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Abstract

Merging Galaxies and Dark Matter Halos
by

Andrew Rodger Wetzel
Doctor of Philosophy in Astrophysics

University of California, Berkeley
Professor Martin White, Chair

Mergers between distinct objects are a natural part of hierarchical structure formation.
Mergers are also one of the most critical elements in the evolution of both galaxies and halos.
I use high-resolution, cosmological volume simulations to explore galaxy and halo evolution
and merging activity in a cosmological context, including environmental dependence, merger
rates and dynamics, and how these processes in halos connect with those of galaxies.

I first explore halo merging and evolution, focusing on its interplay with large-scale
environment. While halo spatial clustering has been thought to depend only on mass, I ex-
amine how spatial clustering depends on secondary parameters such as halo formation time,
concentration, and recent merger history, a phenomenon known as “assembly bias”. Next,
I examine the extent to which close spatial pairs of objects can be used to predict mergers,
finding limited utility to the pair-merger method arising from a competition between merger
efficiency and completeness. I also explore the dependence of merging on environmental den-
sity, discovering that merging is less efficient in overdense environments. I then investigate
how a massive galaxy/halo population at high redshift connects to a massive population of
the same number density today, finding that scatter in mass growth and mergers between
massive objects preclude a direct population mapping either forward or backward in time.

In the latter part of this work, I explore the dynamics and mergers of galaxies in groups
and clusters. I first examine the orbital distributions of satellite halos/galaxies at the time
of infall onto a more massive host halo, finding that satellite orbits become more radial and
penetrate deeper at higher host halo mass and higher redshift. I then track the evolution of
galaxies in groups directly, examining the merger rates of galaxies over time and finding that
galaxy mergers do not simply trace halo mergers. I also examine the small-scale environments
of galaxy mergers, discovering that recently merged galaxies exhibit enhanced small-scale
spatial clustering for a short time after a merger. Finally, by using abundance matching to
assign stellar mass to subhalos, I explore the importance of merging vs. disruption processes
for satellite galaxy evolution. I rigorously test the connection of galaxies to subhalos by
comparing simulations against observed galaxy spatial clustering, satellite fractions, and
cluster satellite luminosity functions, finding agreement in all cases.
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Chapter 1

Introduction

The Universe contains structure on all scales we can probe. A fundamental goal of
astrophysical cosmology is to understand the origin and evolution of structure on the largest
observable scales. Structure, in the form of density perturbations, was seeded via the am-
plification of quantum fluctuations during a period of accelerated expansion called inflation.
Processed by the subsequent 14 Gyr of gravitational instability, these density perturbations
have given rise to collapsed dark matter structures called halos. These dark matter ha-
los provide the backdrop for the subsequent formation of all collapsed baryonic structures,
including stars, galaxies, and galaxy clusters.

Our understanding of initial dark matter density fluctuations and how they propagate
in a non-linear manner to the present day has progressed significantly in the last decade.
However, the formation and evolution of galaxies remains one of the central unsolved ques-
tions in astrophysical cosmology. Observationally, we have passed a critical turning point
as we now have the capacity to extract key physical results from large-scale galaxy surveys,
spanning the faintest dwarf satellites around the Milky Way to the formation of the earliest
massive galaxies. The challenge now is to connect the rich structure of the dark sector to the
even richer observed structure of baryons by mapping galaxies to dark matter halos. Such a
theoretical mapping is necessary not only for a comprehensive understanding of galaxy evo-
lution in a cosmological context, but also to advance our understanding of cosmology and
large-scale structure itself, since galaxies provide the observable tracers of dark structure.

One of the most critical, but poorly understood, elements in the evolution of both
halos and galaxies is mergers. Mergers occur as gravitational attraction pulls two distinct
objects together, and through dynamical relaxation they coalesce to a single resultant object.
Mergers are responsible for a significant amount of the mass growth of halos and galaxies.
Moreover, the violent merger process also transforms the structure of halos and galaxies. In
particular, galaxy mergers are thought to play a pivotal role in the transformation of gas-
rich spirals to gas-poor ellipticals (Toomre & Toomre 1972) while driving intense starbursts
(Barnes & Hernquist 1991). Additionally, mergers between galaxy clusters can affect the
dynamics of member galaxies as well as the temperature and morphology of the Intra-Cluster
Medium (ICM; e.g., Rowley et al. 2004; Poole et al. 2007).
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Beginning in the early 1990’s (Carlberg 1990; Lacey & Cole 1993; Kauffmann & White
1993), much effort has gone into theoretical investigations of halo and galaxy mergers in a
cosmological context. However, even today our understanding of mergers remains incom-
plete, largely because mergers are violent, highly non-linear processes not easily addressed
by analytic techniques. Enormous progress has been made through the use of cosmological
numerical simulations, which fully capture the non-linear processes of structure formation
including mergers. However, as mergers are rare events, large-volume simulations are neces-
sary for adequate statistics and to accurately represent structure on the largest scales, while
high spatial resolution is necessary to accurately capture merger dynamics on galaxy scales.
Only in the last five years has our computational capacity allowed sufficient dynamic range
for both regimes.

Through the use of high-resolution, cosmological-volume N-body simulations, the aim
of this work is to explore galaxy and halo mergers in a cosmological context and how the
two relate to one another. How do galaxies map to dark matter (sub)halos? How does the
merging process tie in with large- and small-scale environment? How readily do close pairs of
objects merge? What are the cosmological dynamics of halos and galaxies during mergers?
What is the cosmological evolution of the galaxy merger rate? How important are merging
and disruption processes for the evolution of galaxies in groups? These topics constitute the
scope of this work.

1.1 ACDM Cosmology

An understanding of the formation of all collapsed structures begins with a robust
cosmological model for the contents, geometry, and expansion history of the Universe. This
proceeds to a description of the growth of structure, which proceeds to an understanding of
the evolution of dark matter halos and subhalos, which in turn proceeds to an understanding
of how galaxies form and evolve within them.

A standard concordance model of cosmology has emerged within the last decade, in
which the current contents of the Universe are dominated by two “dark” components not
directly observable: dark energy (A), a highly uniform energy density with negative pressure
which is causing the expansion of the Universe to accelerate, and Cold Dark Matter (CDM), a
non-relativistic particle(s) which effectively interacts only via gravity and thus is collisionless.
Only about 1/6 of the matter in the Universe is baryonic (and leptonic), and a cosmologically
insignificant amount of the current contents are in the form of radiation.

The geometry and expansion history of the Universe are given by the field equations
of General Relativity, once the contents of the Universe are specified. On sufficiently large
scales, the Universe is both homogeneous and isotropic, an assumption known as the Cosmo-
logical Principle which has passed all current observational tests. Under the assumption of
the Cosmological Principle and energy-momentum conservation, field equations of General
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Relativity can be simplified to the Friedman equations (see e.g., Peacock 1999)

. 2
e A k
m= (%) =, 28 1.1
(a) 3 Y 3 a? (1.1)
a 47
a_ a7 _ 1.2
" 3 G(p+ 3p) (1.2)

Here, a(t) is the scale factor of the Universe at time ¢, p is the sum of energy densities of the
contents of the Universe, A is the Cosmological Constant, k is the curvature of the Universe.
p is the pressure of the contents of the Universe, which is often given by the equation of
state w = p/p. Dark matter is collisionless, having w = 0, radiation has w = 1/3, and dark
energy, which is assumed henceforth to be a Cosmological Constant, has w = —1. Current
observations indicate that the curvature of the Universe is zero to within a few percent
(Komatsu et al. 2010), and so we will assume k& = 0 in Eq. 1.1.

The quantity H(z) is the Hubble Parameter which represents the expansion rate of the
Universe. H(z) is generally normalized to its current value, H,, given by

H,=100h kms™* (1.3)

where h is a dimensionless constant referred to as the Hubble Constant.
Given the three components of the contents of the Universe, we simplify Eq. 1.1 to

(g) = H, () + D (2) + (o)) (1.4)
where
Q(2) = M, i=m,r A (1.5)
Perit(2)
represent the densities of matter, radiation, and dark energy scaled to the critical density,
Perit(2) = 31;38), the density needed to make the Universe flat (which is assumed). €,

the contribution from specifically baryonic matter, is incorporated into €2,,. Stress-energy
conservation leads to matter density evolving as p,, o< (14 2)® and radiation density evolving
as p, o< (14 2)*, and py is constant for vacuum energy given by a Cosmological Constant,
as assumed here.

The Universe began nearly 14 billion years ago with an initial expansion moment known
as the Big Bang. Shortly thereafter, a period of accelerated expansion, known as inflation,
caused the size of the Universe to expand by at least ~ ¢°°, and in the process amplified pri-
mordial (quantum) density fluctuations to a macroscopic scale. During the first 100000 years,
the energy density of the Universe was dominated by relativistic species, primarily photons
and neutrinos, which contributed significant pressure and retarded the further growth of
density perturbations. After about 100000 years, the energy density of the Universe transi-
tioned to being dominated by matter, at which point significant formation of structure began
through the process of gravitational collapse. However, the hot, ionized baryons remained
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tightly coupled to the radiation field and were unable to further collapse. This continued
until the Universe cooled sufficiently that the baryons combined to neutral species and de-
coupled from the radiation field, an event referred to as recombination. Thus, structure
formation of both dark matter and baryons began in earnest around 300000 years after the
Big Bang and has continued through the subsequent 13 Gyr of gravitational collapse.

1.2 Density Fluctuations & Spatial Clustering

Knowing the contents and expansion history of the Universe, the final ingredient to
specify the evolution of structure is the initial spectrum of density perturbations produced
during inflation. The density perturbation field, d(x), characterizes the fractional deviation
of density from the mean value. Generally, inflation is expected to produce density fluctua-
tions described by a Gaussian distribution with zero mean, which is consistent with current
observations (Slosar et al. 2008; Komatsu et al. 2010). These density fluctuations are not
randomly distributed in space, but instead are spatially correlated with one another. This
is quantified by the correlation function

E(r) = (6(x)d(x + 1)) (1.6)

where () denotes the spatial average, and we have used the Cosmological Principle to reduce
to a function a scalar separation, r. Alternately, we can characterize the density field by
the power spectrum, P(k), which is the Fourier transform of the correlation function, with
k=2m/r.

Inflation is generally thought to produce an initial power spectrum of fluctuations which
can be well approximated by a power law

P(k) o< k™ (1.7)

with spectral index, n,, close to the scale-invariant Harrison-Zel’dovich spectrum, n, = 1.
Since the growth of density perturbations is retarded during radiation domination, k£ modes
which enter the horizon before matter-radiation equality experience only weak (logarithmic)
growth with a(t), while those modes which enter after matter-radiation equality grow linearly
with a(t). Thus, the power law nature of the spectrum is broken. This effect is quantified
by the transfer function, T'(k), which relates the primordial matter power spectrum to that
after matter-radiation equality

P<k) = TQ(k)Pprimordial(k) . (18)

T(k) is constant for low k& and rolls over to nearly T(k) oc k=2 at high k, which causes a
peak in P(k) at k ~ 0.0145 h Mpc™* or r ~ 430 h~! Mpc.
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Parameter Value Error
Qo 1.4 x 107° -
Qp0 0.046 0.002
Qo 0.27 0.02
Qo 0.73 0.02

h 0.70 0.01
N 0.96 0.01
og 0.81 0.02

Table 1.1: Current measured cosmological parameters, adapted from Komatsu et al. (2010).

1.3 Cosmological Parameters

As described above, expansion history of the Universe is governed by the density of
matter, €),,, radiation, €2,., and dark energy, €24. The expansion rate is normalized by its
current value, set by the Hubble parameter, h. The initial density fluctuations are described
by the matter power spectrum at the time of recombination, which is given by the slope of
the primordial power spectrum, n,, and its normalization, which is often expressed as og, the
variance of matter density within spheres of radius 8 h~! Mpc. Finally, the detailed shape of
the matter power spectrum at high k is also influenced by baryon oscillations at the time of
recombination, determined by €2,. These seven cosmological parameters, with the theoretical
framework of General Relativity, provide a complete description of the gravitational growth
of structure across the history of the Universe.

Table 1.1 lists the currently best-fit cosmological parameters, adapted from a compi-
lation of observations analyzed in Komatsu et al. (2010). These values are derived from
measurements of the CMB at z ~ 1100 (Larson et al. 2010), Baryon Acoustic Oscillations
(BAO) in nearby galaxy samples (Percival et al. 2009), and the Hubble Constant as deter-
mined via supernovae (Kowalski et al. 2008). These values (or values close to them) will be
assumed hereafter.

1.4 Dark Matter Halos

1.4.1 Halo Collapse & Mass Function

We now turn to the formation, evolution, and structure of dark matter halos. As the
linear density perturbations seeded by inflation are amplified through gravitational collapse,
they form self-bound, non-linear conglomerations known as halos. Although halo formation
is complex, being influenced by large-scale tidal fields and punctuated by violent mergers
leading to halos with highly ellipsoidal geometry, a simple spherical collapse model provides
a heuristic description of the halo formation process (see e.g., Peacock 1999).
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Given a nearly uniform density Universe filled only with matter, Birkhoft’s theorem
states that the evolution of a spherical region depends only on the matter inside, allowing us
to treat the region as an isolated universe. If the spherical region is sufficiently overdense, the
gravitational self-attraction will overcome the initial expansion such that the spherical region
will reach some maximum radius and then recollapse to a point. Following the evolution
of this spherical region, turn-around occurs when the average density within the sphere is
~ 5.6x that of the background. In reality, the subsequent collapse will not occur to a point,
but random motions will maintain a finite size of the collapsed halo. This is given by the
virial theorem for the equilibrium state, in which the kinetic energy K relates to the potential
energy V by V = —2K. Since all energy is potential at turnaround, upon virialization the
halo will be half of its maximum radius, or 8x as dense. In the meantime, the expanding
background Universe has become 4x less dense, leading to a virialized halo which is ~ 178 x
as dense as the background. This value is often rounded up (rather arbitrarily), leading to
a common definition that a virialized halo has average density ppaio = 200 perit -

The above spherical collapse formalism can also be used to compute the mass function of
collapsed halos (Press & Schechter 1974; Bond et al. 1991). While the above model followed
the full (non-linear) collapse process, the density threshold for collapse can also be related
to the value it would have if we kept only the linear term in the overdensity expansion. This
linear overdensity is clearly unphysical, since for § = 1 the perturbative expansion is not
valid. However, this exercise is useful in that it allows us to relate an overdensity in linear
theory to a collapsed (non-linear) halo. If one keeps only linear terms in the overdensity
expansion, then at the time the halo collapses to a point (which in reality it does not), its
linear density contrast is § ~ 1.69 (see e.g., Peacock 1999).

With this threshold, we then require only a measure for the strength of linear density
fluctuations corresponding to a given mass scale, which in turn provides the likelihood that
halos of that mass have collapsed. This is determined by the linear matter power spectrum,
with which we compute the variance of the density field, o(M(r)), smoothed on a mass
scale M = 4?” pmr>. In the case of a matter-only Universe, the amplitude of the linear power
spectrum, and hence the value of o, grows simply as (1 + z)~! (this growth slows as dark
energy starts to dominate).

Put all together, this leads to a collapsed halo mass function

dn _ [2pmde do T 0 (1.9)
aM  Nam2am TP | 202 '

where p,, is the matter density. Since a Gaussian density field leads to larger mass scales
having weaker density fluctuations, the number of halos declines with mass. There is a critical
mass scale, M,(z), at which the variance of the density field just crosses the threshold for
collapse, that is, 0. = o(M,). Physically, M,(z) represents the “typical” mass scale for
halo collapse at a given redshift. Below M,(z), the superposition of halos collapsed from
many past epochs leads to a halo mass function which falls off as dn/dM o« M~ with
a =~ 1.8. Above M,(z), halos have just recently formed, so the abundance of halos falls off
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exponentially with mass because of the Gaussian nature of the density field (Bardeen et al.
1986). Note that, while Eq. 1.9 qualitatively matches the halo mass function as measured
in simulation (Sheth & Tormen 1999; Jenkins et al. 2001; Warren et al. 2006; Tinker et al.
2008a), it is not quantitatively accurate to more than ~ 50%. Indeed, the non-linear nature
of halo formation has inhibited any existing purely analytic model from correctly predicting
this basic statistic.

1.4.2 Halo Bias

Next, we turn to the large-scale spatial distribution of dark matter halos. This is usually
quantified by the halo correlation function, which is an extension of Eq. 1.6 to discrete
objects. Specifically, the halo correlation function, &,,(r), represent the excess probability
beyond random of finding halo pairs at a given separation

P(r) = 4nr*Arn 1 + & (1)] (1.10)

where n is the total number density of halos and Ar is a small radial bin width.

Since halos form only in overdense regions, they do not represent a random sampling
of the density field, but instead are biased to preferentially high density regions, an effect
known as “halo bias” (Kaiser 1984; Davis et al. 1985). The halo bias parameter, b, is often
defined via the ratio of the halo correlation function to that of the underlying matter

_ &n(r)
~ Emm(7)

Since the most massive halos can form only in the most dense environments, the halo bias
increases with mass, scaling as the (negative) derivative of the halo mass function (see
Fig. 2.1). The most massive halos (M > M,) are more biased than the underlying matter
(b > 1), while low mass halos (M < M,) are anti-biased (b < 1). Large-scale halo bias (2
5h~1t Mpc) is therefore a calculable prediction of cosmological models (Kaiser 1984; Bardeen
et al. 1986; Mo & White 1996; Sheth & Tormen 1999), though since one must first define a
halo to measure its clustering, analytic models of halo bias are limited in the same sense as
the mass function. Moreover, standard models have assumed that the bias of a halo depends
only on its mass, but Chapters 2 and 3 explore how halo spatial clustering also depends on

secondary parameters, such as concentration and formation history.

b2 ' (1.11)

1.4.3 Halo Structure

While the halo mass function and bias can be partially understood though analytic
models, the internal structure of dark matter halos has proved more elusive to simple analytic
explanations. This difficulty is largely because halos are highly non-linear, aspherical objects,
experiencing growth through violent mergers, and so halo structure represent a regime where
simple perturbation techniques fail. Perhaps surprisingly then, the structure of dark matter
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halos as measured in simulations is highly regular. A halo’s (spherically averaged) radial
density profile follows the simple relation

p o (Tﬁ)l <1+T—:)2 (1.12)

known as the NFW profile (Navarro et al. 1997). Physically, the scale radius, r, represents
the transition from a shallow r~! inner profile to a steeper r =2 outer profile. Heuristically,
the inner profile arises during the rapid accretion phase of early halo formation, while the
outer profile arises from more gradual recent accretion. There is ongoing debate whether a
halo profile is better fit by a three parameter Einasto profile (e.g., Navarro et al. 2010), but
these two profiles differ significantly only in the very inner region where, in reality, baryonic
physics strongly changes either profile.

A halo’s physical extent is given by its virial radius, R, which is often defined as the
radius within which the mean density is 200x the background critical density, Rag (though
sometimes the convention of 200x the background matter density is used instead, which
leads to significantly higher halo masses at low redshifts where €, < Qoa1). The ratio of
the NFW scale radius to the virial radius is a measure of the concentration of the density
profile, and so this ratio is called the concentration parameter

T's

)
Rvir

C

(1.13)

though just as varying conventions exist for a halo’s virial radius, so too for concentration.
While there is considerably scatter in halo concentration at fixed mass, more massive halos
are less concentrated on average (Bullock et al. 2001). Heuristically, a halo’s concentration
is a reflection of its assembly history, with halos that form earlier (when the Universe is
denser) being more concentrated (e.g., Zhao et al. 2009).

1.4.4 Halo Mergers

In the framework of hierarchical structure formation, halos first form as small objects
and grow more massive over time. However, the mechanisms of halo growth and evolution are
not as simple as the monolithic spherical collapse model outlined above. Instead, a significant
amount of halo growth occurs via merging with smaller, virialized halos. Thus, it is critical
to have a cosmological understanding of the frequency of merging, the environments in which
mergers take place, and what impact mergers have on the substructure within halos.

Since merging is (typically) a two-body interaction, mergers are sometimes postulated to
occur preferentially in higher density environments (e.g., Furlanetto & Kamionkowski 2006).
If true, this might imply that recently merged halos should exhibit stronger spatial clustering
than all halos at the same mass scale. Such an effect would not only change the standard
model of large-scale structure, in which spatial clustering depends only on halo mass, but
it would have important observational implications for the use of spatial clustering to infer
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halo masses (which are difficult to measure directly), as is sometimes done with galaxies,
galaxy clusters, and quasars (e.g., Cole & Kaiser 1989; Majumdar & Mohr 2003; Blain et al.
2004; Shen et al. 2007).

These questions regarding the interplay between mergers and large-scale structure are
addressed in the first part of this thesis. Chapter 2 explores whether recently merged halos
exhibit special spatial clustering properties beyond that determined by halo mass, while
Chapter 3 explores more directly the efficiency of the halo merging process in different
density environments. Additionally, since mergers and merger rates are difficult to observe
directly, a common observational method has been to assume that close spatial pairs provide
a good proxy for mergers, given some coalescence timescale (e.g., Patton et al. 2000; Bell
et al. 2006). Chapter 3 also tests this assumption directly, examining both the efficiency and
the completeness of the pair-merger method.

A primary goal of the field of galaxy evolution to understand the connection between
galaxies observed at high redshift and those of the present day. A common method used in
such studies is to rank objects in descending order by mass and connect a population above
some number density threshold at high redshift to a population above the same number
density threshold today. Chapter 4 explores how scatter in mass growth and merging activity
affect how massive populations connect to one another across time by using massive halos
as tracers for massive galaxies.

1.5 Galaxies

Dark matter halos provide the backdrop for the formation of more compact baryonic
structures such as galaxies. Having an understanding of dark matter halo merging and
evolution, the latter part of this thesis is devoted to exploring in detail the formation,
structure, and dynamics of dark matter subhalos and their connection to the evolution of
galaxies within groups and clusters. This is a challenging task, as the evolution of galaxies
is even more complex than that of dark matter, involving gas dynamics, star formation, and
various forms of feedback, which is why many facets of our understanding of galaxy evolution
remain unresolved.

1.5.1 Swubhalos & Galaxies

Beyond just driving halo mass growth, halo mergers govern the evolution of substructure
within halos. When two halos merge, the smaller halo does not instantaneously dissolve into
the larger one, but it retains its identity as an self-bound substructure halo, or subhalo, inside
the larger host halo (Tormen et al. 1998; Klypin et al. 1999; Moore et al. 1999). After infall,
a subhalo will continue to orbit within the host halo as dynamical friction slows its velocity
and tidal fields cause its mass to be stripped from the outside-in. As a subhalo’s orbital
radius shrinks and mass stripping becomes more efficient in the host halo’s dense central
region, a subhalo will eventually lose sufficient mass that it is no longer identifiable, at which
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point it has “disrupted”. The combination of continuous subhalo infall and disruption leads
to host halos having 10 — 20% of their mass being contained within self-bound subhalos.

Galaxies form at the centers of dark matter halos as baryons cool and contract toward the
minimum of a halo’s potential well (White & Rees 1978; Blumenthal et al. 1986; Dubinski
1994; Mo et al. 1998). While galaxies form in isolated halos, as halos merge and smaller
halos become subhalos of larger host halos, the galaxies in the smaller halos become satellite
galaxies within the larger host halo. In this picture, a dark matter halo hosts a central
galaxy at its core, which is the galaxy that originally formed within the halo, and it can
host multiple more recently accreted satellite galaxies. Satellite galaxies exhibit rich orbital
dynamics and are thought to experience accelerated evolution. For instance, satellite galaxies
show evidence of color and/or morphological evolution as their gas is stripped and heated by
the dense cluster environment (Butcher & Oemler 1984). Satellite galaxies also experience
stellar mass loss from tidal stripping, contributing stars to a diffuse Intra-Cluster Light (ICL;
e.g., Mihos et al. 2005; Gonzalez et al. 2007). Finally, most satellite galaxies are expected
to eventually merge with the host halo’s central galaxy (Ostriker & Tremaine 1975).

The efficiency and importance of all of these processes are governed by the orbital
dynamics of satellites, which are set by the initial conditions upon accretion onto the larger
host halo. Thus, Chapter 5 explores the orbital distributions of satellite halos at the time
of infall, focusing specifically on satellite orbital parameters and their evolution with halo
mass and redshift. This lays out the initial conditions of satellite galaxy evolution, and in
subsequent chapters we follow the evolution of subhalos within host halos to explore galaxy
merging and disruption processes directly.

1.5.2 (Galaxy Mergers

Mergers represent perhaps the most important process which governs the evolution of
galaxies. More than just providing a mechanism for galaxy mass growth, mergers are thought
to be transformative processes that affect a galaxy’s morphology, color, star formation, gas
content, and central supermassive black hole (Toomre & Toomre 1972; Carlberg 1990; Barnes
& Hernquist 1991). In the standard picture, the galaxies form as baryons cool and contract
toward the minimum of a halo’s potential well, which produces a gas-rich galaxy with flat,
spiral structure (White & Rees 1978; Blumenthal et al. 1986; Dubinski 1994; Mo et al.
1998). Mergers between two gas-rich galaxies provide a mechanism for efficient energy and
angular momentum dissipation of the gas, which leads to dense gas cores that trigger intense
starbursts. The conversion of gas to stars, combined with various forms of feedback, largely
exhaust and expel the remaining gas supply. The violent merger process also can change
a galaxy’s morphology, transforming a rotation-dominated spiral to a velocity dispersion-
dominated elliptical.

The intense starbursts triggered during gas-rich mergers are thought to manifest them-
selves as various populations in the galaxy zoo, including Ultra-Luminous Infrared Galaxies
(ULIRGSs) at z < 1 as well as Lyman Break Galaxies (LBG), Lyman-alpha Emitters (LAE),
and Sub-Millimeter Galaxies (SMG) at higher redshifts. Additionally, galaxy mergers are
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expected to contribute to the growth of supermassive black holes, which produces Active
Galactic Nuclei (AGN) and quasar activity. However, the details of how mergers trigger
these observed galaxy populations and the extent to which they relate to one another re-
mains unresolved. Within the last decade, we have accumulated statistically significant
observational samples of such galaxy populations, including information on their counts over
time and their spatial clustering properties (e.g., Steidel et al. 2003; Coppin et al. 2006;
Gawiser et al. 2007; Shen et al. 2007; Tacconi et al. 2008; Yamauchi et al. 2008). Thus, from
a theoretical perspective, it imperative to have precise cosmological predictions for galaxy
merger rates and the spatial clustering properties of merger populations.

Galaxy merger rates have often been inferred from halo merger rates by assuming that
the accreted satellite galaxies merges with its central galaxy on some dynamical infall time
(e.g., Kauffmann et al. 1993). However, this simple approximation neglects many important
processes, including differential mass evolution of central and satellite galaxies, satellites
merging with other satellites, unbound satellite orbits, and satellite galaxy disruption before
merging. In Chapter 6, we outline our numerical techniques for identifying and tracking sub-
halos in high-resolution, cosmological simulations, including building robust subhalo merger
trees to track galaxy mergers. We use these subhalo merger trees to compare galaxy and halo
merger rates and explore the importance of the above processes on the satellite population.

Just as halo mergers have been thought to occur in higher density environments with
enhanced large-scale spatial clustering, galaxy mergers have been postulated to exhibit en-
hanced small-scale (< 200h~!'kpc) spatial clustering. If true, then small-scale clustering
measurements of a given galaxy population could be used as a direct test of the merger-
driven nature of that population. Chapter 7 explores the small-scale clustering properties
of galaxy mergers, with applications to high redshift quasars and starburst populations.
Chapter 7 also explores more generally the environments of the galaxy mergers, including
dependence on host halo mass and location within the host halo.

1.5.3 The Subhalo-Galaxy Connection

Because of the large dynamic range (high resolution and large volume) needed to fully
examine galaxy evolution in a cosmological context, much of the theoretical work in this di-
rection is based on dark matter N-body simulations. Such simulations can effectively capture
the non-linear gravitational dynamics of dark matter, including mergers and environmental
dependence, but since they lack baryonic physics, one needs a mapping between dark matter
subhalos and galaxy mass in order to connect with observations.

Chapter 8 explores a direct, empirical mapping which assumes a monotonic relation
between subhalo dark mass and galaxy stellar mass, populating subhalos such that one re-
produces by construction the observed stellar mass function (Vale & Ostriker 2006; Conroy
et al. 2006; Shankar et al. 2006). However, even with this well-defined mapping, it remains
unclear what the fates of satellite galaxies are. In particular, how does the mass stripping
and tidal disruption of the more diffuse subhalo map to that of its more compact galaxy?
Most galaxy evolution models have assumed that all satellite galaxies remain intact and
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eventually merge with their central galaxy. However, galaxy clusters are observed to contain
an appreciable amount of stellar material in the form of diffuse ICL, stripped from satel-
lite galaxies during infall (e.g., Mihos et al. 2005). Chapter 8 thus examines the interplay
between satellite orbital dynamics and tidal mass stripping, with the goal of empirically
relating subhalo mass loss to galaxy merging and disruption. We also use this framework to
empirically constrain satellite galaxy lifetimes.

With these theoretical tools in place, Chapter 8 then proceed to rigorously test our
mapping of galaxies to subhalos. We demonstrate the ability of our simulation plus galaxy
mapping to correctly reproduce all large-scale structure measurements, including spatial
clustering, satellite fractions, and galaxy cluster satellite luminosity functions. The success
of this relatively simple model for how light traces mass offers a promising framework to
further our understanding of both galaxy evolution and cosmology.
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Chapter 2

The Clustering of Massive Halos

Abstract

The clustering properties of dark matter halos are a firm prediction of modern theories of
structure formation. We use two large-volume, high-resolution N-body simulations to study
how the correlation function of massive dark matter halos depends upon their mass, assembly
history, and recent merger activity. We find that halos with the lowest concentrations are
presently more clustered than those of higher concentration, the size of the effect increasing
with halo mass, in agreement with trends found in studies of lower mass halos. The cluster-
ing dependence on other characterizations of the full mass accretion history appears weaker
than the effect with concentration. Using the integrated correlation function, marked corre-
lation functions, and a power-law fit to the correlation function, we find evidence that halos
which have recently undergone a major merger or a large mass gain have slightly enhanced
clustering relative to a random population with the same mass distribution.

2.1 Introduction

The pattern of clustering of objects on large scales is a calculable prediction of cosmo-
logical models and thus comprises one of the fundamental cosmological statistics. Within
modern theories of structure formation, the clustering of rare, massive dark matter halos
is enhanced relative to that of the general mass distribution (Kaiser 1984; Efstathiou et al.
1988; Cole & Kaiser 1989; Mo & White 1996; Sheth & Tormen 1999), an effect known as
bias. The more massive the halo, the larger the bias. As a result, the mass of halos hosting
a given population of objects is sometimes inferred by measuring their degree of clustering
— allowing a statistical route to the notoriously difficult problem of measuring masses of
cosmological objects (e.g., Cooray & Sheth 2002).

Since halos of a given mass can differ in their formation history and large-scale environ-
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ment! , a natural question arises: do these details affect halo clustering? In currently viable
scenarios for structure formation, objects grow either by accretion of smaller units or by
major mergers with comparable-sized objects. The formation history of a halo can thus be
characterized by its mass accumulation over time, such as when it reached half of its mass,
had a mass jump in a short time, or last underwent a (major) merger.

Theoretically, the simplest descriptions of halo growth and clustering (Bond et al. 1991;
Bower 1991; Lacey & Cole 1993, 1994; Kitayama & Suto 1996a,b) do not give a dependence
upon halo formation history (White 1994; Sheth & Tormen 2004; Furlanetto & Kamionkowski
2006; Harker et al. 2006). To reprise these arguments: pick a random point in the universe
and imagine filtering the density field around it on a sequence of successively smaller scales.
The enclosed density executes a random walk, which in the usual prescription is taken to be
uncorrelated from scale to scale. The formation of a halo of a given mass corresponds to the
path passing a certain critical value of the density, d., at a given scale. The bias of the halo
is the “past” of its random walk and its history the “future” of the walk. All halos of the
same mass at that time correspond to random walks crossing the same point, and thus have
the same bias. (Note that the derivation, using sharp k-space filtering, does not match the
way the prescription is usually applied, and this has been suggested by some of the above
authors as a way to obtain history dependence. Introducing an environmental dependence
through elliptical collapse, for example, will also give a history dependence.)

The lack of dependence on halo history in the simplest descriptions does not close
the discussion, however. While these analytic methods work much better than might be
expected given their starting assumptions, the Press-Schechter based approaches still suffer
many known difficulties (e.g., Sheth & Pitman 1997; Benson et al. 2005). Other analytical
ways of estimating the clustering of mergers have been explored. For example, Furlanetto
& Kamionkowski (2006) defined a merger kernel (not calculable from first principles) and
assumed that all peaks within a certain volume eventually merged. Such an ansatz implies
that recently merged halos are more clustered for M > M, and less clustered for M < M,,
with some dependence upon predecessor mass ratios and redshifts. (M, (z) is the mass at
which o(M, z), the variance of the linear power spectrum smoothed on scale M, equals the
threshold for linear density collapse d.). Using close pairs as a proxy for recently merged
halos, they found a similar enhancement of clustering for M > M, and reduction for M < M,
in several (analytic) clustering models.

Simple analytic models cannot be expected to capture all of the complexities of halo
formation in hierarchical models, and full numerical simulations are required to validate
and calibrate the fits. Fortunately, numerical simulations are now able to produce samples
with sufficient statistics to test for the dependence of clustering on formation history. Early
work by Lemson & Kauffmann (1999) showed that the properties of dark matter halos, in
particular formation times, are little affected by their large-scale environment if the entire
population of objects is averaged over. They interpreted this as evidence against formation

!The large-scale environment of a halo refers to the density, smoothed on some scale larger than the halos,
for example, 5 — 10 h~! Mpc.
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history and environment affecting clustering. As emphasized by Sheth & Tormen (2004),
however, this finding — plus the well known fact that the typical mass of halos depends on
local density — implies that the clustering of halos of the same mass must also depend on
formation time. Using a marked correlation function, Sheth & Tormen (2004) found that
close pairs tend to have earlier formation times than more distant pairs, work which was
extended and confirmed by Harker et al. (2006). Gao et al. (2005) found that later forming,
low-mass halos are less clustered than typical halos of the same mass at the present; a
possible explanation of this result was given by Wang et al. (2007a). Wechsler et al. (2006)
found a similar dependence upon halo formation time, showing that the trend reversed for
more massive halos and that the clustering depended on halo concentration. However, in
order to probe to higher masses these authors assumed that the mass dependence was purely
a function of the mass in units of the non-linear mass, then used earlier outputs to probe
to higher values of this ratio. It should be noted that scaling quantities by M /M, gives a
direct equality only if clustering is self-similar. Since P(k) is not a power-law and €2, # 1,
a check of this approximation is crucial.

These formation time dependencies are based on (usually smooth) fits to the accretion
history of the halo. However, halo assembly histories are often punctuated by large jumps
from major mergers that have dramatic effects on the halos. Major mergers can be associated
with a wide variety of phenomena, ranging from quasar activity (Kauffmann & Haehnelt
2000) and starbursts in galaxies (Mihos & Hernquist 1996) to radio halos and relics in
galaxy clusters (see Sarazin 2005, for phenomena associated with galaxy cluster mergers).
Major mergers of galaxy clusters are the most energetic events in the universe. It follows
that major merger phenomena can either provide signals of interest or can cause noise in
selection functions that depend upon a merger-affected observable. If recently merged halos
cluster differently from the general population (merger bias), and this is unaccounted for,
conclusions drawn about halos on the basis of their clustering would be suspect. The question
of whether such merger bias exists remains unresolved, as previous work to identify a merger
bias through N-body simulations and analytic methods yields mixed results (Gottléber et al.
2002; Percival et al. 2003; Scannapieco & Thacker 2003; Furlanetto & Kamionkowski 2006).

In this chapter we consider the clustering of the most massive dark matter halos, mea-
sured from two large volume (1.1 A~ Gpc)® N-body simulations. We concentrate on massive
halos, as most previous simulations did not have the volume to effectively probe this end of
the mass function, and furthermore, for the largest mass halos the correspondence between
theory and observation is particularly clean. We first examine the long-term growth history
of halos, calculating the “assembly bias” as a function of growth history, extending previous
results to higher masses. We then look to short-term history effects, measuring the “merger
bias” as a function of recent major merger activity or large mass gain.
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2.2 Simulations

To investigate the effects of formation history on clustering statistics we use two high-
resolution N-body simulations performed with independent codes: the HOT code (Warren
& Salmon 1993) and the TreePM code (White 2002). Both simulations evolved randomly
generated, Gaussian initial conditions for 1024? particles of mass 10 A=! M, from z = 34
to the present, using the same ACDM cosmology () = 0.3 =1—Qy, Qp = 0.046, h = 0.7,
n = 1 and og = 0.9) in a periodic cube of side 1.1h7! Gpc. For the HOT simulation a
Plummer law with softening 35h~'kpc (comoving) was used. The TreePM code used a
spline softened force with the same Plummer equivalent softening. The TreePM data were
dumped in steps of light crossings of 136 A~! Mpc (comoving), producing 30 outputs from
2z~ 3 to z=0. The HOT data were dumped from z = 1 (lookback time of 5.3 ! Gyr)
to 2 = 0 in intervals of 0.7 h~! Gyr, with the last interval at z = 0 reduced to 0.4 h=! Gyr.
The outputs before z =~ 1 had so few high mass halos that the statistics were not useful for
the merger event calculations. For comparisons of how using light crossings vs. fixed time
steps in Gyr changes merger ratios, see Cohn & White (2005). The TreePM simulations were
used for the assembly histories and the HOT simulations for the merger bias calculations —
though the results from the two simulations were consistent so either could have been used
in principle.

For each output we generate two catalogs of halos via the Friends-of-Friends (FoF') algo-
rithm (Davis et al. 1985), using linking lengths b = 0.2 and 0.15 in units of the mean inter-
particle spacing. These groups correspond roughly to all particles above a density threshold
3/(2mb?), thus both linking lengths enclose primarily virialized material. Henceforth halo
masses are quoted as the sum of the particle masses within FoF halos, thus a given halo’s
b = 0.15 mass will be smaller than its b = 0.2 mass (see White 2001, for more discussion).
We consider halos with mass M > 5 x 10" h™! Mg, (more than 500 particles); at z = 0 there
are approximately 96, 000 such halos in each simulation for the b = 0.15 catalog and 120, 000
for the b = 0.2 catalog. The mass functions and merger statistics from the two simulations
are consistent within Poisson scatter.

Given a child-parent relationship between halos at neighboring output times, construc-
tion of the merger tree is straightforward. Progenitors are defined as those halos at an earlier
time which contributed at least half of their mass to a later (child) halo. Of the approxi-
mately 10° halos at z = 0 we find only 14 for which our simple method fails. In these cases
a “fly-by” collision of two halos gives rise to a halo at z = 0 with no apparent progenitors.
Excluding these halos does not change our results. For the TreePM run, we use all 30 out-
puts to construct the merger tree, which stored all of the halo information (mass, velocity
dispersion, position, etc.) for each halo at each output. Each node of the tree pointed to a
linked list of its progenitors at the earlier time, enabling a traversal of the tree to find mass
accretion histories and mergers. The HOT run produced outputs for each time interval of
child and parent halos.
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2.3 Measuring Clustering

A basic measure of clustering is the two-point function, which in configuration space
is the correlation function, £(r). To compute £(r) we use the method of Landy & Szalay
(1993):

(DD) —2(DR) + (RR)
(RE)

where D and R are data and random catalogs, respectively, and the angle brackets refer to
counts within a shell of small width having radius r. In computing (DR) and (RR) we use
10x as many random as data points. To compute errors, we divide the simulation volume
into 8 octants and compute £(r) within each octant. Since we probe scales much smaller
than the octants, we treat them as uncorrelated volumes, and we quote the mean &(r) and
error on the mean under this assumption. These errors tend to be ~ 1.4-2 times larger than
the more approximate /Npair error estimates used in some previous work.

Our goal is to test the dependence of the clustering of objects associated with some
history dependent property. A relevant quantity for comparison is the (mass dependent)
bias of the halos relative to the underlying dark matter, which we define as:

£(r) = bEam(r). (2.2)

§(r) = (2.1)

Analytically, the large-scale bias is related to a derivative of the halo mass function
(Efstathiou et al. 1988; Cole & Kaiser 1989; Mo & White 1996; Sheth & Tormen 1999). For
the Sheth-Tormen form of the mass function one finds

V% —1 0.6
M =1 2.
bsr(Misop,) = 1+ s o+ 09) (2.3)

where v/ = 0.8416./0(Miso,,) and 6. = 1.686. This has been improved upon using the
Hubble volume simulations (Colberg et al. 2000; Hamana et al. 2001) — see also Seljak &

Warren (2004) for discussion of the bias defined through P(k) on similar scales. Hamana
et al. (2001) used FoF halos with b = 0.164 and found

b(Ma R7 Z) = bST(M1087Z)
X [1.0 + bgr(Migs, z)or(R, 2)]*" . (2.4)

The subscripts on the mass M indicate which overdensity threshold is being used to define
the halo mass. We took M = 0.93 Myps and M = 1.07 Mg, calculating the conversion
using the profile of Navarro et al. (1997) assuming a concentration ¢ = 5. The change in
conversion factor was less than a percent for the range of concentrations of interest. See
White (2001) for more details, discussion and definitions.

We show the bias b = /(1) /Eam(r) at 7 = 18 b~ Mpc as a function of mass in Fig. 2.1.
The bias for halos with M > 5x 10" h~! M, changed less than 5% on scales r > 15h~! Mpc.
We include the two bias fits given above for » = 18 h=! Mpc at z = 0. The Hamana et al.
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Figure 2.1: Bias, b(r) = 1/&(r)/&am(r), at r = 18 A=t Mpc for two different binnings in
mass. Horizontal error bars on each point show the range of masses used. The bias was
approximately scale-invariant in this mass regime from 15— 30 h~! Mpc. We show two fits to
b(M) proposed in the literature: that of Hamana et al. (2001) (dashed) and Sheth & Tormen
(1999) (dotted), each plotted for both mass binnings.
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(2001) fit was derived from a larger simulation volume; Fig. 2.1 is included to illustrate the
mass dependence of the global bias, to provide a comparison context for the sizes of the
additional biases of concern in this chapter. We now turn to estimates of bias effects due to
the history of the halos.

2.4 Assembly Bias

We begin by considering parametrizations of the formation history of halos which em-
phasize the global properties, that is, those related to the halo mass growth over a long
period of time. We consider three parametrizations of halo histories which have previously
been used with lower mass halos: ¢, ai/2, and ay (Wechsler et al. 2006; Gao et al. 2005;
Sheth & Tormen 2004). Using these parametrizations Sheth & Tormen (2004), Harker et al.
(2006), Gao et al. (2005), Wechsler et al. (2006), and Croton et al. (2007) have shown that
the clustering of halos of fixed mass is correlated with formation time, a result which has
come to be termed “assembly bias”. The effect is strongest for smaller halos, and this has
been the focus of earlier work. For the extremely massive halos that we consider halo identi-
fication is simpler, as none of our halos are subhalos. However, since massive halos are rarer,
the statistics are poor even for a simulation volume as large as ours.

The concentration, ¢, is a parameter in an NFW fit to a halo density profile (Navarro
et al. 1997).2 We perform a least squares fit of the NFW functional form to the radial mass
distribution of all the particles in the FoF group, allowing ¢ and Msgo to vary simultaneously.
This is in order to be similar to the procedure of Bullock et al. (2001) to allow ready
comparison. The concentration is expected to correlate with the time by which most of the
halo formed, with earlier forming halos are more concentrated (Navarro et al. 1996; Wechsler
et al. 2002; Gao et al. 2004b). There is also a weak dependence of concentration on halo
mass. We have tried to minimize this effect by dividing out the average concentration for
each mass (calculated from the data) to get a “reduced” concentration, which is essentially
uncorrelated with mass (correlation is less than 0.2%).

The second parameter encapsulating the formation history is a/, the scale factor at
which a halo accumulates half of its final mass. We find a, s, by linearly interpolating between
the two bracketing times. Analytic properties of this definition have been studied in Sheth &
Tormen (2004), and ay/, is often used as a proxy for formation epoch. The third parameter,
ay, the formation scale factor, is also a formation time proxy. It is defined through a fit to
the halo mass accretion history (Wechsler et al. 2002):3

M(z) = My exp [—2a;z] (2.5)

where Mj is the mass of the halo at z = 0. We calculate this from the history by doing a

2We follow NFW and take ¢ = ro00/7s; note that Wechsler et al. (2006) use cyiy = Tvir/7s Where ryir =~ 7100
for our cosmology. At z =0, cyiy ~ 1.25¢.

3Miller et al. (2006) present an analytic justification for this form based on extended Press-Schechter
theory.
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Figure 2.2: Correlation function of the lowest (filled triangles) and highest (open squares)
quartiles of (reduced) concentration, c (left), half mass scale factor, a;/, (center) and
formation scale factor, ay (right). Solid curve is {(r) for the full halo sample. Top:
104 At My < M <3x104h Mg, Bottom: 5 x 1083271 M, < M <8x 10B¥A 1My, A
clear signal is seen for concentration and formation scale factor for the more massive halos.
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least squares fit of In(M;/M,) against z; for all the z; steps. Although this form does not fit
the mass accretion history of massive halos particularly well due to their frequent mergers,
the fit is well defined and, as will be shown below, a; nonetheless appears to be correlated
with clustering.

The correlations* for many of the above parameters were presented in Cohn & White
(2005). Some of these correlations have been compared in different combinations in Wechsler
et al. (2002), Zhao et al. (2003a), Zhao et al. (2003b), Wechsler et al. (2006), and Croton
et al. (2007). Except for Zhao et al. (2003b,a), these were for galaxy scale halos rather
than galaxy cluster scale halos. The formation histories for low mass halos tend to be
smoother and better fit to the form of Wechsler et al. (2006), since they undergo fewer
mergers than high mass halos at late times. Wechsler et al. (2006) and Zhao et al. (2003a)
give a formula for the concentration in terms of the formation time of Wechsler et al. (2002);
our correlation coefficient is characterizing the scatter around any such correlation. For
the current sample the strongest correlation (0.69) is between the formation redshift, zy =
1/ay — 1, and the half-mass redshift, 2o = 1/a1/» — 1, consistent with the 0.70 found by
Cohn & White (2005) with a sample about 1/7 the size. The formation redshift, z;, and
reduced concentration have a correlation of 0.53. The full concentration and z;/, (zf) have
a correlation of 0.56 (0.54). These correlations increase as the lower mass limit is decreased
from 101 A=t Mg to 5 x 1018 A=t My,

To highlight any effects of assembly bias we take the highest and lowest quartiles of
the distribution of each of these three parametrization values and compare the resulting
&(r) to that of the full sample (similar to Wechsler et al. 2006). We show examples for
10 h My < M <3x10%h 1 Mg and 5x 108 h~ My < M < 8 x 1013 A~ My, in Fig. 2.2.
For the higher mass halos we see a strong dependence of clustering on concentration. We see
a similar, but noticeably smaller, dependence on ay, indicating that more recently formed
objects cluster more strongly. As all of the objects we consider have M > M, our results are
in line with the expectation of Wechsler et al. (2006) and the theoretical model of Furlanetto
& Kamionkowski (2006). Specifically, this confirms the result found by Wechsler et al. (2006)
at z = 0, without needing to make the approximation that b(c, M, z) = b(c, M /M, (2)).

The ratio of their correlation function at their top ¢ quartile to the total sample for halos
~ 10 M, was ~ 1.25. This is larger than our ratio, which doesn’t reach 1.2 for any of the
radii considered in Fig. 2.2, though it is well within our (and their) errors. This is mirrored
for the lowest ¢ quartile where our effect is similarly reduced but within the errors. We
are using reduced concentration, while they divide each halo’s concentration by the average
concentration in its mass bin, ¢,. For the lower mass sample a much weaker trend is seen
(the ratios for the quartiles when selected on concentration barely reaches 10%), agreeing
with the expectation that the signal decreases as M — M,. At fixed mass, the trend of b
with ¢ is consistent with the fit of Wechsler et al. (2006), but the trend is so weak relative
to the noise that the result is of marginal significance.

Gao et al. (2005) and Harker et al. (2006) found bias for M > M, based on 2,

“Defined as ({ab) — (a)(b))//{(a — (a))2){(b — (b))2), see Lupton (e.g., 1993).



SECTION 2.5. MERGER BIAS 22

where both the lowest and highest quartiles of z; /5 tended to be more clustered than the full
sample. We see a hint of this as well, but the fluctuations are large. Croton et al. (2007) also
found more dependence of clustering on 2/, (their formation time) than on concentration,
once luminosity dependent bias was taken out. Note that their luminosity dependence might
include some of the history measured by concentration or z; /5 and their focus was on galaxies
populating the halos rather than the halos themselves.

Note also that even though z; and z;/, are correlated, the correlation is not strong
enough so that bias in one implies bias in the other. The overlap of the upper and lower
quartiles for these quantities for M > 10 A=t Mg, is 62% and 54% respectively. As the rest
of the clusters differ, the overall biases can be quite different, as seen in Fig. 2.2.

Another formation time related quantity, the redshift of last mass jump by 20% or
more in a time step corresponding to the light crossing time of 136 A~ Mpc comoving, had
correlations with z1,, (0.70), 2z (0.61), and ¢ (0.40). We found a small sign of bias in the
correlation functions of its highest and lowest quartiles as well, leading us to expect a merger
bias signal, as will be examined in §2.5.

In summary, we confirm and extend previous results to lower redshift and higher mass
for concentration dependent bias. We see a smaller signal for formation time bias, and we
see little (if any) signal for bias based on when halos reach half of their mass. Bias in
concentration and half-mass redshift have been seen in previous work for smaller masses
at higher redshift; our results show a smaller bias, but well within errors, at least for the
concentration dependent bias.

2.5 Merger Bias

In the previous section we demonstrated the dependence of &(r) upon halo formation
history, characterized by an average property such as the “formation time”. As halo assembly
histories are punctuated by large jumps from major mergers, we can also ask whether the
clustering of recently merged halos differs from that of the general population.

Although the concept of a major merger is intuitively easy to understand, there is no
standard definition in the literature of “merger” or “major merger” (these terms will be
used interchangeably henceforth). In simulations, where the progenitors can be tracked and
masses measured, major mergers can be defined in terms of masses of the progenitors and the
final halo. We define progenitors as those halos at an earlier time which contributed at least
half of their mass to a later halo at the time of interest. The three most common ways to
define a halo merger are: (1) the mass ratio of the two largest progenitors, M /M; < 1 (2) the
same ratio, but using the contributing mass of the two most mass-contributing progenitors,
and (3) My/M,;, the ratio of the current halo mass to the total mass of its largest progenitor
at an earlier time. We also consider (4) Mjy/M,, the ratio of the current halo mass to
the largest contributed mass. In our simulations the merger fraction per 0.7 h~! Gyr with
M, /My > 0.3 increases by more than a factor of 3 from z = 0 to 1.

One way to quantify how well the two body criteria (M, M; and My, M;) describe
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Figure 2.3: Cumulative distribution of merger (M; + M,)/M; for different subsamples of
our b = 0.15 halos at z = 0. Looking back 0.4h~!Gyr the subsamples are defined by
M¢/M; > 1.5, 1.2 or My/M; > 0.3, 0.1. Curves are in the same order, top to bottom, with
the lowest curve being the full sample. Left: M;, M, are the full masses of the two largest
progenitors. Right: M;, M refer to the contributing mass.
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the halo growth is to consider the ratio (M; + Ms)/M;. This ratio is 1 for a halo formed
only from its two largest predecessors: a two body merger with no other accretion. It is
lowered by accretion or multi-body mergers. Fig. 2.3 shows the cumulative distribution of
(My + My)/M; for halos with M > 10 h~! M satisfying a variety of merger criteria. We
considered both cases where M; and M are the full and contributing progenitor masses. As
can be seen on the right, for all halos with M > 10 h=' M, at z = 0, considering mass
gains within the last 0.4~ Gyr, at least 5% of the final halo mass is not from the two
largest contributors. As the merger criteria is hardened (the merger is more “major”), the
two largest progenitors contribute less and less of the final mass. As can be seen on the left,
the same amount of mass as found in the two largest progenitors makes up the entire mass
of the final halo in ~25% of the full sample of halos. Lengthening the time step or looking to
higher redshift also increases the fraction of halos getting their mass from halos other than
the two largest progenitors. For simplicity, our subsequent analysis uses only the two body
criteria to define mergers, so the accuracy of this assumption as examined above should be
kept in mind.

Previous work to identify a merger bias through N-body simulations and analytic meth-
ods gives a mixed picture. Gottlober et al. (2002) found a clustering bias for recently
(At = 0.5 Gyr) merged objects with M;/M; > 1.25 and M < M, at z = 0. These authors,
however, did not try to match the mass distribution of the comparison sample to that of
the merged halos — a problem since mergers occur more often for more massive halos, and
the bias is known to increase with halo mass. To isolate the effects due to merging, the
comparison sample needs to have the same mass distribution as the merged sample, and
most subsequent work has ensured this. Percival et al. (2003) found no bias between the
correlation functions of recently merged (At = 10® yr, My/M; > 0.3) and general samples at
z = 2 for halos with M ~ M,, 25M,, and 150M,. Scannapieco & Thacker (2003) confirmed
Percival et al.’s results for major mergers in a z = 3 sample for a smaller range of masses, but
surprisingly found an enhancement of clustering for halos with recent (At = 5 x 107, 108 yr)
large total mass gain, M;/M; > 1.20. That is, they find a bias when selecting halos with
a recent large mass gains, but not when selecting on recently merged halos’ parent masses.
Their signal was weak due to limited statistics.

That the previous literature is inconclusive is to be expected, given that the effects of
merger history upon clustering are small, and extremely difficult to measure numerically.
We expect the largest signal when M > M,, but this is where the number density of objects
is smallest. In addition, the most extreme mergers are the rarest, increasing the shot-
noise in the measurement of &(r). If we include more common events, the “merged” and
“comparison” samples become more similar, washing out the signal of interest. At higher
redshift, the merger rate increases, thus the merged and comparison samples have more
overlap unless the merger ratio is increased, leading to worse statistics. To try to overcome
these statistical effects, we use our large samples of simulated halos to search for a merger,
or temporal, bias.

To define a recent major merger requires both a choice of threshold for one of the merger
ratios and a choice of time interval. As we expect the halo crossing time to be ~ 0.7 h=! Gyr
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(e.g., Tasitsiomi et al. 2004a; Gottlober et al. 2001; Rowley et al. 2004), we expect that
outputs at this separation or shorter are small enough to catch recently merged halos while
they are still unrelaxed. That is, a recent merger might be expected to correspond to a
dynamically disturbed halo.

We consider the four merger criteria mentioned above, as well as a wide range of samples
and merger definitions. We used 9 different time intervals from z ~ 1 to z = 0 as given in §2.2.
We considered 4 different thresholds for both Ms/M; and My/M,; using both total and con-
tributing mass of the progenitors: M,/M; > 0.1,0.2,0.3,0.5 and M;/M; > 1.2,1.3,1.5,2.0.
Furthermore, we used two minimum masses, 5 x 103 A=t Mg, 101 A7t My, and two FoF
linking lengths, b = 0.15,0.2. Combinations of each of these criteria resulted in over 700
different pairs of “merged” and “comparison” samples. Although this data set is rich, sys-
tematic trends are difficult to identify. This is in part because considering more major
mergers simultaneously increases the noise because of lower numbers of events.

Evidence of bias is slight in the binned £(r). We used three methods to try to isolate the
signal: the marked correlation function, the integrated correlation function, and a likelihood
fit to a power law for the correlation function. The clustering and merger criteria influence
these three quantities in distinct ways. We now describe each method and corresponding
results in turn.

2.5.1 Marked correlation function

One problem with computing merger effects in terms of £(r) is that, to compute the
difference in clustering of merged and random samples, one must define a Boolean merger
criterion — a halo is either in the merged sample or not. As halo histories are complex, a
more nuanced measure of merger clustering is useful, and this can be provided by using the
marked correlation function (Beisbart & Kerscher 2000; Beisbart et al. 2002; Gottlober et al.
2002; Sheth & Tormen 2004; Harker et al. 2006; Sheth et al. 2005). Each of N objects gets
assigned a mark, m;, for i = 1,..., N. Denoting the separation of the pair (7, j) by 7; ;, the
marked correlation function, M (r), is defined by

M(r) = Z nT(rLT;ZfLZ (2.6)

where the sum is over all pairs of objects (7, j) with separation r;; = r, n(r) is the number
of pairs, and the mean mark, m, is calculated over all objects in the sample. The marked
correlation function “divides” out the clustering of the average sample, and thus a difference
in clustering is detected for M (r) # 1.

We consider five marks: M,/M; (for both total and contributed masses), M;/M;,
My /M, (where M is contributed mass) and (1 + M,/M;). The last case had a smaller
range of marks, and thus tests sensitivity to extreme events. The results for this mark were
similar to the others, suggesting that we are not dominated by outliers. Halos are chosen
with mass in a narrow range, My, < M < \/§Mmin, to minimize the previously mentioned
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Figure 2.4: Marked correlation function for halos in the range 5-7 x 102 h=! My at z = 0.
The mark is the maximum progenitor mass ratio, M,/M;, within the last 1 2~! Gyr. Error
bars come from dividing the sample into 8 octants.
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Figure 2.5: Integrated correlation function, £(r), of recently (within 0.4 h~' Gyr) merged
halos (triangles) and a comparison sample of the same mass (squares) for My/M; > 0.1
(left), My/M; > 0.2 (middle), and M;/M; > 1.2 (right), where M;, My are the full masses
of the progenitor halos, for halos in our b = 0.15 catalog at z = 0. The number of halos that
merged out of the 96319 total halos with M > 5 x 103 h=! M, is shown at upper right in
for each case. For these three examples, the differences between the two samples are largest
at 30 h~! Mpc, with significance 3.1 (left), 2.70 (middle), and 2.50 (right).
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bias due to merged halos being more massive. The global bias changes less than a percent
over the mass ranges we consider.

In our combined sample of several output times and mass ranges, the largest signal
comes from using as mark the maximum value of Ms/M; within At of the present, as
shown in Fig. 2.4. As At was increased the signal went smoothly to zero. We find similar
behavior for My /(M;+ M), which suggests that any bias is contributed by the systems where
My < M. The signal is extremely weak for the other marks we considered. By stacking
the signal across multiple output times (see §2.5.3 for details) we are able to find small, but
statistically significant detections of excess power for the marks My/My, My/(M; + Ms),
and My /M;, for halos near 5 x 10" h™' M. At higher masses there is weak evidence for an
effect, but the large error bars weaken the statistical significance.

As the marked correlation function approach finds only a weak signal, typically an
enhanced clustering of order 5-10%, we also explore two indicators which characterize the
correlations by fewer parameters: the integrated correlation function observed at a single
scale and a likelihood fit to a power law correlation function.

2.5.2 Integrated correlation function

Given an object at some position, the integrated correlation function

£ry= > /0 ") da (2.7)

is the probability beyond random that a second object will be within a sphere of radius
r. This quantity enhances any increased clustering at short distances, but gives error bars
that are even more highly correlated than those of the correlation function, £(r), itself. A
typical result is shown in Fig. 2.5, where a significant signal can be seen. As in the previous
section, we find a weak signal regardless of merger definition in our more than 700 samples.
Considering all the samples and all the separations r, more than 2/3 of the time the difference
Emerge(r) — &an(r) was positive.

This method separates the data into radial bins, requiring us to estimate the clustering
at many locations. Since the errors on the binned correlation points are highly correlated,
we reduced £(r) to a single measurement by fixing a preferred scale. The signal tends to be
largest near 7 = 20 h~! Mpc (though the signal is largest at 7 = 30 h~! Mpc in the examples
in Fig. 2.5), and so we compare £(r) of the merged and general samples at this radius. On
average, when a 20 signal is seen (5-15% of the time, depending on mass ratio, etc.), £(r)
for the mergers is ~20% higher than for the general sample, although in extreme cases the
difference can be as large as a factor of 2 or 3. Due to the noisy statistics it was hard to
identify any clear trends.
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Figure 2.6: Left: Correlation function for a recently merged sample (triangles) and a com-
parison sample (squares) of the same mass. Lines indicate the best-fit v = 1.9 power law
model, fit directly to the cluster positions (not the binned £(r)). Right: Likelihood for the
clustering amplitude, ry, assuming a slope v = 1.9 for the same samples at left. The sample
is at z = 0, with a minimum mass of 5x 10" h=! M, (b = 0.15) and looking back 0.4 h~! Gyr.
Mergers are tagged as having Ms/M; > 0.2, My, M, full progenitor masses.
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2.5.3 Likelihood fit to r

The integrated correlation function sums all pairs within a spherical region. As an
alternate approach, we approximate the correlation function as a power law over some range
of radii, and we perform a likelihood fit to this power law correlation function:

= (1) 23)

To

over the range of scales (7pin, "max)- This method incorporates information from many scales,
so it is similar to the integrated correlation function, but it is combined with the expectation
that the correlation function should be a power law and excises the center region. By using
the positions of the halos directly in the fit to the likelihood, the errors differ from those in
the integrated correlation function as well.

Assuming that the pair counts form a Poisson sample with mean proportional to 14+£(r),
the likelihood L is (Croft et al. 1997; Stephens et al. 1997)

InL(rg) = —27n° /Tmax r? [1+&(r)] dr
+ Z In (7%} [1 4 &(rq7)]) + const (2.9)

where the sum is over measured pairs ¢, j with separation r; ;, and 7 is the measured average
density.® , and £(r) is given by Eq. 2.8. We fit over the range 5-25h~! Mpc, where the
correlation function exhibits an approximately power law behavior. For the comparison
sample we multiply the likelihoods for several different realizations in order to reduce the
noise, and the we renormalize to unit area. A typical result, where a significant signal can be
seen, is shown in Fig. 2.6, demonstrating both the power law fit and the maximum likelihood
distribution. For the fits, ry was usually ~ 10 h~! Mpc, within the range where the power
law fit was being applied.

Across all of our samples, we find v ~ 1.9 + 0.1. To allow us to compare different
samples more easily, we reduce the number of free parameters to one by holding v = 1.9.
A typical example, demonstrating the ratio of the power law fit correlation functions of the
merged and general sample, is shown in Fig. 2.7 as a function of lookback time. Since we
fix v = 1.9 for both the merged and general sample, the ratio &merge/Ean using Eq. 2.8 is
scale-invariant within our fit range. While the enhanced clustering of the recently merged
sample is small, it remains statistically significant. Typically, the merged sample shows
an enhanced clustering of 5 — 10% in the correlation function for the 0.7 h=! Gyr spacings,
though we find no strong evidence of systematic bias evolution with redshift. Moreover, at
z = 0, where the spacing is smaller (0.4 h~! Gyr), we find a significantly enhanced £(r) for
the mergers, often 10 — 20%. Presumably, this increased clustering signal is caused by the

5We find that marginalizing or maximizing over 7 as a free parameter results in biased fits for several
samples.
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smaller time interval. Larger intervals encompass more mergers, leading to smaller errors,
but also leading to a smaller signal, since mergers now encompass a more significant fraction
of the comparison population. As mentioned above, looking at earlier times also makes the
merged and comparison population overlap increase dramatically.

By averaging &merge/Ean across all of the 0.7 A~ Gyr spacings from z ~ 1 to z = 0.04, we
are able to study the size of the merger bias simply as a function of merger ratio. Figure 2.8
shows the increase of &erge/Ean With My /M, (full mass) and My /M; both for mergers within
0.4 b=t Gyr of the present and for the redshift-averaged 0.7 A~ Gyr spacings. The merger bias
clearly increases with increasing merger ratio, with the smaller time step yielding stronger
clustering as described above.

In summary, we find a weak bias in most cases for recent major mergers and recent
large mass gains. While Percival et al. (2003) found no such merger bias, our signal is
consistent with their upper limit of 20% on the bias effects of recent mergers. The work of
Scannapieco & Thacker (2003) saw a small bias for large mass gains but noted that their
statistics limited their ability to determine the significance. Our larger simulation volume
allowed us to incorporate the effects of sample variance, which had been neglected in previous
work. Sample variance increased the errors by 40% or more, which limited the significance
of the signal. Nonetheless, we still found a small bias for both mergers and large mass gains.

2.6 Summary & Conclusion

The large-scale structure of the Universe is built upon a skeleton of clustered dark
matter halos. For the past two decades we have known that rarer, more massive dark matter
halos cluster more strongly than their lower mass counterparts. Halos of a fixed mass,
however, can differ in their formation history and large-scale environment, and recent work
on halos smaller than galaxy clusters has shown that this can lead to further changes in their
clustering.

In this chapter we have used two large-volume, high-resolution N-body simulations to
study the clustering of massive halos as a function of formation history. We confirmed earlier
results that the lower concentration massive halos are more clustered than the population as
a whole; extending these results to higher masses and lower redshifts than had been probed
previously (Wechsler et al. 2006). (Previous work had looked at similar regimes of M /M,(z)
but for smaller M and thus higher redshift; note again that exact scaling with M/M,(z) is
not expected for non power law P(k) and Q,, # 1.) Similarly, we confirmed the enhanced
clustering of halos with later formation times, though the signal was not as strong as for
concentration. The signal for bias based on a halo reaching half of its mass is weaker than
that seen in Gao et al. (2005) (again at higher z) and not statistically significant in our case.

We also investigated whether recent merger activity affected the clustering of massive
halos — a topic with a muddied history in the literature. While we found statistically
significant (> 20) merger effects on clustering in many cases we considered, both for recent
major mergers and large mass gain, in most cases this signal was weak: a 5-10% increase in
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Figure 2.7: Ratio of the power law fit correlation functions for the merged and comparison
samples, as a function of lookback time (redshift); At = 0.7 h~! Gyr (triangles), 0.4 ! Gyr
(square). Mergers satisfy the criterion Ms/M; > 0.2, with M,, M; total progenitor mass, for
the M > 5 x 103 h=1 M, halos in our b = 0.15 catalog. We find no evidence of systematic
bias evolution with redshift. The enhanced clustering at z = 0 arises presumably from the
shorter time interval used.
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Figure 2.8: Ratio of the power law fit correlation functions for the merged and comparison
samples as a function of merger ratio, My/M; (left points; full progenitor mass) and My/M;
(right points), for halos above 5 x 10" h~! M, in our b = 0.15 catalog. Mergers are counted
within 0.4h~1 Gyr of z = 0 (squares) and an average across all 0.7 h~! Gyr spacings from
z =~ 1to z =0.04 (triangles). In both cases, merger bias increases with the severity of the
merger.
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bias. Our strongest signal came from using a likelihood fit of the correlation function to a
power law, particularly for major mergers within 0.4 h~! Gyr of the present, where we saw
a typical merger bias of up to 20%. This bias signal is not necessarily at odds with the lack
of signal in previous work, which looked for larger bias than that seen on average here.

Even with a (1.1 h~! Gpc)? volume, massive halos remain rare objects and small changes
in their correlations are difficult to detect. We were plagued by the competing effects that
increasing the severity of the merger (and hence underlying signal) decreases the number
of pairs, worsening the statistics. General trends remain elusive, since changing various
criteria (merger definition, minimum mass, time step) generally changed the number of halos
involved, thus changing the errors. However, we did find that the strength of the merger
bias typically increased with increasing merger ratio, that is, more major mergers are more
strongly biased. Finally, we note that the correlations found between the last large (20%)
mass gain and the different definitions of formation redshifts provide a connection between
the assembly bias studied in §2.4 and the merger bias in §2.5. This bias is not expected from
direct application of extended Press-Schechter theory, and it provides a phenomenon that a
more precise analytic model of mergers should reproduce.
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Chapter 3

Close Pairs as Proxies for Galaxy
Cluster Mergers

Abstract

Galaxy cluster merger statistics are an important component in understanding the for-
mation of large-scale structure. Cluster mergers are also potential sources of systematic
error in the mass calibration of upcoming cluster surveys. Unfortunately, it is difficult to
study merger properties and evolution directly because the identification of cluster mergers
in observations is problematic. We use large N-body simulations to study the statistical
properties of massive halo mergers, specifically investigating the utility of close halo pairs
as proxies for mergers. We examine the relationship between pairs and mergers for a wide
range of merger timescales, halo masses, and redshifts (0 < z < 1). We also quantify the
utility of pairs in measuring merger bias. While pairs at very small separations will reliably
merge, these constitute a small fraction of the total merger population. Thus, pairs do not
provide a reliable direct proxy to the total merger population. We do find an intriguing uni-
versality in the relation between close pairs and mergers, which in principle could allow for
an estimate of the statistical merger rate from the pair fraction within a scaled separation,
but including the effects of redshift space distortions strongly degrades this relation. We find
similar behavior for galaxy-mass halos, making our results applicable to field galaxy mergers
at high redshift. We investigate how the halo merger rate can be statistically described by
the halo mass function via the merger kernel (coagulation), finding an interesting environ-
mental dependence of merging: halos within the mass resolution of our simulations merge
less efficiently in overdense environments. Specifically, halo pairs with separations less than
a few h~! Mpc are more likely to merge in underdense environments; at larger separations,
pairs are more likely to merge in overdense environments.
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3.1 Introduction

Galaxy clusters are of great interest in cosmology as they are the largest and most
recently formed structures in the cosmological hierarchy. The clustering and number density
evolution of clusters are sensitive to both the growth function and the expansion history
of the universe. Clusters contain a representative sample of baryons and dark matter and
are thus also fascinating laboratories in which to study the influence of baryonic physics
on the formation of large-scale structure, substructure, and its effect on the gravitational
potential and dark matter halo shape. Statistical measures such as the mass function, the
rate of structure growth, and the clustering of large structures, are fundamental predictions
of cosmological models. Cluster observations are therefore expected to provide some of the
most important constraints on fundamental cosmology and astrophysics (see Borgani 2006,
for a recent review).

Cluster formation histories are frequently punctuated by large jumps in mass from major
mergers (e.g., Cohn & White 2005). These mergers are one of the primary mechanisms
for the buildup of mass in clusters and superclusters. In the standard paradigm (Kaiser
1984; Efstathiou et al. 1988; Cole & Kaiser 1989; Mo & White 1996; Sheth & Tormen
1999), observable properties such as the degree of spatial clustering depend only on the
cluster mass. However, recent theoretical studies indicate that many cluster observables,
such as spatial clustering, concentration, galaxy velocity dispersion, gas distribution and its
attendant observables such as X-ray emissions and SZ decrement, depend on the cluster’s
formation time, mass accretion history, large scale environment (collectively referred to as
“assembly bias”; Wechsler et al. 2002; Zhao et al. 2003b; Sheth & Tormen 2004; Gao et al.
2005; Wechsler et al. 2006; Croton et al. 2007; Harker et al. 2006; Wetzel et al. 2007; Gao &
White 2007; Wang et al. 2007a; Jing et al. 2007; Hahn et al. 2008; Maccio et al. 2007; Sandvik
et al. 2007). In addition, there is a dependence on recent merger history (“merger bias”;
Scannapieco & Thacker 2003; Rowley et al. 2004; Furlanetto & Kamionkowski 2006; Wetzel
et al. 2007; Poole et al. 2007; Jeltema et al. 2008; Hartley et al. 2008). Recent studies have
claimed observational detection of assembly bias, though with mixed results (Berlind et al.
2006; Yang et al. 2006). Theory can predict cluster properties as a function of their mass,
which is dominated by dark matter and thus cannot be directly measured. Since all methods
of observing clusters are sensitive to the effects of assembly or merger bias, it is necessary to
develop a more detailed understanding of the mechanisms of structure formation. Specifying
a correlation function and mass function, and the evolution of these quantities, may not
be sufficient to connect theory to observation. Understanding cluster merger properties is
therefore crucial to utilize these objects as probes of cosmology.

We focus primarily on galaxy cluster mergers. Wetzel et al. (2007) used a large simula-
tion volume to probe high-mass halos with good statistics. They found that halos of mass
M > 5 x 10" h~' M, that have undergone a recent (within 1 Gyr or less) major merger or
large mass gain exhibit an enhancement in their spatial clustering of up to ~ 10-20% on
scales of 5-25h~! Mpc compared with the entire halo population at the same mass. They
noted that this merger bias persists for the redshift range 0 < 2z < 1, and that the bias
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increases with larger merger mass ratios or shorter merger timescales. If this merger bias re-
mains unaccounted for, then mass-observable relations that connect theory with observation
calibrated on the basis of clustering may be suspect.

Moreover, the gas properties of a recently merged halo cluster can be quite different
from the general population. This can be mitigated by selecting “relaxed” halos (presumably
those that have not had recent major mergers) when calibrating observables. However, the
scaling relations from this selected sample may be biased with respect to that from the
overall cluster population. In addition, if a merger accidentally entered the “clean” sample
(for example, because it occurred along the line of sight), it could substantially bias the
calibration, and hence the ensuing mass determination. It is thus important to predict the
fraction of halos which have had recent merger activity. Observing cluster mergers as a
function of redshift, studying the merger bias, and correlating mergers with other tracers of
density and environment will also shed light on the nature of structure formation.

A number of authors (e.g., Patton et al. 1997, 2000, 2002; Infante et al. 2002; Lin et al.
2004a; De Propris et al. 2005, 2007; Conselice 2006; Bell et al. 2006; Masjedi et al. 2006) have
studied the statistics of galaxy merging using close pairs as a proxy for mergers. In this work
we extend those analyses to the cluster scale. It is important to quantify the conditions for
which the pair proxy assumption is valid. Berrier et al. (2006) used simulations to examine
the utility of galaxy pairs in measuring the redshift evolution of halo merger rates out to
z &~ 3. They tracked the formation and evolution host halos of dark matter, as well as self-
bound density peaks within host halos (subhalos), which includes both satellite objects and
the central host halo itself. Using the assumption that galaxies are found at the centers of
subhalos, they tracked subhalo mergers, finding that galaxy pair counts can probe the rates
at which satellite galaxies merge with the central galaxy. These pairs can also constrain the
galaxy Halo Occupation Distribution, the statistical number of galaxies found within a host
halo of a given mass. However, galaxy pairs cannot be used to measure the merger rates of
separate massive host halos.

The goal of this chapter is to investigate whether close spatial pairs of halo objects
(galaxy clusters) can be used to observationally study the properties of mergers. Identifying
a cluster merger in an observation is not straightforward because it relies principally on
the object appearing morphologically “disturbed” (Rowley et al. 2004). Furthermore, it is
difficult to estimate the completeness and the contamination of such an observed merger
population. If close pairs prove to be a sufficient proxy for mergers, they would provide
a clean tool to study merger statistics. We concentrate primarily on massive halos (M >
5 x 103 h=! M), corresponding to galaxy groups and clusters, in contrast to previous work
which has focused on pairs as a proxy for galaxy mergers. However, our results also apply
to any class of object that singly occupies a halo, particularly field galaxies at high redshift.
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3.2 Simulations

Our study is conducted using two high-resolution N-body simulations of cold dark
matter in a flat ACDM cosmology with parameter values €, = 0.3, Q, = 0.046, h = 0.7,
n = 1 and og = 0.9. Our simulations employ the HOT code (Warren & Salmon 1993)
in a (1.1h7*Gpc)? and a (2.2~ Gpc)? cube with periodic boundary conditions, using a
Plummer softening length of 35 h~! kpc. Gaussian initial conditions were randomly generated
for the 10243 particles of mass 10" h=! M, (smaller simulation) and 8 x 10" A= M, (larger
simulation) at an initial redshift of z = 34. Simulation outputs were stored in intervals of
1 Gyr between redshifts z ~ 1 and z = 0, with the last interval of each simulation being
shorter at ~ 0.6 Gyr. All time intervals cited below represent the total time elapsed between
two simulation outputs. Thus a merger timescale of At = 1 Gyr indicates that two separate
halos have merged within 1 Gyr, an upper limit to the actual time of merger.

We generate a halo catalog for each output using the Friends-of-Friends (FoF) algorithm
(Davis et al. 1985) with a linking length of b = 0.15 of the mean interparticle spacing. These
groups correspond to a density threshold of ~ 3/(27b*) and enclose primarily virialized
material. In this work we will quote these FoF masses, which are about 20% smaller than
the more commonly used FoF(b = 0.2) masses (see White 2001, for more details). Since
we are examining mergers, we use a smaller linking length to decrease contamination that
arises from close neighboring halos being bridged by a narrow string of particles (although
using a larger linking length of b = 0.2 changes our results by only a few percent, see
Fig. 3.4). The halo catalogs of the smaller simulation include all halos of mass greater than
M =~ 5 x 102 =My (> 50 particles), though in our study we are concerned primarily
with halos of mass M > 5 x 10 h~! Mg, of which there are around 75,000 A 3Gpc™ at
z = 0. Our larger (2.2h7'Gpc)? but less resolved simulation catalogs include all halos of
mass M > 4 x 10 h=' Mg, (> 50 particles). We do not consider substructure within host
halos.

Merger trees were constructed from the set of halo catalogs by specifying a parent-child
relationship, where a “parent” is any halo that contributed mass to a halo at a later time
(a “child”). We define a parent contributing more than half of its mass as a “progenitor”.
Under this restriction, a progenitor can never have more than one child. We define a merger
as a child having more than one progenitor. In cases where we select on a child that had
more than two progenitors, we apply the two body approximation by considering only the
two progenitors that contributed the most mass to the child. Using instead the two most
massive progenitors, as opposed to the two most mass-contributing progenitors, changes the
progenitor identification in less than 1% of all mergers that we consider. In addition to
this progenitor merger tree, a list of all contributing parents (not just progenitors) is stored
for each child. This flexible storage of parent data allows us to study two body mergers,
mergers with more than two progenitors, or mass accretion including all parents. However,
when considering short timescales (< 1 Gyr), the two body criterion is a good approximation
(see Chapter 2 for more details).

All errors cited are 1o errors derived from dividing the simulations into 8 octants and
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Figure 3.1: Number density of progenitor pairs as a function of (comoving) binned separation.
We consider children with masses above 5 x 103 h=1 M, and restrict ourselves to cases where
the two most mass-contributing progenitors have total mass ratios Ms/M; > 0.2 (major
mergers). A fixed merger time interval of At = 1 Gyr is used for child halos at z = 0.04
(solid curve), z = 0.44 (dotted curve), z = 0.75 (dot-dashed curve).

computing the dispersion of the quantity of interest within each octant. Since we probe
scales much smaller than the octants, we treat them as uncorrelated volumes.

3.3 Close Pairs as Predictors of Mergers

To examine whether close pairs of galaxy clusters form reliable predictors of mergers,
we first extend the work of Chapter 2 on halo mergers, using the same simulation and halo
catalogs (described in §3.2). We identify child halos of mass M > 5 x 10¥ h=! M, that are
products of recent mergers with progenitor masses M; and My, where Msy/M; > 0.2 (major
mergers). We explore the distribution of progenitor separations in Fig. 3.1, which shows the
number density of progenitors as a function of binned progenitor separation. For time inter-
vals of 1 Gyr, there is a characteristic comoving progenitor separation (~ 1.5h~! Mpc) that
does not evolve significantly with redshift. Without the influence of gravitational attraction,
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halos with typical velocities of ~ 1000 kms~! will travel 1 Mpc within 1 Gyr. Furthermore,

the number density of mergers evolves only weakly with redshift. These factors suggest that
close pairs might be a reasonable proxy for mergers.

These results represent a post-diction, where we know in advance which halos will merge.
We now investigate whether close pairs of objects can reliably be used to predict mergers.
The following subsections investigate how frequently pairs will merge as a function of pair
mass, (comoving) separation, redshift, and merger time interval. We consider a given pair
to have merged if both halos are progenitors of the same child at a later time-step. Since
observations of galaxy clusters are generally limited by a threshold luminosity, we identify
pairs of halos whose individual halo masses are above a given mass cut. We first examine
the pair-merger hypothesis (that close pairs are merger proxies) for the best-case scenario in
which halo positions and masses are known with complete accuracy, as in our simulations.
This will provide a firm upper limit to the utility of pairs in predicting mergers. Then in
§3.4 we consider observational complexities such as scatter in the halo mass, redshift space
distortions, and redshift space errors, which significantly degrade the signal.

3.3.1 Pair Mergers at z =0

First, we select halos at z = 0.04 and consider mergers to z = 0 (At = 0.6 Gyr).
Figure 3.2 (top) shows the number density of pairs as a function of pair separation, n,(r),
along with the number densities of pairs that merged, n,,(r) (solid curves), and did not
merge (dashed curves) within the time interval. The number density of pairs terminates at
small separations because halos have finite radii (halo exclusion). The upper set of curves
are halos of mass M > 5 x 1013 b= M, and the lower have M > 10 h=1M; the results are
qualitatively similar. There is a limited range of separations larger than the halo exclusion
limit in which the majority of pairs merge. Also plotted (center) are the same number
densities, but as an integrated function of separation, demonstrating the relationship for
pairs within the given separation r. In 0.6 Gyr at z = 0, massive halo pairs will only merge
with certainty for separations < 2h~! Mpc.

Figure 3.2 (bottom) also shows the fraction of pairs that merge within the given sep-
aration, n,,(< r)/ny(< r) (falling curves). This fraction is the “efficiency” of the close-pair
method in identifying merger candidates, since it shows the likelihood that a pair within
the given separation will merge. It can also be thought of as a measure of contamination
of the candidate sample, because its difference from 1 identifies the fraction pairs that do
not merge. The rising curve shows the fraction of mergers over the total number density
of mergers, n,,(< r)/nmiot. This can be interpreted as the merger “completeness”, as it
shows the fraction of the total number of mergers found by identifying pairs within the given
separation. Figure 3.2 confirms the intuitive result that because of greater accelerations,
larger halos are able to merge from larger separations, which holds at all redshifts and time
intervals (see Fig. 3.4).

If close pairs were ideal predictors of mergers, the rising and falling curves of Fig. 3.2
(bottom) would be step functions, crossing near a fraction (y-value) of 1 and demonstrating
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Figure 3.2: Top: Number density of pairs at z = 0.04 as a function of binned separation,
n,(r) (black solid curve), the subset of these that merged in At = 0.6 Gyr, n,,(r) (blue solid
curve), the remainder that did not merge (red dashed curve). Upper curves (thin) are for
pairs of mass M > 5x 10" h~! M, and lower curves (thick) are for more massive pairs, M >
10" A=t M. The intersection with the dashed curve shows the separation beyond which
the majority of pairs do not merge, highlighting the limited range of separations for which
merging is likely. Middle: Same, but integrated for all separations smaller than the abscissa.
Bottom: Fraction of pairs separated by less than r that merged, n,,(< r)/n,(< r) (falling
curves), indicating the efficiency of pairs as merger candidates, and the ratio of identified
mergers to all mergers above the mass cut, 7,,(< 7)/nmot (rising curves), indicating the
completeness of the candidate sample. Error bars and shaded regions indicate the 1o error
of cosmic variance from dividing the simulation into octants.



SECTION 3.3. CLOSE PAIRS AS PREDICTORS OF MERGERS 42

a clear dichotomy between those pairs that merge and those that do not. However, because
of dynamical effects halos do not simply accelerate toward one another; they merge with
neighbors from a broad distribution of separations. Indeed, the effects of local environment
can hinder the merging of close pairs that would ordinarily occur via non-linear two-body
gravitational interaction (see §3.5 for more details).

The intersection of the efficiency and completeness curves represents an easily identifi-
able pair separation that compromises between maximizing completeness while minimizing
contamination. At this intersection the fraction of pairs that merge, n,,,(< r)/n,(< r), equals
the fraction of total mergers, 1n,,(< r)/nmtot, although the relevant populations are differ-
ent. If this intersection occurs at a fraction close to 1, most pairs within the separation
will merge, and those pairs will represent the majority of all mergers that occur in the time
interval. However, if this fraction is low, pairs within the separation are not a representative
indicator of mergers. Since the intersection of these two curves occurs at a fraction of ~ 0.5
for massive pair mergers within At = 0.6 Gyr at z = 0, we conclude that pairs at these
redshifts and masses cannot be used to reliably predict mergers.

3.3.2 Redshift Dependence of Pair Mergers

We next examine whether the pair-merger hypothesis fares better at high redshift. We
consider a longer merger timescale of At = 1 Gyr for massive halo pairs at z ~ 1,0.6,
and 0.1. Figure 3.3 (top) shows the pair merger fractions as a function of (comoving)
separations. The pair merger efficiency (falling curves) increases significantly with redshift,
while the merger completeness (rising curve) remains approximately invariant. For a given
merger timescale, mergers come from pairs of essentially the same (comoving) separation,
regardless of redshift (see Fig. 3.1). However, since gravitational interactions are governed
by physical (not comoving) separations, Fig. 3.3 (bottom) shows the same merger fractions
as a function of physical separation. The merger efficiency trend is reversed: pairs within a
given physical separation are more likely to merge at low redshift, and mergers come from
pairs of much larger physical separations at low redshift. The intersection of the efficiency
and completeness curves occurs at a higher fraction at high redshift than at low redshift
(75% vs. 60%), indicating that, for a fixed merger timescale, massive halo pairs provide a
slightly better proxy for merger rates at higher redshift.

3.3.3 Mass & Linking Length Dependence of Pair Mergers

While it appears that cluster-mass halo pairs might provide a reasonable proxy for
mergers at z ~ 1, we next examine whether these results are robust as a function of halo mass.
Figure 3.4 (top) shows the pair merger fractions for halo masses down to M > 5x 10" h~1 M
at z ~ 1, where the pair separation is shown as a multiple of the minimum mass cut virial
radius (7500). Figure 3.4 (middle) shows the same but for higher halo masses and a shorter
time interval at z ~ 0. While pairs of higher mass halos merge from larger physical pair
separations, when scaled by the halo virial radius we find that the pair merger efficiency and
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Figure 3.3: Top: Fraction of pairs separated by less than r that merged (falling curves),
indicating efficiency, and the ratio of identified mergers to all mergers above the mass cut
within At = 1 Gyr (rising curves), indicating completeness, for various redshifts. The
total number density of such mergers is 458 A2 Gpc™ (2 = 0.97 — 0.75), 950 h~3 Gpc™®
(z = 0.58 — 0.44), 1464 h~3 Gpc™ (z = 0.12 — 0.04). Note the approximate invariance of
the total merger fraction (rising curve) with redshift. Bottom: Same, but as a function of
physical separation. While pairs of a given comoving separation merge more frequently at
high redshift, this trend reverses when considering physical separations.
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Figure 3.4: Top: Fraction of pairs separated by less than r/r.;, that merged (falling curves),
indicating efficiency, and the ratio of identified mergers to all mergers above the mass cut
within At = 1 Gyr (rising curves), indicating completeness, at z ~ 1 for various mass cuts.
The total number density of such mergers is 45,750 R~ Gpc™ (M > 5 x 101271 M),
3957Th™3 Gpc™ (M > 2 x 1013 h~' M), 458 h=2 Gpc™ (M > 5 x 10 h=' M). Middle:
Same, but for for higher mass halo pairs merging within At = 0.5 Gyr of z = 0 in the
(2.2 h~! Gpc)? simulation. The total number density of such mergers is 1000 =3 Gpe™3 (M >
5x10% A1 M), 280 h=3 Gpe=3 (M > 1x 10 h=1 M), 56 h=3 Gpe=3 (M > 2x 1014 h=1 My).
Bottom: Same as middle, but for a linking length of b = 0.20. Masses and virial radii have
been scaled to that of b = 0.15 for direct comparison.
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completeness exhibit a nearly universal relation as a function of halo mass. This implies that
any of our results in §3.3 for a given mass can be approximately scaled to those of another
mass.

This universal merger relation also implies that the total merger fraction can be esti-
mated by noticing that the following relation is satisfied at the crossing point of the curves:
(N (< 1) /np(< 1)/ (M (< 7) /Mmtot) = Mmtot/Np(< 7) = 1. For example, from the middle
panel of Fig. 3.4 we find that ny, ot = n,(< ) when evaluated at a scaled pair separation of
5ryir. One can thus estimate the merger rate by counting pairs interior to 5r;.. This is a po-
tentially powerful result since it is approximately invariant for all mass-scales.! However, this
radius is a function of the timescale considered, and is likely to depend on the cosmological
parameters. Furthermore, although their number densities agree, the pair population within
5ryir does not directly correspond to the total merger population. This makes it impossible
to use the pair population to directly study any other properties of mergers, for example,
spatial clustering. Redshift space distortions will significantly undermine the utility of these
results (see §3.4).

The only strong deviation from this nearly universal mass relation occurs for merger
completeness of 5 x 102 h~' Mg halos (top), which results in an intersection of merger
efficiency and completeness at a lower fraction (10-15% decrease) for lower-mass halos, a
trend which we find does not depend strongly on redshift or merger timescale. The use of
pairs as proxies for merger rates becomes increasingly unreliable as we approach massive
galaxy-size halos, an important result for massive galaxy mergers at high-redshift, where
galaxies are found primarily in distinct host halos.

These results augment those of Berrier et al. (2006), who found that the evolution of
close galaxy pairs cannot be used to measure the host halo merger rate. Specifically, they
found that the host halo merger rate evolves as (1 + z)3, while the number of close galaxy
pairs evolves little with redshift. This arises because, at low redshift, the merger rate of host
halos is low, but there are multiple galaxy pairs merging within massive host halos. At high
redshift, the host halo merger rate is high, but the number density of halos massive enough
to host more than one bright galaxy is low. Our results imply that even when considering
major mergers of massive galaxies at high redshift, where each halo hosts a single bright
galaxy, the close pair population will not reliably trace the merger population.

We have also compared two different linking lengths, to explore the dependence of our
results on the FoF finder. In Fig. 3.4 (bottom), we show the results using a linking length
of b = 0.20. Since changing the linking length changes the mass of a given halo, we have
scaled the mass threshold for b = 0.20 to match the number densities of the b = 0.15 sample,
thereby probing the same halo population. We have also scaled the halo separations by
Tvir = T500- In the case of b = 0.20, the intersection of the efficiency and completeness curves
is shifted outward by ~ ry;, which is not surprising since a halo found using b = 0.20 is
expected to be ~ 30% larger than one found using b = 0.15. From the figure we see that
changing the linking length results in a change of only a few percent in the merger fraction at

'We thank the referee for pointing out this universal behavior.
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Figure 3.5: Faction of pairs separated by less than r that merged (falling curves), indicating
efficiency, and the ratio of identified mergers to all mergers above the mass cut (rising curves),
indicating completeness, for various merger timescales from z = 0.58. The total number
density of such mergers is 950 h 2 Gpc™2 (2 = 0.58 —0.44), 2755 h™3 Gpc™ (z = 0.58 —0.22),
4282 h~3 Gpe™3 (2 = 0.58 — 0.04).

the intersection of the efficiency and completeness curves. Thus changing the linking length
does not qualitatively alter any of our results. The weak dependence on the linking length
suggests that for these mergers, the FoF procedure does not give rise to significant artificial
bridging of nearby halos, and our results would not differ significantly from a similar analysis
performed using a spherical overdensity halo finder (e.g., Lacey & Cole 1994).

3.3.4 Merger Timescale Dependence of Pair Mergers

Pair merging is also strongly dependent on the choice of merger timescale. Figure 3.5
shows that the merger efficiency (falling curves) increases with timescale, so pairs are more
likely to merge when one considers longer time intervals. When considering mergers across
5 Gyr, a significant fraction (80%) of pairs with separations < 5h~! Mpc will merge. How-
ever, the merger completeness within a given separation (rising curves) decreases with
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timescale, so one must consider pairs at larger separation to capture all mergers. Inter-
estingly, the trade off between efficiency and completeness is only weakly dependent on the
timescale, and we find similar results even for massive halo pairs at z = 1 merging to z = 0
(At = 7.6 Gyr). No matter which merger timescale are considered, the utility of pairs as
proxies for mergers remains limited.

In all redshift, mass, and temporal regimes we consider, close halo pairs do not provide
a robust predictor of overall merger rates. We conclude that, while pairs at small separations
can reliably predict mergers, these constitute a small fraction of the total merger population.
While our results could in principle be used to calibrate the merger fraction as a function of
halo separation, close pairs do not provide a self-consistent probe of the merger population
independent of our theoretical predictions (which are contingent upon having simulated the
correct cosmology). Thus, even in the best-case scenario of complete knowledge of mass
and position, measurements of galaxy cluster pairs cannot be used to measure cluster merger
rates. The same is true for any any class of object that singly occupies a halo, particularly
in using field galazy pairs at high redshift to probe galaxy mergers.

3.4 Scatter in Mass, Redshift, & Redshift Space Dis-
tortions

The situation becomes more complicated when we consider redshift space distortions,
redshift space errors, and scatter in the estimated mass of the halos. To identify the impact
of imprecise determination of dark matter halo masses, we have recomputed several of the
statistics of §3.3 after introducing an RMS scatter of 0.2 M., where M, is the threshold
for detecting the pairs in the mock observation. The scatter in the mass causes some halos
to fall out of the sample and others to enter it, resulting in a different population of halos
near the threshold. Because the mass function is steep, many more low-mass halos enter
the sample than high-mass halos leave it. Thus there are both more pairs to consider as
merger candidates and more actual mergers between members of the observed sample. For
example, if M., = 5 x 103 h=1 Mg, the number of pairs increases more than the number of
mergers, resulting in a decrease in n,,/n, of ~ 5% for pairs separated by 2 < r < 6 h~! Mpc
over 0.58 < z < 0.97 (At = 2 Gyr). The effect is similar for other thresholds, redshifts, and
intervals. Scatter in the mass has a more pronounced impact at high values of M., where
the mass function is steeper. The trend with redshift is derivative of the evolution of the
mass function: at a fixed value of M, there is more sensitivity to scatter at higher redshifts
where the mass function steepens. There is not a significant trend with merger timescale At.
The overall impact of imprecise mass measurements is to degrade the range in separation
over which pairs might be considered useful proxies for mergers, but it is not a significant
effect.

In contrast, redshift space distortions from Doppler shift due to the halo peculiar veloc-
ities v}, are catastrophic for the pair-merger hypothesis. When pairs are identified in redshift
space, virtually none of them merge. In redshift space, the line of sight component is shifted
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Figure 3.6: Histogram of the change in apparent separation because of redshift space distor-
tions from halo peculiar velocities. Dashed curves indicate close pairs identified in redshift
space (as in observation) and solid curves indicate pairs identified in real space. The region
< 0 of the dashed curves indicate pairs that are artificially close in redshift space. The region
> 0 of the solid curves indicate pairs that are artificially separated in redshift space.

relative to its real position by an amount

z4vp/c cdz
Ay :/ He) (3.1)

For typical halo velocities in our simulation, this shift amounts to a few h~! Mpc. Figure 3.6
illustrates that this distortion makes many close pairs appear to be highly separated and
pairs that are highly separated to appear close. At redshift space separations less than
5h~t Mpec, fewer than 5% of merger candidates actually merge in At = 0.6 Gyr at z = 0.
Even at z = 0.58 where redshift space distortions are less severe, only ~ 10% of candidates
merge over At = 1 Gyr. The situation improves modestly for longer time intervals, with
~ 60% of pairs merging over At = 5.6 Gyr, but this falls far short of the fraction in real
space.

Figure 3.6 shows a histogram of the difference between a pair’s separation in redshift



SECTION 3.5. THE MERGER KERNEL & THE DENSITY DEPENDENCE OF MERGERS49

space (dashed line), as would be done in an observation, and its true separation in config-
uration space (solid curves) at z = 0.04. Merger candidates identified in real and redshift
space are widely disjoint sets. The three sets of curves (colors) are bins of separation, as
annotated. For the population of merger candidates identified in redshift space (dashed
curves), the region greater than zero shows pairs for which the real separation was smaller
than the measured separation, while the negative region shows pairs that appeared to be
close in redshift space but were actually separated by several h~! Mpc. The former set might
be likely to merge, but the latter set is highly unlikely to do so. For the actual population
of close pairs (solid curves), the region greater than zero shows pairs whose redshift space
separations were greater than their real separations, and which were therefore likely removed
from the sample of merger candidates. The reason for the asymmetry between the pair popu-
lation that left the sample (solid, right side) and the population that entered the sample and
replaced it (dashed, left side) is that pairs are most often found in overdense regions, toward
which many other halos are streaming. The impact is that the pair population identified in
redshift space is larger and has a broad distribution of physical separations; virtually none of
the “merger candidates” we identified actually merge. This result is robust for all redshifts,
merger intervals, and halo masses.

To a degree, this result also applies to the relationship between galaxy pairs and galaxy
mergers. Observing galaxy pairs to study the merger rates of singly occupied host halos
at high redshift will be similarly affected by redshift space distortions, as will using galaxy
pairs to deduce the merger rates of multiply occupied host halos at lower redshift. However,
the impact of redshift space distortions on using galaxy pairs to deduce the galaxy-galaxy
merger rates within a single host halo may be less severe (Berrier et al. 2006). Inside a
halo, galaxy mergers are predominately between a satellite galaxy and the central galaxy,
and merger dynamics inside a host halo are influenced by dynamical friction, especially in
group-mass halos and when the galaxy masses are comparable. Pair counts, even in redshift
space, provide a rough proxy to the halo mass and will therefore correlate well with the
merger rate within the halo.

The impact of redshift space errors is similar to that of redshift space distortions, except
that, unlike with the velocities, the errors are not correlated with the high density regions.
Redshift space errors that result in more than a few A~! Mpc shift in the apparent position
have a similar impact to redshift space distortions.

3.5 The Merger Kernel & the Density Dependence of
Mergers

Since spatial information is a weak probe of halo merger statistics, we now turn to
statistically describing the merger rate via the halo mass function. For any population of
objects that are built up by binary mergers of smaller constituents, the rate at which the
number of objects of a given mass changes can be described by the Smoluchowski coagulation
equation, which has been applied to the evolution of dark matter halos (Silk & White 1978;
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Cavaliere et al. 1992; Sheth & Pitman 1997; Benson et al. 2005). The abundance of halos at
a given mass is increased through the creation of such halos by mergers of smaller halos, and
decreased as these halos merge into more massive ones. The rate of change of the number
density of halos of a given mass can then be determined by knowing the number density
of halos at all masses via the mass function, and the proper merger kernel to relate the
mass function to a merger rate. Historically, it has been difficult to study the coagulation
of cluster-mass halos through simulation because these events are rare. However, with our
large simulation volume the merger kernel can be computed in a statistically significant way:.

We define the merger kernel Q(mq,ms,z) as in Furlanetto & Kamionkowski (2006)
(hereafter F&K), via the relation

nm<m1a ma, Z)

(3.2)

Qmi, ms, z) = n(mq, z) n(ma, z) At
where n,,(my, ma, z) is the number density of mergers between parents of mass m; and mq
in a time At, and n(m, z) is the halo mass function. The quantity ) can be interpreted as
the efficiency of merging for a pair of objects, such that the rate of mergers is a product
of this efficiency with the densities of available parents. Note that in previous contexts the
term efficiency refers to the ability of the close-pair technique to reliably identify merger
candidates, whereas in this context the efficiency is the coefficient of the number densities
when quantifying the merger rate. The time interval At should be sufficiently short that
there is no significant evolution of the halo mass function. Satisfying this requirement drives
down the number of mergers in a fixed volume, making statistically significant measurements
difficult. However, with our large simulation volume we measure @Q(my, my,z = 0) on the
interval 0 < z < 0.04 (At = 0.6 Gyr) by classifying the two progenitors that contributed
the most mass to each halo at z = 0 into ten logarithmically spaced mass bins in the range
10" < h~ M, < 10%. The results are shown in Fig. 3.7
We find that @) follows the simple functional form

(3.3)

mi + me B
h—1M,,

Q(my,me,z=0)=A [

The best fit values for A and B, found using a linear least-squares fit to the data, are
presented in Table 3.1 (bottom row). This functional form satisfies the formal requirement
that the merger kernel be symmetric in its two arguments. For comparison, Benson et al.
(2005) analytically found that @ o< (m; + mg) when P(k) o k™ with n = 0, which is
approximately true in the trans-linear regime of cluster-mass halos.

3.5.1 Density Dependence of the Merger Kernel

Because the densities of the parent populations have been divided out, it is conceiv-
able that the merger kernel () is independent of the large-scale density field. Significant
dependence on density would indicate that environmental effects other than the progenitor
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6 |V (bt Gpe)* A (h ! kpe)?/Gyr B X2
—0.56 AT 0.121 £ 1.99 x 1073 0.88 1.00
—0.21 33 0.086 £ 1.30 x 1073 0.88 1.55

0.20 27 0.072 £9.98 x 1074 0.88 1.46
1.33 21 0.060 £ 7.10 x 1074 0.88 1.41
0.0 1.28 088 4+£2.23 x 1072 0.88+£0.008 3.09

Table 3.1: Best fit amplitude, A, and exponent, B, for the merger kernel Q = A(m; +ma)?Z,
where (m; + my) is the sum of the 2 progenitor masses. First four rows are the results for
each of the 4 density subdivisions, while bottom row is the best fit for the entire simulation.
The average density and total volume of each subdivision is listed at left, and the reduced
x? for each subdivision is listed at right.

densities, such as halo velocity distributions, halo impact parameters, and tidal fields, are
at play in determining the merger rate. To investigate the dependence of ) on the large-
scale density field we construct a coarse (64%) density grid in our simulation and assign the
dark matter particles to the nearest grid point, effectively smoothing the field on a scale of
~ 17h ! Mpc. Each halo at z = 0 is also assigned to the coarse grid, and these halos are
sorted in order of their large scale density environment and then divided into quartiles of
density, with each quartile containing approximately the same number of halos. Using the
coarse grid, we compute the total volume and overdensity of each quartile in the simulation,
and these appear in the first two columns of Table 3.1. The mean overdensity of a quartile
is defined as

i=1,2,34 (3.4)

where the angular brackets denote an average of the ~(17 h~! Mpc)? cells of the coarse grid.
The merger kernel @) is fit for each quartile to the form of Eq. 3.3, using the value of B
determined from the entire simulation. The results are summarized in Table 3.1. The best
fit values of A differ by several sigma, and the improvement in the reduced x?2, statistic
indicates that each of the individual density fits is a much better fit that a fit to the entire
volume. This indicates that there is a clear trend in () with the large-scale density field: as
the density increases the efficiency of merging for a given system mass decreases. Thus, the
environmental effects in dense environments are hindering the merging process in comparison
to less dense environments.

Figure 3.7 shows () in each of the four density environments plotted individually. The
upper panel shows () in the highest and lowest density quartiles, while the lower panel shows
the results from the inner two quartiles. The solid line is the best fit model for the entire
simulation, which is only a good approximation for environments close to the mean density.
The yellow shaded region results from allowing A and B to deviate by their 1o values.
Figure 3.7 demonstrates clearly that a large component of the dispersion in the best fit to
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the entire simulation originates in the density dependence of Q).

Figure 3.7 clearly indicates that merging is less efficient in high density environments
than in low density environments, but we note that with regard to our fit there is an ambi-
guity as to whether this implies a lower normalization A or a shallower power law B. Given
the rarity of these events at the high mass end and the limited dynamic range that is con-
sequently driving the fit, there is large covariance between the fit values of A and B. We
have performed the 2-parameter fit to Eq. 3.3 for each of the density quartiles individually
and find that indeed A increases slightly with density (in contrast to the 1-parameter fit)
while B decreases. Unfortunately, the formal errors in the parameters (from inversion of
the covariance matrix) become so large that the four regions are statistically indistinguish-
able. However, the individual fits hint at an interesting possibility: if B decreases and A
increases with density, then the merger efficiencies cross over as a function of system mass.
Specifically, for lower total system masses (m; + my), merging becomes more efficient in
high density environments. In our simulation, all four () curves cross over in the mass range
10" =t Mg < (my +ms) < 1012 h~1 My, suggesting that galaxy scale mergers may be more
efficient in denser environments. While this evidence is extrapolated from higher mass, the
trend is potentially worth further investigation given that other halo properties, such as
clustering as a function of concentration or formation time, reverse trend from M > M, to
M < M, (Gao et al. 2005; Wechsler et al. 2006).2

We note that the merger kernel () as computed in this section is not a direct cosmolog-
ical observable. There is an observational counterpart to the merger kernel: the pair kernel,
Qp, computed using the number density of pairs with separations r < ra;. The threshold
separation is calibrated from simulations to any desired tolerance for completeness or con-
tamination, but the result is insensitive to ra¢. In all cases, there are many more pairs than
actual mergers, the amplitude A of ), is larger, and the power law B is shallower, both by
several o. It is infeasible to use pairs at any mass scale as a proxy to compute merger rates.

3.5.2 Density Dependence of Close Pair Mergers

The trend in the merger kernel is driven by the fact that the number of mergers grows
more slowly with density than the parent mass functions. By studying changes in the
relationship between close pairs and mergers in regions of differing local density, we can
demonstrate that this is not universally true for all pair separations. We proceed in an
analogous manner, smoothing over ~ 17h~!Mpc and defining four density quartiles, each
containing the same number of mergers. We consider pairs merging between z = 0.12 and
z =0.04 (At = 1 Gyr), though our results are insensitive to the time interval and redshift.
Fig. 3.8 shows the results for pairs of halos above 5 x 102 h=' M, (top) and 10 A1 M,
(bottom). The relationship between close pairs and mergers changes with the large-scale
density. Pairs within a given separation are a less complete sample of merger candidates in

2M,(z) is the mass at which o (M, z), the variance of the linear power spectrum smoothed on scale M,
equals the threshold for linear density collapse d§.; M, ~ 7 x 1012 h=1 Mg at z = 0.
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Figure 3.7: Merger kernel, @), from the simulation for 10 logarithmic mass bins in progenitor
masses, as a function of the sum of the progenitor masses. Solid line depicts the best fit of
Eq. 3.3 to the whole simulation volume. Shaded region corresponds to the formal 1o errors
on the fit values of A and B. Top panel shows () computed in the highest and lowest density
quartiles and the bottom panel shows the quartiles closer to the mean density. The highest
and lowest density regions differ in () by several sigma, and the density dependence of @)
is one of the main factors driving the dispersion in the fit to the whole simulation (shaded
region).
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Figure 3.8: Fraction of the total number of pairs separated by less than r that merged
(falling curves), indicating efficiency, and the fraction of all mergers in the simulation within
At = 1 Gyr (rising curves), indicating completeness, for the highest and lowest density
quartiles. Pairs are found at z = 0.12 for M > 5 x 102 A= M, (top) and M > 10" A=t M,
(bottom).
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overdense environments than in underdense regions (rising curves, top and bottom). Objects
in overdense regions have higher velocities, which allow mergers to come from a broader range
of progenitor separations and can extend the infall time of closer pairs by generating larger
angular momenta.

Figure 3.8 also indicates that, at large separations, pairs are more efficient predictors
of mergers in overdense regions than in underdense regions (falling curves) because higher
velocities in overdense regions allow pairs from larger separations to merge. However, at
small separations (< 2571 Mpc), the relationship between pairs and mergers depends on
the pair masses. Here, there are no high-mass (= 10 2~! M) halos because of halo exclu-
sion, and pairs are more efficient predictors of mergers in underdense regions (top). This is
likely because low-mass progenitors in overdense regions have large velocities and thus have
longer infall times, resulting in large angular momenta that inhibit merging. In contrast, the
smaller velocities in underdense regions enhance the probability that a very close pair will
merge from simple gravitational attraction. High-mass halos have much stronger gravita-
tional attractions and are thus less affected by the large-scale density field. Indeed, at small
separations, massive halos are equally likely to merge in over- and underdense environments.

Finally, we note that the two methods we have presented to examine the density de-
pendence of merging probe mergers in different ways. The merger kernel integrates over
merger pair separations, thus considering mergers as a function of progenitor pair mass sum.
Alternately, the close pair merger method selects only close halo pairs that are above a given
mass cut, thus integrating over mass dependence and considering mergers as a function of
pair separation. The merger kernel indicates that for all child halo masses in our simulation
merging is more efficient in underdense environments. This is corroborated by Fig. 3.8 (top),
which shows that for all halos in our simulation, pair merging is more likely in underdense
environments for pairs within 1.5 ~~! Mpc separation. The accompanying merger complete-
ness (rising) curves show that pairs within this separation constitute the majority of pair
mergers in the given timescale. Figure 3.8 (bottom) shows that high-mass pairs are more
likely to merge in overdense regions at all pair separations. However, since mergers between
two halos both with M > 10 A= M, are extremely rare (as opposed to mergers between a
high and low mass object), these contribute less to the merger kernel at a given child mass.

3.6 The Clustering of Close Pairs & Merger Bias

For two halos to merge, they must have been located in close physical proximity at an
earlier time. Since closely spaced halos are more likely to be found in overdense regions,
recently merged halos may exhibit enhanced spatial clustering. Moreover, if recently merged
halos cluster differently from the general population (“merger bias”) and this is unaccounted
for, conclusions drawn about halos on the basis of their clustering could be compromised. For
example, the use of cluster self-calibration to infer cluster masses (and in turn cosmological
parameters) requires a precise knowledge of the clustering of clusters as a function of mass
(Majumdar & Mohr 2003). A number of earlier studies have looked for such merger bias
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(Gottlober et al. 2002; Percival et al. 2003; Scannapieco & Thacker 2003; Wetzel et al. 2007),
with mixed results.

Recently, Furlanetto & Kamionkowski (2006) developed an analytic model to predict
the merger bias. Assuming that mergers correspond to closely spaced objects at an earlier
time, they compare the clustering of close pairs to that of single objects, thus computing
the pair bias as a proxy for merger bias. On scales much larger than the pair separations,
they found an enhancement of clustering for pairs of mass M > M,, implying that recently
merged high-mass halos should exhibit a clustering bias. We now use F&K’s framework to
determine if the clustering of close halo pairs of mass M > M, provides an accurate proxy
for the clustering of mergers.

Using simulations, Wetzel et al. (2007) found the most prominent merger bias (~ 20%)
for major mergers (My/M; > 0.3) of high-mass halos (M > 5 x 1082~ 'Mg) at z = 0
over At = 0.6 Gyr. We consider a similar mass and temporal regime. To improve our
statistics we additionally use a simulation of eight times the volume previously used (see
§3.2), which allows us to probe merger effects of more massive halos. We use a shorter
timescale of At = 0.5 Gyr at z = 0 to define our merger interval to preserve the signal in
the comparison population. Contrary to expectation, the merger bias does not increase with
mass; it remains a 10-20% enhancement with similar statistical significance up to halos of
mass M >4 x 101 A~ M.

In computing the pair bias, F&K define “close” halo pairs by demanding that the
probability of finding three or more halos in a sphere of a given radius is small compared to
that of finding two. This is approximately equivalent to the restriction that the probability
of finding two or more neighbors, P(> 2), within a given separation from a halo is small
compared to that of finding one, P(1), which is what we will measure. For halos M >
5x 101 h=1 My, at 2 = 0, we find that P(> 2)/P(1) =~ 0.1 for a (comoving) sphere radius of
4 h~! Mpec. This separation restriction yields ~ 6,800 pairs per (h~! Gpc)3, out of ~ 77,000
halos per (h~! Gpc)?. While this is a sufficient number density of pairs for a robust correlation
function measurement in our (2.2 A~ Gpc)? simulation volume, §3.3 demonstrated that close
pairs do not reliably predict the merger population.

The analytical model of F&K predicts a significant merger bias in its application to the
clustering of massive halos (M > M,). For such objects, it predicts a correlation function
of pairs X,(r) in terms of &,(r), the correlation function of individual halos:

Xp(r) =[1+&(r)]" 1. (3.5)

This is computed on scales where the underlying matter fluctuations are linear, which at
2z = 0 corresponds to distances greater than ~ 102~ Mpc. To compute the pair bias F&K
use
b2 = Xp(r) '
P lr)
For a given halo mass, this can result in anomalously high pair biases. This is because the
halo correlation function is implicitly a function of the halo mass; more massive halos are

(3.6)
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more highly clustered. When computing the merger bias (or its proxy, the pair bias) the
comparison population should be an ensemble of halos of the same characteristic mass as
the child halo, not the parent halos. Otherwise, the merger bias becomes entangled with the
effect that larger halos are more clustered. To adjust for this in the analytic model we note
that &,(r,2M) &~ 1.1&,(r, M) near M ~ 10" M. On scales > 10! Mpc, £(r) is less than
1, so this leads to a pair bias of b?) ~ 3.6. This pair bias is still significantly larger than the
10-20% merger bias seen in simulation for halos up to M > 4 x 10 h~! M.

As an alternative to an analytic approach, we next measure the clustering of close pairs
in simulations to discover whether pair bias can predict merger bias. We consider pairs
0.5 Gyr prior to z = 0. To assign a unique position to a pair of neighboring halos, we
impose a “couples” restriction, namely that each member of a pair is the other’s nearest
neighbor. This restriction remains robust for two body mergers, a good approximation for
our time interval. Within the pair separations we consider (< 2 h~! Mpc) couples constitute
essentially all pairs. We select couples of halos above 5 x 103 h=1 M at z = 0.04 and use
their geometric centers to evaluate the couple correlation function. We use couples with
separations less than 1.6 h~! Mpc, 80% of which correspond to mergers in our time interval
(Fig. 3.4). To limit the effect of mass-dependence on the halo correlation function, we
compare this correlation function with that obtained from single halos above 104 h=! M, at
z = 0. While this ignores the effects of mass scatter in mergers, such effects remain small
for this short timescale.

Figure 3.9 shows that with a (2.2 7! Gpc)? simulation volume, no statistically signifi-
cant pair bias is found. Such poor statistics arise because only a small fraction (15%) of total
mergers are represented by couples at such close separations. Trying to increase statistics
by considering couples at larger separations is undermined by the fact that the fraction of
couples that merge is a steeply decreasing function of separation. As already mentioned,
one cannot consider longer merger timescales, as this permits a larger fraction of the halo
population to have undergone a major merger, thereby washing out the signal in the com-
parison population. We find similar results when looking at the pair bias for mass cuts from
M > 108 h 1My to M > 2 x 10" h~! M, and thus we conclude that pair bias cannot be
used to reliably predict merger bias observationally, in simulation, or through current analytic
treatment.

3.7 Summary & Conclusion

Cluster merger statistics may provide insight into the nature of hierarchical structure
formation and the mechanisms by which the largest coherent objects in the universe form. We
use large-volume, high-resolution N-body simulations to investigate the utility of close spatial
pairs of galaxy clusters as proxies for cluster mergers. We characterize merger statistics
through the merger kernel, and examine the density dependence of merger efficiency. We
highlight our conclusions as follows:

e Close pairs of galaxy clusters at very small separations (< 1 —2h~! Mpc) can be used
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Figure 3.9: Correlation function of couples (triangles) at z = 0.04 compared with that of
single halos (squares) at z = 0. Mass cuts are chosen so that the single halos are approxi-
mately the same mass as the child products of the couples. While enhanced signal is seen at
47 h~! Mpc, this is mitigated by the adjacent points which are both negative.
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to reliably predict mergers. However, since these constitute a small fraction of the
total merger population, close pairs are not a reliable proxy for cluster merger rates.
We quantify this by measuring the efficiency and completeness of merger candidates
identified via close pairs as a function of separation and find that their intersection
typically occurs at a low merger fraction (0.5-0.6).

e We find that close pairs are even poorer proxies for mergers between massive galaxy-
sized halos. This indicates that galaxy pairs will not provide a reliable proxy for galaxy
merger rates at high redshift, where most galaxies reside in distinct halos.

e We note that the failure of close pairs as proxies for mergers indicates that determina-
tion of merger rates from spatial statistics, such as the correlation function, cannot be
trusted outside the physical size of a single halo.

e We examine the mass, redshift, and timescale dependence of pair mergers, finding
that the pair-merger hypothesis (that close pairs are proxies for mergers) at a given
comoving separation is most accurate at high redshift, high mass, and over long merger
timescales. In our best scenarios, the intersection of merger efficiency and completeness
is at ~ 75%, that is, 75% of pairs within a given separation merge, and these constitute
75% of all mergers. We also find a nearly universal relation for pair merger efficiency
and completeness for different mass halos. This relation begins to break down as we
approach massive galaxy-size halos, and is compromised by redshift space distortions.

e Redshift space distortions have a devastating impact on detecting close galaxy cluster
pairs in surveys; nearly all of the merger candidates identified in redshift space do not
merge. Although an extrapolation, we expect these results to be robust for galaxy-size
halos at high redshift.

e We present the first fit from simulation to the merger kernel—a means to describe halo
merger rates via the halo mass function (coagulation).

e The merger kernel exhibits dependence on local (~ 17 h~! Mpc) density. Specifically,
halo merging in our high-mass regime is more efficient in underdense regions.

e Pairs at large separations (= 3 h~! Mpc) are more likely to merge in overdense regions.
For pairs at small separations, low-mass halos are more likely to merge in underdense
regions, while high-mass halos exhibit no environmental dependence.

e We sought to use cluster pairs to measure the merger bias by using the pair bias as a
proxy for merger bias. We extended the treatment of previous analytic work to include
the fact that mergers result in mass gain; when computing the bias of recently merged
halos, the comparison population should be a set of halos of the same mass as the
children, instead of the parents. Close spatial pairs that reliably merge are too rare
to produce a statistically significant measure of merger bias, even in a (2.2h~! Gpc)?
simulation volume.
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In conclusion, we have shown that close spatial pairs of galaxy clusters are of limited
value as a probe of overall cluster merger rates. We have determined the merger kernel for
halo coagulation for the first time from simulations, finding that a statistical description of
halo mergers is of more promise. Further work is needed to extend our parametrization of the
merger kernel to lower masses and higher redshifts, and to explore whether the environmental
dependence of the merger rate persists in these regimes.
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Chapter 4

Connecting Populations of Fixed
Number Density across Cosmic Time

Abstract

Using a large-volume N-body simulation, we explore the mass evolution of halos to
examine the extent to which the most massive population at high redshift maps to the
most massive population at low redshift. We find that, for a sufficiently large sample, the
most massive objects at high redshift evolve into the most massive objects at present day.
However, the n most massive objects at high redshift do not comprise a complete set of main
progenitors of the n most massive objects today. As a result, the n most massive objects
today did not simply evolve from the n most massive objects at high redshift. For small
samples (the very most massive objects), the mapping between populations at high and low
redshift is poor either forward or backward in time. This behavior is driven by scatter in
mass growth and mergers between the most massive objects.

4.1 Introduction

A primary goal of the field of galaxy evolution to understand the connection between
galaxies observed at high redshift and those of the present day. A common method used in
such studies is to rank objects in descending order by mass and connect a population above
some number density threshold at high redshift to a population above the same number
density threshold today (e.g., Blain et al. 2004; Bezanson et al. 2009). The assumption
behind any number density-based method is that the (comoving) number density of a set of
massive objects is preserved across cosmic time, such that one population evolved into/from
the other. However, this method of relating populations ignores possible scatter in mass
growth by assuming that, for example, the most massive object at high redshift becomes the
most massive object today (and vice versa). Furthermore, this method ignores the possibility
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that massive objects merge over time by assuming that n objects at high redshift evolve into
n objects today.

The aim of this brief chapter is to examine the evolution of massive galaxies/halos over
cosmic time, focusing on the degree to which one can map a population at high redshift to
one at low redshift. Specifically, given n most massive objects at some z, do they evolve
into the m most massive objects at z = 07 Conversely, given n most massive objects at
z = 0, were they among the n most massive objects at some higher 2?7 Furthermore, do
the populations form a complete set in both directions? If all of these are true, it enables a
trivial connection between populations across time. However, the extent to which they are
not true invalidates any simple number density-based population mapping.

We focus on the most massive halos since these correspond to the galaxies that are most
readily observable at high redshift. We examine populations at z = 0 and their connection
with populations at higher z, particularly at z = 2.5 which is the peak epoch of galaxy star
formation (Lilly et al. 1996; Madau et al. 1996; Hopkins & Beacom 2006) and hence the
redshift of considerable interest for current high redshift galaxy observations (e.g., Steidel
et al. 2003; Gawiser et al. 2007; Tacconi et al. 2008; Bezanson et al. 2009).

4.2 Methods

A theoretical understanding of the growth and evolution of the most massive galaxies
requires a simulation of substantial volume which provides adequate counts of rare, massive
objects and can probe a range of assembly and merger histories with correct large-scale struc-
ture. Thus, we use a dissipationless N-body simulation with 15002 particles in a 720 A~ Mpc
periodic cube (3.7 x 10% A3 Mpc® volume), which resolves halos down to 104 h~1 M, (32
particles). Halos are found using the Friends-of-Friends (FoF') algorithm (Davis et al. 1985)
with a linking length of b = 0.168 times the mean inter-particle spacing. Merger trees are
constructed from the set of halo catalogs by specifying a parent-child relationship. To be a
“parent”, a halo must contribute more than half of its mass to a “child” halo at the next
simulation output. Thus, a parent halo can never have more than one child, but a child can
have an arbitrary number of parents. In relating halos at low redshift to their main progen-
itor at high redshift, we walk the merger trees back using the single most massive parent
halo at each output. See Chapter 8 for more details on the simulation and the construction
of halo merger trees.

As emphasized in Chapters 6, 7, 8, galaxies are expected to be in one-to-one correspon-
dence with dark matter subhalos. However, simulations with sufficient resolution to robustly
track subhalos are necessarily of limited volume. Here, we focus only on the most massive
galaxies, which are almost entirely centrals and so correspond well with dark matter halos
(see Fig. 8.12 in Chapter 8). Thus, here we use a lower resolution simulation which resolves
only dark matter halos (and not subhalos), but which probes sufficiently large volume to cor-
rectly reproduce the high mass end of the mass function. Additionally, while halo mergers
do not immediately lead to galaxy mergers, the dynamical infall times for massive satellites



SECTION 4.3. SCATTER IN MASS EVOLUTION 63

are short (see Eq. 8.2 in Chapter 8), so the approximation that halo mergers quickly lead to
galaxy mergers is good for these populations.

4.3 Scatter in Mass Evolution

We begin by examining the relationship between the masses of the most massive halos
at z = 0 and their progenitors at z = 2.5, as well as the masses of the most massive halos
at z = 2.5 and their descendants at z = 0. In general, halos only grow in mass over time,
but there is considerable scatter in the mass growth rate at fixed mass (e.g., McBride et al.
2009). Figure 4.1 shows the relation between halo masses at z = 0 and 2.5, going both
backward (top) and forward (bottom) in time. Linear fits to the log-normal mean relation
yield

log {m(z = 2.5)} = 4.26 + 0.591og {m(z = 0)} (4.1)

with an average scatter of 0.36 dex, and
log{m(z =0)} = 3.04 4+ 0.851log {m(z = 2.5)} (4.2)

with scatter decreasing with halo mass (average of 0.33 dex), where m = M/(h~'M,). Note
that these fits do not change appreciably if we use instead the median mass relation.

As demonstrated by the nature of the scatter at low halo mass, there is a fundamental
difference between considering forward (bottom) and backward (top) evolution. In particu-
lar, the increased scatter at low halo mass for forward evolution is driven by mergers between
massive objects from z = 2.5 to 0, since any massive halos at z = 2.5 that merge with each
other will map to the same descendant mass at z = 0. By contrast, a halo at z = 0 will
only map to its single most massive progenitor at z = 2.5. This difference also explains why
the slopes for going backward and forward in time are not simply inverses of each other, as
would to true if there were a simple, monotonic mapping between mass at z = 2.5 and 0.
Furthermore, even in the case of backward evolution, where there is a one-to-one mapping
between halos, the scatter in mass is still substantial, being a factor of 2. These results
suggest inherent difficultly in mapping both forward and backward in time between massive
populations.

4.4 Connecting Populations of Fixed Number Density

We now turn to exploring how scatter in mass evolution and merging affects the con-
servation of object counts and their mass rank ordering over time. Specifically, we aim to
answer whether the n most massive objects at z end up in the n most massive objects at
z = 0, and whether the n most massive objects at z = 0 were among the n most massive
objects at some higher z.

To address these questions, we rank order the halo population in descending order by
mass at each simulation output, and we select the most massive halos above some number
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Figure 4.1: Relation between halo masses at z = 0 and 2.5, with logarithmic mean (solid
curves) and log-normal scatter (dashed curves). Top: Mass that a halo had at z = 2.5 as
a function its mass at z = 0. The logarithmic slope of the relation is 0.59 with an average
log-normal scatter of 0.26 dex. Bottom: Mass that a halo will have at z = 0 as a function of
its mass at z = 2.5. The logarithmic slope of the relation is 0.85 with an average log-normal
scatter of 0.33 dex.
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density threshold, n, at each redshift. At a given z (z = 0), we walk the halo merger trees
forward (backward) in time, and we determine what fraction of the descendant (progenitor)
halos at a lower (higher) redshift will be (were) a member of the set of most massive halos
above the same number density threshold at z = 0 (z). Figure 4.2 shows the results for both
evolution forward and backward in time between z = 2.5 and 0, as a function of threshold
number density, n. For reference, n = 107> h3 Mpc ™ corresponds to M > 1039 p~1 M,
halos at z = 2.5 and M > 102 h=1 M, halos at z = 0.

Considering first forward evolution (solid curve), Fig. 4.2 shows that sufficiently rare
(massive) halos at z = 2.5 do not evolve into similarly rare halos at z = 0. For example, of the
n = 1076 A% Mpc ™2 most massive halos at z = 2.5, only 35% end up in the n = 1076 h3 Mpc ™
most massive halos at z = 0. However, when considering a sufficiently large sample, most
halos do end up as part of a similar number density threshold population at z = 0, with
> 90% for n > 3 x 10~* h3 Mpc .

Considering instead backward evolution (dashed curve), Fig. 4.2 shows that the fraction
of very rare halos at z = 0 that descended from a similarly rare population at z = 2.5 is
somewhat lower than what it was for forward evolution. However, in going to high number
density the fraction never exceeds 45%. Thus, for any mass-ordered population of objects
at z = 0, it is never true (to better than a factor of 2) that they descended from the most
massive halos above the same number density threshold at z = 2.5.

What causes the number density dependence to this redshift mapping, and what sets
the difference between forward and backward evolution? The difference between forward and
backward evolution is driven primarily by massive halos merging over time. While all of the
n most massive halos at z = 0 descended from unique halos at z = 2.5, the dotted curve in
Fig. 4.2 shows the fraction of the n most massive halos at z = 2.5 which evolved into unique
descendants, that is, did not merge with another more massive halo. This fraction goes to
unity for the very most massive (rare) halos. Even though such massive halos have a strong
correlation function, their number densities are sufficiently small that the average of number
of similarly massive neighbors within ~ 10 A~ Mpc is still small enough to prohibit merging.
However, a population with higher number density (lower mass) is more likely to undergo
mergers with other massive objects in the sample, leading to fewer unique descendants at
2z = 0. For example, the n = 8 x 10~* k3 Mpc~ most massive halos at z = 2.5 evolve into a
population at z = 0 that is only half as large.

The trend of an increasing fraction of objects remaining the most massive with increasing
threshold number density is driven primarily by scatter in mass growth. At the high mass
end of the mass function, n(> M) falls of exponentially, meaning that M (< n) is nearly flat.
Thus, scatter in mass growth affects population rank ordering more readily for more massive
(rare) objects. However, the increased merger fraction at higher number density does affect
this trend as well. Even if a halo experiences low mass growth and scatters out of the most
massive population after some time, if a more massive halo which remained in the sample
merges onto another one, this opens a new “slot” above the number density threshold and
thus increases the probability that the low mass growth halo would be re-included. The
rarest halos are not much affected by this merging process, but more common halos are.
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Figure 4.2: Fraction of the most massive halos that remain the most massive between z = 0
and z = 2.5 as a function of threshold number density, n. Solid curve shows the fraction of
the n most massive halos at z = 2.5 that end up in the n most massive halos at z = 0, while
dashed curve shows the fraction of the n most massive halos at z = 0 that descended from
the n most massive halos at z = 2.5. Dotted curve shows the fraction of the n most massive
halos at z = 2.5 that remain unique (do not merge with a more massive halo in the sample)
by z = 0. Note that n = 10~° h* Mpc ™ corresponds to M < 1039 h=' M, halos at z = 2.5
and M > 1042 =1 Mg, halos at z = 0.
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Figure 4.3: Fraction of the most massive halos that remain the most massive between z = 0
and z as a function of z, for a fixed number density threshold, n. Solid curve shows the
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while dashed curve shows the fraction of the n most massive halos at z = 0 that descended
from the n most massive halos at z. Dotted curve shows the fraction of the n most massive
halos at z that remain unique (do not merge with a more massive halo in the sample) by

z=0.
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Figure 4.2 thus demonstrates that, in considering forward evolution (from high to low
redshift), there is a fundamental competition between the likelihood that population remains
the most massive and the likelihood that the population conserves number density. A very
rare (massive) sample conserves number density well, but few of those objects end up as
similarly rare at low redshift. Selecting a larger population at high redshift leads to less
scatter in overall rank ordering, but this leads to a larger fraction of mergers and violation
of conserved number density.

Finally, we examine how these trends vary with redshift interval. Figure 4.3 shows the
results for both backward (solid) and forward (dashed) evolution, as in Fig. 4.2, but for fixed
number density (n = 107° h3 Mpc ™) as a function of z. The ability to connect a population
either backward or forward in time degenerates for a larger redshift interval, with less than
50% of the most massive halos at z = 4 becoming the most massive halos today, and less
than 25% of the most massive halos today descending from the most massive ones at z = 4.
Interestingly, the fraction of halos at a given z which evolve into unique halos (do no merge
onto a more massive halo in the sample) at z = 0 (dotted curve) varies only weakly with z
and remains constant beyond z ~ 2.5. Thus, the continued decline in the solid and dashed
curves with z arises from the increased scatter in mass growth across larger cosmic time.

4.5 Summary & Discussion

In this brief chapter, we used a large-volume N-body simulation to explore the evolution
of the most massive halos. We tested the extent to which one can connect populations across
redshift by using a fixed number density threshold, both for forward evolution (whether the
n most massive objects at z end up in the n most massive objects at z = 0) and for backward
evolution (whether the n most massive objects at z = 0 were among the n most massive
objects at some higher z). For forward evolution, using a sufficiently low number density
threshold leads to a population mapping that well preserves number density (is “one-to-one”)
but does not preserve rank ordering (is not “onto”). As one increases the number density
threshold, the mapping better preserves rank ordering but does not preserve number density.
For backward evolution, the mapping always preserves number density but never preserves
rank ordering to better than a factor of two. The extent to which forward evolution preserves
number density evolves weakly with redshift interval, but the extent to which mapping in
both directions preserves rank ordering degenerates strongly with redshift interval.

Our results do not negate the qualitative trend that massive galaxies at high redshift
evolve into massive galaxies today, or that massive galaxies today evolved from massive
galaxies at high redshift. Rather, our results demonstrate that scatter in mass growth and
merging mean that one cannot quantitatively select the most massive objects above some
number density threshold at a given z and assume they evolved into a population above the
same number density threshold at z = 0 (and vice versa). For example, if one wants to
understand galaxy evolution mechanisms by comparing the properties of a massive galaxy
population of n = 1076 k% Mpc™ at z = 2.5 against a population at z = 0, one must consider
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a galaxy sample ~ 3x larger at z = 0 to capture the full scatter of mass growth. Similarly,
one must consider an at least 2x larger galaxy population at z = 2.5 to provide a complete
picture of the main progenitors of massive galaxies at z = 0. While one can mitigate these
effects of mass evolution scatter by considering larger samples, the larger samples are also
more susceptible to merging with one another: the assumption of no cross-merging is rather
poor for samples larger than n = 107° % Mpc 2.

While we expect these results based on the evolution massive halos to provide a good
approximation for the evolution of massive galaxies, future work will involve examining
similar trends in simulations which directly resolve subhalos/galaxies.



70

Chapter 5

On the Orbits of Infalling Satellite
Halos

Abstract

The orbital properties of infalling satellite halos set the initial conditions which control
the subsequent evolution of subhalos and the galaxies that they host, with implications for
mass stripping, star formation quenching, and merging. Using a high-resolution, cosmological
N-body simulation, I examine the orbital parameters of satellite halos as they merge with
larger host halos, focusing primarily on orbital circularity and pericenter. I explore in detail
how these orbital parameters depend on mass and redshift. Satellite orbits become more
radial and plunge deeper into their host halo at higher host halo mass, but they do not
significantly depend on satellite halo mass. Additionally, satellite orbits become more radial
and plunge deeper into their host halos at higher redshift. I also examine satellite velocities,
finding that most satellites infall with less specific angular momentum than their host halo
but are ‘hotter’ than the host virial circular velocity. I discuss the implications of these
results to the processes of galaxy formation and evolution, and I provide fitting formulas to
the mass and redshift dependence of satellite orbital circularity and pericenter.

5.1 Introduction

In hierarchical structure formation, dark matter halos grow via accretion of both diffuse
matter and virialized satellite halos. Beyond driving just halo mass growth, the nature
of satellite accretion governs the subsequent evolution of both the satellite and host halos
(hereon, ‘satellite’ and ‘host’ refer to the lower and higher mass halo, respectively, during
a merger). Since galaxies form at the centers of dark matter halos (White & Rees 1978;
Blumenthal et al. 1986; Dubinski 1994; Mo et al. 1998), the dynamics of infalling satellite
halos will also influence the evolution of the accompanying galaxy populations.
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After infall, a satellite halo can survive as a substructure halo (subhalo) of a larger host
halo (Tormen et al. 1998; Klypin et al. 1999; Moore et al. 1999). As it orbits, a subhalo
continues to host a (satellite) galaxy until it tidally disrupts or merges with the host halo’s
central galaxy' (e.g., Springel et al. 2001; Kravtsov et al. 2004a; Zentner et al. 2005; Conroy
et al. 2006; Natarajan et al. 2009; Wetzel & White 2010). A satellite galaxy’s survival
timescale depends on its orbital parameters at the time of accretion, with galaxies on highly
circular orbits surviving longer than those that rapidly plunge toward halo center.

Satellite orbits therefore influence the nature of galaxy mergers and the galaxy merger
rate. Galaxy mergers are expected to drive morphological evolution (Toomre & Toomre
1972; Hausman & Ostriker 1978; White 1978; Barnes & Hernquist 1996), and the properties
of the post-merger galaxy depend on the relative dynamics of the galaxies during the merger
(Boylan-Kolchin et al. 2005; Cox et al. 2006; Hopkins et al. 2008¢c). It is thus necessary to
understand the cosmological predictions for how close satellite galaxies come to the central
galaxy during first pericentric passage and the relative velocities distributions when they
merge.

After infall, satellites also can experience mass loss from tidal stripping, tidal heating,
and disk shocking (e.g., Ostriker et al. 1972; Gnedin et al. 1999; Dekel et al. 2003; Taylor &
Babul 2004; D’Onghia et al. 2010). Satellite galaxies are also thought to experience trun-
cated star formation and/or morphological evolution, arising from ram-pressure stripping,
adiabatic heating (strangulation), harassment, and/or tidal shock heating (e.g., Gunn &
Gott 1972; Moore et al. 1998; Abadi et al. 1999; McCarthy et al. 2008). Resonant stripping
processes may also drive the evolution of dwarf spheroidals around the Milky Way (D’Onghia
et al. 2009). The efficiency of all of these processes depends critically on the details of satellite
galaxy orbits.

Many semi-analytic models of satellite galaxy/subhalo evolution contain prescriptions
for dynamical friction survival times and tidal stripping (see Baugh 2006, for a recent review).
A number of authors have provided detailed fits to satellite survival times that depend on a
satellite’s circularity parameter at infall (Boylan-Kolchin et al. 2008; Jiang et al. 2008). All
these models require proper initial conditions of satellite orbits as a function of both halo
mass and redshift to be an accurate depiction of galaxy evolution in a cosmological context.

Several authors have examined the orbital parameters of infalling satellite halos in sim-
ulations (Tormen 1997; Vitvitska et al. 2002; Benson 2005; Wang et al. 2005; Zentner et al.
2005; Khochfar & Burkert 2006). However, most work has focused on orbits only at z ~ 0,
and limited statistics and dynamic ranges have inhibited a robust investigation into possi-
ble mass and redshift dependence. The nature of large-scale structure formation suggests
that the behavior of satellite accretion depends on halo mass and redshift. Triaxial collapse
models of halo formation predict that more massive halos form from more spherical regions,
with accreting matter containing less specific angular momentum (Zel’Dovich 1970; Bardeen
et al. 1986; Eisenstein & Loeb 1995; Sheth et al. 2001). This is reflected in the nature of

L Additionally, ~ 10% of satellite galaxies merge with another satellite within the host halo (Angulo et al.
2008; Wetzel et al. 2009a,b).
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the cosmic web, in which low-mass halos reside primarily within filaments while high-mass
halos reside at the intersection of several filaments (Bond et al. 1996). In this picture, matter
infall onto massive halos occurs via narrow filaments (Colberg et al. 1999; Aubert et al. 2004;
Faltenbacher et al. 2005) and is more radial than matter infall onto low-mass halos, which
are comparable in size to their local filament and thus experience more isotropic infall.

The nature of mass accretion may also vary with redshift, with implications for the
formation of the earliest galaxies. For instance, hydrodynamic simulations suggest that
galaxy formation at z 2 2 proceeds through highly radial flows of cold gas that penetrate
deep into the host halo (Keres et al. 2005; Dekel et al. 2009), behavior not observed in the
local Universe. While these radial flows are influenced by complex gas dynamics, since dark
matter dominates the mass of infalling matter, this trend implies that matter accretion onto
massive halos at high redshift may be significantly more radial than at low redshift.

In this chapter, we use a high-resolution N-body simulation of cosmological volume
to examine the orbits of satellite halos at the time of infall onto larger host halos. In
addition to exploring the distributions of satellite orbital parameters, we also examine how
the nature of satellite accretion varies with halo mass and redshift. The combination of
high resolution and large volume allows us to study the nature of accretion from dwarf
galaxy masses (10'° 41 Mg) to massive galaxy clusters (10° h=! M) with good statistics
from z =0 to 5.

5.2 Methods

5.2.1 Simulations & Halo Tracking

To find and track halos, we employ a dissipationless N-body simulation using the
TreePM code of White (2002). This simulation uses ACDM cosmology (2, = 0.25, Q) =
0.75, h = 0.72, n = 0.97 and og = 0.8) in agreement with a wide array of observations
(Dunkley et al. 2009; Kowalski et al. 2008; Vikhlinin et al. 2009; Percival et al. 2009). For
high mass and force resolution, the simulation evolves 1500% particles in a 200 Mpc cube,
with a particle mass of 1.64 x 108 A~ M, and a Plummer equivalent smoothing of 3 kpc. Ini-
tial conditions are generated using second-order Lagrangian Perturbation Theory at z = 250
where the RMS is 20% of the mean inter-particle spacing. 45 outputs are stored evenly in
In(a) from z = 10 to 0, with an output time spacing of ~ 650 Myr at z = 0. Note that this
is the same simulation as was used in Chapter 8.

Halos are found using the Friends-of-Friends (FoF) algorithm (Davis et al. 1985) with a
linking length of b = 0.168 times the mean inter-particle spacing.? We keep all groups that
have more than 60 particles, corresponding to 10 A~ Mg. This resolution level ensures
that FoF halo masses are accurate to within 10% (Warren et al. 2006). Merger trees are
constructed from the set of halo catalogs by specifying a parent-child relationship. To be

2The longer linking length of b = 0.2 is often used, but it is more susceptible to joining together distinct,
unbound structures.
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a ‘parent’, a halo must contribute more than half of its mass to a ‘child’ halo at the next
simulation output. Thus, a parent halo can never have more than one child. A mergers is
identified as a child halo with more than one parent.

5.2.2 Ejected Halos & Re-mergers

Once a satellite halo has fallen into a larger halo, it can retain its identity as a bound
subhalo. In some cases a subhalo can become ejected from its host halo after infall, either
from being on an initially unbound orbit or from a scattering event within the host halo. Up
to 50% of all satellite halos within 2 — 3 R.;, of a host halo are a recently ejected population,
particularly at low satellite halo mass (since subhalos experience severe mass stripping as
they pass through a host halo) and for satellites with highly eccentric orbits (Gill et al. 2005;
Ludlow et al. 2009; Wang et al. 2009). Including these re-merging satellite halos would bias
the orbital distribution results because doing so would double count a single satellite halo
across redshift and artificially enhance the population of highly elliptical orbits. Thus, we
define infall as the first time a halo merges with a more massive halo, and we use this event
to compute satellite orbits, discarding subsequent re-mergers. An exception is made if a
satellite halo has more than doubled its mass since becoming ejected, since in this case a
new halo is considered to have formed.

5.2.3 Calculating Orbits

To calculate the orbital parameters of satellite halos at infall onto more massive host
halos, we use the simulation halo merger trees to find halos which are about to merge, that
is, become joined within an isodensity contour by the FoF algorithm. We then compute the
orbital parameters using halo masses, positions, and velocities in the output prior to merging.
Positions and velocities are those of the halo’s most bound particle, which is expected to
correspond to a hosted galaxy. Velocities are calculated using physical coordinates, including
Hubble flow.

With these halo properties, we calculate orbital parameters by treating the two halos as
isolated point particles in the reduced mass frame (the limitations of this approximation are
discussed below). Given satellite mass Mg, and host halo mass My, with reduced mass
= Mot Muost/ (Mgay + Mhost ), satellite separation r = ryg —sar and velocity T = Fpos;—Fsats

the orbital energy is
1 G Mot Myos
E = pi® +ht (5.1)
and the angular momentum is
L = pr x 1. (5.2)

With these, we compute the orbital eccentricity,

2F 12
e=/1+ 5 (5.3)
(GMsachost) H
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pericentric distance (from host halo center),

L2
eri — 5.4
TP (1 + 6>GMsachost,u ( )
and apocentric distance
L2
(5.5)

Tapo = (1 - e)GMsachost/vL.

Orbital circularity is defined as the ratio of the orbit angular momentum to that of the
circular orbit with the same energy and can also be related to eccentricity

n=2% _ e (5.6)

In the point particle two-body approximation, the above quantities are all conserved
throughout the orbit, so they do not depend on the separation of the satellite from the host
halo. Two of the above quantities (for example, circularity plus pericenter) are sufficient to
uniquely describe an orbit. An alternate description can be given by the satellite’s radial,
V:, plus tangential, Vy, velocity. Since these quantities vary throughout the orbit, they need
to be defined at a given radius, in this case, at the host halo virial radius. To do this,
we use the conservation of orbital energy and angular momentum to evolve the velocities
from the satellite’s measured location to where its center crosses the host halo virial radius,
Ryi, which is derived from the halo FoF mass and concentration assuming a spherical NFW
(Navarro et al. 1996) density profile.

Hereon, all satellite halo distances and velocities are scaled to the host halo virial radius

and virial circular velocity, Vi, = /G Myir/ Ryir-

5.2.4 Calculating Orbital Distributions

The aim of this work is to examine the orbital parameter distributions of satellite halos
as they first pass through the virial radius of a larger host halo. However, because of the
finite time spacing of simulation outputs, satellite halos are identified at a variety of distances
from the host halo virial radius prior to merging. This presents some difficulty in directly
measuring orbital parameter distributions, since satellite halos can experience mass loss (or
growth), dynamical friction, and tidal forces, all of which alter the orbital parameters as
satellites traverse significant distances.

To circumvent this issue of finite time resolution, we estimate satellite orbital parameter
distributions by selecting only satellite halos that are within a small separation of the host
halo virial radius at the output prior to merging (as done by Vitvitska et al. 2002; Benson
2005; Wang et al. 2005). Specifically, we find satellite halos that are about to merge with a
larger host halo and whose edge (given by its own virial radius) is in range [1,1 4 Ar| Ry, of
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the virial radius of the host halo.®> We use Ar = 0.25, finding no significant difference using
smaller values.

Since highly radial orbits spend less time within the given radial shell than highly
circular ones, to properly estimate the overall orbital distributions one must scale the orbital
counts by the crossing time within the shell. Specifically, we scale the counts by At/tcross,
where At is the output time interval and t...s is the orbital crossing time for a satellite halo
edge to orbit from a separation of Ar to 0.*

Since this method of estimating satellite orbital distributions considers only satellites
close to the location of interest, it is little-affected by mass stripping, dynamical friction,
and tidal forces, and the error on the estimated orbital parameters is expected to be less
than 10% (Benson 2005). There are, however, limitations to the point particle two-body
approximation, which ignores multi-body interactions and halo ellipticities. Some satellites
(up to 20% at z = 0) have their rye; or 7., within the radial selection shell, so these objects
do not have a well-defined crossing time even though they do merge with the host halo in the
next output. This population is dominated by satellites on highly circular orbits, such that
Tapo 15 never beyond the outer radial shell. In weighting their counts for orbital distributions,
these satellites are given a shell crossing time equal to the longest well-defined crossing time
satellite in the given output, which amounts to a minimal weighting without discarding them.
Additionally, some merging satellites are on formally unbound orbits, though this represents
less than 2% of satellites regardless of mass or redshift.’

Finally, we have also examined how using Moo instead of FoF mass influences the
results.® We find that the averages of the orbital distributions from the two methods are
within error, and thus the specific halo finding algorithm used does not significantly affect
the results, in agreement with similar tests of Benson (2005).
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Figure 5.1: Distributions of circularity, n, and pericenter, 7, (scaled to host halo virial
radius), of infalling satellite halos at z = 0, for halos > 10 A~ M. Errors bars indicate
Poisson error in each bin. Vertical lines show average circularity and median pericenter.
Dotted curves show fits to the distributions (Eqs. 5.7 and 5.8).
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Figure 5.2: Distributions of tangential, Vp, radial, V;, and total, Vi, velocity (scaled to host
halo virial velocity) of infalling satellite halos at z = 0, for halos > 10'® A= M. Vertical
lines show average velocities. Dashed and dot-dashed curves show distributions from Benson
(2005) and Wang et al. (2005).
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5.3 Orbital Distributions at z =0

We begin by examining the distributions of satellite orbital parameters for all infalling
satellites at z = 0. Figure 5.1 shows the distribution of circularity and pericenter, scaled
to the host halo virial radius, for all halos > 10 A=! M. Circularity shows a broad dis-
tribution, peaking at n = 0.52 (which corresponds to an eccentricity of e = 0.85), in good
agreement with earlier work (Tormen 1997; Zentner et al. 2005; Wang et al. 2005; Khoch-
far & Burkert 2006). Satellite orbits tend to be neither highly radial nor highly circular.
Pericenter shows a distribution falling exponentially with radius, with a median value of
Tperi = 0.21 and falling to zero for 7,e; > 1. Most infalling satellites are on orbits taking
them close to the center of the host halo.

While an orbit can be fully classified by its circularity and pericenter, another such
combination is radial and tangential velocity as measured at the host halo virial radius.
Figure 5.2 (top and middle) shows these satellite velocity distributions, scaled to the host halo
virial velocity. Since the velocities are computed at the host halo virial radius, the tangential
velocity is equivalent to the satellite specific angular momentum: L/L.;, = Vp/Vii. Most
satellites infall with less specific angular momentum than the virial value of the host halo,
with an average Vy = 0.64. By contrast, the satellite radial velocity is typically comparable
to the host halo virial velocity, with an average V; = 0.89. Taken together, these imply that
most satellites are infalling ‘hotter’ than their host halo. Figure 5.2 (bottom) demonstrates
this more explicitly, showing the satellite total velocity distribution, again scaled to the host
halo virial velocity. On average, satellites are infalling with ~ 15% higher velocity than the
matter within the host halo.

To compare with previous work, Fig. 5.2 also shows fits to the velocity distributions at
z = 0 of Benson (2005) and Wang et al. (2005), which represent a Gaussian distribution
for radial velocity and approximately a two-dimensional Maxwell-Boltzmann distribution
for tangential velocity. While the radial velocity distribution seen here exhibits a somewhat
narrower profile, the distributions show overall broad agreement, particularly in the averages

3We use the location of the satellite edge since the FoF algorithm merges the halos when the satellite
edge is at the host halo Ry;,.

4This correction for crossing time was employed by Benson (2005) and Wang et al. (2005) but was
neglected in Vitvitska et al. (2002).

5 Another method to estimate satellite orbital parameter distributions is to consider all satellite halos
which are about to merge, regardless of their distance from the host halo in the output prior to merging,
as done by Khochfar & Burkert (2006). However, they find that in order to select systems which conserve
energy and angular momentum, they are restricted to ‘isolated’ merger systems which do not change in total
mass by more than 10% between outputs. Indeed, we find that using all satellites which are about to merge
yields as high as 15% of orbits being formally unbound, since satellite halos on highly eccentric orbits, which
are more likely to be found at large radii in the output prior to merging, become significantly more bound
prior crossing the host halo virial radius. We find that while using this alternate method yields quantitatively
different orbital distributions, it yields qualitatively similar results regarding the orbital distribution shapes
and their mass and redshift dependence.

6The relation of FoF (b = 0.168) mass to spherical overdensity (200crit) mass depends on halo concentra-
tion and redshift, though for the regimes considered here they are within ~ 15%.
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and peak locations. Some of the differences may be attributed to previous works using
somewhat different cosmology and that Wang et al. (2005) selected satellite subhalos (halos
which may have already merged) within a radial shell. More importantly, the previous works
examined satellite orbits at a higher mass regime, and as will be explored in the next section,
satellite orbital distributions depend on halo mass.

Finally, the above tangential velocity distribution explains why pericenter exhibits an
exponential distribution. At fixed mass ratio, e o Vi#/(1+¢€) (Eq. 5.4). Since eccentricity
is essentially limited to 0 < e < 1, the e distribution is dominated by the V# term. Vj is
described by a two-dimensional Maxwell-Boltzmann distribution, P(Vjy) ~ Vge_(VG_%)Q, SO
under transformation, the distribution of V2, and hence 7,4, is exponential.

5.4 Mass Dependence

We next explore how satellite orbital distributions depend on halo mass at z = 0. We
first examine the dependence on host halo mass by selecting satellite halos in the mass
range 101907105 =1 M and we use the large dynamic range of the simulation to explore
the dependence across four decades in halo mass.

Figure 5.3 shows the distribution of circularity and pericenter, as in Fig. 5.1, but for two
host halo mass ranges. The distributions clearly change shape, being skewed to both lower
circularity and lower pericenter for more massive host halos, which drives the average/median
of the distributions (vertical lines) down.

Figure 5.4 demonstrates more explicitly the dependence of average circularity and me-
dian pericenter on host halo mass. Circularity shows no dependence up to ~ 3x 102 A=t M,
but above this mass satellite orbits become less circular with increasing host halo mass, with
average circularity dropping nearly 20% across the mass range. Interestingly, the turnover
corresponds to the value of M, the characteristic halo mass scale of collapse, at z = 0.7 Me-
dian pericenter decreases more strongly with host halo mass, falling by more than a factor
of 2 across the mass range and showing no rollover at low mass. Overall, satellite orbits are
both more radial and plunge deeper into their host halo at higher host halo mass.

Similarly, Fig. 5.5 (top and middle) shows the host halo mass dependence of satellite
average tangential and radial velocity. Both velocity components remain below the host halo
virial velocity at all mass scales. Tangential velocity monotonically declines with host halo
mass, falling by 30%, implying that at higher halo masses, satellite accretion contributes
angular momentum less efficiently. Radial velocity declines rapidly with host halo mass up
to ~ 3 x 102 h~! M, beyond which it remains nearly flat.

These trends explain the host halo mass dependence of circularity and pericenter. Below
~ 3 x 1012~ Mg, both V; and V, decline with host halo mass, giving rise to constant
circularity. At fixed circularity (eccentricity) and Mgag, Tperi/ Ryir < Vi /Mfféjt (Eq. 5.4), so

"More specifically, M,(z) is the mass at which o(M,2), the variance of the linear power spectrum at
redshift z smoothed on scale M, equals the threshold for linear density collapse, d. = 1.69.
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Figure 5.3: Distributions of circularity and pericenter at z = 0, for satellite halos of mass
1010-9-105 =1 M and host halos in two mass ranges. Vertical lines show average circularity
and median pericenter. Dotted curves show fits to the distributions (Egs. 5.7 and 5.8).
Satellite orbital distribution shapes depend on host halo mass.
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Figure 5.4: Dependence of satellite average circularity and median pericenter on host halo
mass at z = 0, for satellite halos of mass 101997195 5,1 M. Dotted curves show standard
errors of the mean/median. Satellite orbits are both more radial and plunge deeper at higher
host halo mass.
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Figure 5.5: Dependence of satellite average tangential, radial, and total velocity on host halo
mass at z = 0, for satellite halos of mass 1097105 =1 M. The degree to which satellite
infall velocities are biased relative to their host halos depends on host halo mass.
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Tperi continues to decline rapidly with mass. Above ~ 3 x 102 h~' Mg, declining Vj and
constant V; cause both circularity and pericenter to decline with mass.

Additionally, Fig. 5.5 (bottom) shows the host halo mass dependence of satellite average
total velocity. While satellite infall is usually ‘hotter’ than the host halo virial velocity, the
magnitude of this effect decreases with host halo mass, falling by 20% over the mass range.
Interestingly, this leads to a crossover such that satellites infalling onto halos > 10 A=1 Mg
are instead on average ‘colder’ than the host halo.

The above results clearly demonstrate that satellite orbital parameters depend on host
halo mass. Alternately, Fig. 5.6 explores whether circularity and pericenter depend on satel-
lite halo mass, for host halos of fixed mass 10*471°> b= M. While Fig. 5.6 suggests a possible
drop in circularity and pericenter for very massive satellites, the large scatter across satellite
halo mass does not lead to any clear, systematic trends. Moreover, we find no clear trends
with satellite mass for any orbital parameters, including varying host halo mass or redshift.
Thus, we conclude that the nature of satellite infall is controlled by host halo mass and is
little affected by satellite mass. This supports the physical picture that orbital dynamics are
governed by the most massive halo within a region, and that less massive satellites effectively
act as massless tracers of the potential field.

5.5 Redshift Evolution

We now turn to explore the dependence of satellite orbital parameters on redshift. Since
the halo mass function declines significantly with redshift, examining the mergers of all halos
above the resolution limit (> 10 A~1 M) would convolve any redshift dependence together
with the mass dependence of the previous section. So to isolate redshift trends, we examine
halos in a fixed mass range: host halos of mass 10129712 b=1 M, (corresponding to M, halos
at z = 0) and satellite halos of mass 1019~ A=1 M.

Figure 5.7 shows the distribution of circularity and pericenter at three redshifts. Similar
to the dependence on host halo mass in Fig. 5.3, the distributions are skewed to both lower
circularity and lower pericenter at higher redshift. Figure 5.8 demonstrates more explicitly
the dependence of average circularity and median pericenter on redshift. Average circularity
falls nearly 30% from z = 0 to 5, while pericenter falls more rapidly to less than half of its
z = 0 value. Overall, satellite orbits become more radial and plunge deeper into their host
halos with increasing redshift.

Figure 5.9 also shows the redshift evolution of satellite velocities. Tangential velocity
declines with redshift, implying that satellite accretion less efficiently contributes angular
momentum growth at higher redshift. Conversely, radial velocity increases with redshift,
approaching the host halo virial value at z ~ 5. Interestingly, the contrasting evolutionary
trends of radial and tangential velocity lead to no significant evolution in total velocity. At
all redshifts, satellite infall remains ‘hotter’ than the host halo virial velocity.

What drives the redshift evolution of satellite orbits? One possibility is that redshift
dependence is simply a manifestation of the trends with mass from the previous section.
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Figure 5.6: Dependence of satellite average circularity and median pericenter on satellite halo
mass at z = 0, for host halos of mass 10471° A= M. No significant, systematic dependence

on satellite mass is found at any mass scale or redshift.
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Figure 5.7: Distributions of circularity and pericenter at different redshifts, for host halos
of mass 10297125 ,=1 M and satellite halos of mass 10~ A= M. Dotted curves show
fits to the distributions (Eqs. 5.7 and 5.8). Satellite orbital distribution shapes depend on
redshift.
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Figure 5.8: Dependence of satellite average circularity and median pericenter on redshift,
for host halos of mass 10297125 4, =1 M, and satellite halos of mass 10~ 4= M. Satellite
orbits are both more radial and plunge deeper at higher redshift.
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Figure 5.9: Dependence of satellite average tangential, radial, and total velocity on redshift,
for host halos of mass 10297125 b =1 M, and satellite halos of mass 101~ A=! M. Tangen-
tial velocity declines with redshift, while radial velocity increases, leading to nearly constant
total velocity.
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Figure 5.10: Same as Fig. 5.8, but for host halos of mass 270 M, (z) (10147 h= Mg, at 2 =0
down to 10193 h=t Mg, at z = 3) and satellite halos of mass 101907193 ,=1 M. When scaled
by M.(z), circularity remains nearly constant while pericenter increases significantly.
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Q Bi Vi gz(z)
Cy | 3.38 0.567 0.152 1
Ci ] 0.242 2.36 0.108 1

Ro| 314 0152 0410 (1+2)°
Ry | 0450 —0.395 0.109 (1+2)~*

Table 5.1: Fit parameters for C;, R;, given by Eq. 5.9, for use in circularity (Eq. 5.7) and
pericenter (Eq. 5.8) distributions.

Analytical triaxial collapse models of halo formation (Bardeen et al. 1986; Eisenstein &
Loeb 1995; Sheth et al. 2001) predict a self-similarity in the nature of matter infall with
redshift at fixed M /M., (z), since it is at M, that halos transition from being located along
filaments to being at the intersection of several filaments. In this picture, the above redshift
dependence is driven by probing higher M5 /M. (z) at higher z.

To investigate this, we select host halos of mass M. /M. (2) = 270 at each redshift
(corresponding to 1047 1=t Mg, at z = 0 down to 10'%3 L= My, at 2 = 3) and satellite halos
in the range 10'%07103 ,=1 M. Figure 5.10 (top) shows that satellite infall onto host halos
of constant Myest/M.(z) indeed exhibits nearly constant circularity. However, pericenter
(bottom) is not constant but instead increases with redshift by a factor of 2 (opposite to
the trend at fixed mass). Furthermore, at fixed M5 /M, (z) we find a significant increase
in radial, tangential, and total velocity with redshift. Thus, while the redshift evolution of
satellite infall can be partially understood simply as a manifestation of mass dependence,
intrinsic redshift dependence does exist.

5.6 Fits to Orbital Distributions

We now seek to provide analytical fits to the orbital distributions of the two parameters
of primary interest, circularity and pericenter. The results of the previous sections show
that the shapes of these orbital distributions depend sensitively on both mass and redshift.
However, Fig. 5.10 shows that, at fixed Mg /M.(2), circularity remains nearly constant
with redshift. Figure 5.11 (top) demonstrates this more explicitly, showing that the overall
circularity distribution remains approximately universal at fixed Mo /M. (2). However, the
distribution of pericenter is neither redshift-invariant at fixed My (Fig. 5.7) nor at fixed
Myost /M, (2) (Fig. 5.11).

The orbital distributions of satellite circularity, n, and pericenter, e, are given to
good approximation across mass (1071 =1 M) and redshift (z = 0 — 5) by the following
simple functional forms

df _

dy = CoMuos, 20" (1 = )@ (ot (5.7)
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Figure 5.11: Distributions of circularity and pericenter at different redshifts, for host halos
of mass 270 M,(z) and satellite halos of mass 10997103 =1 M. Dotted curves show fits to
the distributions (Egs. 5.7 and 5.8). The circularity distribution is nearly universal for host
halos of fixed Myost/M(2).
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Parameters C;(Myost, 2) and R;(Myost, 2) describe the mass and redshift dependence and take
a similar functional form

- RO(Mhosta Z)eXp { 7’perl/Rl Mhos‘w 0 85} (58)

Ci, R = a (1 + B {gi(z) J\ZT?)V) (5.9)

where the values for «y;, 8;,v; and the function g;(z) are given in Table 5.1. Since the circular-
ity distribution is nearly constant when scaled by Mo /M (2), gi(2) = 1 for C;. While the
pericenter distribution does not exhibit such redshift invariance, the scaling g;(2) Myost /M. (2)
with g;(z) = (1 + 2z)~* for R; fully encapsulates the redshift dependence.

Since parameters Co(Mpest, 2) and Ro(Mpest, 2) are merely normalizations for proba-
bility distributions, their mass and redshift dependencies are implicitly given by those of
C1(Mhost, z) and Ry(Mhpest, 2). We include fits to their mass and redshift dependencies for
completeness.

Finally, given the assumed cosmology the evolution of M, (z) is approximated to within
5% up to z =7 by

log [M.(2)/ h™" Mg] = 12.42 — 1.56z + 0.0382". (5.10)

The orbital distribution fits given by Eqs. 5.7 and 5.8 provide a good description of
both the mass and redshift dependence of satellite orbits. The accuracy of these fits is
demonstrated explicitly in Figs. 5.1, 5.3, 5.7, and 5.11.

Note that while we do not examine in detail correlations between the circularity and
pericenter distributions, some correlation is expected (with more circular orbits tending to
have larger pericenters) though with significant scatter (Tormen 1997; Gill et al. 2004; Benson
2005; Khochfar & Burkert 2006).

5.7 Summary & Discussion

We use a high-resolution N-body simulation of cosmological volume to track the mergers
of halos from dwarf galaxy masses (10’ h=! M) to massive galaxy clusters (10" h=! M)
across a large redshift range (z = 0 to 5). We explore the orbital parameters of satellite halos
at infall, when they cross within the virial radius of a larger host halo. The main results are
as follows:

e Satellite orbital parameters exhibit broad distributions. For all resolved halos at z = 0,
the average values of the distributions are: circularity n = 0.52, (median) pericenter
Tperi/ Rvir = 0.21, tangential velocity Vp/Vii = 0.64, radial velocity V;/Vii, = 0.89, and
total velocity Vit /Veir = 1.15.

e Satellite orbits are more radial and plunge deeper into their host halos at higher host
halo mass, but orbits are not significantly affected by satellite halo mass.
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e Infalling satellites are typically ‘hotter’ than the host halo virial velocity, except onto
the most massive host halos where satellite are slightly ‘colder’.

e At fixed halo mass, satellite orbits become more radial and plunge deeper into their
host halos at higher redshift.

e The satellite circularity distribution exhibits almost no redshift evolution for host halos
of fixed Myost/M.(z), implying that redshift dependence of circularity at fixed mass is
simply derivative of varying M /M, (z). However, pericenter exhibits significant increase
with redshift at fixed Mgt /M.

As explored in S5.3, the orbital distributions we find at z = 0 when stacking halos of all
masses agree well with those of previous work. However, previous results of possible mass
and /or redshift dependence of satellite orbits are mixed. Benson (2005) found evidence that
satellite orbits become more radial at higher halo mass scales but was unable to quantify
this further, while Vitvitska et al. (2002) and Wang et al. (2005) saw no such halo mass
dependence over a limited mass range. By contrast, Vitvitska et al. (2002) found that
satellite angular momentum decreases with increasing satellite mass to host halo mass ratio,
while Wang et al. (2005) and Khochfar & Burkert (2006) found no dependence on mass ratio,
though again over a limited mass ratio range. Finally, the results of Benson (2005) suggest
trends with redshift while those of Vitvitska et al. (2002) do not. In most cases, previous
work has been limited in terms of merger statistics (in some cases, examining infall onto a
handful of halos) and dynamical range (unable to explore both M > M, and M < M,). The
results here demonstrate clear dependence of satellite orbits on host halo mass and redshift
and no significant evidence for dependence on satellite mass. This is broadly consistent with
the predictions of analytical triaxial collapse models (Bardeen et al. 1986; Eisenstein & Loeb
1995; Sheth et al. 2001), in which more massive halos arise from a more spherical Lagrangian
volume with less angular momentum. We emphasize that the existence of mass and redshift
dependence implies that fits to orbital distributions based on stacking halos of all masses at
z ~ 0 (e.g., Benson 2005; Zentner et al. 2005; Wang et al. 2005) are not universally accurate.

The mass and redshift trends seen here have implications for various aspects of galaxy
formation and evolution. For example, recent work suggests that galaxy formation at z = 2
proceeds through narrow streams of cold gas (Keres et al. 2005; Dekel et al. 2009), fundamen-
tally different behavior than seen in the local Universe. Dekel & Birnboim (2006) argued
that this difference arises in part because massive (~ 102 A~' M) halos at high redshift
form at the intersection of narrow filaments, while at low redshift such halos are more likely
embedded within a filament and experience wide-angle inflow. Our results on the redshift
evolution of satellite accretion qualitatively support this picture, but it is not clear that the
evolution seen here is strong enough to imply a fundamental change the nature of accretion
at z ~ 2.5, when most orbital parameters differ from their z = 0 values by ~ 20%. This
suggests that the above results are driven more strongly by evolving gas physics than by the
nature of mass accretion.
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Our results also have clear implications for satellite galaxy evolution within groups.
Environmental effects such as ram-pressure stripping of gas and tidal stripping of stars are
expected to occur primarily at orbital pericenter (e.g., Dekel et al. 2003; Taylor & Babul
2004; McCarthy et al. 2008). Beyond their dependence on evolving gas physics, our results
suggest that satellite galaxy quenching and morphological evolution proceed more efficiently
and rapidly at higher group masses and higher redshift.

While this work focuses on the orbital parameters of satellite halos at the time of infall,
it is not immediately clear how well these orbital distributions and their mass and redshift
dependencies persist to satellite populations well after infall, as the orbits become affected by
triaxial halo potentials, dynamical friction, and tidal stripping. There has been some work
in this direction on satellite subhalo orbits within host halos (Gill et al. 2004; Reed et al.
2005; Sales et al. 2007), which found orbital parameter distributions similar to those here
(for example, n ~ 0.5). Furthermore, Faltenbacher (2009) recently found that the orbits of
satellite subhalos within host halos at z = 0 are more radially biased in more massive host
halos. These suggest that the results here do remain valid well after infall.

Moreover, there is possible observational evidence in support of the trends seen here.
Herbert-Fort et al. (2008) examined the orbital velocities of galaxies in local galaxy clusters,
finding highly asymmetric velocity distributions consistent with satellites largely retaining
their infalling orbits. Promisingly, Biviano & Poggianti (2009) examined satellite galaxy
orbits in galaxy clusters from z = 0 to z = 0.8 and found evidence that satellite orbits are
indeed less isotropic (more radial) at higher redshift.

Finally, the results on satellite velocities also have implications for relating satellite
dynamics to those of the overall group. At lower host halo masses, satellite velocities become
significantly ‘hotter’ than than the host halo, implying a possible systematic biasing in
using satellite velocity dispersions to infer halo masses (Faltenbacher 2009, found a similar
trend with mass for the velocity bias of satellite subhalos within host halos). Future work
will involve a more detailed analysis of satellite velocity bias and its mass and redshift
dependence.
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Chapter 6

Galaxy Merger Rates, Counts, &
Types

Abstract

Galaxies are believed to be in one-to-one correspondence with simulated dark matter
subhalos. We use high-resolution N-body simulations of cosmological volumes to calculate
the statistical properties of subhalo (galaxy) major mergers at high redshift (z = 0.6 — 5).
We measure the evolution of the galaxy merger rate, finding that it is much shallower than
the merger rate of dark matter host halos at z > 2.5, but roughly parallels that of halos at
z < 1.6. We also track the detailed merger histories of individual galaxies and measure the
likelihood of multiple mergers per halo or subhalo. We examine satellite merger statistics
in detail: 15% — 35% of all recently merged galaxies are satellites and satellites are twice
as likely as centrals to have had a recent major merger. Finally, we show how the differing
evolution of the merger rates of halos and galaxies leads to the evolution of the average
satellite occupation per halo, noting that for a fixed halo mass, the satellite halo occupation
peaks at z ~ 2.5.

6.1 Introduction

Mergers are key in the hierarchical growth of structure, and major galaxy mergers
(referred to as mergers henceforth) are thought to play a crucial role in galaxy evolution.
Specifically, they are expected to trigger quasar activity (Carlberg 1990), starbursts (e.g.,
Barnes & Hernquist 1991; Noguchi 1991), and morphological changes (e.g., Toomre & Toomre
1972), and they are thought to be related to Lyman Break Galaxies (LBG), Sub-Millimeter
Galaxies (SMG), and Ultra-Luminous Infrared Galaxies (ULIRG) (see reviews by Giavalisco
2002; Blain et al. 2002; Sanders & Mirabel 1996, respectively). Observational samples of
such objects at z 2 1 are now becoming large enough to allow for statistical analyses of
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their counts (e.g., Steidel et al. 2003; Ouchi et al. 2004; Coppin et al. 2006; Yoshida et al.
2006; Gawiser et al. 2007; McLure et al. 2008; Patton & Atfield 2008; Tacconi et al. 2008;
Yamauchi et al. 2008).

Understanding galaxy mergers and their connection to these observables requires com-
parison with theoretical predictions. In simulations, galaxies are identified with subhalos,
the substructures of dark matter halos (e.g. Ghigna et al. 1998; Moore et al. 1999; Klypin
et al. 1999; Ghigna et al. 2000).! Simulations are now becoming sufficiently high in reso-
lution and large in volume to provide statistically significant samples (e.g. De Lucia et al.
2004; Diemand et al. 2004; Gao et al. 2004b; Reed et al. 2005). This high mass and force
resolution is necessary to track bound subhalos throughout their orbit in the host halo and
avoid artificial numerical disruption. This is particularly important for tracking the orbits
of galaxies, which are expected to reside in the dense inner core of subhalos and to be more
stable to mass stripping than dark matter because of dissipative gas dynamics. The corre-
spondence of galaxies with subhalos has been successful in reproducing galaxy counts and
clustering in a wide array of measurements (e.g., Springel et al. 2001, 2005b; Zentner et al.
2005; Bower et al. 2006; Conroy et al. 2006; Vale & Ostriker 2006; Wang et al. 2006; Wetzel
& White 2010). Henceforth, we will use the term galaxy and subhalo interchangeably.

A subhalo forms when two halos collide and a remnant of the smaller halo persists
within the larger final halo. Thus, subhalo merger rates are sometimes inferred from halo
merger rates? or subhalo distributions, using a dynamical friction model to estimate the
infall time of satellite galaxies to their halo’s central galaxy (several of these methods are
compared in Hopkins et al. 2008b). However, a detailed understanding of galaxy mergers
requires a sufficiently high-resolution simulation that can track the evolution and coalescence
of subhalos directly.

Here we use high-resolution dark matter simulations to examine subhalo merger rates,
counts, and types, their mass and redshift dependence, and their relation to their host halos.
Under the assumption that galaxies populate the centers of dark matter subhalo potential
wells, our subhalos are expected to harbor massive galaxies (L 2 L,). Although our subhalo
mass assignment is motivated by semi-analytic arguments, our results are independent of
any specific semi-analytic modeling prescription.

Previous work on subhalo mergers includes both dark matter only simulations (Kolatt
et al. 2000; Springel et al. 2001; De Lucia et al. 2004; Taylor & Babul 2005; Berrier et al. 2006;
Wang & Kauffmann 2008; Mateus 2008) and hydrodynamic simulations (Murali et al. 2002;
Tormen et al. 2004; Maller et al. 2006; Thacker et al. 2006; Simha et al. 2009). Many of these
earlier studies concern subhalo mergers within a single object (such as the Milky Way or a
galaxy cluster), others use lower resolution. We use simulations of significant volume (100

LA subhalo can comprise an entire halo if there are no other subhalos within the halo, see §6.2.

2Halo merger counts and rates have been studied in a vast literature, both estimated analytically (e.g.,
Kauffmann & White 1993; Lacey & Cole 1993; Percival & Miller 1999; Benson et al. 2005; Zhang et al. 2008)
and measured in simulations (e.g., Lacey & Cole 1994; Tormen 1998; Somerville et al. 2000; Cohn et al.
2001; Gottlober et al. 2001; Cohn & White 2005; Li et al. 2007; Cohn & White 2008; Fakhouri & Ma 2008;
Stewart et al. 2008).
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and 250 h~! Mpc cubes) and with high spatial and temporal resolution. In addition, many
previous works focus on subhalo mass loss and survival rate, while our main interest here
is the population of resulting merged subhalos itself (most similar to the works of Maller
et al. 2006; Guo & White 2008; Simha et al. 2009; Angulo et al. 2008). We characterize
subhalo merger properties in detail, including satellite mergers, at high redshift (z = 0.6 —5)
during the peak of merger activity. We also investigate the satellite halo occupation (number
of satellites per halo), and its evolution as shaped by the relative merger rates of subhalos
and halos. The satellite halo occupation is a key element in the halo model (Seljak 2000;
Peacock & Smith 2000; Berlind & Weinberg 2002; Cooray & Sheth 2002), a framework which
describes large-scale structure in terms of host dark matter halos.

6.2 Numerical Techniques

6.2.1 Simulations

We use two dissipationless N-body simulations of 800% and 10242 particles in a periodic
cube with side lengths 100 ~~! Mpc and 250 h~! Mpc, respectively. For our ACDM cosmology,
O, =0.25, Qy =0.75, h = 0.72, n = 0.97 and og = 0.8, in agreement with a wide array of
observations (Smoot et al. 1992; Tegmark et al. 2006; Reichardt et al. 2009; Dunkley et al.
2009), this results in particle masses of 1.4 x 108 A~ M, (1.1 x 10° A~ M) and a Plummer
equivalent smoothing of 42~ kpc (9 h~ kpc) for the smaller (larger) simulation. The initial
conditions were generated at z = 200 using the Zel’dovich approximation applied to a regular
Cartesian grid of particles and then evolved using the TreePM code described in White (2002)
(for a comparison with other codes see Heitmann et al. 2008; Evrard et al. 2008). Outputs
were spaced every 50 Myr (~ 100 Myr) for the smaller (larger) simulation, from z ~ 5 to
2.5. Additional outputs from the smaller simulation were retained at lower redshift, spaced
every ~ 200 Myr down to z = 0.6, below which we no longer fairly sample a cosmological
volume. For mergers, we restrict these later outputs to z < 1.6 based on convergence tests
of the merger rates (we lack sufficient output time resolution in the intervening redshifts to
properly catch all mergers; see end of §6.3.1 for more). Our redshift range of z = 0.6 — 5
allows us to examine subhalos across 7 Gyr of evolution.

To find the subhalos from the phase space data we first generate a catalog of halos
using the Friends-of-Friends (FoF) algorithm (Davis et al. 1985) with a linking length of
b = 0.168 times the mean inter-particle spacing. This partitions the particles into equivalence
classes by linking together all particles separated by less than b, with a density of roughly
p > 3/(2mb?) ~ 100 times the background density. The longer linking length of b = 0.2
is often used. However, this linking length is more susceptible to joining together distinct,
unbound structures and assigning a halo that transiently passes by another as a subhalo.
Thus, we use a more conservative linking length, which for a given halo at our mass and
redshift regime yields a ~ 15% lower mass than b = 0.2.3> We keep all FoF groups with more

3Many Millennium subhalo studies use Spherical Overdensity (SO) halos based on an FoF(0.2) catalogue,
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than 32 particles, and we refer to these groups as “(host) halos”. Halo masses quoted below
are these FoF masses.

When two halos merge, the smaller halo can retain its identity as a “subhalo” inside
the larger host halo. We identify subhalos (and sometimes subhalos within subhalos) using
a new implementation of the Subfind algorithm (Springel et al. 2001). We take subhalos to
be gravitationally self-bound aggregations of particles bounded by a density saddle point.
After experimentation with different techniques we find this method gives a good match to
what would be selected “by eye” as subhalos. We use a spline kernel with 16 neighbors to
estimate the density and keep all subhalos with more than 20 particles. The subhalo that
contains the most mass in the halo is defined as the central subhalo, all other subhalos in
the same halo are satellites.* The central subhalo is also assigned all matter within the halo
not assigned to the satellite subhalos. The position of a subhalo is given by the location of
its most bound particle, and the center of a host halo is defined by the center of its central
subhalo. For each subhalo we store a number of additional properties including the bound
mass, velocity dispersion, peak circular velocity, total potential energy, and velocity.

Figure 6.1 (top) shows the projected image of a sample halo of mass 2.2 x 1012 h~1 M,
which hosts 12 satellite subhalos, at z = 2.6 in the 100 2! Mpc simulation. (At this redshift
in our simulations there are approximately 200 halos per (100 A~! Mpc)? above this mass.)
Halos at this mass and redshift regime are dynamically active and often highly aspherical,
with mean axial ratio (ratio of smallest-to-largest semi-major axes) of ~ 0.5, and recently
merged halos have even more discrepant axial ratios (Allgood et al. 2006). Figure 6.1 also
shows how a halo’s densest region (figure center), center of mass, and substructure distri-
bution can all be offset from one another. Because of these asymmetries, satellite subhalos
sometimes extend well beyond r500., which we will call the halo virial radius.’

6.2.2 Subhalo Tracking

We identify, for each subhalo, a unique “child” at a later time, using subhalo tracking
similar to Springel et al. (2005b); Faltenbacher et al. (2005); Allgood (2005); Harker et al.
(2006). We detail our method to illustrate the subtleties which arise and to allow comparison
with other work.

We track histories over four consecutive simulation outputs at a time because nearby
subhalos can be difficult to distinguish and can “disappear” for a few outputs until their

in part to take out the extra structure joined by the larger linking length. Neto et al. (2007) compares the
FoF(0.2) halo centers and those for the SO halos used to define the corresponding subhalo populations. More
generally, White (2001) compares different mass definitions in detail, and Cohn & White (2008) discusses
the relation of FoF(0.2), FoF(0.168), SO(180) and Sheth-Tormen (Sheth & Tormen 1999, based on b = 0.2)
masses at high redshift.

4Tn most cases, the central subhalo in Subfind is built around the most bound and most dense particle
in the group. However, this is not always the case.

5The halo virial radius, 7200 (the radius within which the average density is 200x the critical density), is
calculated from the FoF (b = 0.168) mass by first converting to Magg. assuming a spherical NFW (Navarro
et al. 1996) density profile, and then taking Mo, = 2004?77/’07“30%-
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Figure 6.1: Top: Projected image of a halo of mass 2.2 x 10'2 h=! M, at z = 2.6 which hosts
12 satellite subhalos. Particles assigned to the central subhalo are red, while those assigned
to satellite subhalos are blue. Dot-dashed circle shows the halo’s virial radius (7900, ), derived
from its mass assuming a spherical NF'W density profile, while the solid circles highlight the
satellite subhalos and scale in radius with their mass. The central subhalo has bound mass
of 1.8 x 102 h=! Mg, so nearly 20% of the halo’s mass lies in satellite subhalos. Bottom:
Tracking histories of massive satellite subhalos in the above halo. Large dots show the
positions of satellite subhalo centers at z = 2.6 for subhalos that had a mass > 10 A~ M
when they fell into the halo. Small dots show their positions (relative to that of the halo
center) at each output (spaced 50 Myr) back 800 Myr. Thin blue curves show subhalo
trajectories when they are satellites while thick red curves show when they are centrals
(before falling into the halo). Dotted curves indicate when the parent-child assignment has
skipped an output (during a fly-by near another subhalo).
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orbits separate them again. For each subhalo with mass M; at scale factor aq, its child
subhalo at a later time (scale factor a; and mass M) is that which maximizes

a=f(M, M) (Z—T) T (6.1)

€2
where S
1 — B2 M < M.
f (M, M) = MMy U102 (6.2)
1 M, > M,

and where ¢y; is the potential of particle ¢ computed using all of the particles in subhalo
1, and the sum is over those of the 20 most bound particles in the progenitor that also lie
in the candidate child. We track using only the 20 most bound particles since our ultimate
interest is in galaxies, which we expect to reside in the highly bound, central region of the
subhalo (20 is the minimum particle count for our subhalos). We do not use all the progenitor
particles because summing over all of the particles in the progenitor that also lie in the child
candidate leads to instances of parent-child assignment in which the child subhalo does not
contain the most bound particles of its parent. We also found that weighting by ¢? gave
better results than weighting by ¢, but higher powers of ¢ did not perform appreciably
better than ¢?. Finally, we weight against large mass gains with a mass weighting factor so
that smaller subhalos passing through larger ones and emerging later on the other side are
correctly assigned as fly-by’s and not mergers. We find ~ 95% of subhalos have a child in
the next time step, with ~ 4% percent skipping one or more output times and ~ 1% having
no identifiable child.

Figure 6.1 (bottom) shows the tracking histories of the most massive subhalos within
the halo shown in Fig. 6.1 (top), for subhalos that had a mass > 10" A~ M, when they
fell into the halo. The upper-most subhalo was a separate halo (M = 1.3 x 1012271 M)
hosting its own massive satellite subhalo. It then fell into the main halo and then both (now
satellite) subhalos merged with each other. The right-most subhalo is an example of two
separate halos falling into the main halo, becoming satellites, and subsequently merging with
each other. Finally, the track through the center shows a single subhalo falling towards the
central subhalo. Instead of merging with the central, it passes through as a fly-by.

All of these tracks show instances where the parent-child assignment algorithm has
skipped an output (dotted curves) as one subhalo passes through another and re-emerges on
the other side. Note also that, while the dot-dashed circle shows the halo virial radius (at
the last output), the locations of the transitions of central to satellite subhalos during infall
show that the spherical virial radius is only a rough approximation.

As a halo falls into a larger host halo and becomes a satellite subhalo, mass loss from
tidal stripping can be extreme (90% or more) as the satellite subhalo orbits towards the
center of its host halo. Figure 6.2 shows the evolution from infall of a long-lived satellite
with infall mass M, = 6 x 10" A= M, and maximum circular velocity at infall of V¢ =
258 kms~!. Mass and maximum circular velocity (V2 . ) are stripped by ~ 90% by the

c,max

time the satellite first reaches pericenter. After pericentric passage, a satellite can also gain
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Figure 6.2: Top: Evolution of mass (solid curve) and circular velocity (dashed curve) as
a function of time since infall for a satellite that fell into a halo of mass 8 x 102 h~! M,
at z = 3.7. Bottom: Radial distance of satellite from center of host halo. Mass and
circular velocity exhibit correlations with radial distance, such as mass gain as the satellite
recedes from the center of its host halo. This satellite experienced no major merger activity
throughout its history.
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mass and circular velocity as it moves away from the dense center of its host halo. This is
shown in Fig. 6.2 where mass and circular velocity strongly correlate with radial distance
throughout the orbit. This is partially an effect of our subhalo finder: the density contrast
of a subhalo, which defines its physical extent and hence its mass, drops as it moves to a
region of higher background density.® However, this is also driven by a physical effect: as a
satellite approaches the dense center of its host halo, it will be compressed by tidal shocks
in response to the rapidly increasing potential (see Fig. 12 of Diemand et al. 2007; Gnedin
& Ostriker 1997; Dekel et al. 2003).

Since a central subhalo is defined as the most massive subhalo, a satellite subhalo can
become a central (and vice versa), which we refer to as a “switch”.” We find that ~ 4%
of all centrals at any output become satellites within the same halo in the next output,
and of these a third immediately return to being centrals in the following output. Switches
are twice as common during a merger event, either when two satellites merge, or when a
satellite merges with the central, forming a less dense object and allowing another satellite
to bind more mass to itself. When a satellite switches to a central and back to a satellite,
the original satellite can be mistakenly assigned as a direct parent of the final satellite (and
thus the central is assigned no parent) since our child assignment weights against large mass
gains (which occurs when a satellite becomes a central). We fix these distinct cases by hand.

These switches highlight the fact that the distinction between a central and satellite
subhalo is often not clear-cut: at this redshift and mass regime massive halos undergo rapid
merger activity and thus often are highly disturbed and aspherical, with no well-defined
single peak that represents the center of the halo profile.

6.2.3 Subhalo Mass Assignment

Since we use subhalos as proxies for galaxies, we track subhalo mass that is expected
to correlate with galaxy stellar mass. Galaxies form at halo centers as baryons cool and
adiabatically contract toward the minimum of the halo’s potential well, which leads to a
correlation between halo mass and galaxy stellar mass (White & Rees 1978; Blumenthal
et al. 1986; Dubinski 1994; Mo et al. 1998). When a halo falls into a larger halo and
becomes a satellite subhalo, its outskirts are severely stripped as discussed above, but its
galaxy’s stellar mass would be little influenced as the galactic radius is typically ~ 10%
that of the subhalo radius. This motivates assigning to subhalos their mass at infall, M,
which is expected to correlate with galactic stellar mass throughout the subhalo’s lifetime.
The subhalo infall mass function has been successful at reproducing the observed galaxy
luminosity function and clustering at low redshifts (Vale & Ostriker 2006; Wang et al. 2006;
Yang et al. 2009). Maximum circular velocity at infall, V¢, has also been successfully

6A fly-by, when a subhalo passes through and is temporarily indistinguishable from a larger subhalo, is
an extreme case of this.

"In more detail, a switch occurs when the density peak of a satellite (above the background) contains
more mass than is within the central subhalo’s radius at the position of the satellite.



SECTION 6.2. NUMERICAL TECHNIQUES 102

matched to some observations (Conroy et al. 2006; Berrier et al. 2006). Below, we show the
relation between M,y and Ve and its redshift evolution.

Our prescription for assigning M;,¢ to subhalos is as follows. When a halo falls into
another and its central subhalo becomes a satellite subhalo, the satellite is assigned M,s as
the subhalo mass of its (central) parent.® If a satellite merges with another satellite, the
resultant child subhalo is assigned the sum of its parents’ Mj,¢. Since the central subhalo
contains the densest region of a halo, inter-halo gas is expected to accrete onto it, so we define
M,y for a central subhalo as its current self-bound subhalo mass, which is typically ~ 90%
of its host halo’s mass.® However, since a central subhalo can switch to being a satellite,
while a satellite switches to being a central (all within a single host halo), we require an
additional rule because using the above simple assignment of M;,¢ to centrals would lead to
a central and satellite in a halo each having the halo’s current bound mass. Thus, we assign
a central to have M, as its current self-bound subhalo mass only if it was the central in
the same halo in the previous output. Thus, if a satellite switches to a central and remains
the central for multiple outputs, it has robustly established itself as the central subhalo, so
it is assigned its current self-bound mass. However, if a central was a satellite (or a central
in another smaller halo) in the previous output, it is assigned the sum of its parents’ M,
with the additional requirement that its M;,s cannot exceed its current self-bound mass.

A small fraction (~ 4%) of satellites composed of at least 50 particles are not easily
identifiable with any progenitor subhalos and thus cannot be tracked to infall. On inspection,
we find that these “orphaned” satellites are loosely self-bound portions of a central subhalo,
remnants from a collision between a satellite and its central subhalo that soon re-merge with
the central. Given their origins and fates, these orphans are not expected to host galaxies
and are ignored.

Although we track subhalos down to 20 particles, we impose a much larger minimum
infall mass to our sample to avoid selecting subhalos that artificially dissolve and merge
with the central too early. This requires sufficient resolution of the radial density profile of a
satellite subhalo at infall: if the satellite’s core is smaller than a few times the force softening
length, its profile will be artificially shallow and it will be stripped and disrupted prematurely.
For calibration, we use the regime of overlap in mass between our two simulations of different
mass resolution, requiring consistent subhalo mass functions, halo occupation distributions,
and merger statistics for a minimum infall mass. For example, going too low in mass for the
larger simulation resulted in more mergers and fewer satellites than for the same mass range
in the smaller simulation. In the larger simulation, our consistency requirements led us to
impose Mi,s > 1012~ M. For a fixed number of particles per subhalo, this scales down
to Mins > 101 A=t My, in the smaller, higher resolution simulation. Note that halos of mass

8There is some dependence on output time spacing in this definition: since a central subhalo typically
continues to gain mass before it falls into a larger halo, shorter time steps (which catch it closer to infall)
lead to a higher subsequent satellite Mj,;. Doubling the output spacing leads to satellites with ~ 10% lower
infall mass.

9Though because of finite resolution, we find a weak systematic drop in Meen/Mpalo with halo mass,
varying from 93% to 87% for 10! to 10'* h=! M, in the higher resolution simulation.
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10™ (10') h~' Mg, cross below M,, the characteristic mass of collapse, at z = 1.5 (z = 0.8),
so we probe massive subhalos across most of our redshift range.

At z = 2.6, there are ~ 16000 subhalos with M, > 10 A=! M, in our 100 h~! Mpc
simulation and 9400 subhalos with Mj,; > 102 h=! M, in our 250 A~ Mpc simulation. At
z = 1, there are ~ 29400 (2500) subhalos with M, > 10 (10'?) A~' M, in our 100 2~ Mpc

simulation.

6.2.4 Stellar Mass & Gas Content of Subhalo Galaxies

A galaxy’s stellar mass is expected to be a non-linear, redshift-dependent function of
its subhalo mass. An approximate relation based on abundance matching is given in Conroy
& Wechsler (2008). At z = 1, they found that subhalos of infall mass 10* (10'?) h~! M
host galaxies of stellar mass ~ 10° (101%5) M. At z = 2.5, subhalos at the above masses
are expected to host lower mass galaxies, though quantitative relations at this redshift are
less certain, and our subhalo and halo finders differ in detail from theirs. Our sample of
Miye > 10*2 h=1 Mg, subhalos approximately corresponds to L > L, galaxies at the redshifts
we examine.

Although our simulations do not track the baryonic content of subhalos, most massive
galaxies are gas-rich at high redshift. That is, at z ~ 1, 70% to 90% of L ~ L, galaxies
are observed to be blue (Cooper et al. 2007; Gerke et al. 2007), possessing enough gas to
be actively star forming. The fraction of gas-rich galaxies at higher redshift is more poorly
constrained but is thought to be higher (Hopkins et al. 2008a). Thus, we anticipate that
most, if not all, mergers we track have the capacity to drive galaxy activity such as starbursts
and quasars.

6.2.5 Subhalo Mass & Circular Velocity

Figure 6.3 shows the radial density and circular velocity profiles for 8 satellite and 8
central subhalos with V. ax =~ 250 kms™ (M ~ 102 h~' Mg) at z = 2.6 in the 100 A~ Mpc
simulation. Circular velocity is defined as V., = \/GM(< r)/r, and since subhalos follow
NFW density profiles, with a break in the power-law density profile at the scale radius, r,,
they have a maximum value in their circular velocity profiles, V, max, at Tmax = 2.275. The
left panels show the radial profiles of all matter surrounding the subhalos, while the right
panels show only that of matter assigned to the subhalos. Satellites and centrals have similar
profiles at small radii, though the right top panel shows that satellites exhibit signs of tidal
truncation at ~ 50 h~*kpc. This is also visible in the circular velocity profile in the bottom
left panel, where V. for satellites rises sharply, exhibiting a transition to their host halos.
For the centrals, the rise in V. beyond ~ 1 h~! Mpc arises from neighboring structures.

Figure 6.4 shows the relation between subhalo infall mass, M, and infall maximum
circular velocity, V. iy, for subhalos at z = 2.6. We fit this relation to
V?inf = B(z) Myt (6.3)

C
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Figure 6.3: Left: Radial density profiles (top) and circular velocity profiles (bottom) of
all matter around 8 satellite (dotted curves) and 8 central (dashed curves) subhalos with
Vemax =~ 250 kms™! at z = 2.6. Right: Same, but only for matter assigned to the subhalos.

for all subhalos above 10'* A=! M, finding v = 3 holds to good approximation at all redshifts
we examine, in agreement with the virial relation V2, oc M/R oc M/M*'3 oc M?/3. The
outliers with large M, relative to V; iu¢ are satellites that experienced a major merger; under
our prescription, a satellite child’s My is the sum of its parents’ My, but a child’s V, in¢ is
that of its highest V;,s parent.

Fixing v = 3, Fig. 6.5 shows the evolution of the amplitude B(z) = V2 /M. A
subhalo of a given mass has a higher maximum circular velocity at higher redshift, reflective
of the increased density of the universe when the subhalo formed. As a subhalo subsequently
accretes mass, its V3 erows more slowly than it mass (in cases of slow mass growth, we
find V2 .. can remain constant). This is in agreement with Diemand et al. (2007), who found
that halos undergoing mild mass growth (no major mergers) had less than 10% change in
Vemax and rpa,. We find that the evolution of B(z) within the redshifts we probe can be
well-approximated by

B(z) = 6.56 x 107%"%*(km/s)*h M . (6.4)

Thus, M, = 10* (10'?) h=! M, subhalos correspond to Ve e ~ 120 (250) kms™! at z = 2.6
and Vs >~ 100 (200) km s~ at z = 1. Conversely, for fixed Veinf, @ subhalo is about half
as massive at z = 2.6 than at z = 1.

Since we fit relations of satellite subhalo properties at infall, our results above are
applicable equally to satellite and central subhalos. In addition, our results change by only
a few percent if we instead consider host halos.
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Figure 6.4: Relation between subhalo infall maximum circular velocity, Vs, and subhalo
infall mass, M, at 2 = 2.6. Black points show a 25% sub-sample of all subhalos as a
measure of scatter, solid red line shows the least squares fit to Eq. 6.3, and dashed red lines
show the 1o scatter, for subhalos with M, > 101 A=t M.
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Figure 6.5: Evolution of the ratio of subhalo infall maximum circular velocity to infall
mass, B(z) = V2,/Mins (solid curve), and lo scatter (dashed curves) for subhalos with
Mine > 101 h=t My, Dotted curve shows fit to B(z) of Eq. 6.4.
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6.2.6 Satellite Subhalo Mass Function

Figure 6.6 shows the satellite subhalo mass function, scaled to host halo mass, for various
host halo mass bins at z = 1. Thick curves show satellite masses selected on M, while
thin curves show satellite masses selected on instantaneous bound mass. The rollover in
the M,¢ curves at low satellite mass indicates where satellites become numerically disrupted
by resolution effects. Numerical disruption occurs at higher satellite M;,s for more massive
halos, indicating that satellites of a fixed M, experience more pronounced tidal stripping
in higher mass halos, where dynamical friction timescales and central densities are higher.
The rollover in the highest halo mass bin occurs at Mo & 10 A7 Mg, which sets our
minimum subhalo mass for robust tracking.

We find that the instantaneous bound mass function exhibits little-to-no systematic
dependence on halo mass, in agreement with Angulo et al. (2008). This is in contrast to
the infall mass function, which shows more satellites at a given mass ratio for more massive
halos. This difference is driven by subhalo mass stripping. Averaged over the entire satellite
population at this redshift, the satellite instantaneous bound mass is ~ 30% that of M, as
can be seen by the x-axis offset of the solid and dashed curves. However, satellites exhibit
less average mass loss in low-mass halos than high-mass halos, the instantaneous to infall
mass ratios being 40% and 25%, respectively. This is considerably higher than the 5% — 10%
at z = 1 found in the semi-analytic model of van den Bosch et al. (2005a). Additionally,
van den Bosch et al. (2005a) and Giocoli et al. (2008) found the opposite trend with halo
mass, that the average mass loss of satellites is higher for lower mass halos. They found
that this arises because lower mass halos form (and accrete their subhalos) earlier, when the
dynamical timescale is shorter. Thus, the satellites of lower mass halo are stripped both
more rapidly and over a longer time period (see also Zentner et al. 2005). Finally, Giocoli
et al. (2008) found that the scaled mass functions of subhalos at infall does not depend on
halo mass, in seeming contrast with Fig. 6.6.

These discrepancies likely arises because we examine the masses of extant subhalos in our
simulation, while van den Bosch et al. (2005a) and Giocoli et al. (2008) track subhalo mass
loss much longer than our simulation does. Their semi-analytical model of subhalo mass loss
has no prescription for central-satellite mergers, which preferentially serve to reduce highly
stripped satellites from our sample.!? Since satellites of a given infall mass to halo mass ratio
have lower mass in lower mass halos, they are closer to our minimum subhalo finding mass
threshold. Thus, a fixed amount of stripping will cause lower mass halos to have a reduced
population of satellites of a given infall mass to halo mass ratio. It is unclear at what level
of subhalo mass stripping we should expect the galaxies they host to become disrupted as
well.

Various studies using high-resolution simulations have explored in detail the slope of the
subhalo mass function (De Lucia et al. 2004; Gao et al. 2004a; Diemand et al. 2007; Madau
et al. 2008; Angulo et al. 2008), finding that the (instantaneous) mass function of subhalos

10See Taylor & Babul (2005) and Zentner et al. (2005) for detailed comparisons of simulated subhalos with
analytic models.
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Figure 6.6: Satellite subhalo mass function, scaled to host halo mass, for various host halo
mass bins, at z = 1. Thick curves show satellite mass selected on Mj,¢, while thin curves show
satellite mass selected on instantaneous bound mass. While the instantaneous bound mass
function exhibits no dependence on halo mass, the infall mass function has a higher amplitude
for more massive halos. An appreciable number of satellites exists at Mgt inf/Mhalo =~ 1
because of switches. Below the rollover at high satellite mass, both mass functions scale
as M%M o M_?? in agreement with instantaneous satellite subhalo bound mass

functions found by numerous authors (see text).
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Figure 6.7: Evolution of the fraction of all subhalos that are satellites for M, = 10! —
10" A~ My, (triangles) and Mi,e = 10" — 10" h=! M, (squares). Dashed curves show fits to
Eq. 6.5. Dotted curve shows fit to Eq. 6.6 from Conroy & Wechsler (2008).

goes as Nyt (> Mgat) o (Myato/Miaat)®, with @ = 0.9 — 1.1 We note, though, that these
fits are based on cuts on instantaneous subhalo mass or circular velocity, not those at infall.
However, we find that, between the rollover in M;,¢ at low and high satellite mass, the slopes
of the mass functions selected on infall and instantaneous bound mass are the same within
error, and o = 0.9 fits our mass function selected on either mass. The similarity of the two
slopes also implies that the mass loss rate of satellites does not depend strongly on satellite
mass, in agreement with Giocoli et al. (2008).
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6.2.7 Satellite Fraction

To frame our ensuing discussion of mergers, and the relative importance of satellite and
central subhalos, Fig. 6.7 shows the evolution of the satellite fraction, ngatenite/Msubhalo, fOr
subhalos of a fixed mass'?, which grows monotonically with time from z = 5 — 0.6, as

Nsatellite —C — e~ 15—2 (65)
Nsubhalo
with 8 = 9.7 valid across all subhalo masses and C' = 0.26 (0.24) for lower (higher) mass.
The satellite fraction decreases with increasing subhalo mass since more massive subhalos
are more likely to be centrals, and for a fixed subhalo mass the satellite fraction increases
with time as the number of high mass halos hosting massive satellites increases. The increase
in the satellite fraction is slowed at late times because the number of massive satellites in
halos of a fixed mass decreases with time as the satellites coalesce with the central subhalo
(see §6.6).
Note that Eq. 6.5 predicts a much higher satellite fraction than that of Conroy &
Wechsler (2008), who found

Muateltie _ 5 01 (6.6)
Nsubhalo 3

It is unlikely that the difference is driven by numerical effects, since both their and our
simulations are of similar mass resolution and volume, and both analyses are based on
similar subhalo infall mass cuts (we see similar satellite fractions selecting instead on fixed
Veint). One likely factor is that, as noted above, our smaller output spacing yields higher
infall mass for satellite subhalos, since we catch halos closer to infall when their mass is
higher. In addition, they use a different halo and subhalo finding algorithm (Klypin et al.
1999; Kravtsov et al. 2004a), and their higher og (0.9 rather than our 0.8) would give a
lower merger rate and thus fewer satellites (one expects satellite survival timescales not to
change). If normalized to the same satellite fraction at a given epoch, the redshift evolution
of Egs. 6.5 and 6.6 are in rough agreement.

6.3 Merger Criteria & Rates

6.3.1 Merger Criteria

For two parents with Mo < My sharing the same child subhalo at the next output
they appear, a child is flagged as a (major) merger if %;: > . If a child has more than two

parents, we count multiple mergers if any other parents also exceed the above mass ratio
with respect to the most massive parent.

11Nsat(> Msat) has the same power law dependence on subhalo mass as m

12We show the satellite fraction for two mass bins, but since the mass function falls exponentially at these
masses and redshifts, almost all objects are at the low end of the mass bin. Using instead a minimum mass
cut changes our results by only a few percent.
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Our mass ratio represents a trade-off between strong mergers (to maximize signal) and
frequent merging (for statistical power). Galaxy mergers with stellar mass ratios closer than
3:1 are expected to drive interesting activity, such as quasars and starbursts, as mentioned
above.!3

For generality, the distribution of merger (infall) mass ratios, R:1, for both halos and
subhalos in the mass and redshift regimes we consider can be approximated by

f(R) o« R°'! (6.7)

in reasonable agreement with the R~1? distribution of galaxy mass ratios at z < 0.5 found in
hydrodynamic simulations by Maller et al. (2006).1* Thus, the counts and rates of mergers
with (infall) mass ratio closer than R:1 can be approximately scaled from our results through
the relation

N(< R) =8.6(R" —1)N(< 3). (6.8)

Sometimes merger criteria are based on instantaneous subhalo mass gain (e.g., Thacker
et al. 2006). However, as exemplified in Fig. 6.2, subhalos can gain significant mass without
coalescence. We find that most cases of significant subhalo mass gain are not a two-body
coalescence, and so we do not use this to select mergers. See Chapter 7 and related results
in Maulbetsch et al. (2007) for more detail.

Sufficient output time resolution is necessary to properly resolve the merger population.
Unless otherwise stated, we use the shortest simulation output spacing to define the subhalo
merger time interval, corresponding to 50 Myr (~ 100 Myr) for My, > 101 (10'2) =1 M,
at z > 2.5, and ~ 200 Myr for all masses at z < 1.6. By tracking parent and child subhalo
assignments across multiple output spacings, we found that longer output time spacings
result in a lower subhalo merger rate, arising from a combination of effects. As stated above,
shorter time steps catch halos closer to their infall, resulting in satellites with higher Mj,s,
and hence more major satellite-central mergers. In addition, satellite-satellite mergers can
be missed if their child merges into the central subhalo before the next time step. However,
smaller output spacings are also more susceptible to switches, which can yield satellites with
higher mass.

For halos, very short time steps can artificially enhance the merger rate, catching tran-
sient behavior as halos intersect, pass through each other, and re-merge. While we use
FoF(0.168) instead of FoF(0.2) halos to help minimize artificial bridging effects, for a 50 Myr
time spacing halo re-mergers still constitute a significant fraction of halo mergers. Thus we
calculate all our halo mergers using > 100 Myr output spacings, for which halo re-mergers
constitute only a few percent of all mergers.

13GSince galaxy stellar mass is a non-linear function of subhalo mass, a subhalo mass ratio of 3:1 may
correspond to a galaxy merger of a more or less discrepant mass ratio. However, since the Mgiellar — Msubhalo
relation is expected to peak for Myupnalo ~ 102 A=t My, (Conroy & Wechsler 2008), we do not expect this
effect to strongly bias our results.

14The distribution of merger mass ratios also agrees well with the fit for halos at z = 0 provided by Wetzel
et al. (2008).
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Figure 6.8: Left: Merger rate per object of subhalos (solid points) and halos (open points)
as a function of the scale factor, for My, = 10" — 102 h~' M, (triangles) and M, =
1012 — 108 A1 My, (squares) at z = 5 — 2.5. Solid (dashed) curves show fits of subhalo
(halo) merger rates to Eq. 6.9, with fit parameters given in Table 6.1. Right: Same, but at
z =1.6 —0.6. Also shown at left is the fit to the halo merger rate for halos with a central
subhalo of Mi,s = 10" — 102 A= M, (dotted curves).

Given our simulation volumes we are unable to probe statistically significant subhalo
merger counts in halos more massive than 4x 10 A= My at z > 2.5 and M ~ 10" h=1 M, at
z < 1.6. However, the majority of recently merged subhalos are centrals (discussed below),
and selecting on higher mass host halos for a fixed subhalo mass restricts increasingly to
recently merged satellites, of which there are comparatively fewer. Furthermore, nearly all
subhalo mergers at a given mass occur in halos at most 5 — 10x times more massive.

6.3.2 Fits to Simulation

Figure 6.8 shows the evolution of the merger rate per object—defined as the number of
mergers per time per object—for both subhalos and halos of the same (infall) mass.!”> We
fit the merger rate per object as

Nmerge

=A(l+2)” (6.9)

nobjdt N
where Nperge 15 the number of (sub)halos whose parents match our mass ratio selection, ngp;
is the total number of (sub)halos within the same mass range at the same output, and dt is
the time interval between consecutive outputs. The best-fit values in each redshift regime

5Merger fraction errors are calculated using binomial statistics. Given M mergers out of N objects, the

mostly likely fraction is f = M/N with variance 07 = %
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Redshift z2=5-25 z=1.6-06
Mass [h~' Mg| | 10 —10'% | 10" — 10" | 10! — 10" | 10" — 10"
Halos A 0.029 0.032 0.034 0.034

o 2.3 2.3 2.0 2.2
A 0.093 0.065 0.016 0.016
Subhalos |~ | 1.1 1.1 2.1 2.6

Table 6.1: Amplitude, A, and power law index, «, for halo and subhalo merger rates fit to
Eq. 6.9.

are shown in Table 6.1. Note that the merger rate we examine is the number of mergers per
time per object, different from another common definition, the number of mergers per time
per volume.'6

The relation of subhalo mergers to halo mergers is nontrivial. Although subhalo mergers
are the eventual result of halo mergers, the former are governed by dynamics within a halo
and the latter by large-scale gravitational fields. For halos, both the slope and the amplitude
of the merger rate exhibit little dependence on mass or redshift. Similarly, Fakhouri & Ma
(2008) found av = 2 — 2.3 for all halo masses at z < 6, and weak halo mass dependence of the
amplitude. In contrast, the subhalo merger rate amplitude has strong dependence on mass
and its slope depends strongly on redshift. Relative to the halo merger rate, the subhalo
merger rate is lower in amplitude than that of halos of the same (infall) mass, and, most
notably at z > 2.5, the rate of subhalo mergers falls off significantly more slowly that that
of halos. This is consistent with earlier work: De Lucia et al. (2004) found a higher merger
fraction for halos than subhalos, and Guo & White (2008) found strong mass dependence of
the galaxy merger rate amplitude and that the slope becomes much shallower at z > 2 (see
also Mateus 2008). Note that our halos are FoF(0.168) halos and so our merger rates can
differ from those for FoF(0.2) halos; merging occurs sooner for a finder with a larger linking
length.

We now focus on the relation between halo and subhalo merger rates to understand
these trends with time.

6.3.3 Subhalo vs. Halo Merger Rates

A simple analytic argument based on dynamical infall time, that subhalo mergers are
simply a delayed version halo mergers, leads one to expect that subhalo merger rates simply

16The former is simply the latter divided by the number density of objects of the same mass, but the merger
rate per volume has qualitatively different behavior because the (comoving) number density of objects at a
fixed mass increases with time in a redshift-dependent manner. Specifically, at high redshift where the mass
function rapidly increases with time, the merger rate per volume for both halos and subhalos increases with
time, reaching a peak at z ~ 2.5. Below this redshift, it decreases with time in a power law manner as in
Fig. 6.8, though with a shallower slope of a = 1.5.
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track those of halos: they have the same time evolution, with the subhalo merger rate having
a higher amplitude. In this argument, when two halos merge, the new satellite galaxy collides
with the other central galaxy within a dynamical friction timescale, approximated by

Mhalo/Msat
tmerge ~ Co tdyn
111(1 + Mhalo/Msat>

(6.10)

where fgyn = 0.1¢Hubble; lHubble = , and C, ~ 1 accounts for the ensemble averaged

1
H(z)
satellite orbital parameters (Conroy et al. 2007a; Binney & Tremaine 2008; Boylan-Kolchin
et al. 2008; Jiang et al. 2008). Thus, for a fixed mass ratio, letting m, = Mpaio/Msat/ In(1 +
Mhalo/Msat)7

tsat,merge ~ 0.1 ComotHubble ~ 0.1 C107not . (611)

The evolution of the halo merger rate per object during matter-domination (valid at
the high redshifts we examine), where a o ¥/, is approximately

24
Nmerge t 3
O — A1+ 2) = = 6.12

Nhalo dt ( Z> (t* ) ( )
with ¢, some proportionality constant. Assuming all halo mergers lead to satellite-central
subhalo mergers on a dynamical friction timescale, the subhalo merger rate per object would
evolve with time as

2
nmerge t— tsat merge —3¢
= ’ 6.13
nsubhalodt ( t* ) ( )
o, (3
= (1-0.1C,m,)"3° (t—) (6.14)

and so the subhalo merger rate would simply track that of halos of the same mass, but with
higher amplitude.

6.3.4 Resolving the Discrepancy

As Fig. 6.8 shows, however, this tracking does not occur, particularly at high redshift
where the slope of the subhalo merger rates is much shallower than that of halos. One reason
for this is that we compute the merger rate per object, in which we divide by the number
of objects at the given mass, nep;(m). Since halo masses are added instantaneously during
halo mergers, a recently merged halo will instantly jump to a higher mass regime (with
smaller n,p; in Eq. 6.9). In contrast, the central subhalo of the resultant halo will remain at
a smaller mass for some time until its mass grows from stripping of the new satellite subhalo.
So recently merged halos have lower than average Minf cen/Mhnalo), and the central’s ngp; is
higher.

In Fig. 6.8 (left) the dotted black curve fits the halo merger rate for halos selected
with the same mass cut on their central subhalo infall mass. The amplitude is significantly
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smaller, and the slope is also shallower (a = 1.6) than for halos selected on full halo mass,
showing that the above effect is stronger at earlier times. By the argument above, the ratio of
amplitudes of the merger rate per object of halos to subhalos is nha10/7cen. A fixed (sub)halo
mass cut probes lower M /M, (t) at later times, and the mass function drops exponentially
with increasing M /M, (t) at these masses. Thus, a fixed Minf cen/Mhnato after a halo merger
means Npalo/Neen becomes closer to unity at later times, leading to the shallower slope.

The measured subhalo mergers have an even lower amplitude and shallower slope than
the dotted curve in Fig. 6.8, driven by two additional effects. First, a halo major merger
might not lead to a subhalo major merger since the satellite-central merger mass ratio can be
smaller than the mass ratios of their source halos. This is because M,,; naturally grows for
a central but only grows for a satellite if it has a merger before coalescing with the central
(see Wang & Kauffmann 2008, for a detailed analysis of this effect in terms of assigning
baryons to subhalos). Since halos grow in mass more quickly at higher redshift, this effect
is stronger at earlier times, further flattening the subhalo merger rate slope. Second, there
is a significant contribution of recently merged satellites to the merger population. We find
that satellites are twice as likely to have had a recent merger as centrals of the same mass,
regardless of mass cut and redshift (see §6.4 for more detail). This enhances the merger rate,
with a stronger enhancement at later times since the satellite fraction grows with time as in
Fig. 6.7.

At lower redshift, Fig. 6.8 (right) shows that the amplitude of the subhalo merger
rate remains lower than that of halos, but the slopes become similar, indicating the effects
examined above become less time-dependent. Since the masses we probe are crossing M., () as
these redshifts, the reduced amplitude from subhalo vs. halo mass cut becomes less sensitive
to time. Similarly, our mass range crossing M, (t) means that halo mass growth slows, so
the fraction of halo major mergers that leads to subhalo major mergers remains roughly
constant with time. Finally, as shown in Fig. 6.7, the satellite fraction growth asymptotes at
lower redshift, which means that the enhancement from recently merged satellites remains
roughly constant.

6.4 Satellite vs. Central Mergers

The stereotypical galaxy merger is a satellite coalescing with the central in its halo and
producing a central merger remnant. These mergers do dominate the merger population,
both in parent types (central-satellite) and child type (central). However, while satellites
form the minority of the subhalo population at all epochs (see Fig. 6.7), satellites are twice
as likely to have had a recent merger as centrals of the same mass, regardless of mass and
redshift.

Since the identities of satellite vs. central subhalos at this mass and redshift regime
are not clear-cut (from switches), we characterize mergers both in terms of their parent
types (central or satellite) and resulting child types. For mergers resulting in centrals, this
ambiguity is not important: 97% arise from satellite-central parents, while the other 3%
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Figure 6.9: Satellite merger fraction at z = 5 — 2.5 (left) and z = 1.6 — 0.6 (right) for
My = 101 — 102 A~ Mg, (triangles) and My, = 10" — 102 A~! My, (squares). Closed
points (solid curves) indicate the fraction of all subhalo mergers that result in a satellite,
while open points (dashed curves) indicated the fraction of all subhalo mergers that arise
from satellite-satellite parents.

arise from satellite-satellite parents during switches.!”

Recently merged satellites are a more varied population. Figure 6.9 shows the con-
tributions of satellite mergers to the overall merger populations as a function of the scale
factor.!® The fraction of all subhalo mergers that result in a satellite is ~ 30% for My =
101 — 102 A=t My, with little dependence on redshift. For M, = 102 — 10 A~ M, it is
15 — 20% at z ~ 2.5 and rises to ~ 35% at z < 1.6. Thus, at lower redshift (» < 1.6) where
the satellite fraction asymptotes to ~ 25%, the fraction of mergers that result in a satellite
roughly reflects the satellite fraction as a whole.

Of these recently merged satellites, 20% — 35% come from satellite-satellite parents
within a single halo, while ~ 7% arise when a central-satellite merger occurs in a halo as it
falls into a larger halo, becoming a satellite. The rest arise from switches, when a satellite
merges with a central and the resulting subhalo no longer is the most massive subhalo, thus
becoming a satellite. These switches occur primarily in halos only a few times more massive
than the satellite, typically for satellites in close proximity to their central. At higher halo
masses, recently merged satellites are dominated by satellite-satellite parents. These satellite-
satellite mergers preferentially occur in the outer regions of a halo and are comparatively less

ITA few percent arise from central-central parents, when the central regions of two halos coalesce so
quickly that they are not seen as satellite-central subhalos given finite time resolution. We include these as
satellite-central parents.

18Satellite merger fractions are boxcar-averaged across three consecutive outputs to reduce noise from
small number statistics.
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common in the central regions. We examine in more detail the environmental dependence
of subhalo mergers in Chapter 7.

Considering instead only parent types, Fig. 6.9 shows that 5 — 10% of all mergers come
from satellite-satellite parents at z ~ 2.5, a fraction which increases to 10 — 15% at z = 1.6
and remains flat thereafter. Approximately 80% of all satellite-satellite mergers lead to a
satellite child, while the rest lead to a central during a switch.

6.5 Galaxy & Halo Merger Counts

6.5.1 Counts of Recent Mergers

The distribution of the number of mergers per object within a fixed time interval gives
the fraction of objects at a given epoch that might exhibit merger-related activity or mor-
phological disturbance.'® Multiple mergers as well might contribute to specific properties,
for example, the formation and mass growth of elliptical galaxies (e.g., Boylan-Kolchin et al.
2005; Robertson et al. 2006; Naab et al. 2006; Conroy et al. 2007a).

Figure 6.10 shows the fraction of subhalos at z = 2.6 and z = 1 with a given number
of mergers in the last 1 Gyr. At z = 2.6, 30% of subhalos have suffered at least one major
merger. Interestingly, this fraction is nearly constant across the mass regimes we probe. In
contrast, the fraction of halos with at least one major merger within 1 Gyr is about twice as
large, with stronger mass dependence: higher mass halos experience more mergers. At high
redshift, halos are also significantly more likely to have undergone multiple mergers than
subhalos, which builds up the satellite population.

At z = 1, recent mergers of subhalos and halos become less common, with only 8% of
subhalos having suffered at least one major merger in the last 1 Gyr. Objects which have had
1 or 2 mergers are still more common for halos than subhalos, though high mass subhalos
exhibit a much higher fraction of 3 or more mergers than halos of the same (infall) mass.
Note that subhalos that have undergone 1 merger can be either satellites or centrals, those
that have undergone 2 or more mergers are almost entirely centrals. The build-up of the
satellite population at higher redshift has allowed massive centrals to experience multiple
mergers at lower redshift. This effect is stronger for more massive subhalos since they are
more likely to be centrals, and they reside in higher mass halos with more massive satellites.

6.5.2 Fraction “On”

The fraction of halos that host recent mergers, f,,, is of particular interest for quasar
or starburst evolution models, and their feedback effects such as heating of the Intra-Cluster
Medium (ICM). We select mergers up to 200 Myr after coalescence, motivated by the ex-
pected time interval during which quasars or starbursts remain observable (e.g., Hopkins

9This differs from the merger rates of §6.3, since we are tracking the histories of individual objects selected
at a given redshift.
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Figure 6.10: Top: Fraction of subhalos at z = 2.6 that have had a given number of mergers
in the last 1 Gyr, for Mi,; = 10! — 102 A= M, (thin lines) and M;,; = 102 — 10 =1 M,
(thick lines). Dashed lines show the same, but for host halos. 30% of subhalos have had at
least one merger (independent of mass), while for halos this fraction is 50% (lower mass) and
57% (higher mass). Inset shows detail for > 2 mergers. Bottom: Same, but at z = 1. 8% of
subhalos have had at least one merger (independent of mass), while for halos this fraction is
11% (lower mass) and 17% (higher mass). High mass subhalos show a much larger fraction
of multiple mergers. Inset shows detail for > 1 merger.
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Figure 6.11: Left: Fraction of halos that host a subhalo-subhalo merger within the last
200 Myr (closed points, solid curves) at z = 5 — 2.5 for Mi,e = 10" — 102 A= M, (triangles)
and M,y = 1012 — 1013 A~ M, (squares). Open points (dashed curves) show the fraction
of halos of the same mass that have suffered a major halo-halo merger in the same time
interval. Right: Same, but at z = 1.6 — 0.6.

et al. 2005). This time interval is only illustrative, though, as one expects relevant life-
times to depend strongly upon galaxy mass and merger ratio. Observables might depend
upon dynamical time as well, although many quasar triggering effects might be related to
microphysics—small scale interactions close to the merger—that do not evolve with time.?°

Figure 6.11 shows the evolution of f,, for halos hosting subhalo mergers within the last
200 Myr. The same quantity is shown for halos with recent mergers themselves. At high
redshift, f,, for halo mergers shows a steep decline from the decreasing halo merger rate.
However, f,, for subhalo-subhalo mergers is flat from z = 2.5—5, because the subhalo merger
rate per object decreases while the number of massive satellites in a given mass halo rises,
causing the number of massive subhalo mergers within the halo to remain constant. At low
redshift, where the satellite population grows more slowly, the evolution of this fraction for
subhalo mergers more closely parallels that of halo mergers.

6.6 Evolution of the Satellite Halo Occupation

The redshift evolution of the satellite galaxy populations of dark matter halos is shaped
by halo vs. galaxy mergers: halo mergers create satellites while galaxy mergers remove

20Tf we scale our fo, time interval by the dynamical time, the slope of f,, becomes slightly shallower, but
the qualitative results do not change.
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them.?! If the infall rate of satellites onto a halo is different than the satellite destruction
rate, the satellite halo occupation will evolve with time.

As shown in Fig. 6.8, at z > 2.5, the merger rate of subhalos is significantly lower
and shallower in slope than that of halos, implying that subhalos are being created faster
than they are destroyed, at a rate decreasing with time. Conversely, at z < 1.6 the merger
rates of halos and subhalos exhibit approximately the same redshift dependence, and their
amplitudes are similar (also recall from §6.3 that not all halo major merger lead to subhalo
major mergers). Thus, for halos of a fixed mass, we expect a rapid rise in the satellite halo
occupation prior to z ~ 2 and a levelling-off with more gradual evolution at lower redshift.

6.6.1 Satellite Halo Occupation in Simulation

The above trends are seen in Fig. 6.12, which shows the evolution of the satellite occupa-
tion per halo, for satellites with Mi,; > 10 A= M, in the 100 A~ Mpc simulation. Satellite
occupation counts are normalized using the last output at z = 0.6. More massive satellites
(Miys > 102 A1 M) have similar evolution, with a peak in the satellite halo occupation
at z ~ 2.5. For a fixed satellite infall mass, less massive halos exhibit stronger satellite
occupation evolution with redshift, leading to a more prominent peak.

6.6.2 Analytic Estimate of Satellite Halo Occupation

The rate of change of the satellite subhalo population per halo, for a fixed satellite M,
is given by the rate at which satellites fall into a halo (the halo merger rate) minus the rate
at which satellites coalesce with the central subhalo

dN, sat dN halo,merge dN, sat—cen,merge

= — . 6.15
dt dt dt ( )
The halo merger rate at all epochs is given by (§6.3)
dN alo,merge —
—halomerge _ (1 4 2)* = Aa~“. (6.16)

dt

The timescale for the satellite to coalesce with its central subhalo after infall is given to good
approximation by
L . ~ % Mhalo/Msat tH b
sat—cen,merge 10 ln(l T Mhalo/Msat) ubble

where C), is a constant of order unity that accounts for the ensemble averaged satellite orbital
parameters, and we leave it as our sole free parameter. The rate of satellite destruction
(coalescence) is thus

(6.17)

stat—cen merge 10 111(1 + Mhalo/Msat)
—_— = = H(z). 6.18
dt Co Mhalo/Msat <Z) ( )

21Though if one applies a mass threshold to a population, this is not strictly true since mergers also scatter
lower mass objects into the population.
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Figure 6.12: Evolution of the average number of satellite subhalos per halo for satellites with
Miye > 101 b=t Mg, and several halo mass bins. Satellite counts are normalized to those at
z = 0.6 (the final output) and boxcar averaged across 3 outputs to reduce the small number
statistics noise at early times. Dotted black curve shows fit of Eq. 6.21 for 3:1 mass ratio
mergers using halo merger rate parameters from Table 6.1. All halos masses have a peak
in satellite occupation at z ~ 2.5, and similar trends persist for higher mass satellites. Less
massive halos exhibit stronger evolution with redshift, leading to a more prominent peak.
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Combining Eqgs. 6.16 and 6.18 into Eq. 6.15 one gets

stat — Ao~ — Elﬂ(l + Mhalo/Msat)
dt N Co Mhalo/Msat

H(z). (6.19)

At high redshift, H(z) ~ Ho(Qmpa%)%, where H, ~ 0.1h Gyr~', which implies

stat A —a 1 11’1(]_ + Mhalo/Msat)
~ Aamt — —
dt C10 Mhalo/Msat

N

Qr%n,oa_ (6.20)
Across all mass and redshift regimes, the power law index for halo mergers is a = 2 — 2.3
(86.3), and we find no additional dependence on merger mass ratio, suggesting a universal
power law index.?? Thus, the creation and destruction terms in Eq. 6.20 have differing
dependencies on the scale factor, which implies they become equal at some redshift, where
the satellite occupation per halo reaches a maximum.

Using the exact evolution of the Hubble parameter (in our cosmology) of H(z) =
H,(Qmoa™> + Qa)Y? in Eq. 6.19, and integrating over a, the full evolution of the satellite
occupation per halo is

A a—(a-i—l)
Noi(a) = =
sat (0) H, / da H(z)

10 M M,
0 Mo ) <1+ halO) In(a) + K (6.21)

C(o M, halo sat

where the constant K accounts for initial (or final) conditions. Figure 6.12 shows the resul-
tant Nga(a), normalized to the satellite occupation per halo at final output, using typical
values for the halo merger rate from Table 6.1 (A = 0.032 and a = 2.3). These val-
ues correspond to 3:1 mass ratio mergers, for satellites with M, = 10 A=t M, this gives
Myao = 3 x 101 A= M. While the fit of this model to the simulation results is not exact,
it nicely reproduces the general trends, especially given the simplicity of the model, which
ignores halo (central) mass growth, satellite-satellite mergers, and switches. For instance,
it correctly produces a lower peak in satellite occupation for halos with satellites of more
discrepant mass ratios (more massive halos for a fixed satellite mass, or less massive satel-
lites for a fixed halo mass), relative to the amplitude at low redshift. This is because the
decreased infall times for smaller satellite-halo mass ratios cause a more dramatic fall (after
the peak) in the satellite population for lower mass halos.

Agreement of this model with our simulations also requires C, &~ 2, which can be
compared with other work. Zentner et al. (2005) and Jiang et al. (2008) found that the
ensemble averaged satellite orbital circularity distribution is given by (€) = 0.5 4+ 0.2, with
no strong dependence on redshift or satellite-halo mass ratio (though more recently, Wetzel
(2010) found redshift dependence, see Chapter 5). When applied to detailed dynamical
friction timescale fits from simulation, this yields C, = 0.6 (Boylan-Kolchin et al. 2008) and

22Though merger rates for more discrepant mass ratios have higher amplitudes, as given by Eq. 6.7.
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C, ~ 1.4 (Jiang et al. 2008).?* Taken at face value, our even higher value of C, means
that our satellites are taking longer to merge, suggesting that the discrepancy does not arise
from artificial over-merging in our simulations. However, exact comparisons are difficult
given the simple nature of our analytic model, and because both of these analyses used
different halo and subhalo finding algorithms. Jiang et al. (2008), who used a simulation of
roughly similar volume and mass resolution to ours, also incorporated hydrodynamics, which
is likely to shorten the merger timescale since it introduces further dissipational effects to
the subhalo orbits and reduces mass loss. Compared with Boylan-Kolchin et al. (2008), who
performed much higher resolution simulations of isolated halo mergers, it is possible that our
satellite subhalos experience more severe mass stripping upon infall, decreasing their mass
and thus extending their subsequent infall time (see Eq. 6.10). A more detailed investigation
of satellite infall timescales in a cosmological setting is needed, studies now in progress are
targeting in particular the role of hydrodynamic effects (Dolag et al. 2009; Saro et al. 2008;
Simha et al. 2009).

6.6.3 Comparison to Other Work on Satellite Occupation Evolu-
tion

Figure 6.12 shows a peak in the number of satellites per halo at z ~ 2.5. Fundamentally,
the reason for this peak is that we select subhalos of fized minimum infall mass in halos
of fixed mass across time. If instead we examine the satellite occupation for halos above a
minimum mass cut, the growth of massive halos (hosting more satellites) at late time would
overwhelm the drop in the satellite population at a fixed halo mass, so the satellite halo
occupation would grow monotonically and appear much like the satellite fraction in Fig. 6.7,
which ignores halo mass.?*

These results agree with the interpretation that more massive halos have later formation
times and longer satellite infall times, and thus host more substructure at a given epoch (van
den Bosch et al. 2005a; Zentner et al. 2005). Similarly, for a fixed satellite infall mass, the
satellite halo occupation evolves more rapidly for less massive halos, as Zentner et al. (2005)
and Diemand et al. (2007) found, though their results were based upon subhalo instantaneous
mass and maximum circular velocity.

However, the peak in satellite halo occupation in Fig. 6.12 does not appear in Halo
Occupation Distribution (HOD) evolution studies by Zentner et al. (2005) because they
use a fixed cut on instantaneous maximum circular velocity across time. As was shown in
Fig. 6.4, a fixed V. max probes lower mass at higher redshift, and this evolution in satellite
mass overwhelms the satellite evolution of Fig. 6.12, leading to a monotonic rise in the
satellite halo occupation with redshift. Similarly, Conroy et al. (2006) noted that the HOD

23The C, values of these two fits agree only in extreme cases: maximally circular orbits for Boylan-Kolchin
et al. (2008) or maximally eccentric orbits for Jiang et al. (2008).

24Though the satellite halo occupation would have a higher amplitude since it measures 7g,¢ /Ncentral While
the satellite fraction measures ngat/Msubhalo = Nsat/(Neentral + Msat)-
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shoulder (the halo mass where a halo hosts only a central galaxy) becomes shorter at higher
redshift as an increasing fraction of low-mass halos host more than one galaxy, finding a
monotonically increasing satellite population with redshift. However, they compare fixed
satellite number density (not mass) across redshift, which corresponds to a lower subhalo
mass at higher redshift. Again, this overwhelms the evolution of Fig. 6.12, leading to a
monotonic rise in the satellite population per halo with redshift.

In their semi-analytic model matched to simulation, van den Bosch et al. (2005a) found
that the average subhalo mass fraction of a halo always decreases with time, and they claim
that, as a result, the timescale for subhalo mass loss (approximately the dynamical infall
time) is always smaller than the timescale of halo mass accretion (mergers). This implies that
the satellite infall rate is always higher than the halo merger rate, and so the satellite HOD
always decreases with time. However, this result refers to the total subhalo instantaneous
mass per halo, not galaxy counts based on infall mass. If instead we examine the evolution of
the satellite occupation per halo as in Fig. 6.12 selecting the satellites based on instantaneous
subhalo mass instead of infall mass, we find a monotonic increase in the satellite occupation
with no peak, in agreement with other authors above.

These examples all illustrate how the evolution of the HOD is dependent both on satellite
mass assignment and selection of fixed mass vs. circular velocity vs. number density across
time.

6.7 Summary & Discussion

Using high-resolution dark matter simulations in cosmological volumes, we have mea-
sured the rates, counts, and types of subhalo (galaxy) major mergers at redshift z = 0.6 — 5,
describing their populations in terms of centrals vs. satellites and contrasting their merger
properties with those of halos of the same (infall) mass. We assign subhalos their mass
at infall (with the capacity for mass growth during satellite-satellite mergers), motivated
by an expected correlation with galaxy stellar mass, but include no further semi-analytic
galaxy modelling. We select mergers requiring 3:1 or closer infall mass ratios, motivated
by the expectation that these can trigger activity such as quasars and starbursts related to
Lyman break galaxies, sub-millimeter galaxies, and ULIRGs. We highlight our main results
as follows:

e The merger rate per object of subhalos is always lower than that of halos of the same
(infall) mass. Galaxies exhibit stronger mass dependence on the amplitude of their
merger rate than halos, with more massive galaxies undergoing more mergers. While
the slope of the halo merger rate per object is essentially redshift independent, the
slope of the galaxy merger rate is much shallower than that of halos at z > 2.5 and
parallels that of halos at z < 1.6.

e These differences in halos and subhalo merger rates arise because (1) halo mergers add
mass to halos instantly, while central subhalo mass grows more gradually after a halo
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merger; (2) halo major mergers do not necessarily lead to subhalo major mergers, since
central subhalos experience mass growth while a satellite subhalo’s infall mass typically
remains constant as it orbits; and (3) the satellite subhalo fraction grows with time,
and satellites are twice as likely to be recent mergers as centrals of the same infall
mass.

e 15% —35% of all recently merged subhalos are satellites, though a significant fraction of
these arise from satellite-central parents during switches. 5% — 15% of galaxy mergers
arise from satellite-satellite parents, with a higher fraction at lower redshift.

o At 2 =26 (2 =1), 30% (8%) of galaxies have experience at least one major merger in
the last 1 Gyr, regardless of mass. Halos are more likely to have experience multiple
mergers in their recent history.

e The likelihood of a halo to host a recently merged galaxy, f,,, does not evolve with
time at z > 2.5 and falls with time at z < 1.6.

e Comparing galaxy and halo merger rates allows one to understand the evolution of the
satellite halo occupation, and we approximated this behavior analytically including fits
to our simulations. Selecting subhalos on fixed infall mass, the satellite halo occupation
for halos of a fixed mass increases with time at high redshift, peaks at z ~ 2.5, and falls
with time after that. This implies similar evolution for the satellite galaxy component
of the HOD.

Our results, based entirely on the dynamics of dark matter, represent an important but
preliminary step towards quantifying the nature of galaxy mergers in hierarchical structure
formation. To compare to many observables we would need to include baryonic effects, and
indeed such effects can provide corrections to the merger rates themselves (Dolag et al. 2009;
Jiang et al. 2009; Saro et al. 2008). The merger rates here also do not include the extent to
which the subhalos are gas-rich (required for some observables), though at the high redshifts
we examine, we expect almost all massive galaxies to be gas-rich. While satellites can be
stripped of much of their gas before merging with their central (e.g., Dolag et al. 2009; Saro
et al. 2008), we have considered primarily massive satellites (relative to their host halos),
which have short infall times and thus experience less gas stripping.

Timescales between observables and our measured merger event also play a role. In
simulations, a quasar can appear up to ~ 1 Gyr after galaxy coalescence, though starbursts
may occur more quickly (e.g., Hopkins et al. 2005; Springel et al. 2005a; Cox et al. 2008).
However, morphological disturbance is clearest during first passage and final coalescence
(Lotz et al. 2008b). The time scales for each signature to commence and/or persist also have
a large scatter, ranging from 0.2 to 1.2 Gyr after the merger. Finally, specific observations
will also have specific selection functions. The quantitative measurements provided here
provide starting points for these analyses in addition to helping to understand the properties
of galaxies and their mergers in general.
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Unfortunately, our predictions are not easily compared to observations which estimate
merger rates at z < 1 using close galaxy pairs or disturbed morphologies (most recently,
Bell et al. 2006; Kampczyk et al. 2007; Kartaltepe et al. 2007; Lin et al. 2008; Lotz et al.
2008a; McIntosh et al. 2008; Patton & Atfield 2008) since they have found that the close
pair fraction evolves as (1 + 2)® with a diverse range of exponents from o = 0 to 4. Fur-
thermore, translating these observations into galaxy or halo merger rates requires including
more physical effects, such as time dependent galaxy coalescence timescales (Kitzbichler &
White 2008; Mateus 2008) or inclusion of changes in numbers of host halos with redshift
(Berrier et al. 2006).



127

Chapter 7

The Clustering & Host Halos of
Galaxy Mergers at High Redshift

Abstract

High-resolution simulations of cosmological structure formation indicate that dark mat-
ter substructure in dense environments, such as groups and clusters, may survive for a long
time. These dark matter subhalos are the likely hosts of galaxies. We examine the small-scale
spatial clustering of subhalo major mergers at high redshift using high-resolution N-body
simulations of cosmological volumes. Recently merged, massive subhalos exhibit enhanced
clustering on scales ~ 100 — 300 A~ ! kpc, relative to all subhalos of the same infall mass, for
a short time after a major merger (< 500 Myr). The small-scale clustering enhancement is
smaller for lower mass subhalos, which also show a deficit on scales just beyond the excess.
Halos hosting recent subhalo mergers tend to have more subhalos; for massive subhalos the
excess is stronger and it tends to increase for the most massive host halos. The subhalo
merger fraction is independent of halo mass for the scales we probe. In terms of satellite and
central subhalos, the merger increase in small-scale clustering for massive subhalos arises
from recently merged massive central subhalos having an enhanced satellite population. Our
mergers are defined via their parent infall mass ratios. Subhalos experiencing major mass
gains also exhibit a small-scale clustering enhancement, but these correspond to two-body
interactions leading to two final subhalos, rather than subhalo coalescence.

7.1 Introduction

A wealth of high redshift galaxy data is now accumulating, and many members in the
resultant galaxy zoo are thought arise from galaxy mergers: quasars (Carlberg 1990), Lyman
Break Galaxies (LBG; see Giavalisco 2002, for review), Sub-Millimeter Galaxies (SMG; see
Blain et al. 2002, for review), Ultra-Luminous Infrared Galaxies (ULIRG; see Sanders &
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Mirabel 1996, for review) and all starburst and starburst remnant galaxies (e.g., Barnes &
Hernquist 1991; Noguchi 1991). Observational samples of these objects at z 2 1 are growing
large enough to produce statistical measurements of clustering (e.g., Giavalisco et al. 1998;
Blain et al. 2004; Croom et al. 2005; Ouchi et al. 2005; Cooray & Ouchi 2006; Hennawi et al.
2006; Kashikawa et al. 2006; Lee et al. 2006; Scott et al. 2006; Coil et al. 2007; Gawiser et al.
2007; Shen et al. 2007; Francke et al. 2008; Myers et al. 2008; Yamauchi et al. 2008; Yan et al.
2008; Yoshida et al. 2008) which can be compared to candidates in numerical simulations.

In high-resolution dark matter simulations, overdense, self-bound, dark matter substruc-
tures within host halos can survive for a long time (Tormen 1997; Tormen et al. 1998; Ghigna
et al. 1998; Klypin et al. 1999; Moore et al. 1999). These “subhalos” are thought to be the
hosts of galaxies, and indeed the identification of galaxies with subhalos reproduces many
galaxy properties (e.g., Springel et al. 2001, 2005b; Zentner et al. 2005; Bower et al. 2006;
Conroy et al. 2006; Vale & Ostriker 2006; Wang et al. 2006; Wetzel & White 2010). The
complex dynamics of subhalos may thus be a good proxy for those of galaxies themselves,
suggesting that galaxy mergers can be identified with subhalo mergers within simulations.
We will use the terms galaxy and subhalo interchangeably hereon. Measurements of subhalo
mergers can provide a quantitative reference for the identification of merger-related objects
in observations and can aid in the correct interpretation of their clustering measurements.

One question of particular interest is whether small-scale clustering can probe merger
activity. There has been much recent discussion of a “small-scale clustering enhancement”
of galaxy subpopulations in simulations and observations, but several differing definitions
of “enhancement” exist, mostly stemming from different choices of reference. For instance,
small-scale enhancement has been used to describe clustering stronger than a power law
extrapolated from larger scales, or clustering stronger than that of dark matter at small
scales. However both of these behaviors are seen in non-merging samples. Luminous Red
Galaxies in SDSS are not thought to be associated with (recent) mergers, yet their correlation
function is much steeper than the dark matter on scales of several hundred kpc (Masjedi et al.
2006). One expects objects which populate halos more massive than M, (the characteristic
non-linear mass) will have an upturn in their correlation function on scales below the virial
radius of the M, halos since at this scale the clustering is dominated by pairs of objects within
the same halo and the mass function is very steep (e.g., Seljak 2000; Peacock & Smith 2000).
Quasars (thought to be associated with mergers) do exhibit a sharp upturn in clustering on
very small scales (25 — 50~ kpc) at 2 & 1 — 3 (Hennawi et al. 2006; Myers et al. 2008), but
a comparison with galaxy clustering measurements at these scales and redshifts is lacking.!
On slightly larger scales, low z quasar clustering observations show no excess above a power
law (e.g. Padmanabhan et al. 2008, and discussion therein).

On the other hand, merger-related clustering effects are not unexpected. Recently,
various authors have shown that the large-scale clustering of dark matter halos depends on
their formation histories (known as “assembly bias”; e.g., Sheth & Tormen 2004; Gao et al.

Tt is not clear how to interpret a galaxy clustering measurement on scales smaller than the galactic
radius.



SECTION 7.2. NUMERICAL TECHNIQUES & MERGER DEFINITIONS 129

2005; Wechsler et al. 2006; Wetzel et al. 2007), and in particular, on recent halo merger
activity (“merger bias”; Scannapieco & Thacker 2003; Wetzel et al. 2007, 2008).2 Any such
history or merger dependent clustering breaks the usually assumed direct link between large-
scale clustering amplitude and halo mass. Analytical modeling of the small-scale clustering
of quasars has been compared to observations, assuming that quasars are mergers and that
mergers occur in denser environments (Hopkins et al. 2008b).

In this chapter, we focus on the small-scale clustering of subhalo mergers and its relation
to their host halos. We use dark matter simulations to compare the small-scale clustering of
recently merged subhalos at high redshifts to the clustering of the general subhalo population
of the same infall mass. To interpret our results, we relate the merged subhalos to their host
dark matter halos using the formalism of the halo model (Seljak 2000; Peacock & Smith
2000; Cooray & Sheth 2002), examining the dependence of subhalo mergers both on their
host halo masses and their halo radial distribution profiles.

7.2 Numerical Techniques & Merger Definitions

7.2.1 Simulations & Subhalo Tracking

Our simulation and subhalo finding and tracking details are discussed extensively in
Chapter 6, and we use the same dataset in this chapter. We select subhalos with M, >
102 A=t Mg, in the larger simulation and scale down to M, > 10 A= Mg in the smaller,
higher resolution simulation, by requiring consistency between the two simulations in their
overlap regime.® Halos of mass 10! (10'2) h=' M, cross below M,(z), the characteristic
mass of collapse, at z = 1.5 (z = 0.8), so we probe M > M,(z) subhalos for much of the
redshift range we consider. We also expect our sample of M;,; > 102 A=t M, subhalos to
approximately correspond to L 2 L, galaxies at the redshifts we examine (see, e.g., Conroy
& Wechsler 2008, for halo-galaxy mass relation based on abundance matching). Additionally,
most massive galaxies are gas-rich (blue) at z 2 1 (Cooper et al. 2007; Gerke et al. 2007;
Hopkins et al. 2008a), possessing enough gas to be actively star forming. Thus, we anticipate
that most, if not all, mergers we track have the capacity to drive galaxy activity such as
starbursts and quasars.

2See also Furlanetto & Kamionkowski (2006) for analytic estimates, Percival et al. (2003) for a simulation
limit on the effect, Croton et al. (2007); Tinker et al. (2008b) for halo assembly bias applied to galaxy
clustering.

3Using the Millennium simulation (Springel et al. 2005b), Kitzbichler & White (2008) require an analytic
model for satellite infall times after subhalo disruption to match small-scale galaxy clustering at z ~ 0. We
do not expect this numerical disruption to significantly bias our results since our 100 2~ Mpc simulation
has higher mass and temporal resolution.
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7.2.2 Merger Criteria

We select a subhalo as a major merger (henceforth merger) if its two most massive
parents, with Miyro < Ming1, satisfy Mingo/Minegn > 1/3. As mentioned above, galaxy
mergers with stellar mass ratios closer than 3:1 are expected to drive interesting activity,
such as quasars and starbursts. Unless otherwise stated, we use the shortest simulation
output spacing to define the merger time interval, corresponding to 50 Myr (~ 100 Myr) for
M > 10 (10"2) A7 Mg, at 2z > 2.5, and ~ 200 Myr for all masses at z < 1.6.4

Other definitions of mergers produce significantly different merger samples. In related
work, which inspired our investigation, Thacker et al. (2006) used a dark matter plus hydro-
dynamic simulation to measure the small-scale clustering of subhalos with recent large mass
gains, finding that these subhalos have enhanced small-scale clustering relative to a popula-
tion with the same large-scale (= 1h~! Mpc) clustering. Mass gain is convenient in that it
does not require histories beyond the previous time step, and mass gain is unambiguously
defined for all subhalos. However, using our simulations and subhalo finder, the resulting
sample is almost entirely different from the one defined above.® Specifically, using a mass
gain merger definition in our simulations led to “mergers” where the two contributing galax-
ies almost always remained as distinct entities after the merger event. The most common
instance of major mass gain is a satellite subhalo gaining mass during its movement within
its host halo, particularly as it moves away from the halo center (see Fig. 2 in Chapter 6 and
Diemand et al. (2007) for examples). A subhalo can also gain mass by stripping material
from the outskirts of a nearby subhalo. In 75% of the cases of major mass gain, one of the
progenitors contributed less than 10% of its mass to the resulting “merged” child. The most
bound particles (where we expect the stellar component of a galaxy) were unaffected. We did
find significantly increased small-scale clustering for these mass gain subhalos, attributable
to the remaining nearby subhalo which just “merged” with it. Similar issues in using mass
gain to define mergers were noted in Maulbetsch et al. (2007).

7.3 Small-Scale Spatial Clustering

When examining the effects of recent mergers on spatial clustering it is important to
define an appropriate comparison sample. We have chosen all subhalos above the same given
infall mass cut as the mergers, with a matched M;,; distribution. We match M;,¢ to remove
any possible artificial biasing from mergers preferentially occurring for subhalos of higher
mass. Using only a mass cut without matching the mass distribution leads to a similar, but
weaker, effect. If infall mass is a good proxy for stellar mass, our merger and comparison
samples correspond to populations matched in stellar mass.

4This gives 280 (490) mergers at z = 2.6 (z = 1) above the lower mass cut in our smaller, higher resolution
simulation.

SFor Miys > 101 A= Mg, subhalos at z = 2.6, 492 have Mcont2/Meont,1 > 1/3, compared to the 260 for
our infall mass ratio definition, with only 7 overlapping the two sets.
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Figure 7.1: Cross-correlation of recently merged subhalos with all subhalos, &,,,(r), and
the auto-correlation of all subhalos, (), at z = 2.6, for M, > 102 h~! Mg (left) and
My > 101 A=t My (right). Infall mass, My, is matched between the merged and full
subhalo samples. Top Left: &,,,(r) for subhalos merging within the last 130 Myr (long-
dashed curve) and &,,(r) for all subhalos (solid curve). Bottom Left: Ratio of the cross-
and auto-correlations above, for mergers within the last 130 Myr (long-dashed curve) and
500 Myr (short-dashed curve). Top Right: &,,,(r) for subhalos merging within the last
50 Myr (long-dashed curve) and ,,(r) for all subhalos (solid curve). Bottom Right: Ratio
of the cross- and auto-correlations above, for mergers within the last 50 Myr (long-dashed
curve) and 250 Myr (short-dashed curve). Higher mass subhalos show stronger enhanced
clustering from mergers, but at both masses no signal persists for subhalos > 500 Myr after
merging. Errors are given by |/Np,.i and do not include sample variance.
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To measure the small-scale (~ 100— 1000 A~ kpc) clustering of subhalo mergers relative
to the clustering of the general subhalo population, we measure the cross-correlation func-
tion® of the merged and general population, &,,,, and the auto-correlation function of the
general population, §,,. Our limited volume unfortunately does not allow us to sub-divide
our simulation to measure the sample variance error. We show /N, errors on the correla-
tion function points, but we caution that this may underestimate the error by up to a factor
of 2. Our clustering measurements are limited on small scales by the force resolution and
on large scales by the simulation volume. We present results on scales where these effects
are minor, and we further discuss the effects of finite simulation volumes and the statistics
of massive halos in §7.4.3.

Figure 7.1 shows the spatial clustering of recently merged subhalos and the general
subhalo population at z = 2.6, for two mass regimes and several merger time intervals.
These results are representative of our results at other redshifts. Over the smallest time
intervals, both high and low mass subhalos have a rise and a decline relative to the general
population, with the rise being most prominent for higher mass subhalos and the decline
most prominent for lower mass subhalos. For M, > 10 h=' My, we find an upper limit
of 1.8x enhancement at 70 h~! kpc, increasing to 3x that of the general population at ~
150 h~tkpe for My, > 1027t Mg. In addition, lower mass subhalos exhibit a deficit at
100 — 300~ ' kpe. The enhancement (or deficit) declines rapidly with the time since the
merger, and we see no signal > 500 Myr after the merger. As time progresses central
mergers will become satellites in larger halos and satellite mergers will move within their
host halos (and perhaps merge with the central), washing out the correlation between the
merger and its halo properties that we see at the time of the merger.

7.4 Halo Occupation Distribution & Radial Profile

The halo model (Peacock & Smith 2000; Seljak 2000; Cooray & Sheth 2002) can provide
insight into the observed clustering signals of the merged subhalo population in Fig. 7.1.
In this framework, galaxies populate dark matter halos such that their large-scale spatial
clustering is determined primarily by the clustering of their host dark matter halos (“2-halo
term”), while their small-scale spatial clustering arises from galaxies in the same host halo
(“I-halo term”). The objects occupy dark matter halos according to a Halo Occupation
Distribution (HOD) and have some radial profile within these halos. Since the clustering of
recently merged galaxies differs from that of all galaxies, we expect mergers to differ from
the general galaxy population in their HOD and/or profile.

6Not only is the cross-correlation of the mergers with the general population interesting in itself, but it
also provides better statistics.
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Figure 7.2: Top Panels: Halo Occupation Distribution (HOD) at z = 2.6 for all subhalos
(solid curves) and subhalos in a halo hosting a recently merged subhalo (dotted curves).
Shown are subhalos with Mi,s > 10 h=! M, and mergers occurring within 130 Myr (left),
and M,e > 10" A= M, and mergers occurring within 50 Myr (right). Bottom Panels:
Ratio of the above HOD’s of subhalos in a halo hosting a merger to that for all subhalos.
There are more subhalos in halos with recently merged subhalos, and the effect is stronger for
more massive subhalos. For recently merged massive subhalos, which show a strong increase
in small-scale clustering, the relative subhalo excess in halos with mergers tends to increase
with halo mass. Similar trends persist at all redshifts we probe.

7.4.1 HOD of Subhalos

Figure 7.2 shows the HOD of subhalos (central and satellite) at z = 2.6 (corresponding
to the populations in Fig. 7.1) for all subhalos and for all subhalos within a halo hosting a
recently merged subhalo. Clearly, halos hosting subhalo mergers tend to have more subhalos.
This increase occurs for both our high and low mass samples and for all redshifts we probe.
For massive subhalo mergers the increase is larger and tends to rise to larger halo mass,
which enhances the cross-correlation for mergers. Although lower mass subhalo mergers also
have more subhalos per halo, the relative number does not change strongly with increasing
halo mass — host halo mass does not significantly influence merger statistics.

Note that we expect some increase in the number of subhalos above a given mass
threshold from mergers of subhalos just below the mass threshold, while mergers between
subhalos above the threshold decrease the number of subhalos. Which effect wins out requires
detailed simulations such as ours.
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Figure 7.3: Cross-correlation of the component populations (merged and all satellites, merged
and all centrals) with all subhalos (the latter with M;,; matched distribution), at z = 2.6 for
My > 102 h=1 M, corresponding to the left hand panel of Fig. 7.1. Top to bottom at far left
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7.4.2 Central & Satellite Cross-Correlation

We now distinguish between contributions from satellite and central subhalos to the
correlation function and HOD of mergers and the general population. There are inherent
subtleties in this breakdown; as mentioned earlier, the identification of satellite vs. central
subhalos is not entirely clear-cut at these masses and redshifts. In particular, one type can
switch to another, and often does for mergers. Also, other tracking schemes might alter the
relation between central and satellite assignments we use. If switched satellite mergers are
assigned as centrals, this will of course not change the observed clustering signal but would
alter where the contribution from our switches shows up in the breakdown of central and
satellite effects.

Figure 7.3 shows the ratios of the cross-correlations for central mergers and satellite
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mergers to the auto-correlation of the full sample (the left hand side of Fig. 7.1 above), for
My > 101271 Mg, subhalos at z = 2.6. The ratios of the cross-correlations of the full
central and satellite populations to the full subhalo population are also shown. As before,
the full population is matched in Mj,¢ to the merged population. In general, satellites have
a larger cross-correlation with all subhalos compared to centrals because the minimum host
halo mass for a subhalo of a given mass is larger for a satellite than a central subhalo
(increasing the large-scale clustering), and a satellite will always have a central in its halo
but not vice versa (increasing the small-scale clustering). The satellite and central cross-
correlations must be summed, weighted by their population’s fraction of the full population
to get the full cross-correlation.

The merged central and merged satellite contributions to the cross-correlation differ from
their counterparts in the full population. Generally, the merged satellites have decreased
small-scale clustering, relative to all satellites, while merged centrals have enhancement
relative to all centrals. In addition, satellites comprise a ~ 1.5 — 2x larger fraction of the
merger population than of the full subhalo population (Nsatmerged/Neen,merged 7 Nsat/Neen),
changing the relative weights satellite and central contributions in the full cross-correlation.”
These three trends persist at all redshifts and subhalo masses, but their relative strengths
vary to give the different behavior seen in Fig. 7.1 for different subhalo mass cuts.

7.4.3 Central & Satellite HOD

We can employ this central vs. satellite split for the HODs as well. Figure 7.4 shows
the HODs for two mass ranges and two redshifts: at left is the HOD for high-mass subhalo
mergers at z = 2.6, corresponding to Fig. 7.1 (left), and at right is the HOD corresponding
to the less massive subhalos at z = 1, for a longer (230 Myr) merger time interval. The cross-
to auto-correlation ratio for this latter sample is similar to that shown in Fig. 7.1 (right),
but we show the results at lower redshift to illustrate the trends we see over a larger host
halo mass range.

Figure 7.4 (left) shows that high-mass recently merged central subhalos occupy halos
with an excess of satellites (relative to the average) at most host halo masses (dotted curve).
The physical extent of the enhancement, ~ 300 h~! kpc, coincides with the virial radius of
the most massive halos (~ 4 x 10" h~! M) in our simulations at z ~ 2.6. The enhancement
of the satellite population in halos hosting recent central mergers is not as large for lower
mass subhalos (the curve for this quantity is almost indistinguishable from that of the full
satellite population, thus it is not shown in Fig. 7.4 right). This corresponds to the weakened
enhancement, and decrement, in Fig. 7.1. In terms of the central vs. satellite subhalo break-
down, the increased satellite number for recently merged central subhalos has the strongest
correspondence with increased small-scale clustering.

The other trends that we see appear across our redshift and mass regimes. For a fixed

"Since satellites preferentially reside in higher mass halos, if the recently merged population is comprised
of a higher fraction of satellites, it will also exhibit enhanced large-scale clustering.
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Figure 7.4: Halo Occupation Distribution (HOD), broken down in terms of merger types:
centrals, satellites, recently merged centrals, and recently merged satellites. Top
Subhalos with Mi,; > 1012 h~1 Mg, at 2 = 2.6, corresponding to the left hand side of Fig. 7.1
and the component contributions in Fig. 7.3. The merger time interval is 130 Myr. Also
shown is the HOD for satellites in halos with a recently merged central. Bottom Left: Ratio
of HOD’s of recently merged centrals to all centrals and of recently merged satellites to all
satellites. Top Right: Subhalos with M,; > 10" A= M, at z = 1 and mergers occurring
within 230 Myr, with cross-correlation similar to the 250 Myr interval in Fig. 7.1 right at
z = 2.6. The HOD is also shown for satellite-satellite mergers. No strong excess is seen for
satellites in halos with a recently merged central (not shown). Bottom Right: Ratio of
HOD'’s of recently merged centrals to all centrals, recently merged satellites to all satellites,
and satellite-satellite mergers to all satellites. Also shown is the ratio of HOD’s of subhalo
mergers to all subhalos (regardless of type). Satellite-satellite mergers, and subhalo mergers
(regardless of type), show no strong dependence on halo mass, though our statistics are not
sufficient to rule out a cutoff at the highest mass.

Left:
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subhalo mass cut, the fraction of centrals that have experienced a recent merger increases
with halo mass. This causes an enhancement of the central merger cross-correlation with
the full population, since the rise in central merger fraction with halo mass gives the overall
recently merged central population proportionally more satellites when all halo masses are
summed.

It is worth noting two points about the relative increase of central mergers in higher
mass halos. The increase itself might be surprising, as both the number of satellites and the
dynamical friction timescale increase approximately linearly with halo mass. One expects
that the increase of possible satellites and the slowdown of their approach to the center would
then cancel, rather than producing increased numbers of central mergers. Looking instead
at merger parent types, we found that the central-satellite merger HOD does not increase
as steeply as the merged central HOD. Central mergers in the highest mass halos are often
satellite-satellite mergers whose child is a central (switches), rather than central-satellite
mergers. While this is a small fraction (3%) of all central mergers, it is a larger fraction of
those in high-mass halos.

Secondly, the increase of central mergers to higher mass halos suggests a possible error
from neglecting high mass halos which are too rare to occur in the simulation volume. Their
effect can be estimated analytically by extrapolating the central merger fraction as a function
of halo mass, using the halo model to find the relative contribution of merged and all centrals
to the cross-correlation at some given radius, and seeing how this changes as larger masses
are included. We find that, on average, neglecting halos more massive than those found
in our simulations only causes a small change in the cross-correlation of centrals with the
full population. However, our largest halos are quite rare, and so the merger fraction in
them does not always tend to the average. The rise in central merger fraction with halo
mass is largest for our M, > 10 h=! M, subhalos and thus of most concern. As a check,
we averaged our cross-correlation for the smaller simulation over several outputs to confirm
the trends we see in Fig. 7.1 (right). The output to output variation does average to this
trend, but individual outputs can show different sign effects, albeit with significant error
bars. This is especially true at lower redshift, where our imperfect sampling of high mass
halos plays a larger role. It might be counter-intuitive that 300 h~! kpc clustering is not very
well measured in a 100 A~ Mpc cube, but the peak of the power spectrum is at large scales
in a ACDM model and the scatter in the cross-correlation is driven by the contribution from
rare, massive halos which host many satellites.

We now turn to the satellite HOD. Figure 7.4 (bottom) shows that the fraction of merged
satellites to all satellites decreases with increasing host halo mass (long-dashed curve). How-
ever, a significant fraction of merged satellites are satellite-central switches, which dominate
in low-mass halos where a central and satellite are more likely to be comparable in mass and
thus able to switch. Additionally, some merged satellites are central-satellite mergers which
then fell into the host halo. Examining instead merger parent type, satellite-satellite mergers
are essentially a constant fraction of satellite subhalos across all halo masses (short-dashed
line). We see a slight increase for massive host halos at z = 2.6 and no increase at z = 1.
Additionally, we see weak evidence for a cutoff in the satellite-satellite merger HOD for the
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most massive halos, consistent with the idea that increasing relative velocities of satellites in
the most massive halos cuts off satellite-satellite mergers (Makino & Hut 1997). However,
the high-mass halo statistics are poor in our modest simulation volumes.

A simple argument can be made which reproduces the observed scaling of the number of
satellite-satellite mergers with the overall satellite population, based upon the HOD scaling
with increasing halo mass and volume. For satellites with random orbital parameters in a
halo of a fixed mass, the satellite-satellite merger probability will scale as number density
squared (n2,,), so the fraction of satellites undergoing satellite-satellite mergers scales as ngas.
For halos above a few times the mass of a given satellite population, the number of satellites
scales with the halo mass (e.g., Kravtsov et al. 2004a), which scales approximately with the
halo volume, so Ngat ¢ Myalo X Vialo- Thus, ng,s =~ constant, so the satellite-satellite merger
fraction remains roughly constant.

Finally, the lower right panel of Fig. 7.4 shows that when we do not split by type, the
subhalo merger fraction is essentially independent of halo mass. Again, this contradicts the
frequently expressed intuition that mergers are less frequent in higher mass halos, though
we caution that our statistics are poor for cluster-mass halos, and we are working at high
redshift.

7.4.4 Radial Distribution Profile

Figure 7.5 shows the other ingredient required to predict clustering: the (stacked) satel-
lite radial distribution profile, for subhalos with Mi,; > 10 h=1 M, at z = 2.6 and a merger
time interval of 50 Myr. We choose this mass regime and redshift because the high tempo-
ral resolution allows us to accurately identify the locations of mergers, though the behavior
across all our mass and redshift regimes is consistent with these results. Shown are the
profiles for all satellites, recently merged satellites, recently merged satellites from satellite-
satellite parents (because of switches), and the NFW (Navarro et al. 1996) halo density
profile. We normalize the density distributions to the average value within 2r90..5 We use
21900 because an appreciable fraction of satellite mergers occur just outside rogg. given the
highly aspherical geometry of halos at this mass and redshift regime. The satellite subhalo
profile well-traces the NFW profile from r9g0. down to 0.2r90., and shows no dependence on
subhalo mass, consistent with the distribution of subhalos selected on infall mass at z = 0 of
Nagai & Kravtsov (2005).” The deficit below 0.2 rogq. is a result of finite spatial resolution,
tidal disruption of subhalos near the halo center, and subhalos temporarily disappearing
from the sample during a fly-by (see Fig. 1 of Chapter 6).

As Fig. 7.5 shows, the radial distribution profile of satellite mergers approximately

8We calculate the halo virial radius, 7290., the radius within which the average density is 200x the critical
density, from the FoF(b = 0.168) mass by first converting to Mago. assuming a spherical NFW density profile,
and then taking Msgo. = 200%%7“%00@

9When selecting subhalos on instantaneous bound mass, more massive halos are preferentially biased to
the outer regions of a halo, since mass stripping leaves few massive subhalos in the inner region of a halo
(see Nagai & Kravtsov 2005).
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Figure 7.5: Top: Halo radial distribution profile of satellites with M, > 10'* h=! My at
z = 2.6, for all satellites (solid curve), recent mergers (long-dashed curve), and mergers from
satellite-satellite parents (short-dashed curve). The merger time interval is 50 Myr. Also
shown is the halo NFW density profile (dot-dashed curve), using an NFW concentration of
¢ = 4, typical for halos at this mass and redshift. Density distributions are normalized to
the average density of the population within 2r5p0.. Bottom: Ratio of the recently merged
satellite normalized density to that of all satellites (long-dashed curve) and the same for
recent mergers from satellite-satellite parents (short-dashed curve). We find no dependence
of these results on satellite infall mass or redshift.
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follows that of the entire satellite population. The profile can be thought of as a measure of
how satellite mergers correlate with centrals, bearing in mind that the distances are scaled
by the halo virial radius. Relative to the density distribution of all satellites, recently merged
satellites have a slightly more concentrated profile, with enhanced probability of being at
20% — 40% of the virial radius (long-dashed curve). This produces a relative deficit in
clustering of recently merged satellites out to the halo virial radius. Considering instead
recently merged centrals, we find that the profile of satellites in halos with a recently merged
central traces the general satellite population without significant deviation (not shown).

While recently merged satellites exhibit a more concentrated profile, mergers between
satellite-satellite subhalos preferentially occur in halo outskirts and are comparatively less
common in the central regions (short-dashed curve). Thus, the enhanced probability of
finding recent satellite mergers at small scales is driven by switches (when a satellite merges
with a central and results in a satellite).

7.5 Merger Pairs

While we have focused on measuring merger clustering via the cross-correlation of
mergers with the general population, we can also measure directly the statistics of our
limited number of merger pairs and distinguish the different origins for the pair mem-
bers. We focus on pairs of subhalos within 250 h~!kpc which have both undergone a
merger within the last ~ 250 Myr. In all such cases of close merger pairs, both subha-
los inhabit the same halo. These pairs are quite rare: at z = 2.6, there are 24 (2) per
(100 A= Mpc)? for Miye > 10M(10'%) h=' M, while at 2 = 1 there are 2 per (100 h~! Mpc)?
for Mi,e > 10 h=! Mg, and none at the higher mass.

For two subhalos within the same halo, the two types of possible pairings are satellite-
central and satellite-satellite. For M,y > 102 h=! Mg, all pairs are composed of satellite-
central subhalos, while for M,y > 10 h=! M, 25% of close merger pairs are satellite-satellite
subhalos. In all cases, the central-satellite pairs arise when a satellite-central merger occurs
simultaneously with a satellite-satellite merger in a single halo. For the rarer cases of satellite-
satellite merger pairs, two-thirds of the recently merged satellites arise from satellite-satellite
parents within a halo, and one third arise from a satellite-central merger (a switch).

7.6 Summary & Discussion

Using high-resolution dark matter simulations in cosmological volumes, we have mea-
sured the small-scale spatial clustering for massive subhalo mergers at high redshift and
compared against the clustering of the general subhalo population of the same mass. We
have described the merger populations in terms of their HOD and radial profile, including
the contributions of centrals vs. satellites. We assign subhalos their mass at infall, as a proxy
for galaxy stellar mass, but make no further attempt to model the baryonic component. We
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consider mergers with < 3:1 infall mass ratios, motivated by the expectation that these can
trigger activity such as quasars or starbursts. Our main results are:

e At z = 2.6, recently merged, massive (M, > 10'2 h~! M) subhalos exhibit enhanced
small-scale clustering compared to random subhalos with the same infall mass distri-
bution. This excess peaks at 100 — 300 A~ kpc, while the clustering exhibits a dip at
slightly larger scales. Lower mass subhalos (M, > 10 A1 M) exhibit signs of a
small rise in clustering at < 100 h~! kpc, with a deficit at slightly larger scales, though
our results are noisy in this regime. We find similar behavior at z = 1. The merger
signal weakens rapidly with time, vanishing for time intervals longer than 500 Myr
after the merger.

e Considering their HOD, halos hosting recently merged subhalos tend to have more sub-
halos. This enhancement is stronger for more massive subhalos and exhibited growth
with halo mass.

e Breaking the contributions to the cross-correlation into those from satellite and central
subhalos, the recently merged massive centrals, which show the largest enhancement of
small-scale clustering, preferentially occupy halos with more satellites. More generally,
recently merged centrals occupy higher mass halos and recently merged satellites oc-
cupy lower mass halos with fewer (perhaps no other) satellites. The resulting increase
for the central cross-correlation, decrease for the satellite cross-correlation, and change
in the ratio of their contributions combine to produce the cross clustering enhancement
or decrement.

e For the range of halo masses we probe, the (type-independent) subhalo merger frac-
tion is independent of host halo mass. We find similar behavior for the halo mass
dependence of satellite-satellite mergers, that the fraction of satellites that experience
a merger with another satellite does not depend on halo mass, except perhaps in our
poorly sampled largest mass halos (~ 104 =1 My).

e The radial profile of recently merged satellites roughly follows that of the entire satellite
population, which also follows the halo density profile out to the virial radius. Satellite-
satellite mergers preferentially occur in the outer regions of a halo.

e Mergers defined via major mass gain exhibit a strong small-scale clustering enhance-
ment because significant mass gain is caused by interactions with a neighboring sub-
halo. However, in these cases the neighbor exists both before and after the “merger”
(there is no coalescence), and the major mass gain criterion does not correspond to
dynamically disturbed subhalos. Thus, we do not expect these objects to correlate
with active galaxies.

Our measured subhalo merger enhancement suggests that, for populations with the
same stellar mass at high redshifts, recent galaxy mergers should exhibit excess clustering
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at small radius, with a possible decrement in clustering at slightly larger scales. This effect
will persist for only a short period of time after the merger, with a stronger excess signal
for galaxies of higher stellar mass. Measuring this small-scale cross-correlation (against a
general population) requires a surprisingly large volume (2 100/2~! Mpc) because massive
(satellite rich) halos contribute significant signal to the cross-correlation. Thus, a fair sample
of rich halos is necessary for robust conclusions.

A comparison of the clustering of our mergers to observational phenomena is a nontrivial
future step, since many merger observables depend on complex gas physics. Our results do
not include whether the subhalos are gas-rich or not, though at the high redshifts we examine,
we expect almost all galaxies to be gas-rich. Satellites can be stripped of much of their gas
during infall (e.g., Dolag et al. 2009; Saro et al. 2008), though we have considered relatively
massive satellites which have short infall times and thus experience less gas stripping.

Time scales for observables after a merger also have large uncertainty and scatter. For
example, an optical quasar might appear only ~ 1 Gyr after the merger (e.g., Hopkins
et al. 2008b; Springel et al. 2005a), by which time the enhanced clustering that we see has
disappeared. X-ray signals might appear sooner.!® Starbursts (SMG, LBG, ULIRG) might
also commence more rapidly after a merger (e.g., Cox et al. 2008) and thus appear a more
promising analog to the effects we find here.

10We thank F. Shankar for suggesting this.
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Chapter 8

What determines satellite galaxy
disruption?

Abstract

In hierarchical structure formation, dark matter halos that merge with larger halos can
persist as subhalos. These subhalos are likely hosts of visible galaxies. While the dense halo
environment rapidly strips subhalos of their dark mass, the compact luminous material can
remain intact for some time, making the correspondence of galaxies with severely stripped
subhalos unclear. Many galaxy evolution models assume that satellite galaxies eventually
merge with their central galaxy, but this ignores the possibility of satellite tidal disruption.
We use a high-resolution N-body simulation of cosmological volume to explore satellite
galaxy merging and disruption criteria based on dark matter subhalo dynamics. We explore
the impact that satellite merging and disruption has on the Halo Occupation Distribution
and radial profile of the remnants. Using abundance matching to assign stellar mass to
subhalos, we compare with observed galaxy clustering, satellite fractions, and cluster satellite
luminosity functions, finding that subhalos reproduce well these observables. Our results
imply that satellite subhalos corresponding to > 0.2 L, galaxies must be well-resolved down
to 1 — 3% of their mass at infall to robustly trace the galaxy population. We also explore
a simple analytic model based on dynamical friction for satellite galaxy infall, finding good
agreement with our subhalo catalog and observations.

8.1 Introduction

In the standard picture of galaxy formation, galaxies form at the centers of dark matter
halos as baryons cool and contract toward the minimum of a halo’s potential well (White
& Rees 1978; Blumenthal et al. 1986; Dubinski 1994; Mo et al. 1998). But halos are not
isolated objects: they merge over time, and smaller halos can survive as substructure halos
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(subhalos) of larger halos after infall (Ghigna et al. 1998; Tormen et al. 1998; Moore et al.
1999; Klypin et al. 1999). Thus, while galaxies form within distinct host halos at high
redshift, as the Universe evolves galaxies then correspond directly to dark matter subhalos
(and since galaxies can be centrals or satellites, in our terminology a “subhalo” refers to a
satellite substructure or the central halo).

The evolution of subhalos involves more complicated dynamics than the formation of
halos themselves. Satellite subhalos experience severe mass stripping as they orbit, and
dynamical friction causes their obits to sink toward halo center (Ostriker & Tremaine 1975).
The evolution of galaxies is even more complex, involving gas dynamics, star formation,
and various forms of feedback. Thus, the precise evolutionary relation between galaxies and
subhalos remains uncertain. In particular, what is the relation between galaxy stellar mass
and subhalo dark mass? Do satellite galaxies experience appreciable star formation after
infall? How long after infall does a satellite galaxy survive, and what defines its final fate?
How much of its stellar mass is funneled into the central galaxy in a merger, as opposed to
tidally disrupting into Intra-Cluster Light (ICL)?

Various prescriptions exist to map galaxies onto dark matter subhalos. The simplest
is based on subhalo abundance matching (SHAM), which assumes a monotonic relation
between subhalo mass or circular velocity and galaxy stellar mass, populating subhalos such
that one reproduces the observed stellar mass function (SMF; Vale & Ostriker 2006; Conroy
et al. 2006; Shankar et al. 2006). Alternately, semi-analytic models track the star formation
histories of subhalos across time with empirically motivated analytic prescriptions (see Baugh
2006, for a recent review). These methods all involve assumptions regarding satellite galaxy
star formation after infall, the correspondence of galaxies with subhalos in the case of severe
mass stripping, and the eventual fates of satellite galaxies.

Most models assume that all satellite galaxies eventually merge with their central galaxy.
Indeed, infalling satellites have long been thought to affect the mass and morphological
evolution of central galaxies (Hausman & Ostriker 1978). However, galaxy clusters are
observed to contain an appreciable amount of stellar material in the form of ICL, though
given its low surface brightness, constraints on the ICL vary considerably, from 5 — 50% of
the total cluster light (Lin & Mohr 2004; Zibetti et al. 2005; Gonzalez et al. 2007; Krick
& Bernstein 2007). Additionally, ICL has been observed to contain significant structure,
including tidal streams (Mihos et al. 2005). Thus, some satellite galaxies are at least partially,
or perhaps entirely, disrupted into the ICL.

In simulations, the criteria for subhalo merging and disruption are influenced by mass
and force resolution. Insufficiently resolved subhalos will disrupt artificially quickly, leading
to the problem of “over-merging” (Klypin et al. 1999). A number of authors have examined
in detail mass stripping from satellite subhalos over time (e.g., Maciejewski et al. 2009),
however, using a fixed mass resolution limit for all subhalos, regardless of their infall mass,
leads to lower mass subhalos becoming (artificially) disrupted more quickly. Cosmological
N-body simulations are now attaining sufficient mass resolution to track subhalos through
many orbits and extreme mass stripping, in some cases to masses much smaller than the
luminous mass of the galaxies they would host. At infall, the dark mass of a subhalo is



SECTION 8.1. INTRODUCTION 145

an order of magnitude higher than its stellar mass, so tidal stripping of mass from subhalos
cannot correspond directly to stellar mass stripping of its galaxy. Thus, in using dark matter
subhalos to track galaxies, one must be careful both to treat subhalo merging and disruption
in a self-consistent manner not dependent merely on numerical resolution, and to calibrate
the point at which the galaxies they host become merged or disrupted.

A variety of schemes have been used to define satellite galaxy merging and disruption via
subhalos in simulations. Under the assumption that a galaxies survives as long as its subhalo
does, Wetzel et al. (2009a,b) use an absolute mass threshold for all subhalos, corresponding
to their resolution limit, similar to Kravtsov et al. (2004a), whose model also implies that
subhalos coalesce if their centers come within 50 h~!kpc. Several analyses assume that a
satellite galaxy survives the disruption of its subhalo and eventually merges with its central
galaxy by imposing an analytic infall timescale to a galaxy after subhalo disruption (Springel
et al. 2001; Kitzbichler & White 2008; Saro et al. 2008; Moster et al. 2009). Alternately,
Stewart et al. (2009) allow a satellite galaxy to merge before its subhalo is disrupted. They
assume that a galaxy’s baryonic mass is coupled to the 10% most bound mass of its subhalo
and define satellite merging when a satellite subhalo has lost more than 90% of its mass
at infall. Yang et al. (2009) consider a model where the survival probability of a satellite
subhalo is a (decreasing) function of its infall mass to host halo mass ratio.

Other criteria have been used in purely semi-analytical models for the evolution of
subhalos. Zentner et al. (2005) and Taylor & Babul (2004) consider a satellite subhalo to
be tidally disrupted when the mass of the subhalo has been stripped to a value less than
the mass within agis7s, where 7, is the subhalo’s NFW (Navarro et al. 1996) scale radius at
infall, with agis = 1 (Zentner et al. 2005) or aqis = 0.1 (Taylor & Babul 2004). Assuming a
typical halo concentration of ¢ = 10, this implies that satellite subhalos will disrupt at 13%
or 0.3% of their infall mass in the models, respectively — an order of magnitude difference.
As an alternative to tidally disrupting, Zentner et al. (2005) consider the satellite subhalo
merged with the center of its halo if it comes within 5 kpc. Applying the model of Zentner
et al. (2005) to the build-up of the ICL, (Purcell et al. 2007) allow satellite disruption to
begin at ~ 20% of infall mass (see also Monaco et al. 2006; Conroy et al. 2007b, for models
of tidal disruption into the ICL).

Finally, mass loss criteria have also been applied to modelling dwarf-spheroidal galaxies
in N-body simulations. Penarrubia et al. (2008) find that dwarf satellites start to lose stellar
mass to tidal stripping after 90% dark mass loss, but full disruption occurs only after > 99%
dark mass loss. Maccio et al. (2009) find good agreement between their semi-analytic model
and the Milky Way satellite luminosity function using aq;s = 0.5—1, corresponding to 5—13%
of the infall mass remaining.

Given the wide range in criteria for satellite merging and disruption, it is informative
to explore the implications of various criteria and to test empirically which match well to
the observed galaxy population. Thus, in this chapter we examine the extent to which
galaxies can be mapped onto simulated dark matter subhalos throughout their evolution.
We assign galaxy stellar masses and luminosities to subhalos by matching their number
densities to observed galaxy samples. We examine the effects that different criteria for
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merging and disruption have on the satellite populations, including the HOD and radial
distribution profile. By comparing spatial clustering, satellite fractions, and cluster satellite
luminosity functions to observations, we test the correspondence of galaxies to subhalos, and
we constrain the criteria for satellite galaxy merging and disruption.

Before continuing, we clarify the possible fates of satellite galaxies. The methods by
which galaxies become removed from the satellite population are to (1) coalesce with the
central galaxy, (2) coalesce with another satellite galaxy, (3) orbit outside their host halo,
or (4) tidally disrupt into the ICL. As noted above, many galaxy evolution models assume
only (1). As we describe below, our method for tracking subhalos in simulations intrinsically
incorporates (2) and (3). Thus, this chapter focuses on methods for removing satellite
galaxies via (1) and (4). Since our tracking of dark matter subhalos does not unambiguously
differentiate between these (and since both can occur simultaneously), we will use the term
“removal” of satellite galaxies to indicate any mechanism that causes (1) or (4), which we
refer to as “merging” and “disruption”, respectively.

8.2 Numerical Methods

8.2.1 Simulations & Subhalo Tracking

To find and track halos and their subhalos, we use dark matter-only N-body simulations
using the TreePM code of White (2002). To track subhalos with high resolution, we use a
simulation of 1500% particles in a periodic cube with side lengths 200 A~ Mpc. For our
ACDM cosmology (€2, = 0.25, Q4 = 0.75, h = 0.72, n = 0.97 and o3 = 0.8), in agreement
with a wide array of observations (Smoot et al. 1992; Tegmark et al. 2006; Reichardt et al.
2009; Dunkley et al. 2009), this results in particle masses of 1.64 x 10 h=1 M, and a Plummer
equivalent smoothing of 3kpc. Initial conditions were generated by displacing particles from
a regular grid using 2LPT at z = 250 where the RMS is 20% of the mean inter-particle
spacing. We stored 45 outputs evenly in In(a) from z = 10 to 0, with an output time spacing
of ~ 600 Myr at z = 0.1, the main redshift of interest in this chapter. Given the limited
volume of this simulation, and its implications for spatial clustering, we also use a separate
simulation of 1500% particles of size 720 A~ Mpc and a particle mass of 7.67 x 10° b= M, with
the same cosmology and halo finder, though independent initial conditions. We use this larger
simulation to populate our subhalo catalog onto a more accurate halo mass function with
more accurate large-scale clustering. To examine the influence of cosmological parameters,
we also populate our subhalo catalog into a simulation of 10243 particles of size 500 h~! Mpc
with n = 1.0 and og = 0.9. We explore the influence of simulation size and cosmology in
68.6.

Our subhalo finding and tracking details are discussed extensively in Chapter 6! , though
we have implemented a number of improvements for better performance, as described below.

"While of similar mass resolution, the simulation here has larger volume and better force resolution than
in Chapter 6.
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We find subhalos by first generating a catalog of halos using the Friends-of-Friends (FoF')
algorithm (Davis et al. 1985) with a linking length of b = 0.168 times the mean inter-particle
spacing.? We keep all groups that have more than 50 particles, and halo masses quoted
below are these FoF masses. Within these “(host) halos” we then identify “subhalos” as
gravitationally self-bound aggregations of at least 50 particles bounded by a density saddle
point, using a new implementation of the Subfind algorithm (Springel et al. 2001), where
densities are smoothed over 32 nearest neighbors. The “central” subhalo is defined as the
most massive subhalo within its host halo, and it includes all halo matter not assigned to
“satellite” subhalos, which is typically ~ 90% of the mass of the host halo. Thus, every
sufficiently bound halo hosts one central subhalo and can host multiple satellite subhalos. A
subhalo position is that of its most bound particle, and we define the halo center as that of
its central subhalo.

Each subhalo is given a unique child at a later time, based on its 20 most bound particles.
We track subhalo histories across four consecutive outputs at a time since subhalos can briefly
disappear during close passage with or through another subhalo. In an improvement to the
tracking method of Chapter 6, we now interpolate positions, velocities, and bound masses
of these temporarily disappearing subhalos so that our tracking scheme does not artificially
underestimate the satellite population.

Also, as discussed in Chapter 6, subhalo histories often include cases of “switches”: if
a satellite becomes more massive than the central, it becomes the central while the central
becomes a satellite. In these cases, there is typically not a well-defined single peak that
represents the center of the halo profile, and the nominal center can switch back and forth
across output times. To avoid ambiguity in assigning subhalo bound and infall mass, our
tracking method now eliminates switches by requiring that once a subhalo is a central, it
remains so until falling into a more massive halo. This history-based approach assigns as
central the oldest subhalo in the host halo, which would typically correspond to the most
massive and evolved galaxy, better mapping to how central galaxies are defined observation-
ally. However, since this criterion is based on subhalo history, while Subfind only uses the
instantaneous density field to define the central (most massive) subhalo, the two definitions
of subhalo centrality are in conflict in a small fraction cases. In these cases, we defer to
the history-based approach, and we swap the subhalo bound masses of the history-based
central and Subfind-based central, such that the history-based central is always the most
massive subhalo, and by extension the most massive galaxy. We find this produces more
stable subhalo catalogs, in terms of individual mass histories and the resultant subhalo mass
function.

2The longer linking length of b = 0.2 is often used, but it is more susceptible to joining together distinct,
unbound structures and assigning a halo that transiently passes by another as a subhalo.
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8.2.2 The Stellar Mass of Subhalos

Since our goal is to test the correspondence between subhalos and galaxies, a critical
issue is how to relate stellar mass to a subhalo. The simplest prescription assigns stellar
mass to a subhalo based on its instantaneous bound dark mass or maximum circular velocity.
However, this method leads to satellite subhalos with significantly less concentrated radial
distributions than seen for satellite galaxies around the Milky Way (Kravtsov et al. 2004b)
or galaxy clusters (Diemand et al. 2004). Better agreement with observations has been found
using semi-analytic models of star formation applied to subhalo catalogs (Springel et al. 2001;
Diaferio et al. 2001), which correlate stellar mass to a subhalo’s mass at the time the stellar
component was assembled (before infall), thus indicating that it necessary to use subhalo
mass histories to accurately assign stellar mass (Gao et al. 2004a).

The motivation for this approach comes from the following physical model. As a halo
falls into a larger one and becomes a subhalo, tidal stripping quickly removes bound mass
from the outer regions of the subhalo, giving rise to significant mass loss shortly after ac-
cretion. This behavior has been explored both in simulations (e.g., Diemand et al. 2007;
Limousin et al. 2009; Penarrubia et al. 2008; Wetzel et al. 2009a) and observationally through
galaxy-galaxy lensing (Limousin et al. 2007; Natarajan et al. 2007, 2009). However, the
galaxy, being more compact and at the center of the subhalo, remains intact longer. Thus,
dark mass stripping does not directly correspond to stellar mass stripping. The subhalo’s
gaseous component — being more diffuse and readily affected by ram-pressure stripping, tidal
shocks, and adiabatic heating in the hot group environment — quickly becomes stripped after
infall, halting subsequent star formation in the satellite galaxy. Thus, galaxy stellar mass is
expected to correlate with the subhalo’s mass immediately before infall (Nagai & Kravtsov
2005).

Observationally, there are a variety of claims for the star formation efficiency of satellite
galaxies, with significant systematic dependence on group definition or HOD parametriza-
tion, criteria for blue (star forming) vs. red (quenched) split, and inclination effects (see
Skibba 2009, for a comparison of HOD color models). The HOD analysis of the Sloan Dig-
ital Sky Survey (SDSS) of Zehavi et al. (2005) implies few faint blue satellites, and that at
higher luminosity blue satellites are 3 — 5 times less common than red satellites in groups.
Examining group catalogs from SDSS, Weinmann et al. (2009) find an appreciable fraction
(> 20%) of satellites in groups are blue, and fit a simple fading model where star formation
in satellites quenches ~ 2 Gyr after infall (see also Kang & van den Bosch 2008). Using a
subhalo catalog with an analytic prescription for star formation and quenching, Wang et al.
(2007b) find an exponential decay time for satellite star formation after infall of ~ 2.3 Gyr.
At z ~ 1, the clustering results of Coil et al. (2008) imply that immediate star formation
quenching at infall is likely too restrictive at higher redshift.

Hydrodynamic simulations also indicate short yet finite timescales for halting star for-
mation. High-resolution SPH simulations at z ~ 0 indicate that satellite star formation can
continue for up to 1 Gyr after infall (Simha et al. 2009). While the assumption that satellite
gas accretion rates are significantly lower than those of central galaxies may break down



SECTION 8.2. NUMERICAL METHODS 149

at z > 1 (Keres et al. 2009), the significantly more recent infall times of satellites at high
redshift mediates this concern. Promisingly, Nagai & Kravtsov (2005) find good agreement
in comparing the radial profiles of subhalos in dark matter-only simulations selected on infall
mass with galaxies selected on stellar mass in dark matter plus hydrodynamic simulations.

Despite the above uncertainties, attempts to use subhalo infall mass (or infall maximum
circular velocity) to assign stellar mass have been successful at reproducing various observed
galaxy properties at a range of redshifts (Berrier et al. 2006; Conroy et al. 2006; Vale &
Ostriker 2006; Wang et al. 2006; Yang et al. 2009), and so this is the approach we use
here. The success of this method may be a derivative of its implicit allowance for some star
formation after infall, as we describe below. Furthermore, our analysis is restricted to z < 1,
where the approximation of rapid quenching of star formation is most valid.

8.2.3 Assigning Infall Mass & Stellar Mass

Motivated by its expected correlation with stellar mass, our scheme for assigning sub-
halo infall mass, M, is as follows. Centrals subhalos are assigned M, as their current
bound mass. This mass represents halo mass not bound to any satellite subhalos and so
it should track the gas mass available to accrete onto the central galaxy. We assign to a
satellite subhalo its mass when it fell into its current host halo (its subhalo mass when it
was last a central subhalo). With the expectation that a subhalo merger corresponds to a
galaxy merger, if two satellite subhalos merge, their satellite child is given the sum of their
infall masses. Thus, our tracking scheme inherently incorporates stellar mass growth though
satellite-satellite mergers, an often-ignored but non-trivial contribution to galaxy evolution
(Wetzel et al. 2009a,b; Seek Kim et al. 2009). If a satellite subhalo’s orbit brings it outside
its host halo, thus becoming its own distinct smaller halo, the subhalo is assigned its satel-
lite parent’s infall mass during the output immediately following ejection, but is assigned its
current bound mass for subsequent outputs if it remains a separate central subhalo.

We assign stellar mass to our subhalo catalog by using subhalo abundance matching
(SHAM) such that by construction we recover the observed stellar mass function. We rank
order our subhalo catalog by infall mass, and assign stellar mass such that n(> M) = n(>
Mtar), using the observed stellar mass function of Cole et al. (2001). Figure 8.1 shows the
Mgiar — Miys relation, for our full satellite subhalo catalog (no removal threshold) and for the
maximal threshold for satellite removal we consider. Since the satellite fraction increases at
lower mass, the discrepancy is strongest there, though the offset is comparable to the error
in the observed stellar mass function (Cole et al. 2001). The star formation efficiencies in
Fig. 8.1 are in good agreement with the constrains from weak lensing of Mandelbaum et al.
(2006) and also agree with the Milky Way, which has stellar mass of 5 x 10'® M, and a dark
halo mass of about 2 x 10'? Mg, (Binney & Tremaine 2008), making M./ Mpao ~ 3%. See
Moster et al. (2009) for a detailed comparison of derived M,y — Mgyphalo relations in the
literature.

Despite the seeming requirement for rapid satellite quenching after infall, SHAM does
implicitly allow for satellite star formation. This is because we match stellar mass to satel-
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Figure 8.1: Relation between stellar mass, Mgy, and subhalo infall mass, Mgy ing, using
subhalo abundance matching against the observed stellar mass function of Cole et al. (2001).
Solid curve shows relation to our full subhalo catalog (no removal threshold), dotted curve
shows the relation under our maximal threshold for satellite removal, and dashed curve shows
the mean relation when using a log-normal 0.2 dex scatter in M,, at a fixed Mgypint. Inset
shows ratio Mgar/Msup in-
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lites’ infall mass at an observational epoch, not at the time of infall. At z < 1, satellite times
since infall are typically several Gyr, and during that time satellite M;,¢ remains fixed. Thus,
if there is appreciable evolution (growth) in the global M., — Miys relation during that time,
this will manifest itself as stellar mass growth for satellites. We have explored additional
satellite star formation after infall by increasing all satellite infall masses by a fixed fraction,
but we find that this is simply degenerate with increasing our satellite removal threshold
given in the next section.

While the SHAM technique assumes a one-to-one correspondence between M, and
M.y, there may be considerable scatter in the relation. Fits to the spatial clustering of
luminosity or stellar mass limited galaxies samples frequently require a “soft” turn on in
the central galaxy occupation least they overpredict the large-scale clustering, which would
naturally arise from scatter in observable at fixed (sub)halo mass. For example, Zheng et al.
(2007), applying Halo Occupation Distribution (HOD) modeling to galaxies at z ~ 0 and
~ 1, find log-normal scatter in luminosity at fixed halo mass of 0.15—0.3 dex, decreasing with
increasing halo mass, consistent with the scatter of ~ 0.15 dex found in the group catalogs
of Yang et al. (2008) at z ~ 0. Similarly, van den Bosch et al. (2007) find a lower limit of 0.2
dex scatter in halo mass at fixed luminosity from conditional luminosity function modeling,
consistent with the results of More et al. (2009) from satellite kinematics. Tasitsiomi et al.
(2004b) find good agreement in spatial clustering when matching subhalos to galaxies if
they imposed significant scatter (0.6 dex) in luminosity at fixed subhalo maximum circular
velocity.

To examine the importance of this scatter when comparing against observed galaxy
samples, we also produce a stellar mass catalog by imposing a fixed 0.2 dex (log-normal)
scatter in stellar mass at fixed subhalo infall mass such that we recover the observed SMF.
The mean Mg, at a fixed M, is shown as the dashed curve of Fig. 8.1. Since the mass
function steeply falls with mass, introducing scatter biases M., to a lower value at a fixed
M;,¢. Higher scatter also causes a stellar mass threshold to correspond to a lower effective
subhalo M, threshold.® This effect is particularly strong above M, &~ 102 h=1 M, where
the subhalo mass function starts to fall exponentially with mass.

We follow a similar approach to SHAM when we compare to observations of magnitude
limited samples (§8.4), matching the number densities as n(> M) = n(> L). The two
assumptions — that stellar mass and luminosity are set by infall mass — are not fully consistent
since luminosity may evolve even if stellar mass does not. However, it is not unnatural to
assume the rank ordering is preserved in a population sense.

3This is not immediately apparent in Fig. 8.1, where it might appear that introducing scatter causes
increased effective Mins at fixed Mgia,. This is because we show the mean Mg, at a given Mijus, which is
qualitatively different than the mean M;,s at a given Mgtay-
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8.3 Impact of Satellite Removal

As a subhalo orbits in its host halo, dynamical friction removes energy from its orbit,
bringing it closer to the central galaxy, while tidal forces strip its mass. While the satellite
galaxy is expected to retain its stellar mass throughout most of the subhalo’s mass stripping,
eventually (though possibly in longer than a Hubble time) the galaxy will become removed
from the satellite population, either from merging with the central galaxy or becoming
disrupted into the diffuse ICL (or both). We now examine the impact different removal
criteria have on the satellite population. We first focus on physically informative properties
in the context of the halo model (Seljak 2000; Peacock & Smith 2000; Berlind & Weinberg
2002; Cooray & Sheth 2002), including the HOD and radial profile. However, since these
are not direct observables, we reserve detailed comparisons with observations, via spatial
clustering and satellite fractions, to the next section.

As described in the introduction, various prescriptions for satellite subhalo removal have
been used. We focus primarily on the one used most often in previous work, which is also the
most straightforward given our tracking: remove subhalos where the instantaneous bound
mass to infall mass ratio, finr = Mpouna/Mins, falls below some threshold. While dark matter-
only simulations do not incorporate the complex hydrodynamics involved in galaxy evolution,
if a satellite galaxy’s gas is stripped before its stellar component, then it is conceivable that
a simple criterion on subhalo dark matter stripping yields a good approximation for galaxy
stellar mass removal since both experience purely gravitational interactions. We examine a
range in threshold fi,s from 0.01—0.1, which as we show in §8.4 brackets the observations, and
even subhalos stripped to fi,r = 0.01 remain well-resolved in the mass ranges we consider
below. We refer to our subhalo catalog with no removal threshold as the “full” tracking
model. Based on convergence tests, our subhalo catalog at z = 0.1 is robust to artificial
disruption down to ~ 105 b=t Mg, so the full tracking model serves as an upper limit to
the satellite population. We explore different removal criteria in §8.7.

8.3.1 Halo Occupation Distribution

Figure 8.2 (top) shows the Halo Occupation Distribution (HOD) for our full tracking
model (“no fi,”) and for different minimum fi,y = Mpounda/Mins thresholds. We fit the HOD
to

v
Nt = (]\f\zlo> e~ Meut/Mhalo (8.1)
with My, M. and v as free parameters. The slope, v, is given in Fig. 8.2 for each value of fi,.
Raising the threshold for satellite removal, fi,¢, affects satellites more in higher mass halos,
leading to a shallower slope. As the threshold increases, the HOD shoulder also becomes
broader, meaning that more halos host only one galaxy. This indicates that satellite subhalos
of a given M;,; are stripped more in higher mass halos, because of the stronger tidal fields
and longer dwell times. This implies that the details of modeling satellite galaxy removal
are more critical in cluster-mass halos than in lower mass groups.
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Figure 8.2: Top: Halo Occupation Distribution (HOD) for satellite subhalos with M,s >
102 ' Mg (Mggar > 10198 My, L > 0.6 L,), for different minimum removal thresholds,
fint = Myouna/Ming. Solid curve shows all resolved satellites, regardless of mass stripping
(“no fine”), while dotted curve shows all satellites ever accreted, even if they fall below the
resolution limit (a model in which satellites never merge or disrupt). ~ indicates best-fit slope
to Eq. 8.1. Errors are standard deviation of the mean HOD at fixed halo mass. Bottom:
Normalized second moment of satellite HOD.
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The dotted curve also shows the HOD if satellites are never removed by disruption or
merging with the central galaxy, in other words, every infalling galaxy survives until z = 0.1
(which we measure by analytically retaining every infalling halo). This provides a strict
upper limit to the HOD, contingent only upon the accuracy of the halo merger trees and not
on subhalo tracking and resolution. As we explore in §8.4, this scenario is highly disfavored.

In the halo model, the spatial clustering on large scales is dominated by galaxy pairs in
separate halos (“2-halo” term), which depends on the first moment of the HOD, (N)(Mpa),
where N = N, + 1. However, the clustering on small scales is dominated by pairs within a
halo (“1-halo” term), which depends on the second moment, (N(N — 1))(Myap). Figure 8.2
(bottom) shows the normalized second moment of the satellite HOD, defined as (Ngat(NVsat —
1))/(Ngat)?. The normalized second moment asymptotes to ~ 1 at high halo mass, reflecting
a nearly Poisson distribution, and it approaches zero at low halo mass where the probability
of hosting one satellite remains finite while the probability of hosting two satellites goes to
zero. Figure 8.2 shows some dependence on removal threshold, particularly at high halo
mass where raising the threshold increases the second moment. This is driven by correlated
infall, such as multiple satellites infalling as a group, and thus correlated amounts of mass
stripping. This is supported by the fact that the “no removal” scenario (dotted curve), which
represents all satellites ever accreted and is insensitive to mass stripping, is closer to Poisson.

8.3.2 Satellite Radial Density Profile

In addition to the number of satellites in a halo, we also explore how removal thresholds
affect their locations. Figure 8.3 (top) shows the satellite radial density profile, obtained from
stacking all halos hosting the given satellite subhalos. Radii are defined by the distance of a
satellite to its central galaxy and are scaled to the host halo’s virial radius, Ry, obtained from
the halo FoF mass and concentration assuming a spherical NEFW density profile (Ryi, &~ Ragoc
at z = 0). Since halos are triaxial, particularly for those with significant substructure (recent
mergers), the assumption of spherical symmetry is highly approximate (see e.g., White 2002,
Fig. 2). Additionally, subhalos preferentially lie in a plane defined by their host halo’s major
axis (e.g., Kroupa et al. 2005; Faltenbacher et al. 2008; Libeskind et al. 2009), behavior also
found for galaxies in SDSS (Brainerd 2005) and dwarf satellites around the Milky Way (Metz
et al. 2009). This implies that the assumption of spherical symmetry is even less valid for
subhalo populations, and that a spherical overdensity halo finder will miss satellites aligned
along the halo major axis. Because of these effects, we find that selecting satellites out to
R, only captures 70% of the entire satellite population, while going out to 2 R, captures
95%. Hence, number densities are normalized by the counts (using no removal threshold)
within 2 R;,.

The full subhalo tracking model (no removal threshold) shows satellite subhalos tracing
the NFW profile to good approximation down to 0.01 R, though this may represent over-
resolution. Since stripping is more prominent in the halo’s dense central region, raising the
threshold preferentially removes satellites from the halo center, leading to a less concentrated
profile. Figure 8.3 (bottom) shows the ratios of the profiles using various fi,¢ values to that
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Figure 8.3: Top: Satellite radial density profile for satellites with M,y > 102 A~ Mg
(Mggar > 10'%% My, L > 0.6L,). Solid curve shows all resolved satellites (no removal
threshold), while subsequent curves show different minimum removal thresholds. Radii are
defined by distance to central galaxy and are scaled to the host halo virial radius, Ry;.. Den-
sities are normalized to the number within 2 R,;, using no threshold. Errors bars indicate
Poisson error in each radial bin. Bottom: Ratio of profile using a given fi,s threshold to
that of using no removal threshold.
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of the full tracking model. In all cases, significant suppression occurs below 0.4 R.;,.. Interest-
ingly, for no fi,¢ threshold does the profile asymptote to unity, implying that mass stripping
affects satellites even at large radii. The asymptotic value has no significant dependence on
M;y,¢ or on time since infall, indicating that this effect is not driven by satellites that have
passed through the halo center, but instead by subhalos being significantly stripped during
or soon after infall.

These profiles can be compared with observationally measured satellite surface density
profiles in galaxy groups, a method typically based on stacking the profiles of galaxies from
several groups. Some work indicates that satellite galaxies trace well their host halo’s NFW
profile. Using a compilation of local galaxy clusters, Diemand et al. (2004) find that the
surface density profiles of their member galaxies match that cluster-mass halo particles in
simulations within 20% scatter and no systematic offset down to 0.05 Ry;,. Similarly, van
den Bosch et al. (2005b) examine satellite galaxies in Two Degree Field Galaxy Redshift
Survey (2dFGRS), finding that they are consistent with following their host halo’s density
profile, though they were not able to discriminate distributions in halo cores.

Other work indicates that, while satellite density profiles can be fit by an NFW profile,
they require a lower concentration parameter than the dark matter. Using clusters of mass
> 3 x 108 h=! Mg, Lin et al. (2004b) find that galaxy profiles down to 0.02 Ry, require an
NFW concentration parameter of ¢ = 2.9 +0.2. A similar analysis by Muzzin et al. (2007)
finds that galaxies trace NFW with ¢ = 4.1 + 0.6 down to 0.5 R,;;. Examining lower mass
(< 10" h~' M) galaxy groups clusters in SDSS, Hansen et al. (2005) find that satellite
profiles down to 0.1 R,;; can be well-fit with NF'W profiles using ¢ < 3, with similar results
from the 2dFGRS and SDSS group catalogs of (Yang et al. 2005).

Concentrations of ¢ = 3—4 are lower than the average halo concentration of ¢ = 5—6 for
cluster-mass halos in our simulations. Interestingly, an NFW profile with ¢ = 3 is consistent
with the satellite distribution in our simulation down to 0.06 R,;, using fi,s = 0.01. However,
differences in halo virial radii estimates, density normalizations, cluster centering, and galaxy
luminosity thresholds make a detailed comparison difficult, as highlighted by the diversity
in concentrations derived observationally.

One strong systematic uncertainty in measuring the profiles is how one chooses the halo
center. Two common methods of defining a cluster center are the location of the Brightest
Cluster Galaxy (BCG) and the peak of X-ray temperature profile. However, these are often
offset by several 10’s of kpc. For example, for rich clusters in the SDSS MaxBCG catalog,
the median offset between the BCG and X-ray center is 58 kpc (Koester et al. 2007b).
To estimate how such uncertainties propagate, we examine the degree to which centering
changes the measured density at 0.1 R,y by giving the central subhalo an arbitrary offset.
We find that an offset of 10, 25, or 50 h~* kpc leads to a change of +1%, +4% and —4% in
the measured density, the error growing rapidly with offset amplitude. Requiring less than
a 10% reduction in measured density at 0.1 Ry for clusters requires an offset of less than
60 h~'kpc in the central subhalo. Such offset may be minimized by selecting BCGs based
on their color profiles (Bildfell et al. 2008).
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Figure 8.4: Satellite radial distribution probability (not divided by volume) at the time
of crossing below a given removal threshold, fi, for satellites with M, > 10127t Mg
(Myar > 10198 My, L > 0.6 L,). For reference, solid curve shows radial distribution of all
resolved satellites at z = 0.1.

8.3.3 Radius at Removal: Merger vs. Disruption

While Fig. 8.3 shows the profile of extant satellites, it does not indicate the location
of satellites when they became removed and where their central particles, associated with a
stellar population, end up. This would provide a measure of whether satellite galaxies merge
with the central galaxy or disrupt into the ICL. One route to examine this would be to track
central “star” particles in subhalos after they become removed and examine their overall
distribution at z ~ 0 (Murante et al. 2004; Willman et al. 2004; Sommer-Larsen et al. 2005;
Rudick et al. 2006). We take a different approach and examine galaxy radial distribution at
the time of removal. While Fig. 8.3 shows satellites above a threshold fi ¢, we now examine
satellites as they fall below the threshold by selecting those within 25% of a given fi,¢ value.

Figure 8.4 shows the probability distribution that a satellite is at a given scaled radius for
a given fi,r value. For reference, the solid curve shows the radial distribution of all resolved
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satellites at z = 0.1, regardless of stripping. These are obtained from stacking all halos
hosting the given satellites, though the results do not change significantly if we look only at
cluster-mass halos. Satellites fall below a lower fi,; threshold at a smaller radius. This is
expected in a model where subhalos are stripped of mass as dynamical friction brings their
orbits to smaller radii. All thresholds display a broad distribution with radius, since stripping
will also depend on satellite orbital parameters and time since infall (Boylan-Kolchin & Ma
2007). However, the distribution is more peaked for higher fi,¢ thresholds. This likely arises
because significantly stripped subhalos are closer to halo centers, where their velocities are
both higher and more radial. Indeed, as the removal threshold is raised from fi,y = 0.01 to
0.1, the average (absolute) ratio of radial to tangential velocities for the satellites drops from
1.5 to 1.1. The average for the entire satellite population is between these at 1.4.

To understand their fates, one must know the direction in which satellites are moving
as they are removed. If a satellite disrupts at large radius but is moving toward halo center
on a highly radial orbit, its stellar mass may still funnel to the central galaxy. As a measure
of this, we examine the fraction of satellites that are moving net inward towards halo center
as they cross below fi,;. We find only mild dependence on fi,: as the removal threshold is
raised from fi,y = 0.01 to 0.1, the fraction of satellites moving inward falls from 58% to 52%.
Both are lower than the average for the entire satellite population of 62%.

The above results imply that more highly stripped satellites are more likely moving
inward and their orbits are more radial. However, both of these trends with mass stripping
are mild. Fig. 8.4 shows that, even in our most conservative case of fi,; = 0.01, the (broad)
peak of the radial probability distribution occurs at ~ 50 h=! kpc. This, coupled with the fact
that almost half of satellites at removal are moving outward and have significant tangential
velocity components, implies that a significant fraction of satellite galaxies disrupt into the
ICL, and do not immediately merge with the central galaxy (see also Monaco et al. 2006;
Conroy et al. 2007b; Purcell et al. 2007; White et al. 2007).

8.3.4 Analytical Model for Satellite Removal

As an alternative to numerically tracking satellite subhalos, we can assign infalling
halos a removal time at accretion and examine what impact different timescales have on the
HOD. While individual merging or disruption times depend on satellite orbital parameters
(Binney & Tremaine 2008; Boylan-Kolchin et al. 2008; Jiang et al. 2008), we use a simpler
parametrization of satellite removal time which depends only on the halos’ mass ratio at
infall, assumed to hold for an ensemble average of satellites. Here, an infalling satellite halo
with mass Mg,y insr merges with the central galaxy or becomes disrupted on a timescale

+ - C Mhalo/Msat,inf
v v 11’1(]_ + Mhalo/Msat,inf

) THubble (8.2)

where tpupple = H 1(2), Myal is the larger halo mass, and we leave Cayn as a free parameter
to match to different satellite removal thresholds.
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Figure 8.5 shows the HOD for multiple M;,¢-limited samples and two removal thresholds,
fint- Also plotted are the HODs using different values of Cgy, for dynamical friction. In
each case, the Cgyy, value is chosen to best match the subhalo catalog using the given fiu¢
value. Impressively, this sole free parameter can match well the subhalo catalogs across a
broad range of subhalo and halo masses, and for multiple removal thresholds. Additionally,
since satellite removal times depend on their orbital parameters the relative robustness of
Cayn across a wide halo and subhalo mass range indicates that satellite orbits do not vary
significantly with mass, though Fig. 8.5 shows some hint of shorter infall times (more radial
orbits) for satellites in more massive halos. As we shall see in §8.5, using Eq. 8.2 with the
same value of Cgyy for the given fins also works well at higher redshift.

8.4 Comparisons with Observations

Having examined trends in subhalo properties with varying removal threshold, we now
seek to constrain this freedom by comparing with observations. While the HOD and radial
profile of the above sections are physically informative, they are not direct observables. The
most direct comparison with data is via spatial clustering, which provides a scale-dependent
test of our subhalo catalog at various masses. In addition, we compare to observed satellite
fractions and cluster satellite luminosity functions, though these measures are less robust
since they are derived from HOD modeling of spatial clustering or from constructing group
catalogs, both of which are subject to systematic uncertainties in halo mass definition, HOD
parametrization, and assumed cosmology.

We again use subhalo abundance matching, as outlined §8.2.3, but while we matched to
the 2dF stellar mass function in §8.2.3, in this section we match to the number densities of r-
band luminosity threshold samples in SDSS in order to provide a robust comparison against
observed clustering results. Thus, here the requirements on matching are less restrictive, in
that we need only match to a single threshold at a time rather than reproduce the entire
luminosity function.

8.4.1 Spatial Clustering

For spatial clustering measurements, we compare against the SDSS galaxy clustering
results of Zehavi et al. (2005) at z =~ 0.1. To measure spatial clustering, we use the two-
dimensional projected galaxy auto-correlation function

wy(ry) = / " () 8.3)

Tmax

which has the advantage of effectively integrating over redshift-space distortions, which we
incorporate using subhalo velocities. We use . = 40 A~ Mpc to match the measurements
against which we compare. This value represents a good balance between integrating over
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redshift-space distortions and minimizing correlated noise from large-scale power (Padman-
abhan et al. 2007).

Both large- and small-scale clustering are sensitive to the satellite population. In the
limit that all galaxies are centrals (a halo hosts only one galaxy), the galaxy correlation
function is simply that of the mass-limited halo sample of the same number density. As the
threshold for satellite removal decreases and the satellite population increases, high-mass
halos will host multiple galaxies. This serves to raise the minimum halo mass of the sample
(at fixed number density) while further weighting the clustering from high-mass halos which
host more satellites. Satellites in a halo are also close spatially, to each other and to the
central. Thus, satellites boost both the large- and small-scale clustering.

The small-scale clustering is also dependent on the radial profile of the satellites, though
this sensitivity is mild. In the limit that central-satellite pairs dominate, the clustering on
scale 7, comes from satellites at a large fraction of 7y, in small halos and satellites nearer the
center of larger halos. Given the steepness of the mass function and the available halo volume,
the first contribution dominates, weakening the sensitivity to the inner profile. Therefore,
wy () is only mildly sensitive to the radial dependence of satellite removal, though in the
extreme limit of no satellites it drops off rapidly on small scales because of halo exclusion.

Figure 8.6 shows w,(r,) of luminosity-threshold samples from SDSS. These are compared
against the M s-threshold subhalo catalog for several removal thresholds, fi¢, each matched
to the threshold number density of the SDSS sample. The magnitude-limited samples of
M, < —20.5 and < —21.5 correspond to subhalo M;,s-limited thresholds of M, ~ 10'? and
1013 b= M, spanning a range we are able to probe with robust resolution and good statistics.
Impressively, the simple prescription for satellite removal of fi,y = 0.01—0.03, combined with
simple number density matching to assign luminosity, matches well at small and large scales,
across over an order of magnitude in Mj,;. We find similar agreement with the M, < —20.0
sample, corresponding to My > 10 A= Mg, if the “Sloan Great Wall” (Gott et al.
2005) is removed, but because of the involved uncertainty we do not include this sample to
constrain fi,r. The M, < —19.5 sample, corresponding to M, > 10115 h~1 M, agrees as
well but is on the edge of robust resolution, so it does not provide a robust constraint.

We also investigate the influence of luminosity-mass scatter. Because of the steepness
in the subhalo mass function, adding scatter lowers the effective M;,; threshold at a fixed
number density, and this effect is stronger at higher M, (see Fig. 8.1). Thus, Fig. 8.7
shows w,(r,) for most luminous samples, assuming 0.2 dex scatter in luminosity at fixed
Mie. As expected from the decreased effective mass threshold, adding scatter reduces the
clustering amplitude, and the effect is stronger at larger scales. However, the goodness of
agreement, between observations and fi,; = 0.01 — 0.03 is not significantly changed, except
for the M, < —21.5 sample where agreement is improved somewhat, suggesting necessary
scatter at high mass.
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Figure 8.6: Projected auto-correlation function at z = 0.1 for several removal thresholds, fi.,
(curves) each matched in number density to magnitude-limited samples in SDSS assuming
no L, — My scatter and compared with measured wy(r,) of Zehavi et al. (2005) (points).
Top: wy(r,) (top) and ratio of simulation to observed w,(r,) (bottom) for M, < —20.5
sample. Bottom: Ratio of simulation to observed w,(r,) for M, < —21.0 and < —21.5
samples. M, < —20.5, —21.0, and —21.5 correspond to subhalo M, > 102, 10'25, and

~

10 A=t My. Also shown is the reduced x? of the fit to observation for each fi,.
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Figure 8.7: Same as Fig. 8.6 (bottom), but luminosity is matched to subhalos assuming 0.2
dex scatter in L, at fixed M.
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8.4.2 Satellite Fraction

We next compare against the observed satellite fraction: the fraction of galaxies above
a given luminosity threshold that are satellites. Since the satellite fraction is an integral over
the HOD, it integrates the effects of §8.3 into a single number as a function of M, as the
threshold for removal is raised, the satellite fraction drops.

We compare against a variety of values derived from SDSS and 2dFGRS, all at a median
z = 0.05—0.1. Again we stress that determining satellite fractions from observations requires
significant modeling. Zehavi et al. (2005) and Zheng et al. (2007) satellite fractions were both
derived from fitting HODs to the number density and spatial clustering of galaxy samples
from SDSS, though they used different HOD parametrizations. Tinker et al. (2007) used
a similar technique applied to 2dFGRS. Additionally, Yang et al. (2008) satellite fractions
were obtained directly from the SDSS group catalogs of Yang et al. (2007).

Figure 8.8 (top) shows observed satellite fractions, abundance matched to our subhalo
catalog and plotted as a function of M,s. The observationally-based analyses yield similar
results, which also agree with values from galaxy-galaxy lensing (Mandelbaum et al. 2006),
though there is considerable scatter. At the low mass end, the amplitude from Tinker
et al. (2007) is anomalously low, which may be driven by the fact that the 2dFGRS is a
blue-selected samples and thus could be missing a large population of satellites there, since
satellites are preferentially redder than centrals (van den Bosch et al. 2008). Given the
consistency of the three other samples at low mass, we consider their values more robust
in that regime. At the high mass end, the satellite fractions from Zheng et al. (2007) show
an upturn; since the satellite fraction is expected to decrease with mass and the amplitude
of the highest two mass bins are considerably different than the other samples, we will not
consider them as robust data points.

Also shown are satellite fractions from our subhalo catalog for various removal thresh-
olds, fine. Since the satellite fraction should rise with decreasing galaxy mass, the rollover at
low mass clearly shows the limits of numerical resolution below M, = 10115 A= M. Above
this mass, finr &= 0.03 works well across over two decades in M, consistent with results
from spatial clustering.

Note that the satellite fraction remains non-zero up to My ~ 10 h=1 My, resulting
from low redshift cluster-cluster mergers (e.g. Cohn & White 2005). This implies that ~ 10%
of galaxy clusters should be expected to host a satellite BCG, as supported by observations
which shown a number of clusters hosting BCG-BCG pairs (e.g., Liu et al. 2009). In a sample
of rich clusters from the SDSS MaxBCG catalog, 15% host two BCGs (Koester et al. 2007a).

We can also use our analytic model for satellite removal as in §8.3.4 to examine how
different Cyyy, values for dynamical friction affect the satellite fraction, as shown in Fig. 8.8
(bottom). Discounting the results of Tinker et al. (2007) at low mass, which exhibit a flat-
tening that is not seen in any of the other samples, our simple analytic model provides good
agreement with observations using Cy4y, = 0.2 —0.3. This provides a consistent picture, since
using Cgyn = 0.2 — 0.3 matches the subhalo HOD using fi,r = 0.01 —0.03 (Fig. 8.5), which is
also the range of fi,r that best matches observed clustering. Additionally, this analytic model
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Figure 8.8: Satellite fraction vs. infall mass. Top: Using various removal thresholds, fi.r,
from the subhalo catalog. Points show observationally derived values, matched in number
density to our subhalo catalog, from Zehavi et al. (2005) (Z05), Zheng et al. (2007) (Z07),
Tinker et al. (2007) (T07), and Yang et al. (2008) (Y08). Bottom: Using the analytic model
for satellite halo infall of Eq. 8.2 and various values of Cy4y, for dynamical friction. Good
agreement with observation (no rollover) continues at low mass since the analytic model
depends only on resolving halos prior to infall. Dotted curve shows keeping all satellites ever

accreted.
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works well even below our mass threshold for reliably tracking satellite subhalos, showing no
rollover at low mass since it depends only on resolving halos prior to infall.

The dotted curve in Fig. 8.8 (bottom) shows the satellite fraction if satellites are never
removed (merge with central or tidally disrupt), which we measure by analytically retaining
every infalling halo, as in Fig. 8.2. The slight deficit compared with the full subhalo catalog
at high mass arises because satellites in this analytic model do not gain mass via merging
with other satellites. While this “no removal” scenario provides a reasonable estimate at
high mass, where halos have formed only recently and so their average times since infall are
short, it grossly overpredicts the satellite fraction at lower mass. This demonstrates the clear
failure of a scenario in which satellite galaxies never merge or disrupt.

Overall, we find that Cqyyn = 0.25 both matches well to the satellite removal criteria that
agrees with spatial clustering, and it directly produces satellite fractions in agreement with
observations. Conroy et al. (2007a) apply a similar dynamical infall model as ours to halo
merger trees to examine the growth of the Luminous Red Galaxy (LRG) population. They
find that C4y, = 0.1 fit observations well, though they were unable to put precise constraints
on this value. Figure 8.8 (bottom) shows that such a value would underpredict the observed
satellite fraction across a broad mass range.

Cayn = 0.2 also agrees well with a similar analysis by (Wetzel et al. 2009a), who match
the evolution of satellite subhalos in simulations at z 2 1. They also pointed out that,
given typical satellite orbital circularity distributions (Zentner et al. 2005; Jiang et al. 2008),
the detailed fits to dynamical friction infall times of Boylan-Kolchin et al. (2008) and Jiang
et al. (2008) predict Cgyn = 0.06 and 0.14, respectively. The latter value, obtained from
an analysis of a cosmological simulation not dissimilar from ours, is marginally consistent
with our results. However, the former clearly is not. This can partially be attributed to the
different mass dependence in the parametrization of Boylan-Kolchin et al. (2008): they used
a fit similar to Eq. 8.2 but with (Myaio/Mgatint)' in the numerator. Their added exponent
factor doubles their merging and disruption time (with respect to ours) for a 10 : 1 mass ratio
merger. While this does provide better agreement, it still leads to a 10 : 1 infall timescale
that is half of ours. Given that their fit was obtained from an analysis of significantly higher
resolution mergers of two isolated, spherical (Hernquist profile) halos, this highlights the
importance of realistic cosmological settings for calibrating satellite merging and disruption
timescales.

Finally, we note that the above analytic model of satellite removal is dependent on halo
definition. In particular, if halos are defined to have a larger radius, then satellites will
accrete sooner and hence the analytic removal time will be longer. As compared with the
commonly used FoF (b = 0.2), ry—0.16s = 0.86 7p—0.2. Thus, the best-match Cyy, ~ 0.25 values
represents a lower limit to that of satellites in halos using FoF(b = 0.2).4

4In principle, changing halo definition can also change the mass ratio in Eq. 8.2 and hence the removal
time, since halo concentration scales weakly with mass. However, the mass enhancement from FoF(b = 0.168)
to FoF(b = 0.2) is nearly independent of concentration and redshift. The relation to spherical overdensity
halos will depend on concentration and redshift (see White 2001, for more on halo conversion).
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8.4.3 Cluster Satellite Luminosity Function

Since the correlation function and satellite fraction conflate satellites within a variety of
host halo masses, we finally test our subhalo catalog by examining satellites specifically in
the densest environments: galaxy clusters. We compare the luminosity function of satellites
within galaxy clusters in our simulation with that determined from the SDSS MaxBCG
catalog (Hansen et al. 2009). Here, we abundance match our subhalo catalog at z = 0.25
to the SDSS i-band galaxy luminosity function at that redshift (Sheldon et al. 2009), from
which the cluster catalog in Hansen et al. (2009) is drawn. Additionally, we assume 0.15 dex
scatter in luminosity at fixed subhalo mass. We then compute the luminosity function of
satellites in clusters of a given richness, where we define richness as in Hansen et al. (2009)
as the number of red sequence satellite galaxies with L > 0.4L, within the cluster virial
radius. We use their fit to the red galaxy fraction vs. cluster richness (their Eq. 13) to scale
our total satellite counts to those of red galaxies (this fraction is 65 — 80% in the richness
range we probe).

Figure 8.9 shows the results of our subhalo catalog, using a removal threshold of fi,; >
0.02, as compared with Hansen et al. (2009). We find good agreement for both high and low
bins of cluster richness. Since M; = —19 corresponds to a subhalo infall mass of 104 A= M,
the agreement in Fig. 8.9 across a wide range of luminosities demonstrates that our subhalo
catalog, with a model for merging and disruption, successfully traces the galaxy population
in the densest environments down to our expected numerical resolution threshold. Figure 8.9
does exhibit some excess of very bright cluster satellites in our catalog, though the limited
number of massive clusters in our simulation volume precludes a definitive test in that regime.

8.5 High Redshift

8.5.1 HOD & Analytic Removal

Examining the effects of removal thresholds on the HOD at higher redshift, we find little
change in the fractional reduction in the satellite HOD as fi s is increased. This supports a
picture where satellite subhalo mass stripping is quite rapid after infall, such that the shorter
average times since infall at higher redshift do not lead to a significantly less stripped satellite
subhalo population.

We also examine our analytic model for satellite removal timescale (Eq. 8.2) at higher
redshift. In particular, we test the validity of the scaling of tqyn With tupple. Figure 8.10
shows the HOD at z = 1 and 2 for both the subhalo catalog and analytic model, using
the same fi,r and Cyy, values as in Fig. 8.5 (bottom). The agreement at all host halo and
satellite masses remains relatively robust given the simplicity of the model. This agreement
is partially a result of the decreasing dependence of the analytical model on Cyy, at higher z,
when halos of a given mass have formed and been accreted more recently, so allowing longer
infall times does not significantly increase the number of satellites. This is demonstrated
by decreasing difference in the HOD for Cyy, = 0.2 (dashed curves) as opposed to the
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Figure 8.9: Luminosity function of satellites in galaxy clusters at z = 0.25, for lower (top)
and higher (bottom) cluster richness bins. Subhalos are abundance matched to the SDSS
i-band luminosity function (Sheldon et al. 2009), assuming 0.15 dex scatter in luminosity at
fixed subhalo mass, and satellites retained if their fi,r > 0.02. Solid curve shows fit to SDSS
MaxBCG catalog from Hansen et al. (2009).
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Figure 8.10: Same as Fig. 8.5, but at z = 1 (top) and z = 2 (bottom). A given Cyy, value
maps nearly as well to a given removal threshold, fi,¢, at high z as at z = 0.1. Dotted curves
show keeping all satellites ever accreted. At higher z, this case exhibits less excess with
respect to the dynamical infall prescription.
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2> 0.3 produces no additional

[

“no removal” scenario (dotted curves). Moreover, using Cgyn
enhancement in the HOD at z > 2.

This result has clear implications for modelling galaxy evolution at high redshift. Since
the details in modeling satellite galaxy infall matter less at higher redshift, nearly all un-
certainty in understanding galaxy evolution at high redshift lies in the gas and radiation
physics and not in the dynamics of dark matter.

8.5.2 Spatial Clustering at 2z ~ 1

We also examine whether our criteria for satellite removal hold at higher redshift by
comparing with galaxy clustering results at z ~ 1 from the Deep Extragalactic Evolutionary
Probe 2 (DEEP2) survey (Coil et al. 2006), as shown in Fig. 8.11. Here, we use abundance
matching to match the number densities of B-band luminosity threshold galaxy samples in
DEEP2. We find that using abundance matching with no scatter in the Lg — M;,s relation
causes our subhalo catalog to exhibit significant excess in clustering as compared with DEEP2
for all but the lowest few 7, bins. We find improved agreement using significant (0.6 dex)
scatter, as shown for two luminosity thresholds corresponding to subhalos above our robust
resolution limit. Using even larger scatter improves the agreement on large scales, but it
underpredicts clustering on smaller scales.

At z ~ 1, the small scale (r, < 1h~* Mpc) clustering provides a consistent picture with
the results at z = 0.1, favoring a removal threshold of fi;,y = 0.01—0.05. However, despite the
large luminosity-mass scatter, our subhalo catalog overpredicts the clustering as compared
with DEEP2 on large scales. Curiously, at face value, DEEP2 clustering at 7, ~ 10 h~! Mpc
favors a model with no satellite galaxies.

There are a number of possible reasons for why DEEP2 suggests increased scatter and/or
reduced clustering. DEEP2 selects on B-band luminosity, which is more susceptible to re-
cent star formation, and since satellites at z ~ 1 are redder than centrals at a given stellar
mass (Zheng et al. 2007; Tinker & Wetzel 2009), this could bias the clustering low since
satellites preferentially live in more massive halos, which are more highly biased. As dis-
cussed in §8.2.2, it is possible that the L — M;,s relation has more scatter at higher redshift.
However, large scatter alone is unable to match the clustering at all scales. Clustering in
DEEP2 could be biased low because their selection criteria miss ~ 10% of red galaxies in
their survey volume, although this effect is likely to be mild both because red galaxies form
the minority of the population at all luminosity thresholds and because w,(r,) is nearly the
same for red and blue galaxies at r, ~ 10 A~ Mpc (Coil et al. 2008). Alternately, if DEEP2
is missing an appreciable number of galaxies in their survey volume (regardless of color), our
abundance matching method will correlate to the observed galaxies artificially high subhalo
masses, leading to enhanced clustering. Or the disagreement could be a statistical fluctu-
ation. The DEEP2 survey volume of ~(100~~!Mpc)? is susceptible to sampling variance,
and the clustering at different scales are highly correlated, so the discrepancy may not be
statistically significant. Since we do not have a covariance matrix for the observations, we
are unable to determine the goodness-of-fit.
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Figure 8.11: Projected auto-correlation function for several removal thresholds, fi,¢, as com-
pared with the observed clustering at z ~ 1 of Coil et al. (2006). Mp < —19.5, —20.5 samples
correspond to subhalo Mi,s > 105, 10120 4,=1 M. Abundance matching here assumes 0.6
dex scatter in Lg at fixed M.
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Interestingly, Conroy et al. (2006) find good agreement with DEEP2 clustering using
similar method based on abundance matching against subhalo catalogs. Their better agree-
ment (lower clustering) may stem from their different assumed cosmology (s = 0.9), and/or
their simulation sizes (80 and 120 h~! Mpc), significantly smaller than the one used here.
Suggestively, a recent HOD analysis using color information finds a similar clustering trend
as ours, namely, good agreement at small scales but excess clustering at r, 2 1h~' Mpc
(Tinker & Wetzel 2009).

Thus, while our satellite removal criteria are consistent with clustering at z ~ 1 in
DEEP2 at r, < 1 h=tMpc given Lp — My scatter, the above uncertainties and lack of
agreement in large-scale clustering do not allow us to obtain strong constraints from these
higher redshift data.

8.5.3 Evolution of the Satellite Fraction

Finally, we explore how the satellite fraction evolves with redshift. Figure 8.12 (top)
shows the satellite fraction as a function of M, at various redshifts, using fi,r = 0.02. At
a fixed infall mass, the satellite fraction monotonically increases with time, arising from the
decreasing dynamical friction infall time with respect to the typical halo merger timescale
(Wetzel et al. 2009a). The evolution of the rollover at low mass, arising from numerical
disruption, indicates that the resolution limit decreases with higher redshift, when satellites
have been accreted more recently.

Since the M., — My relation evolves with time, Fig. 8.12 (bottom) shows the satellite
fraction instead as a function of My,,, obtained by abundance matching against the SMF of
Cole et al. (2001) at z = 0.1 and Marchesini et al. (2009) at higher redshift. Points show the
satellite fraction at fixed M, values. At high mass, the M, — My relation exhibits only
mild evolution, but at lower mass, subhalos at a fixed M;,; grow rapidly in Mg,

This result has two important implications. First, in examining a galaxy population of
fixed stellar mass, simulation resolution becomes even less of a limitation at higher redshift
than Fig. 8.12 (top) would indicate, since at the low mass end galaxies of a fixed M, move
to a higher Mg, with redshift. This is evidenced by the lack of rollover in the stellar mass
satellite fraction at higher redshift.

Second, the growth of M, at fixed My, for My, < 10! My demonstrates how SHAM
implicitly allows for satellite star formation. For example, if a satellite were accreted at
z = 1 with My, = 4 x 109 M, following the points of fixed M, in Fig. 8.12 (bottom)
shows that SHAM-assigned stellar mass would increase by ~ 20% by z = 0.1.

8.6 Impact of Simulation Size & Cosmology

Given finite computational capacity, there is always a trade-off between simulation res-
olution and volume. While our high-resolution 200 A~! Mpc simulation is able to track halo
substructure with high fidelity, its limited volume poses problems for accurately recovering
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Figure 8.12: Satellite fraction vs. mass at various redshifts, using a removal threshold of
finr = 0.02. Top: Subhalos binned in M;,;. The turnover in satellite fraction occurs at
lower M, at higher z, indicating that resolution effects less critical at higher 2. Bottom:
Subhalos binned in Mg,,, based on abundance matching. Points indicate values at fixed M;,¢
of 1015710120, 1025 10130 =1 M, highlight the evolving M., — My relation.
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the high mass end of the halo mass function and large-scale spatial clustering. This is not
merely an issue of limited statistics and sample variance: by imposing mean density on a
limited volume, we are not probing an entirely representative realization of the Universe,
and the limited volume truncates power on scales larger than the simulation size.

Comparing the halo statistics of the 200 2~ Mpc and 720 h~! Mpc simulations (which
have different resolution but the same cosmology and halo finder, as described in §8.2.1), we
find that the halo mass function at z = 0.1 in the 200 A~ Mpc simulation is 5% lower than
that in the 720 A~ Mpc simulation from 3 x 10" h=! M, (the resolution limit of the larger
simulation) to 3x 10 A~! M, with no dependence on mass in this interval. This implies that
the deficit is driven not by resolution effects, but instead by truncated large-scale power and
sample variance. Above 3 x 10 =1 M, the 200 A~ Mpc simulation exhibits a significant
deficit in halo density (~ 20%), with its most massive halo being 8 x 10 1~ M, as opposed
to 2 x 10 h=! Mg, in the larger simulation. Additionally, we find an error of several percent
in the halo correlation function measured at 10 A~! Mpc in the 200 A~ Mpc simulation as
compared with the larger one, and it is significantly truncated on scales 2 0.1 Lyey.

To test these finite-volume issues on subhalo clustering, we create a second subhalo
catalog by mapping our high-resolution subhalo catalog onto the halo catalog of the larger,
less resolved simulation. Based on convergence tests from simulations of multiple sizes,
the larger simulation accurately reproduces the spatial clustering on the scales of interest.
We randomly match two halos of the same mass from the two simulations, and we take
subhalos from the halo in the high-resolution simulation and paste them onto the halo
in the larger simulation. We place the central subhalo at the potential minimum of the
halo, and we place the satellite subhalos using a random overall orientation such that their
positions with respect to all other subhalos in the host halo are retained. Since halos of
M > 8 x 1014 h~1 M do not have a counterpart in the high-resolution simulation, we use
fits to the satellite HOD extrapolated to higher halo mass to populate these halos in the
larger simulation, assigning the satellite radial distributions to follow their halo NF'W profiles
with a random phase. To examine the influence of cosmology, we also populate our subhalo
catalog into our 500 h~! Mpc simulation which uses n = 1.0 and og = 0.9.

Figure 8.13 shows the effects of both simulation size and cosmology on the correlation
function of subhalos corresponding to M, < —21.0. Subhalos in the larger simulation with
the same cosmology exhibit somewhat enhanced w,(r,) on the largest and smallest scales.
The change on moderate to small scales arises primarily because our re-population method
ignores any environmental effects on the satellites, like halo alignment. However, the large
scale clustering amplitude is little affected. We thus conclude that the 200 A~! Mpc simula-
tion is not significantly affected by its size on these scales.

We emphasize, however, that the spatial clustering in smaller simulation sizes is signifi-
cantly affected on these scales. We have performed the same comparisons with observations
as in Fig. 8.13 with a simulation of the same mass resolution and subhalo finder as the
200 h~! Mpc simulation, but was a smaller 125~ Mpc cube.’? We find a noticeable deficit

5The initial conditions for this simulation did have a some low modes at low k.
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Figure 8.13: Same as Fig. 8.6, but using a fixed fi,y = 0.01 for subhalos directly from
the 200 A~ Mpc simulation, and for subhalos populated into host halos in the 720 A~ Mpc
simulation (same cosmology) and 500 h~! Mpc simulation (different cosmology). w,(r,) (top)
and ratio of simulations to observed w,(r,) (bottom). Also shown is the reduced x? of the
fit to observation for each simulation.



SECTION 8.7. COMPARISONS WITH OTHER REMOVAL CRITERIA 176

in w,(r,) at all subhalo masses both on large and small scales as compared with observations
and our 200 h~! Mpc simulation. The former is readily expected, driven by mean density
and a truncation of large-scale power. The latter effect is more subtle, arising from the
truncation of the halo mass function at high mass, which strongly affects the overall satellite
population since these halos host many satellites. Thus, we stress that in comparing the
spatial clustering of subhalos in simulations to observed galaxies, both resolution and finite
volume effects need be considered.

Figure 8.13 also shows that changing cosmology to n = 1.0 and og = 0.9 leads to a
similar but stronger enhancement in w,(r,) which is less consistent with observations. Thus,
if og is considerably larger than our fiducial value of 0.8, our best-fit fi s of 0.01 might be an
underestimate.

8.7 Comparisons with Other Removal Criteria

As discussed in the introduction, various authors have used different criteria to define
satellite galaxy removal via dark matter subhalos. Here, we examine how other criteria
compare against our fiducial case, the subhalo bound mass to infall mass ratio, fi.s.

As shown by our full tracking scheme (keeping subhalos to 50 particles), using a fixed
mass criterion can reasonably match observations if the mass threshold corresponds to 1 —
5% of the infall mass. As simulations increase in resolution, it thus becomes increasingly
necessary to model for satellite removal before subhalos reach numerical disruption.

Models which remove a satellite subhalo after its mass has been stripped to a value
less than the mass within a fixed fraction (aqs) of its NFW scale radius (e.g., Taylor &
Babul 2004; Zentner et al. 2005; Maccio et al. 2009) are largely degenerate with our fiducial
fing criterion, since subhalo concentration scales only weakly with mass. For a typical halo
concentration of ¢ = 10, our results suggest ag;s ~ 0.3, within the range 0.1—1 often assumed.

Given that total baryonic to dark mass ratio in a halo is nearly 10%, Stewart et al. (2009)
assumed that a satellite merges with its central galaxy when it drops below 10% of infall
mass. However, we find that f;,; = 0.1 noticeably underpredicts the satellite population. A
lower threshold is needed, likely both because the stellar to dark mass ratio is significantly
lower (~ 4%), and because any baryonic mass will be more compact than the 10% most
bound dark mass.

Since the Mgiar/Mins ratio varies with subhalo mass (Fig. 8.1), it is not obvious that our
best-fit removal threshold, based on subhalos of Mi,s > 1015 h=* My, (L > 0.2 L,), can be
simply extrapolated to modelling dwarf-spheroidal systems around the Milky Way. However,
our results are consistent with allowed dark mass stripping fractions to match the Milky Way
population (Penarrubia et al. 2008; Maccio et al. 2009).

Instead of mass stripping-based criteria, we also examine criteria based on satellite
tidal radius or distance from halo center (central galaxy). To obtain precise central-satellite
separations, we linearly extrapolate satellite positions between subsequent outputs to find
the minimum separation. For succinct comparison, we compare satellite fractions against
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fint = 0.02, the fiducial criterion which matches well to observations as shown above.

As was shown in Fig. 8.4, a correlation exists between a satellite’s distance from its
central galaxy and falling below a given fi,¢ value. Thus, Fig. 8.14 (top) shows satellites
removed when coming within a fixed physical distance from the central galaxy. Despite
the stripping-distance correlation, compared with our fiducial case this model underpredicts
satellites at low mass and overpredicts at high mass. Combined with the results from our
full tracking model (fixed mass threshold), this implies that any successful removal criteria
must scale with the mass or radius of the satellite subhalo.

In this vein, the middle panel shows satellite removal if a satellite subhalo’s tidal (Jacobi)
radius falls below a given value, where

M )] v r (8.4)

W= A
i |:3Mhalo(< T

and where r is the physical separation from satellite to halo center, Mg, is the instantaneous
bound satellite mass, Mya10(< 7) is the halo mass within r, and A is a constant that accounts
for the host halo’s density profile (see Binney & Tremaine 2008, Eqs. 8.107 and 8.108).
Assuming that a satellite disrupts when within its host halo’s inner NFW profile lets us set
A = 1.4, and we measure Mg, and My,,(< r) directly from our simulation. As a simple
analytic alternative, we have investigated modelling the halos at infall as isothermal spheres
(as applied to Binney & Tremaine 2008, Eq. 9.86), which produces similar results. Figure 8.14
(middle) shows the satellite fraction for tidal radii motivated by typical galaxy sizes. Similar
to using fixed satellite distance, this method predicts too shallow of a dependence on satellite
infall mass, likely a manifestation of its weak (1/3 power) scaling with mass ratio.

Finally, we consider a removal criterion defined simply by a linear scaling relation be-
tween satellite halo — host halo mass and radius at infall. Specifically, removal occurs when

Msat inf
< B : Riaovir 8.5
" ( Mhalo ) hale, ( )

where B is some constant. Note that if satellite and host halos are isothermal spheres, such
that M (< r)/My; = r/Ry, and B = 1, the above criterion is met when the halo mass
interior to 7 equals the satellite’s infall mass. Figure 8.14 (bottom) shows the results using
B =1 and 0.5. This model provides good agreement with our fiducial case because of the
strong (linear) scaling with mass ratio, with B = 0.5 well matching the overall amplitude.
Thus, this method may provide a useful approximation for simple analytic models of satellite
evolution.

Various works using semi-analytic models grafted onto subhalo populations use an ana-
lytic model to track satellite galaxies after subhalo disruption in order to match small-scale
galaxy clustering at z ~ 0 (e.g., Springel et al. 2001; Kitzbichler & White 2008; Saro et al.
2008). While this method does provide a means to overcome limited mass resolution, its
fundamental assumption, that all satellite galaxies eventually merge with the central galaxy,
is not consistent with the dynamics of subhalos at removal that we find, or with observed
ICL fractions.
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Figure 8.14: Satellite fraction vs. subhalo infall mass, using various removal criteria. Top:
Satellite removed when it passes within a given physical distance of its central galaxy. Mid-
dle: Satellite removed when its tidal radius falls below the given value. Bottom: Satellite
removed when it passes within radius at which both satellite subhalo and host halo have same
interior mass (ignores satellite mass stripping), both using NF'W profiles from simulation and
approximating halos as isothermal spheres.
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As an alternative, Henriques et al. (2008), using semi-analytic catalogs from the Mil-
lennium simulation, consider all satellite galaxies at z = 0 whose subhalo has fallen below
numerical resolution as tidally disrupting into ICL (implying that central-satellite mergers
do not occur). While this represents a highly simplified model, entirely contingent on a fixed
numerical resolution mass, it does provide better agreement with the observed faint end of
the galaxy luminosity function and allows for contribution to ICL consistent with observa-
tions. Seek Kim et al. (2009) use the same semi-analytic models and find better agreement
with observed spatial clustering by assuming that satellite luminosity is instantly reduced
at infall to roughly the ratio of satellite halo to host halo mass. This model implies nearly
total stellar mass stripping of low mass satellites immediately upon infall, in disagreement
with our method which tracks mass loss over time across all satellite masses self-similarly.

Interestingly, Moster et al. (2009) use SHAM applied to a simulation of similar mass
and force resolution to ours, and they find that they need to analytically track satellite
galaxies after subhalo disruption to match galaxy clustering, in opposition to our findings.
This difference may arise because their simulation size is 100 h~! Mpc, and as we discuss
in §8.6, simulation volumes smaller than 200 A~! Mpc tend to underpredict subhalo spatial
clustering on all scales.

8.8 Summary & Conclusion

We use a high-resolution dark matter-only N-body simulation of cosmological volume
to track halos and their substructure, examining the fates of satellite galaxies. Under the
assumption that galaxies reside at the centers of subhalos and that stellar mass is related
to infall mass, we assign stellar masses to subhalos through abundance matching, such that
we recover the observed stellar mass function. Our subhalo catalog intrinsically incorporates
satellite-satellite mergers and satellite orbiting beyond their halo radius. Thus, we examine
different criteria for satellite galaxy removal (tidal disruption or merging with the central
galaxy), using only information from the dark matter density field, and focusing primarily
on the criterion based on the subhalo bound mass to infall mass ratio, fint = Mpound/Mint-
We highlight our main results as follows:

e Raising the threshold for removal, fi,¢, causes a reduction in the satellite HOD at all
masses, such that more halos host only one galaxy. Additionally, higher fi.¢ leads to a
shallower HOD slope, implying that modelling satellite removal is more important in
higher mass halos.

e Disrupted/merged satellites reside primarily in the inner halo regions, and raising the
removal threshold leads to a less concentrated satellite density profile. A small fraction
of satellites are disrupted out to the halo virial radius.

e Most satellites fall below the removal threshold at a halo radius of 40 — 100 A~ kpc,
the distance increasing with fi,r. The orbits of these satellites are only mildly radial
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and nearly half are directed outward from halo center, indicating that a substantial
fraction of satellites are disrupted into the ICL as opposed to merging with the central
galaxy.

e Our subhalo catalog matched in number density to observed galaxy samples at z = 0.1
reproduces well the projected correlation function at all scales and over a large range
in subhalo masses using fi,s = 0.01 —0.03. Using reasonable (0.2 dex) luminosity-mass
scatter does not change our results appreciably.

e Our subhalo catalog also agrees well with observed satellite fractions and cluster satel-
lite luminosity functions for similar values of fi,s. A scenario in which satellite galaxies
never merge or disrupt is not feasible.

e Methods for satellite removal based on physical separation from central galaxy or tidal
radii predict too shallow of a dependence on subhalo mass. Better agreement arises
from methods that scale linearly with subhalo mass.

e A simple analytical model for satellite removal timescale, based only on the satellite-
halo mass ratio at infall and scaling with the Hubble time, reproduces well both our
subhalo catalog up to high redshift, and the observed satellite fraction at z = 0.1. The
best-fit Cgy, ~ 0.25 implies a substantially longer removal time than that derived from
other dynamical friction models.

We emphasize that our results are based on examining subhalo merging and disruption
in dark matter-only simulations, and the best-fit criteria to observations may change some-
what for simulations incorporating hydrodynamics and accurate galaxy stellar profiles. For
example, gas dynamics can affect orbits of the subhalos themselves, though this appears to
be small (Jiang et al. 2009). More importantly, a realistic subhalo stellar component is likely
to be more compact and immune to stripping than the dark matter. Recent works find some
enhancement of satellite subhalo survivability in SPH simulations with star formation than
in dark matter-only simulations, though the strength of this effect is unclear (Dolag et al.
2009; Weinberg et al. 2008).

The largest source of uncertainty in our method is the assignment of stellar luminosity to
subhalos. While abundance matching to subhalo infall mass does allow for “passive” satellite
star formation as the Mg, — M;,¢ relation evolves, it may underpredict the star formation
in satellite galaxies, particularly at higher redshift. We have investigated how additional
satellite star formation after infall influences our results by increasing all satellite infall masses
by a fixed fraction. Because our removal criterion is based on mass stripping, this is largely
degenerate with increasing removal threshold. Thus, to the extent that satellites experience
significant star formation after infall (beyond what is implicitly in SHAM), our best-fit
removal threshold may represent a slightly underestimate. A more detailed prescription for
star formation quenching can be related to environmental dependence of galaxy color, though
we save incorporating properties beyond stellar mass or luminosity to future work.
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Despite these uncertainties, our best fit mass stripping criterion for removal provides
a consistent picture with galaxy stellar mass to dark mass ratios. Abundance matching at
z = 0.1 gives Mar/Msupint =~ 4% for My ~ 102 h=' Mg, (Fig. 8.1). This implies that all
of the stellar mass is only slightly more compact than the most bound dark matter of the
same mass. Thus, it is unlikely that galaxies within subhalos that fall below fi,;y ~ 0.01
can remain intact. If satellite galaxies have been stripped of most of their gas, then the
gravitational dynamics of the stellar material will simply follow that of the dark matter, and
since the dark mass fraction within a galaxy’s radius is close to unity, dark mass stripping
below fiur ~ 0.01 must correspond to some amount of baryonic stripping. While our binary
model of merging and disruption is clearly an oversimplification, it does provides a good
match to current observations.

Finally, our results imply strong constraints on simulations needed for robust subhalo
populations, both in resolution and volume. Taking f;,s = 0.01 as a conservative limit of our
removal threshold and ~ 30 particles as minimum resolution for tracking subhalos in dense
environments, this implies that at least ~ 3000 particles are needed at infall to robustly
track satellites, which is consistent with our convergence tests on subhalo mass functions at
z = 0.1. This resolution requirement is relaxed somewhat at high redshift (z > 1), where
average satellite times since infall are shorter so satellite have experienced less stripping.
Additionally, our tests on simulation volumes indicate that cube sizes < 200 h~! Mpc have
considerable difficulty reproducing representative halo mass functions and spatial clustering.
Taken together, these resolution and volume effects necessitate a wide dynamical range, using
several billion particles, for simulations used to investigate galaxy evolution and galaxy large-
scale structure in a cosmological context.
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