o.Lmah
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200B).

2.2.3 Chemistry and Radiative Cooling

We use non-equilibrium chemistry model to track six specigsl, H*, He, He , He™" |
e ) by following six collisional processes among them. At theame time, Enzos
cooling module considers collisional excitation coolingpllisional ionization cooling,
recombination cooling, Bremsstrahlung cooling, and CMB Gopton cooling to com-
pute the radiative loss of internal gas energ ' |199J7;|.Ab_eLeLa|._19§7).
Added to these primordial cooling rates is the metallicitydependent metal cooling

rate ( Z) = et(2) net(O above 10 K, where ¢ is the net cooling rate tabu-
lated in 1 ..19_913) Cooling below ¥K is also enabled with ne
structure metal-line cooling by C, O, and Sil(Glover_and Japgen, 2007; Wise and

Abel, |-20_0_3). This treatment ensures that a thin galactic dis forms by being cooled
below 1@ K, the approximate virial temperature of the ISM in a galactc disk.
We further re ne our module with photoionization heating atz < 3 by the meta-

galactic background UV of quasars and galaxie]s_(.H.aa.Ldl_amLMa.Lll,lj.%bLZO_dl),

which is known to give rise to a warm di use ISM and prevent staformation in

optically thin gas dCﬂLeunQ_a.nd_KJ;Lp.LMZOQb) An approxinate self-shielding factor

is applied when the heating term is added_(_C_en_et_liL_ZdOS). Mle not introducing a
marked di erence in overall results analyzed here, inclusn of this additional heating

term results in a more realistic interstellar medium.

2.2.4 Molecular Cloud Formation

Our molecular cloudparticle formation is based orllﬁ_en_a.ndmltiklml_(J.Q_bZ) forntiam

with several important modi cations. With a xed formation e ciency of = 0:5,

the nest cell of physical size x = 15:2 pc and gas density 4,5 produces a molecular
cloud particle of mass

Mwmc = gas x> (2.5)
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Fig. 2.2.| Metal cooling rates with temperature and electron fraction dependences
normalized atZ = 0:1Z . Shown above 1OKis ( Z)= ,«(Z2) net (0), where

net IS the net cooling rate tabulated inl Sutherland and Dopita |(293). Cooling
below 13 K_is by ne structure metal-lines of carbon, oxygen, and sition (Glover
and Jappsen]ﬂ?). Note that this cooling rate is added to ¢hprimordial cooling
by hydrogen and helium. Compare with Figuré_Il1.

when the following four criteria are met:
(a) the proton number density exceeds the thresholdi,es = 125 cm 3,
(b) the velocity ow is converging; i.e.r v < 0,

(c) the cooling timetcyg is shorter than the dynamical timetqyy, of the cell: Ejy =E-<
[3=(32G 4], and

(d) the particle produced has at leastM s = 8000 M .

The consequence of our criteria is the following. The gas ihé nest cell is converted
into a particle as soon as the cell has accumulated more thdfyes= = 16000M ,
the Jeans mass ah = 125 cm 2 at 200 K. Because 8000 - 42000 is instantly
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Fig. 2.3.] A schematic view of the molecular cloud formation and the stellar feed-
back. 12ty after a molecular cloud particle e © 8000M ) is formed, only 20%
of its mass remains as an actual stellar masé., (t) while the rest 80% has returned
to the gas along with thermal feedback energy.

removed from the cell every time a particle is created, the gamass in the nest
cell never reaches the re nement thresholt 'z = 84000M  described inXZZ2,
ensuring the consistency between the re nement criteria anthe particle formationH
The values used here are in good agreement with those cormsging to collaps-
ing Giant Molecular Clouds (GMC;l.M&Ke.e.a.n.dQﬂtlkerZO.d?) Wwere star-forming

molecular clumps are enshrouded by cold atomic gas.

As an additional note, di erences from more traditional sta particle formation

criteria such as iA_'[askﬂLa.n.d_Bsznl.(ZO_d)S) include: (a) theehns condition gs X3 >

M jeans IS removed because this condition could have allowed massager than M jeans

to accumulate while not being properly resolved until a paitle nally forms, (b) the

factor t=tgy, in Eq.(1) of ) is removed in order to inantly
create a particle and not leave any unresolved mass behindida(c) stochastic star

2Readers should be cautioned that the mass resolution of theeported simulation is 84000M =
5 M jeans(125 cm 2; 200 K). Ideally, if one properly combines the re nement strategy and the molec-
ular formation criteria, the local Jeans mass can be resole this way without explicitly requiring
it.
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formation is not imposed.

With these modi cations, our criteria guarantee that a paricle forms before an
unphysically large mass begins to accrete onto any unresedvdense clump. It is
worth to emphasize the di erences between our molecular cid formation criteria

and prior studies. While many previous studies with parti&-based codes (e.g. Mihos
et al., EL@ 1992, Mihos and Hernqu sLlQ%b.ﬁpﬂeband_HﬂnquEt,zo_Qda;
|G_03Lemalo_el_a.|| |_20_Q|7) place a star particle using the Schdtirelation ( srr éaf’s

|S.th1.d1 |_’I.95b) we deposit a particle when a gas cell of a tgpi molecular cloud
size actually becomes Jeans unstable. For this reason, tharicle in our simulation

represents astar-forming molecular cloudthat is self-gravitating, is thus decoupled
from the gas on the grch It is tagged with its massMyc, dynamical time tyy, =

max[3 = (32G 4a9)]*™?; 1:0 Myr), creation time t.,, and metallicity. Each molecular
cloud particle gradually yields anactual stellar mass, M, (t), over 12 tqy, which

then contributes to stellar feedback (See Figuie2.3 andZ3).

2.2.5 Stellar Feedback

Observational evidence suggests that only 2% of the gas in GMCs is converted into

stars per dynamical time .MMMDLMQKﬁle 20 é._KmmhﬂLand_'[adlﬁlQb

and references therein). Numerical studies also indicatéat turbulence, magnetic

elds, or radiation pressure can make the star formation proess surprisingly slow

(e.0. _M.ULLaLeI_a.IJ lZ(ILb;lAA[a.ng_eI_all._ZQiO). To re ect thes®bservations in our

simulation, only 20% of the molecular cloud particle mas$/ ¢, turns into an actual

stellar mass,M g (t), over 12tqy, by
Z
Mear (t) = 0:2Myc % °d ° (2.6)
0
=02Mpyc 1 (1+ e (2.7)

SWe point out that the usual terminology of star particle to represent 1 10°M has been
a misnomer. We therefore make each of our particles to be 800d@ , regarding it as a molecular
cloud gradually spawning stellar mass in it. These particls are still collisionless and do not fully
represent the real nature of molecular clouds. However, wengphasize that our molecular cloud
particles harbor a slow star formation rate matching obsenations.
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where = (t te)=tayn. Inthis formulation, the production of the stellar mass peks
at tgyn. As 7.5 10 7 of the rest mass energy dfl « is gradually deposited into the
cell in which the patrticle resideg this thermal stellar feedback replenishes the energy
loss to radiative cooling. At the same time, the rest of the mecular cloud particle
mass, 0.8y, slowly returns to the gas grid. This again re ects the fact hat most
of the gas in GMCs does not end up locked in stars in a few dynaral time, but is
blown out into the ISM to be recycled. Meanwhile, 2% of the ep¢ed mass is counted
as metals, contributing to the metal enrichment of the ISM (8e Figure[ZB).
Overall, our feedback treatment corresponds to the energy d0° ergs for every
750 M of actual stellar mass formed. Although Type Il supernovaexplosions are
its dominant source kSp.Ltﬂr_lﬂdd._'[a.&Kemn.d_BmL L_ZidM) this feedback also
models various other types such as protostellar out ows (Li , 6;
|N_a_kamu,|;a_and ,12008), photoionization |(McKee! 1989), andtellar winds (Oey
et al., @U. Therefore no explicit time delay is necessabetween the formation
of a molecular cloud and the start of stellar feedback. Thishermal feedback heats
the mass of 10°M ina< 30 pc cell up to 10’ K, but a multiphase medium

dMLKﬂ&andﬂﬁlﬂk&,M) is naturally established withouusing any sub-resolution

model. The so-called overcooling problem_(Somerville_andifack, |1999; Balogh

et al., 12001) is absent in our simulation since the coolingnie of these hot cells is

much longer than the sound crossing timGL(.Klm_eLELILZQDQ).

2.2.6 Accreting Massive Black Hole (MBH)

A 10°M massive black hole (MBH) is put as a seed at the center of eadmslated
galaxy. Itis treated as a collisionless sink particle, butrgws in mass by accreting gas

4Assuming the Salpeter initial mass functiondn=dM / (M=M ) 23 in a star cluster (Salpetef,
M), the fractional mass which ends as Type Il supernova ($ll, > 9M ) is 1.2%. Thus, xing
the mass of each SNII to be M we inject 10°*ergs per 9M /1.2% = 750 M  of the stellar mass
formed. This ratio 10%%ergs/750M =1:3 10" ergsM ! equalsto 75 10 7 of the stellar rest
mass energy.
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from its surroundings. We estimate the rate of accretion byrneploying the Eddington-
|é;é§“i§él2)

limited spherical Bondi-Hoyle formula kBD.D.d.I_a.n.d_I:ID;LIIEIJQA

Mgy = min(Ms ; Mgdd) (2.8)
2\ 2
02 r 7C

whereMgy is the mass of a MBH; is the sound speed of the gas at the cell the MBH

resides in,m, is the mass of a proton, and r is the Thomson scattering cross-section.

Note that, when compared with Eq.LZ1) the nondimensional grameter is absent.
g IS the density at the Bondi radius

M gH 10 kmes 2

2 8.6 pc TOM o ; (2.10)

2GM
Rg = GMgy

and is extrapolated from the density 445 Of the cell of size x where the MBH resides
by

B= gas MiN(( x=Rg)*>;L0)< g (2.11)

Here anr 372 density pro le is assumed inside the sphere &g (kA[a.ng_e.LalHZle)
Adopting a radiative e ciency , = 0:1 for a non-rotating Schwarzschild black hole

vl 1973 Booth and Schaye, 2009), the Gdgton rate for a

10°PM black hole is' 0:002M yr 1H To minimize any numerical artifacts, the gas

mass accreting onto the MBH is uniformly subtracted from gd cells within a Bondi

5 The Bondi accretion rate estimate at the molecular cloud fomation threshold n = Nyes =
125cm % andcs =10 kms lis

Mg ' 0:004 Mgy =10°M )2 M yr % (2.12)
bigger than the Eddington rate,
Meggg © 0:002 Mgy =10°M )M yr L (2.13)

Therefore the density threshold for molecular cloud formaton does not limit the accretion rate at
any time. To put it in another way, because the Bondi accretion rate can surpass the Eddington
rate in dense clumps ofn  ngyes, the Eddington limit should play a crucial role in restricti ng the
accretion.
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radius. The MBH also inherits the momentum of the accreting ag.

Most importantly, to probe the gas dynamics accreting ontotte MBH and to
fully incorporate the MBH in a galactic simulation, it is imperative to always reach
the resolution close to the Bondi radius around the MBH. To r&olve the gas around
the MBH with the best resolution available, eight nearby cés$ close to the MBH are
required to successively re ne down to 15.2 pc (proper) atlalimes. In practice,
the MBH naturally sits at the densest region most of the timesurrounded by many
nest cells. While our spatial resolution is still slightly too large to resolve the Bondi
radius of a 10M black hole, Eq.[ZID), it is enough to resolve the Bondi raidof
more massive MBHSs such as in nearby X-ray luminous galaxies.d. 120 pc for
SMBH in M87,; |A]J_en_e1_a.L|lZOD_IS) This shows that our simulatins are beginning to
depict the self-consistent coevolution of both galaxies diMBHSs in one comprehensive

framework. Admittedly, this resolution is still far from the Schwarzschild radius of
any black hole
_ 2GMgy

M
Rsen= g ' 10 °pe oot (2.14)

which is needed to thoroughly describe its accretion disk. U2 to our resolution limit,

a MBH particle in our framework represents not just the blackhole itself, but also
includes accreting gas and stars deep within the galactic cleus; in other words,
the Bondi-Hoyle accretion estimate does not accurately metithe physics below the
resolution limit (See X&32).

We note that, even without the aid of the boost factor (unlike in Eq.(E1), the Bondi estimate
in our simulations can surpass the Eddington limit, and aveages at 0.2 - 0.6Mgq4q in the reported
simulation (See X3Z4). In other words, had we used the boost factor the Bondiestimate would
have been almost always limited by the Eddington limit. It is partly because the gas density in our
simulations reaches up ton = nyes in the nest cells. It also justi es our choice of not employing the
boost factor which has been common in the previous work. Hower, the omission of the usual boost
factor doesnot indicate that our calculation can capture the turbulent accreting ow around the
MBH accretion disk. No contemporary galactic scale simulaton - including the reported simulation
- has ever captured the turbulent interstellar medium well below the typical resolution limit. Hence
many other models for the accretion estimate are equally aplicable in galactic scale simulations,
including the Bondi formula with a boost factor parametrized by the gas density (e.g. Booth and
Schaye 9).
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2.2.7 Massive Black Hole Radiative Feedback

We now turn our attention to the feedback of an accreting mass black hole. The
gravitational potential energy of the gas accreting onto alack hole is extracted during
the gravitational infall. Assuming an infall down to the innermost stable orbit of an
accretion disk, the conversion rate from the rest mass engrgp feedback energy is
10%, previously de ned as the radiative e ciency ,. Hence the bolometric radiation
luminosity of a MBH is

Len = rM-BHC23 (2.15)

As was discussed earlier, for a long time thermal energy deposition has been the

dominant strateg

legari et al.,lﬁ

) for other approaches). Without question, it has beean e ective approxima-

tion characterizing the impact of an accreting MBH on a reseéd scale when su cient
resolution or full radiative transfer is inaccessible (Sefigure lZZ(C);l.Sp.Ung.eLel.a'.,
). Despite its practical e ciency, however, better fedback models are imper-

ative for high-resolution galaxy formation studies wherehe Bondi radius is starting

to be resolved. In the next two sections, we explain the detad implementations of

two modes of MBH feedback: radiative and mechanical. The theal feedback model
previously used can be regarded as an approximation of thewe® feedback channels
combined.

Although the radiation from the MBH in a galaxy was tested in pherically sym-

metric_or axisymmetric models Poaa et a Ob Ciotti

et al.,2009] Kurosawa et dll, 20 mmwa,three dimensional radia-

tive transfer calculation of the impact of a MBH has never beeperformed in galactic

scale simulations. In what follows, we treat the MBH as a poirsource of radiation
and carry out a three dimensional transport computation to eolve the radiation elds
(See FigureZHK(A); note that molecular cloud particles araot treated as radiation
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sources). Achieving high resolution around the MBH is critial here because, if oth-
erwise, the optical depth of the radiation could be small eveat the smallest resolved

distance from the MBH ._O_mma_e.La.I.,l_ZO_d4).

Enzds radiative transfer module incorporates the adaptive rayracing technique

(lAb.eLa.ndAAla.nd.elJ, |ZO_Qb) with the hydrodynamics, energy, ah chemistry solvers.

It has been applied to problems such as the radiative feedlkatrom Pop Il stars

(IAb_eI_et_a.L], hODf;MBe.aad.AbJﬂ..ZOﬂ)iﬂise_edadem) aricom Pop 1l black
holes kAhLa.Lez_eLaJ.,l_ZQdQ). For algorithmic and numericalletails of Enzo radiative
transfer we refer the readers tl)AALiﬁf_a.nﬂ_AﬂeL(ﬁﬁD)and, here we brie y describe

the machinery relevant to the presented results. First theuminosity of the MBH
is assigned by EqI[ZZ15). Then 768 (= 12 43; Healpix level 3) rays are isotropically
cast with a monochromatic energy oEg, = 2 keV, a characteristic temperature of an
averaged quasar spectral energy distribution (SED: Sazqn_QLa]__,Jzooll 2005; Ciotti
and Ostriker, 7ﬂ Consequently the number of photons per each initial ray is

Len dtpn _  (Mgn dtpn)c?

P.. = =
" T Epn 768 E,n 768

(2.16)

given the photon timestepdt,, which we set as the the light-crossing time of the
entire computational domain. This choice is justied becase the photons are in
a free streaming regime, and the energy deposited by the ration per timestep is

relatively small. Each ray is traced at speed until the ray reaches the edge of
the computational domain or most of its photons (99.99995%gre absorbed. It is

adaptively split into four child rays whenever the area asstated with a ray becomes
larger than 02 ( x)? of a local cell.

5Aimed to be the primary reference for the Enzo radiative transfer module, [Wise_and Abél
(M) carefully details the Enzo radiative transfer machnery both physically and algorithmically,
encompassing the implemented physics relevant to many apjgations including MBH radiation.

7 A characteristic temperature of the quasar SED is estimatedby equating Compton heating
and Compton cooling by the given SED [(Sazonov et &l.l 2004). Merefore it can be considered as
the temperature of a Comptonized hot plasma in the vicinity of the MBH, which is represented by
our MBH particle resolved only by 15.2 pc. Note, however, tha the choice of the monochromatic
photon energy, Epn, does not change the total luminosity of the MBH, nor does it geatly a ect

the nonrelativistic Klein-Nishina cross section for Compton scattering, «n , in the regime of Ep,
MeC2.
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Table 2.1 Simulation Suite Description

Physics' Sim-SF Sim-RF  Sim-MF  Sim-RMF
Molecular cloud formation (See{ZZ.2)
Stellar feedback (SeelZZ3)
MBH accretion (SeeZZH)
MBH radiative feedback (SeelZZ1)
MBH mechanical feedback (SedZZ3)

8For detailed explanation, see the referenced section. = included, = not included.
8For detailed explanation, see the referenced section. = included, = not included.

Photons in the emitted ray then interact with the surrounding gas in three ways:
they (1) ionize the gas, (2) heat the gas, and (3) exert momanh onto the gas. First,
the ray loses its photons when it photoionizes H, He, and Hewith the respective
photoionizationrates of

_Pin(1 e ")EpmYinu=Ein)

Ko = 2.17

o i X)Pdty (247
_ Pn(1 e He)(Ethk;He:Ei;He)

Kph:He = Mol X)3dton (2.18)

Kohiher = Pin(l_ € ) (2.19)

Nye+ ( X)Sdtph

where P i, is the number of photons coming into the cell,; = ny wdl is the opti-
cal depth, ny is the hydrogen number density,  is the energy-dependent hydrogen

photoionization cross-sectionl_(Mem.eLeLililLlQ 6}l is the path length through the
cell, and E; = 13:6; 24:6; 544 eV are the ionization thresholds for H, He, He re-
spectively. The factorsYy are the energy fractions used for ionization when secondary

ionizations are considered_(_ShulLa.ndJa.n_S.Leeahle{g_leS)

Second, the excess energy above the ionization threshdi, heats each of the

8Yin =0:3908(1 x0:4092)1:7592 gnd Yy. e = 0:0554(1 x9:4614)1:6660 gre tted as a function of
an ionization fraction X = Nny+ =NH.ot ' Npe+ =NHe:tot ; the e ect of secondary ionizations on Hé
can be ignored.
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species with thephotoheatingrates of

= ;etc 2.2
(%G, o (2.20)

whereY is the fraction of energy deposited as heat when secondaryigations are
taken into accountH The 2 keV soft X-ray photon can also scatter o and heat an
electron resulting in the Compton heatingrate of

_ I:)in(l € e) E(Te)
- ne( x)3dtyn

(2.21)

where . = ne kndl is the optical depth, ne is the electron number density, «y IS

the nonrelativistic Klein-Nishina cross-section'( 7 ; icki ' , ),

and E(Te) =4keTe (Epn=meC?) is the nonrelativistically transferred energy to an
electron at Te (Ciotti iker| EO_Q]|). It should be noted that, in Compon
scattering, a photon loses its energy by a factor of E (Te)=Epn, but essentially keeps

propagating without being absorbed. However, in order to ntel this with monochro-
matic photons, we instead subtractP j,(1 e °¢) E(Te¢)=Eyn photons from the ray.
This is another way a ray loses its photons while traveling tiough a cell. Combined,
the total heating rate by absorbed and scattered photons bemes

= Ny gt Npe Het Nper Her T Ne ¢ (2.22)

Lastly, photons exert outward momentum to the gas when theyra taken out
from the ray either by photoionization or by Compton scatteing. It was claimed
that the radiation pressurefrom the MBH may markedly alter the environment near

the MBH, especially within 0.1 kpc in radius kl:l.a.e.hn.e't,l.lQElSLD_eB.uhr_eLJil.,

). The large-scale galactic wind driven by deposited pton momentum is also

considered as a possible explanation for thd gy buige relation ,

°Note that Y = 0:9971[1 (1 x%2263)1:3163] gpproaches 0 when the ionization fraction gets
close to 0. In other words, when the ionization fraction is lav photons are preferentially used to rst
ionize the gas rather than to heat the gas.
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M). The added acceleration onto the cell by the radiatiopressure is calculated by

dp ph _ P lost E ph

= 2.23
Mcedtpn gas( X)SCdtph ( )

wheredpyy, is the photon momentum exerted onto the cell imlt,,, P o5 IS the number
of photons lost in the cell, and* is the directional unit vector of the ray. Neglecting the
radiation pressure on dust grains is conservative because inclusion would further
enhance the negative feedback e ect (Se&2).

2.2.8 Massive Black Hole Mechanical Feedback

Observations nd that a signi cant portion of the energy extracted during the accre-
tion onto a MBH is released as mechanical energy, creatingobiar jets (Bridle and
Perle 4 Pounds et all. 2003) or in ating cavities (Faln et all,[2002; McNamara
et al., @) at the sites of active galactic nuclei (AGN). A amber of authors have
used a numerical approach to explore the e ectiveness of geih heating up a cooling
ow (iEa.b'La.n_eLa.L. I].9.9A;|Ee1&ts.o.n_a.n.d_Ea.b'LArl._20_b6); most dhem targeted the gas
dynamics in galaxy clusters with kpc resolution excluding detailed galactic scale
physics (e.q. I._mi) ._Cattaneo_and Tevsif G¥htonuccio-Delogu
and Silk, IMI LO). In the meantime, a numeal analysis on stellar
winds from nuclear disk or MBH jets has been carried out in a tgctic scale, but
only in an one dimensional contextl.(QLolLLeLa.l.].ZO.dd_ZO.llJB.hin_eLa.ll,lZOlb) Here,
we construct a mechanical feedback model of a MBH applicablethree dimensional
galactic simulations, which creates accretion-rate-depdent subrelativistic bipolar
jets launched at the vicinity of the MBH (See Figurd=Zl4(B)).

Let us assume that all of the bolometric luminosity of the MBH L gy, is converted
to the \mechanical" power of jets. Because the ejecta has tdirob out of the potential
well of the MBH, the \kinetic" power of the jets is less thanLgy by

Len = Pmech (2.24)
= Pyin + (gravitational potential energy): (2.25)
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Therefore the \kinetic" power of the jets, as we introduce at scale ofRjet =2 X =
30:4 pc, can be written as

Piwin = knlen = «in rM-BH I\A-jet et (2.26)

where i, < 1 is the \kinetic" coupling constant denoting the fractiond energy
available for the kinetic motion of the jets (See Figuré_2.4&)). M. is the mass
ejection rate of the jets, andvj; is the jets velocity when introduced in the simulation.
Hence i, encapsulates not only the acceleration of the jets powereg the AGN
central engine, but also the gravitational \redshift" from the scale of an accretion
disk ( Rsen) to a resolved scale of jets in simulations ( Rjet). I(;imti_el_al..l(}ﬂo.d)
provides estimates for a MBH of = Mgy =Mgqq = 0:005 as

_ Pkin _ 0:0125 , .
= s = i dooys | 00018 (2.27)
o Mo 02 L gy (2.28)

Mgy  (1+1000)4

based on which we ducially adopt conservative values of, =10 % and j = 0:05.
With i, and j& now xed, the kinetic motion of the jets can be fully describd.
First, as usual, out of a sphere oRg centered on the MBH the accreting mass is
taken out at every nest hydrodynamical timestepdt; then 5% of the accreted mass,
Mie:dt = 0:05 Mgy dt, is set aside as a mass of jets. Now HGQ.[2126) yields the ialti

jet momentum, (Mje;dt)Vijer, with

Viet = C Zkn " _ 6000 kms ! (2.29)

for , = 0:1. This value ofvi is consistent with numerous observational evidence (e.g.

|B|r_ena_a.nd_,]unm] hQﬂilﬁLlumLel_a' Md._uaman_et_lal._zdo and relativistic MHD
simulations (e. gIALLaha.kls_a.nd_Kng IJ_ZO_dELZO_dM) suggeyy the existence of at least

mildly relativistic AGN jets on scales of 1 - 10 pc from a centl engine. This Vg

is also well-matched with the velocity of momentum-driven &N winds discussed by
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@ (M). Finally the launch speed of the surrounding dslis found by averaging
the momentum of jets and the preexisting gas in those celis_aﬂg_e.t_a.ll.,l.Zle).

One may want to continuously launch the jets at every nest hgrodynamical
timestep. However, if the injected mass of jets is minuscu@®mpared to the preex-
isting mass in surrounding cells, the jets make little or noyhamical impact on the
surrounding cells after being mass-weighted averaged wittiem. Since it is unfeasi-
ble to resolve all gas cells around the MBH down td,;dt, an alternative approach
is indispensable. Moreover, there is growing observatidnevidence of double-lobed
radio galaxies (or double-double radio galaxies; DDRG) infying that the jets have
launched in an episodic fashion with jets interruption timecales of 19 -1C¢° years

W,MWI.L@G). These two considerats lead us to adopt the

following method: every time the accumulated jet mass, My dt, exceeds the thresh-

old of 300M it is injected in collimated bipolar jets of a width of ve ne st cells in
the vicinity of the MBH. This approach renders jets intermitent (once every 30 Myr
if Mgy =10 °M yr ) and dynamically important in our calculation.

The jets are injected parallel and anti-parallel to the toth angular momentumL
of the accreted gas up to that point. The angular momentum véar L changes its
direction frequently while it asymptotes to the overall gadctic rotation axis. This
implementation is motivated by the observations of X-shapkradio galaxies (XRGS)
where the radio jets rapidly reorient themselves by the intaction with the surround-

ing gas or by mergersLLMﬂLdn_and_EkelsLZO.M;ﬁ_Qpal;KLiﬁtmeLaﬂ,lﬂlQh). Lastly,

since the mechanical or the radiative feedback alone may ndéscribe the whole pic-

ture, we include hybrid models in which each of these two chaels constitutes half
of the MBH bolometric luminosity, Lgy (Sim-RMF; see TableZ11).

Note that the mechanical channel has not been a main driver ®BH feedback
in the presented calculation because, with highly suppress$ mass accretion rate, jets
have launched only a few tens of times in 350 Myr (Se@Z2). We later comment
upon its e ciency in X62.



Chapter 3

Galaxy Formation with Stars and
Massive Black Holes

\Watch the stars, and from them learn. To the Master's honor lA must
turn, each in its track, without a sound, forever tracing Neton's ground.”
| Albert Einstein (1879-1955)

Using the computational techniques described in Chapt&l 2/e investigate the co-
evolution of a 92 10'M galactic halo and its 16M embedded MBH at redshift 3
in a cosmological CDM simulation. The MBH feedback heats tle surrounding inter-
stellar medium (ISM) up to 1¢° K through photoionization and Compton heating and
locally suppresses star formation in the galactic inner cer The feedback considerably
changes the stellar distribution there. This new channel deedback from a slowly
growing MBH is particularly interesting because it is onlydcally dominant, and does
not require the heating of gas globally on the disk. The MBH ab self-regulates its
growth by keeping the surrounding ISM hot for an extended pé&rd of time.

This paper will be the rst in a series that assembles a numbesf high-resolution
galaxy formation simulations with self-consistently moded stars and MBHs. This
article is organized as follows. The initial condition of ousimulation is the topic
of X31. X33 is devoted to the results of our experiments, with an empkis on the
feedback-regulated star formation and black hole growth. iBcussed in{33 are the
summary and conclusions of this work.

57
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This chapter is a part of the publication submitted to The Astrophysical Journal
which is coauthored by John Wise, Marcelo Alvarez, and Tom Ad.

3.1 The Simulations

The improved physics of galaxy formation are rst extensivg tested in isolated galax-
ies. We then apply them to a massive star-forming galactic kmof 92 10''M at

redshift 3 in a cosmological CDM simulation. We begin by desribing how the initial

conditions of our simulation are generated.

3.1.1 Setting Up A 10?M Halo

A three dimensional cubic volume of 16 comoving Mpc on a side set up atz = 60
assuming a at CDM cosmology with dark energy density = 0:73, matter density
m = 0:27, baryon density , = 0:044, and Hubble constanth = 0:71 (in the unit
of Hp = 100km s *Mpc 1). A scale-invariant primordial power spectrum (spectral
index n = 1, Eis.ens.LeLn.a.n.d.I:lL,l.lQﬁ9) is adopted with g = 0:81, the rms density

uctuation amplitude in the sphere of 8h Mpc.

We identify a dark matter halo of 10**M at z = 3 by performing a coarse-
resolution adiabatic run. Then we recenter the density eldaround this halo and set
up a new initial condition which preserves the same largeae power yet contains a
small-scale power as well, with a 13800t grid and a series of two nested child grids
of twice ner resolution each (168 cells for levell = 1, and 20C® for | = 2). Therefore
the nest nested grid at levell = 2 spans 6.25 comoving Mpc on a side, contains 200
dark matter particles of 96 1(°M , and manifests the equivalent resolution of a
512 unigrid. Initially all the cells throughout | = 2 grids are allowed to be further
re ned; however, the volume in which additional re nement § enabled ¥ ¢ ; in the
shape of a rectangular solid) continually shrinks in size isuch a way that it encloses
only the smallest dark matter particlesH An initial metallicity of Z =0:003Z is also
set up everywhere to track the metallicity evolution and to &cilitate cooling below
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Fig. 3.1.| A projected density of the simulation box (16 comoving Mpc) at z = 3 is displayed on the right; circles
represent the identi ed massive halos. On the left a:2 10"'M halo, i.e. the model galaxyis shown in a 200
kpc box (proper). High-resolution images are at http://wwwjihoonkim.org/.
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10* K.

Our initial condition is rst evolved to z = 3 with a low-resolution (121.6 pc)
re nement strategy and a particle formation and feedback @pe, without an accreting
MBH. At z = 3 we split each dark matter and star particle inside the focsed volume

(V 1oc; @ rectangular hexahedron of 1.28 comoving Mpc on a side, &sat ofV ) into
13 child particles using the particle re nement technique YKitsi i

). This algorithm places child particles on a hexagohalose packed (HCP)
array, and has been applied to many particle-based appliéahs requiring enhanced

particle resolution in a resimulated region (e.d..Bromm anHoeb, 2008; Kitsionas and
Whitworth, ; lYoshida et al.,[2008). After the particle plitting procedure, each
dark matter particle in V. represents a collective mass of 74000 . AcrossV toc

cells are now allowed to re ne up to 11 additional levels, a@ving maximum spatial
resolution of 15.2 pc az 3 (SeeZZ2).

3.1.2 Galactic Parameters

Consequently, this process produces our focused objectzat 3 dubbed a model
galaxy on which a suite of high-resolution simulations is perfored (Figure[3). The
model galaxy has a mass ofl,;; ' 9:2 10'M at z =3 and a corresponding virial
radius of

1=3

2h2
1=3 Hoh m c

RVir = Mvir 2G

310 comoving kpc (3.1)
givenh = 0:71, ,, =0:27, and . = 200. The dark matter halo represented by
1:1 10 particles constitutes 88% of the total mass. About 1:0 10’ particles
contain 80 10'°M of stellar mass, whereas the rest;;3 10°™M , is in gaseous
form available for future star formation, either in the ISM @ in the embedding halo.
There is no shortage of gas supply, as the gas from outside tino continuously falls
inward either by spherical accretion or by cold accretion ahg one of the multiple

1This active adjustment on the size ofV ¢ prevents heavier dark matter particles of initial | = 0
and | =1 grids from penetrating the central region of a simulation box, thereby causing runaway
re nement. Typically Vs becomes 60% of the entirel = 2 region in length at z = 3, which is
still large enough to encompass the Lagrangian volume of a 10*?M halo at z = 3.
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laments (b_ekel_et_all, |ZOD_13;|_CﬂLeL'Ln.Q_et_AI.._2Q10). The halhas spin parameters

of 0.051 for dark matter, and 0.069 for gas. At the center ofldies a 16M MBH

we plant as a gravitational seed. This choice of the initial MH mass lies below
the lMa.g.Q.LLLa.n_eLa.l' .19_Qb) relationship assuming 10% of thstellar mass is in the
bulge, which may have resulted in a weaker mode of MBH feedlae possibly a
\radio-mode" analogue - and the negligible gas expulsion ihe MBH (See X322
and X3.2.4). Therefore the reported results should not be interpted as a general

picture of MBH feedback. It remains to be seen whether more ssive MBHs or fast
growing MBHSs have di erent e ects. We will come back to this ssue inX32242.

3.2 Results

A suite of simulations with optional modes of feedback is permed fromz = 3
to 2.6 in order to investigate the evolution of a massive stéorming galaxy with
its embedded massive black hole. We mostly focus on two simtibns, one with
and the other without MBH feedback (Sim-SF and Sim-RMF; Taks [Z1). Each of
the calculations is performed on 16 processors of the Oran@esteg at Stanford
University. Grids and particles altogether, each simulatin is routinely resolved with

6:;5 10’ total computational elements ( 4.5 10 particles and 27 cells).
To evolve the system for 350 Myr, each of these runs typicaltpkes 20000 CPU
hours.

3.2.1 Star Formation Rates

First we check the validity of our molecular cloud formationcriteria (¥2Z3) and
stellar feedback ZZ3) by comparing star formation rate (SFR) with gas densi.
Figure [32 displays a relation between the SFR surface deysand the gas surface
density in Sim-SF atz = 2:75. In a (20 kpc} box centered on a MBH, each data
point is made by taking the mean values in a (1 kpé)bin, the typical aperture size

of srr gas Studies for spatially-resolved nearby galaxies (e.Q._Keientt et al

2In niband-connected AMD, 8 cores per node, 4 GB memory per coe
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Fig. 3.2.] The relationship between star formation rate (SFR) and gas surface
density. The data is from a (20 kpc) box centered on a MBH in Sim-SF atz =
2:75. The solid line is the best t for simulated data while the éshed line is from
observations of nearby galaxies (ser /  L4; Kennicutt, 1998).

@). Here EqIZI7) is used to calculate the stellar masswig spawning in each cell,
and the data points below the observation limit, 10°M yr ‘kpc 2, are discarded.

The molecular cloud formation and stellar feedback, joinedith high spatial reso-
lution, work together to self-regulate star formation. Howver, authors note that our
best t to this particular snapshot of the galaxy is steeper han the observed trend
of z 0 with larger dispersion.

3.2.2 Lack of Star-forming Gas in the Inner Core

Now we turn to the topic of an accreting massive black hole ant$ feedback. We focus
on how MBH feedback changes its surrounding ISM, and how itdally suppresses
molecular cloud formation. For this purpose, we hereafterxamine the snapshot of
the model galaxy atz = 2:75 (or 2410 Myr after the Big Bang), about 220 Myr after
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Density (g/em?)

Fig. 3.3.] The face-on views of the disks. Density in the cental 20 kpc (proper)
sliced through the MBH (black dots at the centers) az = 2:75, about 220 Myr after
the MBH is placed. Sim-SF on the left, and Sim-RMF on the right Compare with
Figure[33.

Sim-RMF

Temperature

Fig. 3.4.| The face-on views of the disks. Temperature in thecentral 20 kpc (proper)
sliced through the MBH (white dots at the centers) atz = 2:75. Sim-SF on the left,
and Sim-RMF on the right. A hot region of a size 2 kpc in Sim-RMF heated by
MBH feedback is prominent, which remarkably contrasts witta much colder ISM in
Sim-SF.
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Fig. 3.5.] The mass-weighted radial pro le of temperature in a 20 kpc sphere cen-
tered on the MBH at z = 2:75. The red solid line and the green dashed line represent
Sim-SF and Sim-RMF, respectively. The temperature within 2 kpc radius is raised
mostly by the radiation from the MBH.

an accreting MBH is placed at the center of the galaxy. The mad galaxy now has
amass ofM,; ' 9:0 10"M and correspondingly, a virial radius oR,;; ' 80 kpc
(proper; radii are hereafter in proper kpc, not comoving, uess marked otherwise).
When a MBH starts to accrete gas, the gravitational potentinenergy of the
accreting gas is released in the form of radiation and jets. vén in the case of a
slowly growing MBH, as in our simulations (a possible \radianode" analogueMzgy
0:05Mgqq; seeX3Z3), the feedback from the MBH is known to play a major rolen

regulating_star formation and its own _growth Eﬁ;mtgn et al.,2006; McNamara and
Nulsen, 7\ Sijacki et all,_2007; ' alz(l)08).

The density and temperature structures in the central regios of the galaxies
from Sim-SF (left; without MBH feedback) and Sim-RMF (right, with radiative and
mechanical MBH feedback) are shown in Figurés_B.3 afd13.4. particular, in Figure
E3 for Sim-RMF, a hot region of size 2 kpc surrounding the MBH is prominent,

which remarkably contrasts with a much colder ISM in Sim-SFThis region is heated
up to 1 K by ionizing photons heating hydrogen and helium, and scadting o
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electrons. The latter, i.e. Compton heating, is important specially in a highly
ionized region. When the fractions of neutral species (omgjly ionized He) are low,
the e ect of photoheating on H, He, and Hé is mild; instead, the contribution of
Compton heating on electrons is relatively large. The hot teperature at the center
of SIm-RMF is also evident in the radially averaged temperate pro le of Figure [Z3.
Note that the 1-2 kpc distance over which the gas is heated i®rsistent with the
characteristic distance found in an analytic study (Figuret of |_Sazo.nmLe1_all.LZO_<|)5)
out to which the gas is heated by photoionization and Comptoscattering.

A hot temperature in the inner core of the galaxy in Sim-RMF lads to a signi cant
deprivation of cold, dense star-forming gas. FiguteZI1Qustrates how the structure of
ISM is changed by MBH feedback, in terms of joint probabilitydistribution functions
of gas density and temperature.

The left gure depicts a typical ISM without MBH feedback but still with stellar
feedback (Sim-SF). It features a multiphase ISM that is nattally achieved in
adaptively re ned mesh, including cold, dense star-formip gas (T < 10* K,

> 10 2* g cm 3), and hot di use supernovae bubbles. As expected, above the
molecular cloud formation threshold Ques = 125 cm 3; denoted by a dashed
line), gas cells immediately turn into molecular cloud pairtles, and thus no cell
is left behind unresolved.

On the right, the gas cells of density> 10 ?* g cm 3 are now heated up to
10° - 10’ K, populating zone \A". These cells are mostly located on thelisk
in relatively close proximity (< 2 kpc) to the central MBH. These cells are
very stable against fragmentation because they are so hotahthey can barely
cool down to a typical molecular cloud temperature in a dynaroal time (i.e.
tcool tayn). For that reason, the cells have hard time to ful Il the condtion
(c) of the molecular cloud formation criteria described indZZ4. The heating
by the X-ray radiation thus increases the amount of dense gasthe vicinity of
the MBH which is incapable of condensing into stai$.

3Some hot gas cells above the molecular cloud formation thré®ld still exist on this PDF, not
turning into particles (zone \B"). While it is due to the viol ation of one of the molecular cloud
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Fig. 3.7.| Spherically-averaged radial gas density pro les centered on the MBH atz = 2:75. In each panel, the red
solid line and the green dashed line represent Sim-SF and SRMF, respectively. Left: in Sim-RMF the radiation
from the MBH keeps a large amount of gas at the galactic cent¢green dashed line) compared to Sim-SF (red
solid line). Only a minimal fraction of the gas within 0.2 kpcradius is below 16 K (the cyan dot-dashed line)
whereas in Sim-SF, 10 - 30% of the gas in the same region is abered to be cold (the pink dotted line). The blue
thin dotted line shows the density pro le atz = 3. Right: star formation rate (SFR) density shows signi cantly
suppressed star formation activity in the central 0.2 kpc dgere.
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Therefore, the feedback from even a slowly growing MBH retas hot dense gas at
a galactic center which otherwise could have created strostar formation. Figure[3T
dramatically demonstrates the distinct changes in radiall averaged density pro les
when MBH feedback is included.

The left gure of gas density pro les displays that the radidgion from the MBH
keeps a substantial amount of gas at the core of the galaxy,dmhibits the gas
from all turning into stars. The total gas density of Sim-RMF(the green dashed
line) at 0.1 kpc from the MBH is about 5 times as high as that of Sim-SF (the
red solid line). The thin blue dotted line represents the inial pro le of gas at
z=3 when the simulation restarts with 15 pc resolution. Howeer in Sim-RMF,
only a minimal fraction of the gas within 0.2 kpc radius is bew 10 K (the
cyan dot-dashed line) whereas in Sim-SF, 10 - 30% of the gaghie same region
is considered to be cold, thus potentially star-forming (te pink dotted line).

The deprivation of cold dense gas in Sim-RMF inevitably propts the sup-
pression of star formation activity in the inner core of the glaxy. The right

gure reveals the star formation rate density (inM yr ‘kpc 2) as a function

of distance from the MBH. Eq.[ZF) is again used to calculatthe new stellar
mass being generated in each cell. The SFR density of Sim-RM 0.1 kpc

from the MBH is reduced by more than 50% when compared with that of
Sim-SFH Overall, the X-ray radiation from the MBH severely suppresss the
SFR of Sim-RMF inside the 0.2 kpc sphere.

The gas masses enclosed within a radiusMy.s(< r), are plotted in Figure [3.3,
showing the impact of MBH feedback as a powerful energy soarto reshape the
galactic gas distribution. Sim-RMF harbors 2.5 times more gas (B 10°M )
within 0.2 kpc than what Sim-SF does (81 10’M ), but almost none of this gas is

formation conditions (tcoor < tayn), We emphasize that the thermodynamical properties here a
unreliable as they are above the resolution-dependent moteilar cloud formation threshold.

4 Note that since we used EqIIZT) to estimate SFR, each moledar cloud particle will generate
stellar mass for 12tq,,. Therefore the SFR inside the 0.1 kpc sphere would include aumber of
particles that were formed outside the sphere, but have migated inward and are now forming stars
there. This is why the SFR density is not as suppressed as oneould have naively expected from
the density pro le of cold gas.
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Fig. 3.8.] Enclosed mass pro les of total gas and cold gas (T< 10* K) centered on
the MBH at z = 2:75. The red solid line and the green dashed line represent S8k
and Sim-RMF, respectively. Sim-RMF harbors more gas withi®.2 kpc than what
Sim-SF does, but almost none of this gas is below*1K.

below 1¢ K. This gas in the core is not consumed by star formation, nosipushed
away by any mechanical out ow. Note that in Sim-RMF cold gas rass within 10 kpc
is reduced by 50% displaying how far the MBH radiation reaches.

Readers should also note that the enclosed gas masses at tiv@alvradius (80
kpc proper) are almost identical between Sim-SF and Sim-RMkmplying there has
beenno massive gas expulsion driven by the MBHhis is one of the key di erences
from previous numerical studies. Very strong gas expulsisnvere frequently observed

in previous studies in which the MBH feedback enerf% is onlyhérmally deposited

to a few neighboring gas particles (e.é__SD.LLng_el_etJ . In contrast, most of
the gas is still bound to our simulated galaxies because (e energy released from

our slowly growing MBH is relatively small (a possible \radb-mode™" analogueH (2)

5 This is valid only for the results presented herein in which he mass accretion onto the MBH
is highly suppressed by self-regulation. It remains yet to l# seen whether more massive MBHs or
fast growing MBHSs (for example, in merging galaxies) do or danot unbind the gas from the galactic
gravitational potential. The so-called \quasar-mode" feedback will be the topic of a future paper
(Seexg).
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Fig. 3.9.| Stellar density pro les of total stars and young stars (molecular cloud
particles of age< 100 Myr) in a 20 kpc sphere centered on the MBH at = 2:75.
The red solid line and the green dashed line represent Sim-&kd Sim-RMF, respec-
tively. Locally suppressed star formation at the galacticenter in Sim-RMF leads to
a considerable reduction of stellar density in the region.

the gas mass to which the MBH energy is coupled is large in owadiative feedback
formalism, and (3) the mass accretion rate onto our MBH is nohigh enough to
repeatedly drive jets. Note again that the mechanical chamh of MBH feedback is
not a main driver of feedback in the presented calculation. ie MBH has not doubled
its mass at the end of our calculation (after 350 Myrs; se@.2.4); and, with this highly
suppressed mass accretion rate, jets have launched only & fiens of times in 350
Myr. We come back to the e ciency issue of mechanical feedbain X62.

To summarize, we have shown that MBH feedback, especially itadiation, alters
the multiphase ISM of the surrounding gas and thus deprives¢ galactic inner core of
cold, dense star-forming gas. Two consequences arise fromfiack of star-forming gas
at the galactic center: locally suppressed star formatiorgnd the associated change
in stellar distribution. We discuss these topics in the faliwing sections.
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Fig. 3.10.| Enclosed mass pro les of total stars and young sars (molecular cloud
particles of age< 100 Myr) centered on the MBH atz = 2:75. The red solid line and
the green dashed line represent Sim-SF and Sim-RMF, respeely. The stellar mass
enclosed in the 0.1 kpc sphere of Sim-RMF is about an order ofagnitude smaller
than that of Sim-SF.

3.2.3 Locally Suppressed Star Formation and the Change in
Stellar Distribution

The inner core of the galaxy in Sim-RMF becomes a sterile enenment for molecular
cloud formation (star formation) because the gas is hot andutbulent, therefore
Toomre stable. As a consequence, star formation is suppregdocally in the inner
core, as shown in Figur€37. Figule=3.9 displays how the $&&lmass density pro le
changes in the inner core region as a result of the locally supssed star formation
in Sim-RMF. Again we use the snapshot ar = 2:75, about 220 Myr after the MBH
is placed at the center of the model galaxy. The stellar massuisity at 0.1 kpc in
Sim-RMF is only less than 20% of that of Sim-SF. The mass density of young stars
(age< 100 Myr) shows the similar drastic reduction.

The stellar masses enclosed within a radius Mg, (< 1), are shown in Figure
BT10. The stellar mass enclosed within the 0.1 kpc sphere amSRMF is almost
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Fig. 3.11.| Star formation history in a 0.2 kpc sphere: the mass of new stars
(molecular cloud particles born after the MBH is placed at 20 Myr) inside a 0.2 kpc
sphere centered on the MBH. The red solid line and the greengteed line represent
Sim-SF and Sim-RMF, respectively. Since 2300 Myr the starrdoation activity of
Sim-RMF in this region is suppressed.

an order of magnitude smaller than that of Sim-SF. The suppssed star formation
replaces the steep inner cusp of stellar density pro le witta attened core 0.3
kpc in radius; i.e. stars are less concentrated at the galactcenter of Sim-RMF.
Considering the relatively small amount of energy releasdtbm the slowly growing
MBH, the dierence between these two lines is quite remarkdd. Together with
Figure[338, one expects that the stellar to gas mass ratio ide the 0.2 kpc sphere of
Sim-RMF will be much smaller than that of Sim-SF. Note also tht the total stellar
mass enclosed at the virial radius (80 kpc) is almost indistjjuishable between Sim-SF
and Sim-RMF. In other words, star formation in Sim-RMF is notglobally suppressed,
but only locally suppressed at the center. This is because roMBH feedback is not
strong enough to unbind a large amount of gas (Se@®.Z2), or to globally abolish
cold, star-forming clumps in the entire ISM.

Figure[3I1 exhibits the evolution of the new stellar mass (oftecular cloud particles
born after the MBH is placed at 2190 Myr, or atz = 3) inside a 0.2 kpc sphere
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centered on the MBH. The plot demonstrates that since 2300 Myhe star formation
activity in the inner core of Sim-RMF is suppressed. Naturdy, alteration in the
stellar distribution ensues at the center of the galaxy witlan active MBH. Figure[3 12
strikingly contrasts the distribution of newly-formed stas (molecular cloud particles
of age< 10 Myr).

In the top row, a three dimensional rendering of newly-fornteparticles is con-

structed at a 45 angle from the disk plane. Here the light intensities of
newly-formed particles are integrated along the lines ofgdit. At the center of

the stellar distribution, i.e. the densest peak, lies the MB particle.

In the bottom row, newly-formed stellar masses are projeatealong the z-axis
of the simulation box which makes a 47:2 angle with the angular momentum
vector of the gas within a 5 kpc sphere centered on the MBH. Thaorpholog-
ical di erence at the inner core of the galaxy is particulay evident. Stars in
Sim-SF are highly concentrated at the center, while stars iBim-RMF are less
concentrated but form spiral-like structures at 0.2 kpc radius from the MBH.

In summary, it is shown that MBH feedback suppresses star foation locally at
the galactic inner core, thus signi cantly changing the stiéar distribution there. This
new channel of feedback is particularly interesting becaeist is dominant only in
the local surroundings of the MBH. Unlike stellar feedbackyhich operates globally,
this new suppression mechanism does not require additiorgthr formation and/or
extensive mass expulsion out of the galactic potential.

3.2.4 Regulated Black Hole Growth

Heating by MBH feedback, which locally suppresses star foation, also makes the
MBH to self-regulate its own growth. Figure[:3113 shows the MB accretion history
versus time for Sim-SF and Sim-RMF.

The MBH in Sim-SF has grown exponentially to 3 10°M in 350 Myr, al-
ready about> 30 times more massive than its initial mass of 2 . The MBH
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Fig. 3.13.| Top: black hole mass accretion history. Note tha the mass of the MBH
of SIim-RMF has not doubled during this period, while the MBH 6Sim-SF has grown
exponentially. Bottom: mass accretion rate onto the MBH in lhe unit of Eddington
rate. In each panel, the red solid line and the green dasheddirepresent Sim-SF and
Sim-RMF, respectively.

maintained the accretion rate of 0.2 - 0.84g49 during this time period, corre-
sponding to the unhindered growth of the MBH when there is no ethanism
to self-regulate itself other than stellar feedback.

Over the course of the same period the MBH in Sim-RMF has growwy only
70% to 17 10PM . The heated and diused ISM in the vicinity of the
MBH considerably suppresses the Bondi-Hoyle accretion esate to as low as
0:02 Mgq4q In this period. This indicates that the MBH feedback descried in
previous sections is a possible \radio-mode" analogue whkethe accretion rate
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is  0:05Mgqq (IC.LO.LQn_et_a.Ll |20.0.43). It also presents a potential route tohe

relatively low mass MBH at the center of the Milky Way (3 10°M ).H

Therefore, the feedback from a MBH is con rmed as an e ectivenechanism for
slowing down the accretion of gas onto itself. Without havig to suddenly unbind all
the surrounding gas, the MBH self-regulates its growth by laing up the neighbor-
hood and keeping it hot for an extended period of time. This ding is consistent with
the work by[D_e_B_uhLe_t_a.I] .zm_b), who claimed that the growth ba MBH could be

\self-requlated", rather than \supply-limited" (as in $Springel et all, 2005};; Teyssier

et al., D) where quasar-like MBH feedback drive energetarge-scale out ows to
unbind a signi cant amount of gas.

3.3 Summary

A state-of-the-art numerical framework which fully incorprates gas, stars, and a
central massive black hole is developed. Our simulation,rfthe rst time, followed
the comprehensive evolution of a massive star-forming gajawith self-consistently
modeled stars and a MBH. Our novel framework renders a comf@éy di erent, yet
physically more accurate picture of how a galaxy and its emtdded MBH evolve under
each other's in uence, providing a powerful means in unddaending the coevolution
of galaxies and MBHs. Our main results and new advancementeeaas follows.

1. Molecular Cloud Formation and FeedbackWe have included a new model of
molecular cloud formation and stellar feedback in our codeldZ4 to[ZZ5).
Unlike previous star formation recipes based on the Schmidtlation, a particle
spawns when a gas cell of a typical molecular cloud size, 1%&, actually
becomes Jeans unstable. Then the molecular cloud particleadually produces
stellar mass while returning a large fraction of mass back tbe gas with thermal

6Authors again caution that the initial MBH mass (10 °M ) and nal masses in both Sim-SF
and Sim-RMF lie below the IMagorrian et all (1998) relationshp, when 10% of the stellar mass is
assumed to be in the bulge. The choice of a relatively small itial MBH mass may have caused a
\radio-mode"-like MBH feedback, and a slower mass growth ofthe black hole.
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feedback energy, modeling the observed slow star formatimnmolecular clouds.
Thermal stellar feedback is shown to self-regulates starrfoation (X3221).

2. Massive Black Hole Accretion and FeedbackiWe have successfully developed
a self-consistent model of accretion of gas onto a MBH and itadiative and
mechanical feedback e ects¥ZZ8 to[ZZB). Gas accretion onto the MBH is
estimated with the Bondi-Hoyle formula, but without any bogcst factor, as we
begin to resolve the Bondi radius. Monochromatic X-ray phains from the
MBH are followed through three dimensional adaptive ray traing, rendering
the radiative feedback of a MBH; here, rays of photons ioniznd heat the gas,
and exert momentum onto the gas. Finally, the mechanical fdback of the MBH
is represented by bipolar jets with velocities of 10° km s ! launched from the
vicinity of the MBH accretion disk, well resolved in our highresolution AMR
simulations. Our approach is signi cantly di erent from the previous recipes for
MBH feedback in galactic scale simulations to date (e. lZO_OﬁlJ

'Sijacki_et all, |2007{ Booth and Schale, 2009; Teyssier ef, ), yet more

accurately presents the physics of MBHs when properly inquorated with a

high dynamic range.

3. Locally Suppressed Star FormationBy investigating the coevolution of a @
10''M galactic halo and its 16M embedded MBH atz 3, we show that
MBH feedback, especially its radiation, heats the surrourdg ISM up to 1¢° K
through photoionization and Compton heating and thus locdy suppresses star
formation in the inner core of a galaxy f3.22.2). The feedback also considerably
changes the stellar distribution at the galactic center. Tis new channel of
feedback from a slowly growing MBH is particularly intereshg because it is
only locally dominant, and does not require the heating of gaglobally on the
disk, or instigate a massive gas expulsion out of the galactpotential (X32.3).

4. Self-regulated Black Hole GrowthMBH feedback is also demonstrated to be an
e ective mechanism for slowing down the accretion of gas anthe MBH itself.
Without necessarily unbinding all of its surrounding gas,tie MBH self-regulates
its growth by keeping the surrounding ISM hot for an extendegberiod of time
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({3Z3). Therefore, our results possibly are consistent \ita \radio-mode™
analogue of MBH feedback.

Our method limits the use ofad hocformulation and instead more accurately
models the physics of galaxy formation. As a result, four kegomponents of galactic
scale physics, (a) molecular cloud formation, (b) stellaetdback, (c) MBH accretion,
and (d) MBH feedback, work self-consistently in one comprehsive framework. As an
example, the radiation and jets from the MBH heat up the surronding gas and create
hot regions, but the thermal couplings of the radiative and mchanical energy are
all carried out by the shock-capturing radiation hydrodynanics AMR scheme itself,
not by any presupposed thermal deposition model. In our fraework, one should
also be able to couple small-scale physics (such as molecul@ud formation and
feedback) with large-scale physics (such as quasar-drivgalactic out ows) without
any sub-resolution model. These rst results undoubtedly emonstrate that we can
now develop an unabridged, self-consistent numerical frawork for both galaxies
and MBHs.



Chapter 4

Merging of Galaxies on Adaptive
Mesh Re nement

\The important thing in science is not so much to obtain new fds as to
discover new ways of thinking about them."
| William Bragg (1890-1971)

In hierarchical structure formation, merging of galaxiessi frequent and known to
dramatically a ect their properties. To comprehend thesenteractions high-resolution
simulations are indispensable because of the nonlinear pbog between pc and Mpc
scales. To this end, we present the rst adaptive mesh re neeamt (AMR) simulation
of two merging, low mass, initially gas-rich galaxies (8 10'°M each), including
star formation and feedback. With galaxies resolved by2 10’ total computational
elements, we achieve unprecedented resolution of the mpliase interstellar medium,
nding a widespread starburst in the merging galaxies via sitk-induced star forma-
tion. The high dynamic range of AMR also allows us to follow té interplay between
the galaxies and their embedding medium depicting how galéx out ows and a hot
metal-rich halo form. These results demonstrate that AMR povides a powerful tool
in understanding interacting galaxies.

The results are published inThe Astrophysical Journal Letters 2009, Volume 694,
L123, and in First Stars Ill Conference AIP Conference Proeelings, Volume 990, pp.
429-431 (2008). These articles are coauthored by John Wisedalom Abel.
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4.1 Introduction

EIEZ
\merger hypothesis™), but also in constructing large scalstructures from the bottom
up (Whi _19j8, \hierarchical structure formatin™). Because of the nonlin-
ear coupling between pc (star forming regions) and Mpc scalé&he distance at which

Decades of work have been devoted to the study of interactirmgpnd merging galaxies,
as they play essential roles not only in shaping present-dagalaxies ﬁ

tidal interactions occur) accurate numerical studies aramperative to comprehend the
evolution of interacting galaxies. Although the morpholog of merger remnants has
been well reproduced by N-body simulations since the piome® work by Toomre

and Toomre 2), and various physical characteristics dmqmerger-driven starbursts
have been successfully analyzed with smoothed patrticle mgdynamics (SPH) sim-

ulations daamﬁ_am_uamqu& | 1996: Mihos and Hernquist.996; 3
D005H.b) Di Matteo et al.,| 2005! Cox et Al 20064,b: Mayer ail, loo? .,
|20_Ollal|_S.a.|I.o.h_e.t_all _md)B), a complete, self-consistenmnailation of galaxy mergers

has not yet been perfected.

First, SPH simulations tend to have coarse resolution in amierstellar medium

(ISM), leading to the over-mixture of di erent gas phases|(Aertz et all,|200/7; Tasker

et al., M). Therefore, straightforward SPH simulationsnight have complications
in realizing a multiphase medium, in capturing shock-indwed star formation, in con-
verting thermal feedback to a kinetic motion, and thus in shwing how feedback makes
a di erence in galactic evolution self-consistently, thogh di erent formulations and
sub-resolution models alleviated the problem i , 12003; Springel and
Hernquist, |-ZO_O.3a Barned, 2004; i BOOG).

Second, since gaseous halos and an intergalactic medium NlIiGhave not been

su ciently resolved in SPH simulations, it is not easy to inwestigate the interpla
between a galactic disk and a di use embedding medium. Forémnce,lﬁ

) emphasized that a galactic halo should be included accurately study the
galactic wind and the enrichment process powered by feedkaand mergers. Yet
because of their Lagrangian nature and smoothing scheme, EFbBimulations might
not have su cient resolution to follow the evolution of the di use medium and the
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Sodse

Fig. 4.1.| The snapshot of merging galaxies on adaptive meshe nement. Visualiza-
tion by Ji-hoon Kim and Tom Abel with PartiView, an interactive data visualization
tool developed by National Center for Supercomputing Apptiations (NCSA), pub-
licly available at http://www.haydenplanetarium.org/un iverse/partiview. Particles
represent the clusters of stars colored by their ages. Thexas show adaptive meshes
used in the calculation.

galactic out ow.

In light of these needs, an adaptive mesh re nement (AMR) tdmique potentially
provides a uniquely useful tool to address these issuesoaling us to realize a self-
consistent, high-resolution galaxy merger simulation. Agroven by an increasing
number of groups ((Tassis et al.l 2003, 2008. Kravtsov_and Giha, 2005; Ceverino
and Klypin, 2009;|Dubois and Teyssier, 2008) AMR simulatia have been highly
successful in resolving the detailed structure of galactevolution. In order to make
use of the advantages of AMR such as the high dynamic range angliable shock
resolution, we utilize the AMR codeEnzo (Bryan et all, 2001; O'Shea et &l., 2004).
In this Letter, we focus on the the rst of its kind AMR simulation of two mergng, low
mass, initially gas-rich galaxies, including star formatin and feedback, with special
emphases on shock-induced star formation and the hot gas auwts.



CHAPTER 4. MERGING GALAXIES ON ADAPTIVE MESH REFINEMENT 82

‘ GalactiCS (Kuijken & Dubinski) .

MW galaxy M-body genarator

[MN-body to Gadget]

Gadget (Springel, et al.}
SPH for comparison

huliMethod

[SPH to AMR]

Enzo (Bryan, etal.)

~ AMR as our main simulation tool

Fig. 4.2.| Dataset conversion pipeline from GalactlCS (Kuijken and Dubinski, 1995)
to Gadget(Springel et all,|2001), and then toEnzo

4.2 The Simulations

We rst present a method to interpolate particle data onto anEulerian adaptive

mesh. This allows us to study galaxy mergers and evolutioning the cosmological
adaptive mesh re nement (AMR) codeEnzo |f§§|7 5 55;; i ll

). This pipeline also makes it straightforward to compa smooth particle hydro-

dynamics (SPH) simulations with AMR simulations of the samghysical system. We
also present the evolution of a stable disk galaxy and test wther the same system
moving at 220 km/s across the grid show the same physical ewtbn.
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Fig. 4.3.]| Comparison of radial pro les before and after the data conversion pipeline:
gas radial density (left) and mass weighted gas angular montam L, (right) calcu-
lated in GalactlCS/icgen (dots) and in Enzo (solid line)

4.2.1 Data Conversion Pipeline

We developed a data conversion method which converts a galadxl-bodi dataset of

GalactICS (km;ken_a.n.d_D_ub.mski |199.515) to an SPH dataset foGadget

), and then to an adaptive mesh foEnzo employing Delaunay tessellation onto

an oct-tree structure. This pipeline, illustrated in Figue[Z2, inherently facilitates a
comparison test between SPH and AMR simulations of the saméysical system.

GalactICS to Gadget convertericgen can generate gas particles in disk and halo
by splitting collisionless particles of N-body data. Becase the fraction of dark matter
particles in N-body data are transformed to halo SPH partiés with the same velocity
dispersion, they will virialize to the desired virial tempeature automatically.

Gadget to Enzo converter hullMethodemploys IDL function ghull (Delaunay tri-
angulation) and qgrid3 (linear interpolation) to reconstruct the density map usiry
particle dataset. It uses an oct-tree structure to grid paiitle data onto an adaptively
re ned mesh. This conversion routine is similar to Delaunayessellation eld estima-

tor (DTFE) method (lZeLup_essLeLaj.,l_ZO_dS) except the fact tht we use the density

value at each particles' position precalculated by Gadget'density estimator.

Using the particle data of a galactic sized halo with both thelark matter and the
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gasl.lﬁim_et_a.ll ,ZO_O.b) demonstrated the compatibility of thenitial N-body dataset
and the adaptive mesh produced through the pipeline. For ergle, Figure[Z:B shows
radial pro les calculated at two di erent places of the conersion process: at the
start (GalactICS) and at the end (Enzg. We can observe clear agreement between
the two datasets con rming su cient validity and functiona lity of our pipeline. A
suite of functionality checks nds very satisfactory resub enabling us to study galaxy
evolution with AMR.

4.2.2 Simulation Code
Included Physics

The high-resolution Eulerian AMR codeEnzo captures the gravitational collapse of
turbulent fragmentation with very high spatial resolution (e.g. |AA[LS_e_e.t_a.|.,|_20_d8)
and attains multiphase gas dynamics in the ISM as it sharplyesolves shocks and
phase boundaries|(Tassis et al.. 2003: Slvz et al.. 2005: Areet all, 2007; Tasker
etal., 3). Enzoalso contains all relevant physics previously discussedsimulating

galaxy evolution processeSL(_'[a.&ISQLa.n.d_BnJal_Zd)( 08).

We employ the ZEUS hydrodynamics module included ifEnzo to evolve the

gas. Radiative cooling is used by adoptinbﬁa.tazln_a.ndﬂdi(h%f}’) to follow the

equilibrium cooling function down to 1@ K, and |B.05.en_a.nd_B.Le.gmfln|_(19_b5) further
down to 300 K. This treatment will ensure a thin galactic disklorms by being cooled

below 10 K, the approximate T,;, of the ISM in a galactic disk. The cuto at 300
K roughly models the temperature oor provided by nonthermé pressure such as

cosmic rays and magnetic eIdsl.(BQS.en_a.n.d_B.Legn:I 95).

Galaxies are placed in a box of 4 Mpc on a side to ensure enoughce for galactic
tidal interactions and to reduce any boundary e ect. The topgrid of 128 cells is
allowed to recursively re ne up to 13 levels based on the baygic mass and the dark
matter mass in each cell, achieving 3.8 pc resolution in thé&sM. This value is in
accord with the Jeans length for a dense gas clump nf= 102 cm 3, at which a
corresponding Jeans mass of 21®°M collapses to form a star particle. In this way,
merging galaxies are resolved with 2 10’ total computational elements, surpassing



CHAPTER 4. MERGING GALAXIES ON ADAPTIVE MESH REFINEMENT 85

any numerical studies conducted thus far on galaxy mergensciuding gas.
Our star formation criteria are based orLC_en_a.nd_Osmkler@

) with several
important modi cations. A cell of size x produces a star particle ofm = g5 x3
( =0.5, a star formation e ciency) when (i) the gas density exceedses = 103 cm 3,
(i) the ow is converging, (iii) the cooling time is shorter than the dynamical time,
and (iv) the particle produced has at least 1M . We do not impose any stochastic

star formation unIikelIa:LKQLa.nd_B.ua}l kZO_dG) OLS.L'LDS.Q.D_eLlEL(h)_O_é). With these

revisions, our criteria guarantee that a star particle forra before an unphysically large

mass begins to accrete onto any unresolved dense gas clump.

The energy loss by radiative cooling can be replenished byettmal stellar feedback.
For each star particle, 5 10 ° of its rest mass energy and 25% of its mass are returned
to the gas over the dynamical time of the particle. This corisponds to 16! ergs per
every 110M deposited as stellar mass and represents various types @dieack such
as protostellar out ows Ll_a.nd_Na.ka.mULfltl_ZO_Qk) photoioriation M@b)
stellar winds, and Type Il supernovae explosions : |ZO_OJS). Thi
thermal feedback heats 10°M in a <10 pc cell up to 10’ K, but a multiphase

medium is naturally established because the cooling time tifese hot cells is always
much longer than the sound crossing time.

Advection Test

Lastly, we put Enzo to the test for translational invariance. Many research tojes,
such as high-resolution galaxy mergers with di use gas hapwould bene t from an
AMR approach to galaxy simulations. Therefore validating a acceptable level of
translational invariance of the AMR code (i.e. howpractical it is in the context of

problem in which the code is utilized?) is very importantl.(I&ke.r_et_a.Il.,l.Z)dS).

To check the translational invariance of the simulation coel, we performed a sim-

ulation that compares two isolated galaxies: one is xed inpace and the other is
moving at 220 km/s across the grid. Each has total mass of1® 10''M with

1.5% gas in disk and halo. It has fOdark matter particles and 22 1 star par-
ticles, all of which are set up through the pipeline previolg described. To draw a
proper comparison, the background intergalactic medium dhe moving galaxy also
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Fig. 4.4.| Face-on gas surface density of the stationary galxy (left) and the moving
galaxy (right) after 1.36 Gyrs. The right one has moved by 0B3Mpc. The width
shown is 0.1 Mpc.

moves at 220 km/s. We use 3-dimensional ZEUS hydrodynamickyarithm in Enzo
while we assume adiabatic cooling and no star formation ore@éback. The maximum
resolution in this calculation is 120 pc.

Figures[Z4 and[4} depict gas surface density and gas ciesulelocity. These two
galaxies show the same physical evolution and a very clossamblance of pro les.
The moving galaxy simulation takes about 50% more calculatn time than that of the
stationary galaxy. Even though these model galaxies don'eem to be stable enough
to maintain their initial pro les, this results from unrealistic physical conditions, such
as adiabatic cooling, and should not a ect our conclusion.

These early tests described above are encouraging and destte that Enzois
well suited for studying galaxy evolution as has been showmgqviously by Tasker and

Bryan M).

4.2.3 Initial Conditions

The individual galaxy progenitor we modeled has a total massf 1:8 10'°M  with
10% in gas R,y = 65 kpc at z=0). Because we generate gas grids by splitting
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Fig. 4.5.] Comparison of galaxy pro les for the rst 1.36 Gyr s: gas surface density
(top) and gas circular velocity (bottom) for the stationary galaxy (left column) and
the moving galaxy (right column).

10 collisionless particles in N-body data with the same dengitpro le and velocity
dispersion, the gas will virialize to the desired,; of the galactic halo automatically.
A spin parameter =0.055 is given to cause the progenitor to form a disk galaxyith
a gaseous halo within a few hundred Myrs. In addition, this daxy progenitor is
bathed in a warm (16 K) di use background IGM; an initial metallicity of 10 4Z

is also set up everywhere to follow the metallicity evolutio. For a merger simulation,
two identical galaxy progenitors are separated by 100 kpc drset on a prograde
hyperbolic (e=1.1) coplanar collision course with a pericentric distare of 4 kpc. The
initial separation is large enough to form individual galakes before the rst passage,
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Fig. 4.6.] The global K-S relation for an isolated galaxy: time variation of the
relationship between global SFR and gas surface density. dhadata point represents
a di erent epoch, equally spaced in 5 Gyr. The solid line is #hbest t for simulated
dataof ser > 10 “M yr ‘kpc ?, and the dashed line for sgg > 10 °M yr kpc 2.

The dotted line is from|Kennicufi (1998).

and to observe the collision interface between the two gassohalos.

4.3 Results

4.3.1 Properties of An Isolated Galaxy Model

We rst examine how well our isolated galaxy formation simwdtion ts the global
Kennicutt-Schmidt (K-S) relation between global star fornation rate (SFR) and gas
surface density, namely spr /' gas™ (kﬂumcun I].Q_QEI). To calculate both densi-
ties, we select a disk of radius 2.8 kpc so that 95% of creatddrs is contained in it
after 5 Gyr; the gas surface density is averaged over the sellhere the gas density
exceedsn =4:0 10 3cm 3. Figure[d® shows our star formation criteria and feed-

back correctly match the observed K-S relation, as other sintation works did (e.g.



CHAPTER 4. MERGING GALAXIES ON ADAPTIVE MESH REFINEMENT 89

1 100
= I Merger ]
= first encounter e Isolated (twice) -
=5 0.8 1\ — 80
[} I ]
L g6 [H </ N He0 =
3] I (q’ g c
i o =

\ Q N 4 Re

c | @™ / \ =
S 9 \ 1 ©
2 04 ft / \ final 40 g
E . coalescence | @
(=] 1R ]
L 0.2 ! 20
5 B4 |
7]

Evolution Time (Gyr)

Fig. 4.7.] The global SFR as a function of time during the galaxy merger run and
the isolated galaxy formation run (twice the value). The segration between the
centers of two galaxies is also displayed.

|R.Qb.&ttsan_a.n.d_KLaw$Ql/,|_Z)d8). The closest match to the K-Selation occurs when

we restrict the tto gser > 10 *M yr kpc 2, which happens mostly in the rst 2
Gyr, following an observational cuto as in i

4.3.2 Star Formation History in A Galaxy Merger

The global SFR of the merger simulation is displayed in FigedfZT. It presents the
initial stellar disk formation for each galaxy in the rst 0.6 Gyr, and several merger-
driven starbursts afterwards, notably when two galaxies st encounter ( 0.8 Gyr)
and when they nally coalesce to form one galaxy (4.7 Gyr). A low SFR between
these two bursts con rms the regulated star formation by stéar feedback.
Snapshots of the merger sequence at four di erent epochs a@mpiled in Figure
Ed. The top row shows the density-weighted projection of dsity, in which irregular
gas laments, bridges and rings are formed by the compressiof gas and turbulence.
The middle row depicts the temperature sliced at the collishal plane, where cold gas
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central 200 kpc cube (short dashed line). Cold (¥ 10° K) and hot (T > 10° K) gas
masses are also shown (long dashed line and dot-dash linspeztively).

clumps and hot supernovae bubbles coexist side by side fongiia complex, yet well-
resolved multiphase medium. It also reveals how hot supena® bubbles propagate
through the di use embedding medium of the halo and the IGM.n the bottom row
of stellar distributions colored by creation time, both meger-induced nuclear star-
bursts and shock-induced widespread starbursts are noticeable. Besa of the ner
resolution in the ISM, it is easier to resolve local dense chps driven by shocks and
the ensuing star formation. In contrast, SPH simulations &én report predominantly

nuclear starbursts kB.a.m.és,_ZO_dM).

4.3.3 Gas Outows and Formation of A Hot Gaseous Halo

The evolution of the stellar and gas mass in the central 200 &fpox is plotted in Figure
BY. The gas expulsion via stellar feedback and galactic @mction is pronounced as
more than 90% of the gas has been expelled in the rst 4 Gyr. Thigas eventually
escapes the gravitational potential of the system or has nbtad enough time to fall
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back onto the galaxies. This massive gas depletion is proram especially in low
mass mergers because of the shallow gravitational well. As the merger remnant
at 5.7 Gyr, the remaining gas mass is 35% of the stellar mass and still decreasing
rapidly. The amount of cold gas (T< 10* K) available for future star formation is
only <1% of the stellar mass, depicting how star formation is quehed by feedback
heating and gas expulsion.

The gas disrupted by galactic interaction and heated by febdck creates a galactic
wind of >200 km/s reaching as far as 1 Mpc from the simulated merging lgaies.
This hot metal-loaded out ow is responsible for building tle gaseous halo around
galaxies as well as enriching some regions of the IGM up to gpsusolar metallicity.
As a result, a hot metal-rich halo is generated ( 10 ?°gcm 3, T 10° 7 K)
and sustained by continuous stellar feedback, as suggestadanalytic models (e.g.
|Ia.ng_et_a.IJ, lZO_O_ ). Although the galactic out ows and the hab are very di use,
their evolution is easily followed in AMR, as can be clearlyegen in Figure[Z1ID of
the joint probability distribution functions (PDFs) on den sity-temperature planes. It
also illustrates the wide range of densities and temperates that are followed here.

4.4 Summary

Our simulation, for the rst time, followed the self-consisent evolution of low mass

merging galaxies with AMR at unprecedented resolution. Oundings are as follows.
First, as AMR naturally establishes a multiphase medium whout any sub-resolution

model, we have captured shock-induced star formation thatcours when merging

galaxies compress the intervening gaEMelﬁ_beA;_Shim_aIJ, |Z)D_l3). The well-

resolved shocks trigger a widespread starburst, in accordthv observations (e.g.

' 6). Further, the overcooling problem is almseas in Ceverino and

Klypin (@) because the multiphase medium is resolved By10 pc cells, and the
thermal feedback is su cient to heat such small cells up to 10" K.

Second, utilizing the high dynamic range and the Eulerian nare of AMR, we
have followed the evolution of the hot di use medium of gases halos and the IGM
as far as 1 Mpc away from the galaxies. This allows us to expéothe interplay
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between the galactic out ows and the embedding medium and tdemonstrate that
a hot metal-rich halo forms around the galaxies from stellafeedback o

). The massive gas expulsion in low mass merging gataxleads to a high
mass-to-light ratio, as it creates a merger remnant withoutmuch cold gas left for
later star formation.

Although it should be considered provisional, our result limgs compelling evidence
that AMR delivers a uniquely powerful tool in understandingmerging galaxies, while
it addresses several issues SPH has su ered from. Comprediem parameter studies
should follow, especially in the e ciency of stellar feedbek and the metal yields of
stars; the results should be compared and calibrated with ebrvations such as the
mass-metallicity relation ILemg.nI.l_e_t_a.IJ lZO_Qh) galadt out ows (m @
galactic morphology (Park_and Choi/ 2008), and gas to stellanass ratio (Gavazzi
et al., [2008). Physics such as UV photoelectrlc heating, ¢oi& rays, and magnetic
elds are missing in this work, but will need to be considereth the future.




Chapter 5

Galaxy Mergers with Stars and
Massive Black Holes

\The most exciting phrase to hear in science, the one that fads new

discoveries, is not "Eureka!" but "That's funny.
| Issac Asimov (1920-1992)

Merging of galaxies is important not just because it is the wato form larger
systems in the bottom-up hierarchical structure formationbut because it is known
to trigger massive star formation and active galactic nucldAGN). In order to com-
prehend this process, we carry out a simulation of two mergjrgalaxies, 2L 10'M
each, with their 1M embedded massive black holes (MBHSs), portraying an ana-
logue of merger-induced quasar-mode feedback by fast gnogviMBHs for which the
accretion rates are> 5% of the Eddington limit. We nd that the feedback from the
fast growing MBHs helps to reduce the global star formationrothe disk. When com-
pared with the feedback by a slowly growing MBH, these MBHs dre more frequent
jets creating sizable bubbles at the galactic centers.

This chapter is included in the publication which will be sumitted to The Astro-
physical Journal This paper is coauthored by John Wise, Marcelo Alvarez, antbm
Abel.

95
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5.1 Introduction

In the hierarchical structure formation paradigm of CDM cosmology, merging of
galaxies is a major piece of the puzzle in understanding theadution of galaxies. A
direct collision between the galactic gas content in galaxyergers instigates massive

starbursts, and triggers quasar activities i l. ). The morphology
and properties of the galaxies are also drastically alterday the direct mechanical
agitation, violent relaxation, and induced star formation Especially when two com-
parable mass galaxies merge, the remnant could often be devof the star-forming
gas; this is because the fuel for star formation has been \dntly consumed in the
merger-driven starburst, and also because the triggered agar occasionally prompts
massive gas expulsion. Hence, such major mergers are thdughbe responsible for
creating giant red ellipticals.

In the nal phase of the galaxy merger, the massive black hadgMBHS) at the
centers of the galaxies merge, too. Merging of black holedislieved to cause a rapid
growth of a supermassive black hole (SMBH) which would not ka been feasible

had it accumulated its mass only by gas accretiovll_(.I:Iaima.n_a.d.cb_etHZOQh.). In fact,

successive merging of galaxies is considered to be one ofynaable scenarios to build
SMBHs at high redshift .Ea.n_el_all.,l.ZO_dG_S.h.emm.e.r_elilll._ZdD&om stellar mass

black holes of Pop Il star remnants. Another evidence Whicmggests the interwoven

evolution of galaxies and MBHSs is the observation of ht coelations between the

black hole masses and bulge masslls_(.Ma.nga.n_eIt

between the black hole masses and bulge veIOC|ty dispers

b00b] Gebhardt et al.| 2000: Galtekin et a1 2009), and enebetween the black hole
masses and the numbers of galactic globular cIusteE_(.B.ur.kﬂn.d_'[Lema.LD.el, lﬂ).’l.b).

These observations have led to a scienti c consensus thatethost galaxies and their

embedded MBHs have grown together under each other's in uea (Si S,
|19.9J3;|.Km1.maun.a.nd.l:la.ehn.e| thtand_Lo.el:d._ﬁlbs).

Studying the merging of galaxies and MBHs, and the triggerefitedback during
the process is therefore critical to build a realistic thegrof galaxy formation. Due to
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the nonlinear coupling between the widely di erent scalesral physical processes in-
volved, numerical simulations are naturally required to iwestigate this phenomenon.
Indeed, high-resolution numerical simulations of galaxy ergers such agml.

) ancI_D.LMa.LLm_et_aj. .20913) (see a|4.0_J_Qh.a.DS$.QD_ef.hQOJ? Booth and Schaye,

) have provided remarkable insights to the problem. Tke studies have success-

fully reproduced the change of galactic morphology at vanrs stages of mergers, the
merger-induced starbursts at close encounters, and the slah gas in ow towards the
galactic center triggering the growth and feedback of MBHSs.

Nevertheless, it worth noting that many previous simulatios of merging galaxies
with MBHSs lack either (1) the su cient numerical resolution or (2) the accurate de-
scriptions of baryonic physics and MBH physics. As an exarrml..lﬁlm_el_all ( )
demonstrated that having a 3.8 pc resolution in the interstellar medium is es-

sential to properly capture the clumpy star formation on thedisks and spirals (see

also a). The high dynamic range of adagmly re ned mesh was
instrumental also in keeping track of the interplay betweergalactic disks and the
embedding halos. Yet such high resolution has been only osimally attained by
previous studies of merging galaxies. Furthermore, comgditions still remain in de-
scribing galactic baryonic physics in simulations. For exaple, the key challenge in
guasar formation studies is to describe how the MBH acquirass mass, and how
it a ects its host galaxy through feedback. However, previes studies have had to
empirically boost the Bondi accretion estimate by 10 - 300 toompensate for coarse

resolution (see the discussions A;LB_omh_a.n.dj.chla)Le_dooa)jklm_el_aLl (|ZO_'LJ)).

Poor resolution has also forced simulators to skip the detaed thermalization pro-

cess below the resolution limit, and to simply thermally depsit a xed fraction of
the MBH feedback energy in the vicinity of the MBH (e. g]j.p.ug_el_el_a.ll |.20_0.5b

|L|_e1_a.L| |ZODltl) |_S.|,La.d$|_el_a.| J_ZO_dQ) These sub-resoluticapproaches often add too

many tunable parameters to an already complicated problenthus making it hard to

explore the problem with least number of prior assumptions.
However, thanks to the expeditious developments of both nwarical techniques
and computer hardwares, more accurate simulations are noeakible at cheaper costs
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with better numerical resolution. And new ways to overcomehte limitations of pre-
vious galaxy merger simulations with MBHs are begining to eenge. Taking the full
advantage of the numerical techniques available, in the d&r paper in this series
(IKim_eLa.L, IZO_'@), a self-consistent numerical frameworkof galactic scale simula-
tions is developed which is ideal to track how galaxies and M evolve under each

other's in uence. The high-resolution adaptive mesh re nment (AMR) code Enzo
was modi ed to model the formation and feedback of moleculalouds at their char-
acteristic scale of 15.2 pc and the accretion of gas onto a MBRather than using
the thermal feedback prescription, they employed two chamts of MBH feedback:
radiative feedback (X-ray photons followed through full 3Cadaptive ray tracing) and
mechanical feedback (bipolar jets resolved in high-restibn AMR). Utilizing this
framework, they investigated the coevolution of a massivaas-forming galaxy and
its embedded MBH atz 3 in a cosmological CDM simulation. They found that
the MBH feedback locally suppresses star formation in the Igatic inner core, and
self-regulates its own growth by keeping the surrounding terstellar medium hot for
an extended period of time.

In this second paper of the series, we extend the use of the sanumerical frame-
work ofllslm_e_t_alj (IZQlLI)) with slight modi cations to carry out a simulation of two
merging galaxies, 2 10*M each, with 1M embedded MBHs. We avoid the use
of anad hocprescription of MBH feedback, and focus on how the interstal medium

(ISM) and star formation on the disks are a ected by triggerd MBH feedback in
mergers. Whilel_ISim_eI_aj. .ZO_’Lb) explored the quiescent forof feedback by a slowly
growing MBH (a \radio-mode" analogue), merging of galaxies this work would

cause the gas funnel into galactic centers triggering a movelent form of feedback

(possibly a \quasar-mode" mode analogulz.l:lanklns_et.l ).

This article is organized as follows. The brief explanatioon the simulation code
is given in ¥54, and the initial condition of our experiments is descrigd in X2.3.
X84 is devoted to the results of our experiments, with an empkis on the feedback-
regulated star formation. We also discuss the possible fuudirections of this project.
Assembled in¥&3 are the summary and conclusions.
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5.2 Simulation Code

Our enhanced version oEnzo-Z.(ﬂ (IB_nLan_a.n.d_N.oLma.[”l%.b_NQLman_a.n.d_B.uAn
hQQ;b._NQLman_et_ai._ZOd?) contains all relevant physics ptieusly discussed in galactic

simulations as well as several new physics discussed in détakim_et_a.L.l(i0.0.Q) and

|Kim_e.t_a.L| (|ZO_’Ld). The comprehensive framework developed ‘&m_e_t_a.Ll (|ZO.’Ld)

is designed to circumvent the limitations of previous studis and follow the actual

physical processes between gas, stars, and MBHs. This alous to perform a fully
self-consistent galactic simulation integrating all galetic components simultaneously.
While the detailed descriptions are given ivll_Kim_et_ail. YOwe brie y summarize
the key features, focusing on a few modi cations when compat with

(2010).

5.2.1 Hydrodynamics, Re nement, and Chemistry

We use the ZEUS hydrodynamics module included iBnzoto solve the Euler equa-
tions for the collisional uid (mm,mgb.mm,

). Dark matter, stars, and MBHSs are treated as collisidess particles. The grids

are adaptively re ned by factors of 2 in each axis on gas and g&le overdensities.
The mass thresholdsM ., above which a cell re nes are functions of a re nement

level | as
| — 0:817 0 | — 0:419 0
M ref;gas — 2 Y M ref;gas and M ref;part — 2 41 M ref;part (5'1)
with M % 0 = M2 pae =1:2 10'M . This makes the simulation super-Lagrangian,

re ning the grids more on small scales. Al = 11 it gives 15.2 pc resolution. This
value is in accord with the Jeans length for a dense gas clumpro= 125 cm 2 at
200 K, at which point a corresponding Jeans mass of 16000 collapses to spawn
a molecular cloud particle. We choose the Courant-Friedhs-Lewy safety number of
0.3 so the marching timestep is less than the time for the adsteng wave to reach
the adjacent cell. Non-equilibrium chemistry model is empyed to track H, H",

http://enzo.googlecode.com/
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He, He, He™ , and e by following six collisional processes among them. At the
same time,Enzds cooling module computes the radiative loss of internal gaenergy

(IAnmn.os.eI.al”lQ&b) The metallicity-dependent metal coling rates are added to

these primordial cooling rates:|_Sutherland and Donit (199 above 106 K; Glover

and Jappsen 7) below F0K. Photoionization heating by the metagalactic UV
background of quasars and galaxies is also considerla_d_(_l:mmn.d_Ma.da.Ll, |.'I.9£ll3

@) with an approximate self-shieldingl_(ﬁ_en_el_lalLZdO.S)

5.2.2 Molecular Cloud Formation and Stellar Feedback

Our molecular cloud particle formation is based ohﬁﬂn_ammkﬂl (ILELQd) with

important modi cations. With the e ciency of =0:5, the nest cell of size x =
152 pc and gas density 4,5 produces a molecular cloud particle of mass

Mwmc = gas x> (5.2)

when (a) the proton number density exceeds the thresholtl,es = 125 cm 3, (b) the
velocity ow is converging, (c) the cooling timet., is shorter than the dynamical
time tqyn of the cell, and (d) the particle produced has at lead¥liyes = 8000 M . As
a consequence, the gas in the nest cell is instantly conved into a particle as soon as
the cell has accumulated more thaMes= = 16000M , the Jeans mass ah = 125
cm at 200 K. It guarantees that a particle forms before an unphysadly large mass
begins to accrete onto any unresolved dense clump. Unlikeeprous star formation

recipes based on the simple scaling ofeg g (IS.Qh.m.LdJ h&ﬁb), we deposit a
particle when a gas cell of a typical molecular cloud size aetlly becomes Jeans
unstable. For this reason, the particle formed in this way q@esents astar-forming
molecular cloudthat is self-gravitating, and thus decoupled from the gas othe grid.
Each molecular cloud particle gradually turns 20% of the metular cloud particle
mass,Myc, into an actual stellar mass,M g, (t), over 12t4,,. This models the slow
star formation observed in molecular clouds_(_lsmmh_o.lz_a.n.dﬁ,lzo_o_b). During that
time, 7.5 10 7 of the rest mass energy dfl,, and the rest of the molecular cloud
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mass, 0.8Vyc, are gradually returned into the cell in which the particle esideﬁ
Meanwhile, 2% of the ejected mass is counted as metals, cdmiting to the metal
enrichment of the interstellar medium.

5.2.3 Massive Black Hole Accretion in A Turbulent Medium

A seed black hole of 1M is placed at the center of each merging galaxy. We
estimate the rate of gas accretion by employing the modi ed @di-Hoyle formula in

a turbulent vorticity-dominated medium, restricted by the Eddington limit (ﬁ.

hQEJZLKmthIz_eLaJ ,LMGH

Mgy = min (Mggq ; M ) (5.3)
q___
= min Mgg; M3+ M2 (5.4)
2 2
= min 4CM B';mp ; 4G 2"35'* B1+0:34( ) 2 (5.5)
r T S

Here Mgy is the mass of a MBH,cs is the sound speed of the gas at the cell the
MBH resides in,m, is the mass of a proton, and 1 is the Thomson scattering cross-
section. The density g at the Bondi radius, Rg = 2GMzy =&, is extrapolated from
the density 445 Of the cell where the MBH resides, as

B= gas Min(( x=Rg)">; 1:0): (5.6)

Here anr 372 density pro le is assumed inside the sphere &g (kA[a.ng_e.LalHZle)

f(! )=+ !%) 1is the function of dimensionless vorticity! .

IR . . 2GM 1
2 vj G 2BH — (5.7)

Cs Cs Cs

Note that My, contains the suppression factor [1 + (B4f (! )) ?] 2 t0 the Bondi-

Hoyle rate due to the turbulence around the MBH. Also, the emcal boost factor

210°! ergs per every 750M  of actual stellar mass formed

3Note the di erence from x2.6 of[Kim_et all (2010).
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|$.;1L|ng.el_et_a.| kZO_O_EIb) is unnecessary in our formula berse the high densities

around the MBH is resolved with high-resolution AMIﬁ To minimize numerical ar-
tifacts, the gas mass accreting onto the MBH is subtracted ifiormly from the cells
within a Bondi radius.

5.2.4 Merging of Massive Black Holes

Merging of black holes is another way for MBHs to rapidly gaitheir masses. Yet,
modeling the merging of black holes in galactic scale simtitans is equally di cult as
describing the gas accretion onto the black holes. When twalgxies merge, the MBHs
at the galactic centers also fall together via (1) the in-spal, (2) the ring-down, and
then (3) the nal coalescence. However, our numerical reswion is far from entering
the regime of the general relativity and the gravitational vave generation which are
needed to describe such processles_(_QenlLelLa_eltlaLJZOID)erefore we simply merge
the two black holes when (a) they are separated by less than p@, and (b) they

are gravitationally bound (i.e. the relative velocity is snaller than the velocity of a
circular orbit). This simple treatment is straightforward and popular in galactic or

large scale simulations (e.g__Li_eI_JtlLZO_Q|7L_'_S.ija.dsi_eL| )).

5.2.5 Massive Black Hole Feedback: Radiative and Mechan-
ical

Enzds radiative transfer module integrates the adaptive ray tacing technique with
the hydrodynamlcs energy, and chemistry solvers, and hagdn used in a variety of

appllcatlons bALLse_a.nd_AbleLZQIIO). Utiting the similar machinery,

rst the luminosity of the MBH, Lgy = MgnC?, is assigned to the radiation source.

Then 768 (= 12 43; Healpixlevel 3) rays are isotropically cast with a monochromatic
energy ofEp, = 2 keV, a characteristic temperature of an averaged quasapectral

energy distribution (SED;lS.aLQ.n.OLel_alILZO_ L_deiﬁmmmweﬂ 20D.h. Each

4In order to resolve the gas around the MBH with the best resoltion available, eight nearby
cells close to the MBH are required to successively re ne dowto 15.2 pc at all times. See also the

footnote 9 ofKim et all (2010).
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Table 5.1 Simulation Suite Description

Physics GM-SF GM-RMF
Molecular cloud formation (SeefZ22)
Stellar feedback (Seel Z2)
MBH vorticity-dominated accretion (SeeXaZ3)
MBH mergers (SeelZ3)
MBH radiative feedback (SeelbZ3)
MBH mechanical feedback (Sede Z29)
8For detailed explanation, see the referenced section. = included, = not included.

ray is traced until the ray reaches the edge of the computatial domain or most of
its photons are absorbed. It is adaptively split into four ciid rays whenever the
area associated with a ray becomes larger than2@ x)? of a local cell (Abel and

Wandelt, [2002). Photons in the emitted ray interact with thesurrounding gas in four

ways: they (1) photoionizeH, He, and Hé, (2) photoheatthe gas with the excess
energy above the ionization thresholds, (3fompton heatthe gas when they scatter

o electrons (Cioftti_ and Ostriker hlo_'{), and (4) exert outward momentum to the
gas when they are taken out from the ray either by photoionizeon or by Compton
scattering. We consider the secondary ionization to estirtethe photoionization and

photoheating rates k&hulLandJanjle.enb.drM%). The ration pressure on dust

grains is ignored.

MBHs also inject the mass and momentum to describe the bipolgets launched
from the vicinity of the MBH. The kinetic power of the jets, aswe introduce at
Rjet = 30:4 pc, is written as

1
Pin = kinLen = kin {MgnC = EM-jethzet; (5.8)

where Mj¢; is the mass ejection rate of the jets, andj is the jets velocity when
introduced in the simulation. Hence \;, encapsulates not only the acceleration of
the jets powered by the central engine, but also the gravitainal \redshift" from the
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scale of an accretion disk to a resolved scale of jets in simibns. With ;, =10 4
and e = Mjei=Mgy = 0:05 xed, the initial velocity of the jets is given by

5 1=2
Ve = ¢ =X T =6000 kms ! (5.9)

jet

for , =0:1. The resulting launch speed of the surrounding cells is fiodi by averaging
the momentum of jets and the preexisting gas in those cellmLLa.ll., ).

Every time the accumulated jet mass, M dt, exceeds the threshold of 2001 it

is injected in collimated bipolar jets of a width of ve nest cells. The direction of
the jets is parallel and anti-parallel to the total angular nomentum of the accreted
gas up to that point, with an added random angle of less than 1E Lastly, since the
mechanical or the radiative feedback alone may not descriltlee whole picture, we
include hybrid models in which each of these two channels &titutes a half of the
MBH bolometric luminosity (GM-RMF; see Table[®1).

5.3 Initial Conditions

We apply the physics of galaxy formation in our code to the coext of two merging
galaxies, 21 10"M each, with gaseous and stellar disks and embedded MBHs.
The initial conditions of our experiments are rst describe.

5.3.1 Data Conversion Pipeline

The Gadget-Z(IS.p.Ling.ei,lZO_Qb) initial condition generatorStarScrearH is used to cre-
ate an N-body dataset of an isolated galaxy, to which we add gpatrticles by splitting
collisionless particles. Then, theGadgetto-Enzo converter hullMethod employs IDL
functions ghull (Delaunay tessellation) andqgrid3 (linear interpolation) to recon-
struct a density map forEnzo AMR. It utilizes an oct-tree structure to grid particle

SNote the dierence from x2.8 of [Kim_et all (2010). This leeway angle of< 10 is introduced
because ve cells around the MBH is insu cient to adequately resolve the launching angle of jets.

6] am grateful to Jay Billings for making his code available far this study, and commenting on
my suggestions for improvements. Available at http://www. jayjaybillings.org/starscream/.
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data onto an adaptively re ned mesh. For details of the data @nversion pipeline we

refer the readers td_lﬁlm_el_a]. |(20d8) anJLKlm_eI_Al.l_(ZO_(I)Q).

5.3.2 Galactic and Orbital Parameters

We construct each galactic progenitor with 19 dark matter particles following the
Navarro-Frenk-White pro le with a concentration paramete of c = 10 (EQQHE -egI- ;I]

7). Then the gas grids are generated by splittingetiparticles with a baryonic
mass fraction of 10%. Because we provide the dark matter antet gas with the
same density pro le and velocity dispersion, the progenitoautomatically virializes
to a desired virial temperature of the halo. In addition, a clective rotation of spin
parameter = 0:05 is given to cause a disk to form embedded in a gaseous halihiwi
a few hundred Myrs. Finally, two of these identical galactiprogenitors are set on a
prograde parabolic collision course (eccentricity= 1 :O;llﬁh_o_chia.r_a.n.d_B_uLke.LHZO_O.b),
initially separated by 150 kpc, with a pericentric distanceof 4 kpc. Each progenitor

is tilted by 30 with respect to the orbital plane. The initial relative velccity is 165
kms 1. The progenitors are bathed in a di use background intergalkctic medium
of 50 10 3'gcm 2 at 10° K. An initial metallicity of Z = 0:003Z is also set up
everywhere to track the metallicity evolution.

At the start, this initial condition is evolved for 0.44 Gyrs with the coarse-
resolution (121.6 pc) re nement strategy and star formatio recipe, but without MBH
accretion or feedback. This relaxation process is instrumi@l in creating natural
model galaxieseach of which consists of a gaseous disk, a stellar disk, a&@us halos
and a dark matter halo. An added bene t is that the computatianal resources are not
exhausted on resolving the arti cial starburst at the startof the simulation, triggered
simply because the gaseous halo of the NFW form is neither lisic nor stable. At
the end of the relaxation, we split each collisionless pacte { stars and dark matter

{ into 13 child particles dKﬂﬁlguas_andAALthmh |ZOQEH.K1m_eLaJJ|20_'Lb) Conse-

qguently, this procedure produces our initial condition whee two model galaxies are

beginning to collide into each other. A suite of high-resotion (15.2 pc) simulations
are performed on this initial condition with optional advarced physics (Table[Rl1).
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Each model galaxy has a mass &, =2:1 10"M and correspondingly, a virial
velocity of vyi; =86 kms ! and a virial radius of

2112 1=3
1=3 Hoh m c

RViI’ = M\/ir ZG

= 188 kpc (5.10)
givenh = 0:71, ,, =0:27, and . = 200. The dark matter halo represented by
1:3 10’ particles constitutes 90% of the total mass. The stellar disof 1:6 1P

particles contains 1:0 10'°M , whereas therest, 9:9 10°M |, is in gaseous form
available for future star formation, either in the galacticlSM or in the embedding
halo. Each molecular cloud particle represents 1600 to 800D at this time, whereas
each dark matter particle samples a collective mass of 145800 . At the center of
each model galaxy lies a 8 MBH, a gravitational seed which we put at 0.44 Gyr
and will accumulate the gas along the way. At this point, galdes are 75 kpc
apart. This separation is large enough to allow merging galees to form a collisional
interface between their gaseous halos. All in all, our setupimics the period when
relatively low mass galaxies merge in a fast assembly regimiestructure formation.

5.4 Results

A suite of simulations with and without the MBH feedback is pegormed in order
to investigate the evolution of merging galaxies with theiembedded MBHs (GM-SF
and GM-RMF; Table B1). Each of the calculations is performeeon 16 processors
of the Orange clusteﬂ at Stanford University. Grids and particles altogether, eeh
simulation is routinely resolved with  3:3 10’ total computational elements (
3:0 10 particles and 15C cells). To evolve the system for 1 Gyr (from 0.44 Gyr
to 1.5 Gyr in simulation time), each of these runs typically akes 25000 CPU hours.

In niband-connected AMD, 8 cores per node, 4 GB memory per coe
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Fig. 5.1.| Density-weighted projection of density in the central 80 kpc, after 0.45, 0.61, 0.75, 0.90, 1.04, 1.20,

1.34, and 1.49 Gyr ( 0.15 Gyrs between the frames). Note that both galaxies are 30lted with respect to the
orbital plane. High-resolution images and movies are avable at http://www.jihoonkim.org/.
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Fig. 5.2.| Stellar distributions colored by creation time i n the central 80 kpc, after 0.45, 0.61, 0.75, 0.90, 1.04,

1.20, 1.34, and 1.49 Gyr ( 0.15 Gyrs between the frames). Stars existed before 0.44 Gye colored purple.
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Fig. 5.3.] Temperature sliced through the orbital plane in t he central 80 kpc, after 0.45, 0.61, 0.75, 0.90, 1.04,
1.20, 1.34, and 1.49 Gyr ( 0.15 Gyrs between the frames). The temperature ranges from 40* Kto 3 10° K.
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5.4.1 Changes in Interstellar Medium and Star Formation
Merger Sequence Overview

The time sequence images of GM-RMF are compiled in Figuilesl%o 53 for eight dif-

ferent epochs between 0.44 Gyr and 1.5 Gyr. Figureb.1 depiche density-weighted

projection of density, in which clumps and laments of gas & pronounced. When
galaxies rst pass by each other (at 0.65 Gyr) and when nally coalesce (at 1.2

Gyr), the compression of the intervening gas triggers the format of gas laments

and bridges, resulting in massive starbursts. The starsel. molecular cloud particles,
created during the mergers are displayed in Figute™.2 cobat by their creation time.

Note that both galaxies are tilted by 30 with respect to the orbital plane (the plane

on which the density is projected); thus, the apparent sizes the galaxies are smaller
than what they would appear at their respective face-on angs.

Figure[®233 shows the temperature sliced at the plane of thellisional orbit, where
hot bubbles driven by supernova explosions and the MBH feealtk exist alongside the
cold disks and laments. With high-resolution AMR the multiphase medium is nat-
urally achieved without any sub-resolution prescription é.g.lﬁ.p.tlng.el.a.nd.l:l.emgullst,

). A natural advantage of the AMR approach is that the iteractions between
di erent phases of gas { for example, between the expandinggernova bubbles and

the di use galactic halos { is inherently included in this céculation.

Global Impact of MBH Feedback

In the stellar mass evolution of Figur€:2l4, two episodes ofassive star formation are
prominent: one during the rst encounter (between 0.55 Gyriad 0.75 Gyr), and the
other during the nal coalescence phase (between 1.1 Gyr atd Gyr). This plot also
well demonstrates the impact of the MBH feedback. To measutbBe importance of
the MBH feedback in regulating global star formation, the oerall increases in stellar
masses are compared 1 Gyr after the MBHs are seeded and the&gdback activated.

8The two MBHs merge at 1.38 Gyr in GM-SF, and at 1.31 Gyr in GM-RMF.
®Note again that the cold disks do not lie on the orbital plane, but intersect with it making 30
angle. This is why the full extent of the baryonic disks is not shown.
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Fig. 5.4.] The evolution of stellar mass in the central 60 kpc sphere. The red solid
line and the green dashed line represent GM-SF and GM-RMF, geectively. The
increase in stellar mass of GM-RMF 1 Gyr after the MBH feedbé&ds turned on is
15% smaller than that of GM-SF.
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Fig. 5.5.| The evolution of gas mass fraction in the central @ kpc sphere. The gas
below 1@ K is considered to be cold, above #K hot. The MBH feedback makes the
interstellar medium hotter, sometimes reducing the cold gafraction by more than

40%. The jumps in hot gas fraction coincides with the star fonation peaks.
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Fig. 5.6.] The mass-weighted radial pro le of temperature in a 20 kpc sphere cen-
tered on the MBH at 1.49 Gyr. The red solid line and the green d&aed line represent
GM-SF and GM-RMF, respectively. The temperature within 1 kg sphere is raised
by the radiation and shocks by the MBH feedback.

The total stellar mass increase in GM-RMF at 1.5 Gyr is 15% srilar than that of
GM-SF. In Figure [&3, the fractional composition of interstllar gas by temperature
explains how star formation is suppressed. First, note thahe interstellar gas forms
the multiphase medium and lively changes its composition. & in GM-RMF it is
unmistakable that the two channels of MBH feedback, radiate and mechanical, make
the interstellar medium hotter, increasing the hot gas madsaction by up to 15% and
reducing the cold gas fraction by up to 40% when compared witBM-SF. When the
gas cells are heated through X-ray radiation or through shks created by the MBH,
they have harder time to turn into molecular cloud particles It is because these cells
are so hot that they seldom cool down to a typical molecular @ud temperature in
a dynamical time (i.e. cooling timet dynamical time tqy,). Note also that the
jump in hot gas mass fraction at 1.1 Gyr coincides with the staformation peak in
Figure[23; the triggered star formation combined with the pmpted MBH feedback
heats up the interstellar gas.

To see the impact of MBH feedback more clearly, we analyze aagshot of our
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Fig. 5.7.] Joint probability distribution functions of gas density and temperature
colored by the gas mass in each bin. The data is for a 20 kpc spheentered on the
MBH at 1.49 Gyr. GM-SF on the left, and GM-RMF on the right. Feelback from
the MBH heats the gas up to 10 K prohibiting the gas from turning into stars.

simulation. Figures[5.® toL.B are taken at 1.49 Gyr (correspding to the last panel
in Figures[® to[5.B) when both the galaxies and their embedd black holes are
merged, showing the state of the gas in the inner 20 kpc spherentered on the
MBH. First, the mass-weighted pro le of temperature in the hner region is shown in
Figure [®8. While the temperature in GM-SF largely sits at 10K, the temperature

in GM-RMF within 1 kpc radius is raised up to 10 K. This temperature increase is
even higher than what was found irLKim_e_Lall.l_(ZO_’lO). The di eence may portray
the variation between the feedback by a slowly growing MBH im massive isolated

galaxy and the one by a fast growing MBH in a merger remnant. lis also worth
to note that the 1 kpc distance out to which the gas is heated biBH feedback

is consistent with the ndings in |.S_amn.oLe1_aJI. 5) anl:LKiJ_e.La.I.l .ZOJ.J)). The

broad temperature peak between 1 to 10 kpc correlates withehhot bubbles in ated

by supernova explosions above the galactic plane.
Likewise, Figure[SF illustrates how the cold dense gas isn@hated by the MBH
feedback. The hot dense gas in GM-RMF (B 10° K, > 10 %> g cm 3) shows a
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Fig. 5.8.| Radial gas density (top) and enclosed mass pro les (bottom) centered on
the MBH at 1.49 Gyr. In GM-RMF the MBH feedback keeps larger amunt of gas
at the galactic center (green dashed line) compared to GM-SFed solid line).

clear departure from GM-SF. The gas pro les from this snapsit are also displayed
in Figure &8. In GM-RMF the MBH feedback keeps larger amountf gas within
1 kpc from the galactic center when compared with GM-SF. Onlp small fraction
of the gas in this region is below 0K whereas in GM-SF most of the gas is cold.
As noted, the heating of the interstellar gas is by the MBH though two channels:
radiative and mechanical. We discuss both mechanisms in thalowing.

Heating by MBH Radiative Feedback

The radiation from the MBH is absorbed by the gas. Figur€XQ.9ereals the total
amount of radiation absorbed to heat up the gas inside the ceal 60 kpc sphere.
The absorbed radiation energy for heating includes (1) theelating by the excess
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Fig. 5.9.|] The fraction of MBH feedback energy used to heat upthe gas in the
central 60 kpc sphere. The radiation absorbed to heat up theag reach up to 2.5%
of the total bolometric luminosity of the MBH.

energy above the ionization thresholds of H, He, and He and (2) the Compton
heating when photon - electron scatterings occur. The totahbsorbed energy for
heating is then divided by the total bolometric luminosity d the MBH, Lgy, to get
the fraction

Vv rad;heatdV _ Vv rad;heatdv_

5.11
L rMph C? ( )

f rad; heat =

Figure 5.9 shows thaff (4. heat @verages 0.3% and reaches up to 2.5%. In other words,
about 0.3% of the total bolometric luminosity of the MBH on aerage is used to
radiatively heat the surrounding gas. We remind the readerthat in GM-RMF only

a half of Lgy comes out as radiation, and the other half is used in the meataal
channel. Hencef 1a4:.near does not include the energy which was injected into the
interstellar medium as a mechanical energy. It does not inade the energy used to
ionize the species, eithel®

10f ad: heat is therefore not the same as the fraction of gy that is thermally coupled to surrounding
gas, i.e. ; in Springel et al. (2005b) or Booth and Schaye (2009).
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The thermalization of the MBH radiation energy is a major fator in heating the
gas around the MBH up to 16 K as shown in Figures 5.6 and 5.7. We caution
the readers that the amount of radiation captured by the gas euld depend on the
density of the surrounding gas resolved, and therefore oneimumerical resolution
of the simulation. The value oOff (4. heat We nd in Figure 5.9 would mean the lower
bound of captured MBH radiation if the resolution was insu cient. Seex5.4.2 for
related discussions.

Propagation of Jets by MBH Mechanical Feedback

Recently it is postulated that the energy injection by stromy bipolar winds at the
center of a galaxy could in ate large bubbles expanding intthe galactic halo. Most
notably, the prominent gamma-ray bubbles identi ed by theFermi Gamma-ray Space
Telescopeabove and below the galactic center of the Milky Way galaxy ardubbed
\Fermi bubbles" and garnering much attention. These bubble are believed to be
driven by the galactic winds of massive supernova explosgnor by strong active
galactic nuclei (AGN) activities (e.g. Su et al., 2010; Guorad Mathews, 2011). As
the feasibility of this scenario needs be tested via numeaicexperiments, it is well-
timed to examine whether the mechanical channel of our MBH éelback is indeed
capable of launching energetic jets and in ating observaélsize bubbles.

Figures 5.10 and 5.11 illustrate how the mechanical feedlkacf the MBH works
in our simulation. The sequential images in each Figure presst the temperature
and density in the central 10 kpc sliced through the MBH at eigt di erent epochs
between 1.464 Gyr and 1.475 Gyr (after two black holes are nged). The large
momentum of the bipolar jets from the MBH in ates low density high temperature
bubbles of 3 to 5 kpc in size. The bilobular bubbles are perpdicular to the dense
disk shown as a cold dense lament from left to right. At 1.4665yr, a clear shock
front reaching high temperature up to 10 K is noticeable. The initial expansion
speed of the shocks is measured to reach 500 krh sAlthough it should be considered
provisional, the bilobular morphology of the bubbles cread this way seem to suggest
that the Fermi bubbles could have been naturally in ated by he MBH mechanical
feedback of duration< 10 Myrs. However, the expanding gas mostly falls back into



Fig. 5.10.| Sequence images of launching of the jets. Tempature in the central 10 kpc sliced through the MBH
from 1.464 Gyr to 1.475 Gyr (1.5 Myrs between the frames). The temperature ranges from 310° K to 107 K.
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Fig. 5.11.| Sequence images of launching of the jets. Densitin the central 10 kpc sliced through the MBH from
1.464 Gyr to 1.475 Gyr ( 1.5 Myrs between the frames).
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Fig. 5.12.] Top: the total black hole mass accretion history. Bottom: the mass
accretion rates onto the MBHs in the unit of the Eddington rae. In each panel, the
red solid line and the green dashed line represent GM-SF andERMF, respectively.

the potential well, and rarely escapes the galactic halo. @sxall, only a negligible
amount of gas { if at all { is expelled out of the galactic potetial by the MBH
mechanical feedback (see Figure 5.8). This contrasts withe previous simulations
of Springel et al. (2005b) and others in which a massive exgidn of gas by the AGN
activity is frequently observed during major mergers of gakies.

5.4.2 Black Hole Growth and Related Issues

Figure 5.12 displays the growth history of the combined mass two MBHs in our
simulations. As expected the accretion rates are 5% of the Eddington limit during
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mergers, indicating that our simulation may portray an anabgue of merger-induced
guasar-mode feedback by fast growing MBHs (Croton et al., @6). However, two
problems immediately stand out. The most notable one is thahe run with the MBH
feedback (GM-RMF) exhibits faster growth of black hole mags than the run without
the MBH feedback (GM-SF) does. Another problem is that the mal coalescence of
galaxies at 1.1 Gyr does not seem to cause an increase in thecklhole accretion rate
in GM-SF. (On the other hand, it does cause a rise in the accieh rate in GM-RMF.)
This nding does not seem to agree well with the previous numieal experiments such
as Springel et al. (2005b) and Di Matteo et al. (2005) in whiclblack hole accretion
rates and star formation rates coincide well.

These disagreements might be explained by the di erences mumerical prescrip-
tions to describe MBHSs, between previous studies and ours.ef®re anything else,
the ways in which the MBH energy is coupled to the gas di er fnm each other. In
Springel et al. (2005b) and many studies that followed, a x@ fraction of the MBH
energy is thermally and isotropically added to the gas in themallest resolved volume
in the vicinity of the MBH. This sub-resolution prescription skips the thermalization
process below the resolution limit of 50 to 100 pc. It often eates strong shocks and
easily expels a large amount of gas out of the galactic potait In contrast, the
radiative and mechanical feedback of MBHs in our work do notetessarily generate
such powerful and isotropic shocks. Rather, our feedbackasimels also demonstrate
strong directionality in two ways: (1) the radiation escaps preferentially towards the
direction perpendicular to the dense galactic disk, and (2he jets are directed along
the total angular momentum of the accreted gas, which usugllasymptotes to the
overall galactic rotation axis (see Figure 5.11%

We suggest that the physical processes we modeled in our waorked to be re-
examined to tackle these outstanding problems. First and femost, our feedback
machinery needs to be scrutinized to see how well it re ecthé¢ reality. In what
follows, we describe possible improvements and future diteons which are tested or
considered.

1The directionality of the MBH feedback may in fact better re ect the nature. For example,
recent studies have argued that the MBH feedback may prefemgially remove the dilute hot gas,
while not a ecting the cold stream (van de Voort et al., 2011).
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MBH Mechanical Feedback in Random Directions

To alleviate the strong directionality of MBH feedback in ou machinery, we have
tested simulations in which bipolar jets of the MBH mechania feedback are launched
in random directions. The observations of X-shaped radio pxies (XRGs) where the
radio jets rapidly changes their directions by large anglederritt and Ekers, 2002;

Gopal-Krishna et al., 2003) motivate this consideration. Bwever we do not observe
any signi cant improvement from the earlier results.

MBH Radiative Feedback Captured with More Resolution

It is possible that the numerical resolution of our simulatns is still not ne enough
to fully capture the thermalization of MBH radiation. If the gas near the MBH is
not properly resolved, the optical depth of the radiation cold be small even at the
smallest resolved distance (Omma et al., 2004). Because tamount of radiation
captured by the gas cells depends on the density of the resdvgas, the captured
MBH radiation in Figure 5.9 could likely mean the lower boundf the real value. For
this reason we have performed a simulation of a2 10''M isolated galaxy with
< pc resolution and found thatf 4q.neat de ned in x5.4.1 generally increases (up to
fradiheat D%). Increased radiative heating might aid the MBH in selfegulating its
own growth. More analysis on simulations of higher resolatn need to be carried out.

Kinetic Stellar Feedback

Stellar feedback in galactic scale numerical simulationsak been traditionally mod-
eled with the thermal injection of energy. Lately, howeveranother approach using
momentum kicks is being investigated in order to overcome ¢hlimitation of the ther-
mal prescription (Hopkins et al., 2011)-? Figure 5.13 illustrates the schematic views

121t is well-known that the thermal stellar feedback in SPH simulations is not e ective in launching
galactic winds. It is because the injected thermal energy qickly dissipates by numerical di usion.
This has led some simulators to adopt a phenomenological tement in which gas particles are
vertically launched manually, or the cooling of the internal energy is temporarily forbidden (e.g.
Springel and Hernquist, 2003a). Now to overcome this limitdion Hopkins et al. (2011) uses the fact
that even if thermal energy numerically dissipates in SPH, nomentum doesn't.
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Fig. 5.13.] Schematic view of the thermal and kinetic stellar feedback.

of thermal and kinetic stellar feedback implemented iEnzao. The kinetic stellar feed-
back prescription injects mass and momentum to the six nearlcells. The initial
velocity of the injected mass is calculated so that the totafinetic energy is equal to
the thermal feedback energy adopted in Kim et al. (2010). Thinew mechanism ren-
ders old stars naturally sit in low dense regions, and may diep the realistic picture
of how stellar feedback disturbs the galactic disk and the &tk hole accretion disk.
Preliminary tests show that this new form of feedback is suessful in e ectively sup-
pressing the global star formation. However we still obsez\that the MBH accretion
is not self-regulated.
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Magnetohydrodynamics

Lastly, we work on a simulation with magnetic elds, inspirel by the studies of the
jets in the presence of magnetic elds (e.g. Dubois et al., @9; Wang et al., 2010).
In full magnetohydrodynamics (MHD) calculations, magneti elds are shown to aid
the jets in depositing out ow momentum onto the infalling ga. In turn, jets can
distort and carry the magnetic eld, modifying its distribution.** The interaction
between the jets and the magnetic elds might enhance the eativeness of the MBH
mechanical feedback and help the MBH regulate further gasaetion onto itself.

Enzoadopts the Dedner et al. (2002) formulation of MHD equationsn which the
divergence-free condition of the magnetic eldf B = 0, is enforced by hyperbolic
cleaning incorporated with the projection method (Toth, 200). The piecewise linear
method is used for spatial reconstruction (van Leer, 1979)hile uxes are computed
with the local Lax-Friedrichs Riemann solver (Kurganov andladmor, 2000). The
total variation diminishing second order Runge-Kutta metlod is used to perform
time integration (Shu and Osher, 1988}* For initial conditions, we seed a uniform
magnetic eld of 0.1 nG initially directed along the galactc rotation axis. A set of
simulations with and without the magnetic eld is planned to explore whether the
magnetic elds could help the jets drive massive gas expudsi, thereby quenching
star formation and the growth of black holes.

5.5 Summary

For the rst time, we carried out a comprehensive high-resation simulation of two
merging galaxies, 2 10''*M each, with their 1M embedded MBHs, portraying
an analogue of merger-induced quasar-mode feedback by fgstwing MBHs. Our
main ndings are as follows.

BIn this type of simulations, the direction or the collimatio n of the jets is una ected by the
magnetic eld. It is feasible, however, in MHD calculations of the relativistic plasma jets with
sub-parsec resolution (e.g. McKinney and Blandford, 2009)

14These methods coupled withEnzo AMR are extensively tested in a variety of experiments such
as relativistic jets (Wang et al., 2008), galaxy formation (Wang and Abel, 2009), and star cluster
formation (Wang et al., 2010).
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1. Self-consistent Study of Merging GalaxiesOur AMR framework comprehen-
sively incorporates gas, stars, and central MBHs in one fraawork, and allows
us to explore how galaxies and MBHs coevolve and in uence &aather during
comparable mass mergers. It simultaneously resolves bothet dense inter-
stellar medium and the di use intergalactic medium, and ealy couples small
scale physics (e.g. star formation and feedback, MBH acc@t and feedback)
and large scale phenomena (e.g. galactic out ow, bilobuldoubbles in ated by
MBHSs) without sub-resolution prescription.

2. Suppressed Star FormationWe show that MBH feedback can heat the inter-
stellar medium up to 10 K through radiation and shocks. The MBH feedback
reduces the global cold gas fraction by up to 40%, and suppses the star for-
mation by 15% after 1 Gyr. These MBHSs also drive more frequeand powerful
jets creating sizable bubbles at the galactic centersq.4.1).

3. Black Hole Growth and Related IssuesThe accretion rates are 5% of the
Eddington limit during the merger, indicating that our simulation may portray
an analogue of merger-induced \quasar-mode" feedback bygfgrowing MBHSs.
However, we nd that the run with the MBH feedback exhibits faster growth
of black hole masses than the run without the MBH feedback. Wsuggest
that the physical processes we modeled in our work need to beexamined
to tackle these problems. For example, including magneticelds may aid jets
in depositing out ow momentum onto the infalling gas, thus lelp the MBH
self-regulate its own growth ¥5.4.2).



Chapter 6
Conclusions and Future Work

\The signi cant problems we face cannot be solved at the sartevel of
thinking we were at when we created them."
| Albert Einstein (1879-1955)

Every astronomer must have at some point found himself spletund and awed by
the spectacular images of galaxies taken by the Hubble Spal@escope. Trillions of
stars orbiting in giant spiral structures, well-de ned dus lanes right across the stellar
lights, the big moment in the violent reworks of galaxy mergrs. All of these leave us
dumbfound for a while in search of the laws and truth behind ta mesmerizing beauty.
However, it is equally astonishing to learn that we do not yehave a well-established
theory to explain how such galaxies have formed and evolved.

The Universe is built from the bottom up and as such, galaxieme the basic build-
ing block of the large scale structures. Therefore a reliagtheory of galaxy formation
is in great demand not only to explain the beautiful galactiagmages themselves, but
also to o er a basis to elucidate the formation of the large ste structures. The pur-
pose of this thesis has been to demonstrate that such theomgrcbe perfected through
re ned numerical simulations. We have developed a state-ttie-art numerical frame-
work which self-consistently models the interplay betweegalactic components: dark
matter, gas, stars, and massive black holes. Utilizing thimol we have demonstrated
that such interactions needs to be adequately consideredcadescribed in order to
comprehend the star formation history, black hole accretiohistory, and cosmological

125



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 126

evolution of galaxies.

In this chapter, we discuss the original conclusions and fute applications of this
thesis work. Listed inx6.1 are the main conclusions focusing on the impact of our
new approach in understanding the evolution of galaxies. éds on how to improve
our numerical approach are summarized iR6.2. Possible future work and projects,
including the formation of high-redshift supermassive btk holes, are also discussed
in X6.3 andx6.4. A portion of this chapter is included in the publicationsubmitted to
The Astrophysical Journalwhich is coauthored by John Wise, Marcelo Alvarez, and
Tom Abel.

6.1 Conclusions

6.1.1 Building A Self-consistent Numerical Framework for
Galaxy Formation

We developed a fully self-consistent galaxy formation sirfation integrating dark
matter, gas, stars, and massive black holes (MBHS) in one cprehensive frame-
work (Kim et al. (2010); Chapter 2). Our unique framework haghe following novel
features.

Molecular cloud formation Enzois modi ed to model the formation of molec-

ular clouds at its characteristic scale of 15.2 pc. We selbsistently deposit

a particle when a gas cell of a molecular cloud size actuallyedbmes Jeans
unstable.

Stellar feedback The molecular cloud particle then gradually produces stak
mass while returning a large fraction of mass back to the gastiw thermal
feedback energy. It models the observed slow star formationmolecular clouds.

MBH accretion: Gas accretion rate onto a MBH is estimated assuming a Bondi-
Hoyle accretion but without any empirical boost factor (e.g as in Springel et al.,
2005b), since high-resolution AMR resolves the high denigi$ near the MBH.
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MBH radiative and mechanical feedbackMonochromatic X-ray photons from
the MBH is followed through full 3D adaptive ray tracing renckring the radiative
feedback of the MBH. Here photons ionize and heat the gas, aagert momen-
tum onto the gas. Bipolar jets with velocities of 10° kms ! are launched from
the vicinity of the MBH, well resolved in high-resolution adptive mesh. Our
approach is signi cantly di erent from the previous recipes for MBH feedback in
galactic scale simulations to date (e.g. Springel et al., @Bb; Sijacki et al., 2007,
Booth and Schaye, 2009; Teyssier et al., 2010b), yet more actely presents
the physics of MBHs when properly incorporated with a high dyamic range.

6.1.2 Galaxy Formation with Stars and MBHs

With a much improved numerical tool in hand, we investigatedhe coevolution of
a 92 10"M galaxy and its 10M embedded MBH at redshift 3 in a CDM
simulation (Kim et al. (2010); Chapter 3). Our simulation, r the rst time, followed
the comprehensive evolution of a massive star-forming gajawith self-consistently
modeled stars and a MBH, evolving under each other's in ueec Our method limits
the use ofad hocformulation and instead more accurately models the physiosf
galaxy formation. Therefore, one should also be able to cdapsmall-scale physics
(such as molecular cloud formation and feedback) with larggcale physics (such as
guasar-driven galactic out ows) without any sub-resolutbn model. Our main results
are as follows.

Molecular Cloud Formation and FeedbacKJnlike previous star formation recipes
based on the Schmidt relation, a particle spawns when a gadlaa a typical
molecular cloud size, 15.2 pc, actually becomes Jeans uibéta Then thermal
stellar feedback is shown to self-regulates star formation

Locally Suppressed Star FormationWe show that MBH feedback, especially its
radiation, heats the surrounding ISM up to 10 K through photoionization and
Compton heating and thus locally suppresses star formation the inner core of
a galaxy. The feedback also considerably changes the stetlsstribution at the
galactic center. This new channel of feedback from a slowlyogving MBH is
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particularly interesting because it is only locally dominat, and does not require
the heating of gas globally on the disk, or instigate a massi\gas expulsion out
of the galactic potential.

Self-regulated Black Hole GrowthMBH feedback is also demonstrated to be an
e ective mechanism for slowing down the accretion of gas anthe MBH itself.
Without necessarily unbinding all of its surrounding gas,tie MBH self-regulates
its growth by keeping the surrounding ISM hot for an extendegheriod of time.
Therefore, our results possibly are consistent with a \radimode" analogue of
MBH feedback.

6.1.3 Merging of Galaxies on Adaptive Mesh Re nement

We performed the very rst adaptive mesh re nement (AMR) sinulation of two merg-

ing galaxies, 18 10'°M each, including star formation and feedback (Kim et al.
(2009); Chapter 4). Our simulation, for the rst time, followed the self-consistent
evolution of low mass merging galaxies with AMR at unpreceded resolution. Al-

though it should be considered provisional, our result brgs compelling evidence that
AMR delivers a uniquely powerful tool in understanding mergg galaxies, while it

addresses several issues SPH has su ered from.

Multiphase Medium and Shock-induced Star FormationFirst, as AMR natu-
rally establishes a multiphase medium without any sub-rekdgion model, we
have captured shock-induced star formation that occurs whamerging galaxies
compress the intervening gas. The well-resolved shocksggger a widespread
starburst, in accord with observations. Further, the overooling problem is ab-
sent because the multiphase medium is resolved ¥y10 pc cells, and the thermal
feedback is su cient to heat such small cells up to 10’ K.

Hot Gas Out ow: Second, utilizing the high dynamic range and the Eulerian
nature of AMR, we have followed the evolution of the hot di ug medium of
gaseous halos and the IGM as far as 1 Mpc away from the galaxi@$is allows
us to explore the interplay between the galactic out ows andhe embedding
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medium and to demonstrate that a hot metal-rich halo forms arund the galaxies
from stellar feedback. The massive gas expulsion in low masgrging galaxies
leads to a high mass-to-light ratio, as it creates a mergermsmant without much
cold gas left for later star formation.

6.1.4 Galaxy Mergers with Stars and MBHs

We also carried out a comprehensive high-resolution simtilzn of two merging galax-
ies, 21 10''™M each, with their 1M embedded MBHSs, portraying an analogue
of merger-induced quasar-mode feedback by fast growing MBKKim et al. (2011);
Chapter 5). Our main ndings are as follows.

Suppressed Star FormationWe show that MBH feedback can heat the inter-
stellar medium up to 10 K through radiation and shocks. The MBH feedback
reduces the global cold gas fraction by up to 40%, and suppses the star for-
mation by 15% after 1 Gyr. These MBHSs also drive more frequeanhd powerful

jets creating sizable bubbles at the galactic centers.

Black Hole Growth and Related IssuesThe accretion rates are 5% of the
Eddington limit during the merger, indicating that our simulation may portray
an analogue of merger-induced \quasar-mode" feedback bygfgrowing MBHSs.
However, we nd that the run with the MBH feedback exhibits faster growth
of black hole masses than the run without the MBH feedback. Wsuggest
that the physical processes we modeled in our work need to beexamined
to tackle these problems. For example, including magneticelds may aid jets
in depositing out ow momentum onto the infalling gas, thus lelp the MBH
self-regulate its own growth.

6.2 Improvement on Physics

While proven to be fruitful already in producing robust resits, our comprehensive
galaxy formation framework is only the rst step forward in the right direction. Im-
minent future projects and improvements are as follows.
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6.2.1 Improving Mechanical Feedback

In the results presented herein, mechanical feedback is egetically secondary to
radiative feedback because the mass accreted onto the MBHnist large enough
to repeatedly drive jets. These infrequent jets easily petrate the ISM without
necessarily creating sizable shocks or entraining a largem@unt of gas. However,
a few mechanisms will be considered in the future which coulthve enhanced the
e ectiveness of jets. Magnetic elds could aid the jets in eciently depositing out ow
momentum onto the infalling gas, as was shown by the studies the evolution of jets
in the presence of magnetic elds (Dubois et al., 2009; Wand al., 2010). Cosmic
rays accelerated by relativistic jets and shock fronts (Skinan et al., 2008) could
boost the e ectiveness of jets, too.

6.2.2 Improving Radiative Feedback

For now, monochromatic X-ray photons are utilized to carry he energy of MBH radi-
ation (x2.2.7); however, a better model will be needed to describeetipolychromatic
energy distribution of MBH radiation. Ideally one wants to fave a large number of
spectral energy bins, each of which is separately followeldrough three-dimensional
ray tracing. Given the computationally challenging natureof polychromatic radiative
transfer, however, tabulated rates of photoionization anghthotoheating as functions
of optical depth can be a good alternative. Moreover, to accately quantify the
radiative feedback on the gas in the vicinity of a MBH, the presure force on dust
grains needs to be computed. This could have increased thaligtion pressure in
the presented results, especially in the centrad kpc region. For this purpose, dust
models in Rocha et al. (2008) will need to be considered.

6.2.3 Adding Supplementary Feedback Channels

A MBH particle in our work represents not just the black holetself, but also includes
accreting gas and stars deep within the galactic nucleus. Ui, there is a need for other
feedback channels, such as stellar winds from a nuclear d{gkotti et al., 2009). The
nuclear disk winds can be implemented as thermal depositiai energy, working in
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conjunction with the aforementioned radiative and mechanal feedback. Stellar UV
radiation from the nuclear disk can also be incorporated intthe radiative feedback of
the MBH. Including this supplementary feedback will reveathe multi-faceted nature
of the coupling of MBH energy with its surroundings.

6.2.4 Improving Accretion Estimate

The accretion estimate using the Bondi-Hoyle formula will @ed to be improved, espe-
cially when the gas disk around the MBH can be resolved down tbe Bondi radius.
Di erent estimates such as the ones considering gas angufaomentum (Hopkins and
Quataert, 2010; Levine et al., 2010) are attractive candides that should be explored.

6.2.5 Nonthermal Pressure Sources

Nonthermal pressure sources such as magnetic elds (WangdaAbel, 2009), stellar
UV radiation, and cosmic rays are missing in this work, but stuld be included in
future simulations.

6.2.6 Parameter Studies

More comprehensive parameter studies should follow, es@dly in the parametriza-

tion of MBH feedback and the e ciency of stellar feedback. Tl results should be
compared and calibrated with observations such as bulge tasé mass ratio and
gas to stellar mass ratio (e.g. Gavazzi et al., 2008), or withinalytical investigations

(e.g. Sazonov et al., 2005). In particular, the disk-bulgeetomposition of simulated
galaxies will be the subject of subsequent analysis of ounsilations.

6.2.7 Joining Forces with Other Astrophysics Codes

We also recognize that the results from our experiment can @ride the community
with better sub-resolution models for MBH physics. For exapie, the radial pro le of
heating rates by the MBH in our simulation can be tabulated;n a coarsely resolved
particle-based simulation, one can deposit thermal energyccording to this radial
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Fig. 6.1.] A snapshot of a galaxy simulated in Enzo and visualized with Sunrise
(Jonsson et al., 2010). Seen from a 60 angle (top) and an edgeangle (bottom).
The reddening by dust absorption and reemission is includedote the prominent
dust lane across the edge-on image. Visualization courtesy Patrik Jonsson and
Matthew Turk.

dependence into a volume larger than a typical smoothing kegl. This can be a
useful means for improving the particle-based simulatiorss well as for speeding up
future large-scale AMR calculations, such as the formatioaf high-redshift quasars
and the reionization of intergalactic helium.

Very detailed structures of the star forming galaxies are iprinted in our high-
resolution galactic dataset at a wide range of scales. Thé&ee, using the tools for
generating mock observations and spectra (e.g. Jonsson &t 2010), our simulated
galaxies on AMR can produce the most precise simulation cderpart against the
observation of active star-forming galaxies. The in uencef dust obscuration and
galactic wind would be engraved in the synthesized galactimages and spectra (Fig-
ure 6.1).
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6.3 Formation of High-redshift Quasars

For the rst time, a numerical framework which self-consigntly simulates galaxies
and MBHs is ready (Kim et al., 2009, 2010, 2011). Expanding op extensive experi-
ence in galactic simulations, we will apply this tool to onefdhe most challenging, yet
highly rewarding tasks in contemporary astrophysics: buding high-redshift quasars
with unabridged descriptions of galaxy - MBH interactions.Details of the proposed
projects are as follows.

6.3.1 Scienti ¢ Motivation

Computer simulations are astronomers laboratories. Theies of galaxy formation
must be put to the test through computational experiments. ldwever, the numerical
frameworks to date hardly encompass all the important physs at galactic scale,
such as star formation or MBH feedback. Therefore, our newaimework which self-
consistently models stars and MBHs with less tunable parargs brings a unique
perspective to a wide range of galaxy formation studies in udh simulations have
had hard time in reproducing observations:

1. What makes giant elliptical galaxies red with little starformation activity?

2. Can MBH feedback suppress star formation without havingot blow out all the
gas out of the galactic potential as some simulated quasars de.g. Springel
et al., 2005b))?

3. How do galaxies maintain high angular momentum disks andv@d making
secular bulges that are too massive?, etc.

Among all these problems, the most troubling one is the existce of high-redshift
quasars. The discovery of high-redshift quasars (Fan et aR006) poses a serious
challenge to CDM cosmology: How did the MBH acquire such a hge mass in
such a short time< 1 Gyr? The commonly adopted scenario starts with a seed
BH of 10> 3M formed from a collapsing Population Il star atz 20 (Heger and
Woosley, 2002). Then, a sequence of galaxy mergers and sgbeetly, merging of
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their embedded BHs builds a MBH of upto 18M atz 6 (Haiman and Loeb, 2001).
Numerical evaluation of this scenario requires us to secutiee two most important
pillars of contemporary astrophysics:

1. Dark matter cosmology: How rare is the density peak whiclater evolves to
a massive quasar hosting halo? How have dark matter (DM) haanerged to
form this massive halo?

2. Baryonic physics: How does gas fall into the gravitationgotential of a DM
halo? How is the gas consumed by star formation and BH accrati? How
do stellar and MBH feedback in turn change the interstellar mdium and self-
regulate their growths?

While DM cosmology is relatively well constrained through @alytic studies, many
complications still remain in describing galactic baryom physics even in the most
recent numerical attempts (Li et al., 2007b; Sijacki et al.2009). For example, the
key challenge in studies of quasar formation is to describ@w a MBH acquires its
mass, and how it a ects its host galaxy through feedback. Haver, previous studies
have empirically boosted the Bondi accretion estimate by 10300 to compensate
for coarse resolutions (Booth and Schaye, 2009). Poor red@n has also forced
simulators to skip the thermalization process below the rekition limit, and to simply
thermally deposit MBH feedback energy near the MBH (e.g. Simgel et al., 2005b)).
These sub-resolution approaches often add too many tunalglarameters to an already
complicated problem. Therefore, a self-consistent numeail framework we developed
for galactic simulations will be ideal to track how galaxieand MBHs have evolved
under each others in uence to form high-redshift quasars.

6.3.2 Building High-redshift Quasars with Unabridged Phys ICS

By simulating quasars in early universe in a self-consistenumerical framework, we
can prove or falsify the validity of the pillars of contempoary astrophysics. While
challenging, this calculation is well-timed as observatits provide good constraints on
galactic evolution, and numerical resolution reaches evso close to resolve individual
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galaxies in a ( Gpc)® volume. Combining thorough experience in carrying out
galactic and cosmological simulations with MBHs (Kim et aJ.2009, 2010, 2011) and
Enzds intensive radiation calculation capability, we are welpoised to perform a state-
of-the-art calculation to assess the accretion history of BHs in the early universe.

Required Physics and Enabling Techniques

1. Multi-scale physics To simulate high-redshift quasars whose number density is
< 10Gpc3atz 6, asimulation box of (500h *Mpc)3 is necessary (Sijacki
et al., 2009). Meanwhile, 50 pc resolution is required to resolve the gas in ow
around 10°M BHs as well as the characteristic scale of molecular clouds.
This multi-scale simulation with a dynamic range of 10’ will be achieved by
employing Enzo adaptive mesh re nement.

2. Hydrodynamics The shock-capturing Riemann solver is ideal to depict the ea
chanical feedback of MBHSs: bipolar jets of 10° kms ! (Kim et al., 2010). The
Enzo magnetohydrodyanmics (MHD; Wang and Abel, 2009) module hdseen
tested in galactic simulations with MBHs, and will continueto be improved
in order to measure how magnetic elds aid jets in e ciently cepositing out-
ow momentum onto the infalling gas and boost galactic nontermal pressure
(Dubois et al., 2009; Wang et al., 2010).

3. Radiation sources Fromz 15toz 6 a sequence of 10 mergers is expected
to form a > 10"®M halo hosting a quasar az 6. Therefore, at least 10
MBHs in each merging halo need to be described as sources afiaaon. We
will use coupled radiative transfer module tested with> 30 radiation sources
(Wise and Abel, 2010). In addition, an auxiliary radiative tansfer machinery
has been being built to heat and ionize the gas using pre-tdated rates, to
account for the polychromatic energy distribution of MBH raliation.

4. Re ned MBH physics A MBH particle resolved by 50 pc resolution represents
not just the BH itself, but also includes stars and accretingas deep within the
galactic nucleus. Therefore, one should improve the physiaround MBH, such
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as stellar winds from a nuclear disk (Ciotti et al., 2009). Th nuclear disk wind
has been implemented as the injection of thermal energy, ted to work in
conjunction with the aforementioned MBH radiative and mechnical feedback.

5. Other galactic scale physicsWe will maintain the basic formalism of the molec-
ular cloud formation and stellar feedback, along with the &pecies chemistry
(H;H";He; He' ; He™ ;e ) and cooling below 16K, as were previously detailed.

Proposed Simulation Strategy

1. Low-resolution stage We rst identify a massive DM halo of 10"*M atz 6
by running a coarse adiabatic run in a (508 *Mpc)? box. Then we recenter the
density eld around this halo and set up a new initial conditon that contains
a small-scale power as well, with a 538200t grid and a series of three nested
grids of twice ner resolution each. The grid at level 3 enckes the Lagrangian
volume of the quasar-hosting halo and manifests the equieak resolution of
4096 unigrid. This method saves a computational expense of perfoing a
4096 root grid calculation being re ned everywhere, and is well @monstrated
in Kim et al. (2010) (Chapter 3).

2. High-resolution stage We then impose 50 pc resolution while introducing
physics modules described in Kim et al. (2010) (Chapter 2). it a 512°
root grid box of (500n Mpc)? re ned by factors of two along each axis, this
resolution corresponds to a maximum re nement level of 12 & 6, very
feasible on parallelizedEnzo. Using the inline halo nder, a 1¢ °M seed
BH is placed every time the host halo reaches a total mass of'4d . With
novel radiative transfer techniques such as truncating theay tracing at the
virial radius of a MBH hosting halo, or ray merging (Wise and Ael, 2010),
the simulation performance is expected to scale up well witthe number of
processors.

3. Analysis and mock observationsWe propose a suite of simulations with vary-
ing modes of MBH feedback to measure how the self-regulatiMBH feedback
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a ects the build-up of high-redshift quasars. We will invesgate how the BH
accretion and star formation are in uenced by halo merger ewits and the in-
clusion of di erent MBH feedback, magnetic elds, etc. Our lgh-resolution
simulation will also provide exceptional datasets for syhiesized galactic spectra
and images which embody the galactic star formation historgnd dust distri-
bution. These simulated observations (Figure 6.1) will beeadily comparable
with observations of early universe by HST, Spitzer, and JWKin the future
(Gardner et al., 2006).

Extending The Scope

An immediate extension of the proposed project is to study thinterwoven destiny of
galaxies and MBHs, remarkably imprinted in the relation beveen the MBH masses
and bulge stellar velocity distributions Mgy bulge; €.9. Ferrarese and Merritt,
2000). It will be possible to carry out close inspection on ela merging event and
the rapid BH growth therein down to lower redshift, followedby a remnants analysis
with disk-bulge decomposition (Di Matteo et al., 2008). Theedshift evolution of the
M gH buige relation can be compared to the observed data (e.g. SDSS by d\et al.,
2008), with which we can calibrate our MBH models and put a pavful constraint
on the coevolution of galaxies and MBHs.

Another extension is to explore the reionization history athe intergalactic helium
by high-redshift quasars. Since it requires a larger numbeif radiation sources, sub-
resolution models of MBH physics derived from the earlier wi could be used to
speed up the calculation. For example, the radial pro le of éating rates by a MBH
in small scale simulations (as in Kim et al., 2010) can rst bdabulated. Then,
in coarsely resolved large-scale simulations, one can atj¢hermal energy with this
radial dependence. Moreover, by integrating the ionizingadiation escaping the high-
redshift quasars, one can put a stronger constraint on the legive contributions of
Population 11l stars and quasars for hydrogen reionizatignwhose signature will be
better measured by JWST and ALMA (Gardner et al., 2006).
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Fig. 6.2.] A snapshot of a galaxy cluster simulation with the initial condition of
e ective resolution of 4096. The initial condition is generated for (1h Gpc)? at
z = 30, and the snapshot is taken atz = 5:3.

6.4 Further Applications of the Numerical Frame-

work

The publicly available astrophysical codeEnzo and its implementation of stellar
physics and MBH physics can be straightforwardly deployed iother settings. Among
many, we report two of such possibilities which are also undactive investigation.
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Fig. 6.3.| A snapshot of a star cluster simulation in a galactic context reaching the
resolution of 0.47 pc for a 2 10'M galaxy.

6.4.1 Stopping of Cooling Catastrophe in Galaxy Clusters

The same numerical framework for galactic scale simulatisrcan be employed for
other applications such as simulations of galaxy clusterd-igure 6.2 shows a snap-
shot of such simulation with an initial condition of e ective resolution of 4098 in
(1h Gpc)®, created with the MUIti-Scale Initial Condition generator (MUSIC) by
Hahn and Abel (2011). The mechanical feedback of active gate nuclei (AGN) at
the centers of massive clusters can be turned on with constamergy input at around
z=2 3. The so-calledcooling catastrophen the cluster simulation may be stopped
or regulated by the energetic AGN jets (Dubois et al., 2010).
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6.4.2 Stellar Cluster Formation in Galactic Context

The high dynamic range ofEnzo can be employed to observe the formation of in-
dividual star clusters in the context of evolving galaxies.Figure 6.3 demonstrates
a snapshot of such attempt where more resolution (up to 0.47%pis imposed while

particles are split via the technique described ix3.1.1. The cooling curve shown in
Figure 1.1 needs to be used to include the e ect of radiativeooling by molecular

hydrogen in dense regionsng > 10° 8cm 3). This new approach will overcome the
limitations of typical star cluster simulations where a sigle stars cluster forms in an

idealized set up (e.g. Wang et al., 2010).

The theory of galaxy formation is still incomplete and staied with numerous
unknowns. However, it also ironically signi es that now is lhe great time for astro-
physicists to contribute to the perfection of the galaxy famation theory. As has been
illustrated in the candidate's thesis, numerical studiesfaalaxy formation will help us
overcome the problems and hurdles the contemporary resdaecs experience. What
is even more encouraging is that the numerical investigatioof galaxy formation has
enormous room for improvements, and its potential is only atting to be discovered.
Ever improving simulation data, joined with the wealth of olservations, will gradually
make us open our eyes to the truth and beauty of the Universe.
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